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ABSTRACT

Drought is a global dilemma compounded by climate change, posing serious risks to populations
reliant on natural resources. In south-central Africa, Zambia is faced with a high demand for
rainfed agriculture to meet the food, energy, and income needs of its residents. This study
investigates how drought influences forest degradation across Zambia’s 116 districts over the 20
years from 2000 to 2020. Combining remote-sensed land cover and land-use change (LCLUC)
data with high-resolution (5 km) drought indices, we employ fixed-effects regression modeling
to examine the relationship between growing season drought and forest loss. Our findings reveal
that drought events significantly increase deforestation rates, with the strongest effects observed
up to five years after a drought, particularly in districts with lower water availability. These
results suggest that forest degradation is not only a short-term coping strategy but also a delayed
consequence of climate stress. By quantifying this relationship, we provide novel insight into the
delayed, multi-year effects of drought on forest loss across Zambia’s districts. These findings can
improve public understanding of the broader impacts of drought and inform policies that support
conservation efforts and the development of alternative energy sources to mitigate long-term
forest loss.



INTRODUCTION

Deforestation is a major environmental challenge globally, with sub-Saharan Africa facing some
of the highest deforestation rates on the planet (FAO, 2020). This has been attributed to a wide
range of interacting factors such as cropland expansion, population pressure, reliance on wood
fuels, and urbanization (Hosonuma et al., 2012). Despite occupying land that could be used for
other purposes, forests provide vital services to human civilizations, from supplying tangible
materials to regulating water and climate (Reid et al., 2005). In Zambia, where water scarcity
persists as a significant obstacle, these ecosystem services are critical for sustaining household
livelihoods, agricultural productivity, and business operations.

In recent decades, climate change has intensified the pressures faced by Zambian
residents, particularly in the form of rising temperatures and more frequent and severe droughts
(Rawlins & Kalaba, 2021). Rising temperatures may lead to higher levels of evaporation,
resulting in reduced soil moisture and lower germination rates (Mulenga et al., 2016). Such
conditions place rainfed agriculture at a heightened risk, as low soil moisture and failed
germination directly threaten crop yields, household food security, and agricultural incomes.
These circumstances can force rural communities to seek alternative income sources, including
increased reliance on forest resources (Angelsen & Kaimowitz, 1999).

Drought is particularly damaging in Zambia, where the country relies heavily on
hydroelectric power to meet its energy needs. Although Zambia’s landscape is replete with large
bodies of water ideal for electricity generation, drought events over the past decade have lowered
water levels to the point that electricity production cannot meet demand, prompting the

implementation of electricity rationing schedules (Phiri, 2025). As hydroelectric power becomes



2

increasingly unreliable, many households have turned to alternative energy sources. Among
these, charcoal is particularly popular due to its affordability and widespread availability (Zulu &
Richardson, 2013). The unprecedented demand for charcoal has created economic opportunities
for producers and suppliers but has also intensified pressure on Zambia’s forests (Dlamini et al.,
2013). The resulting rise in unsustainable fuelwood harvesting threatens the country’s forest
resources and hinders potential for climate change mitigation (Mulenga et al., 2018). In this way,
the consequences of climate change may be further exacerbated by unsustainable forest
management.

Given the critical role forests play in climate regulation, economic resilience, and local
livelihoods, understanding the drivers of deforestation is essential to Zambia’s environmental and
social future. This study investigates how drought influences forest loss, with particular attention
to energy insecurity and charcoal production as contributing factors. By incorporating population
density and the proximity of charcoal-producing regions to urban centers, we aim to capture
broader spatial patterns and district-level variation in deforestation, especially as shaped by
drought events and charcoal demand. The relationship between drought and local deforestation is
expected to vary by region due to Zambia’s diverse climatic and ecological zones. Through the
integration of climatic, socio-economic, and land use data across Zambia’s districts, our research
seeks to clarify how environmental stressors interact with human coping strategies to shape

deforestation outcomes.



STUDY AREA

Zambia covers a land area of approximately 752,612 square kilometers, lying roughly between 8°
to 18° south latitude and 22° to 34° east longitude. The study area includes all districts across
Zambia, enabling a comprehensive national-level analysis of the potential relationship between
water availability and forest degradation.

Zambia’s climate features three distinct seasons: the warm wet season from November
until April, in which 95% of the annual precipitation falls (Jain, 2007), the cool dry season from
May until August, and the hot dry season from September until October (Hobson et al., 2020).
The southern region, characterized by the shortest growing season, is the driest and most
drought-prone area in the country, with an average annual rainfall of 700 mm compared to 1,400
mm in the north (World Bank, 2021). In contrast, the northern and western regions of Zambia
receive the highest rainfall and enjoy the longest growing seasons (Bailey et al., n.d.).

More specifically, Zambia is divided by rainfall volume into three agro-ecological zones,
which are detailed in the World Bank’s Economic Assessment of Impacts of Climate Change on
Agriculture in Zambia. Zone 1 incorporates the western and southern parts of the country, about
15% of the total land area, and receives less than 800 mm of rainfall annually, on average. Zone
2 comprises the central part of the country, with a population of more than 4 million people.
Here, the soils are fertile, and average annual rainfall is between 800-1000 mm. Zone 3 includes

the northernmost region of Zambia. With a population of approximately 3.5 million, precipitation
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here tends to be most abundant, receiving more than 1000 mm of annual rainfall on average
(Jain, 2007).

Miombo woodlands, a type of dry tropical forest composed of grasslands, shrublands,
and savannas, are the predominant vegetation type in Zambia. In a 2013 study examining the use
of forest provisioning ecosystem services (FPES) in rural households in the Copperbelt province,
Kalaba et al. identify Miombo woodland products used for personal consumption including
traditional medicines for primary health care (Chirwa et al., 2008), foods such as edible insects
(Mbata et al., 2002), materials for constructing homes and barns (Clarke et al., 1996), and seeds,
vegetables, honey, and oils (Shackleton and Gumbo, 2010), among others (Kalaba et al., 2013).
Both conversion to cropland and cutting trees for wood products pose massive threats to these
forests. Moreover, tree mortality can also be attributed to fire, as it is traditional in Zambia to

burn woodland areas during the dry season (Chidumayo, 2002).
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BACKGROUND

Drivers of Deforestation

There has been an abundance of research conducted on drought in Zambia, as well as
deforestation resulting from human activities. However, there is sparse evidence of previous
research linking these variables together.

The 2020 Global Forest Resources Assessment Report indicates that Zambia loses
approximately 250,000-300,000 hectares of forest cover per year (Phiri et al., 2019). The study
used training and validation datasets derived from visual interpretation of cloud-free Landsat
scenes corresponding to six time points between 1972 and 2016. Random points were generated
for the study areas at each time step, which were then used to assign land cover types,
categorized by a trained assessor. This approach enabled the researchers to identify the
spatio-temporal patterns of transitions between forested and non-forested areas, ultimately
concluding that forest degradation in Zambia can primarily be attributed to anthropogenic land

use conversion.
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Fig. 1. Location map of the study area showing percent
forest loss from 2000 to 2020

Drivers of deforestation can be classified as direct, which are immediate causes of
deforestation, and indirect, which are underlying factors that create conditions that result in
deforestation. One example of a direct driver is agricultural expansion. A report by Moyo et al.
(2022) estimates that at a growth rate of 2%, Zambia’s population will reach approximately 49.4
million people in 2060, more than triple the population of 16.1 million in 2015. Population
growth creates increased food demand, requiring greater agricultural productivity. Nearly
two-thirds of rural households in Zambia receive the majority of their income from food
production, but are faced with challenges such as lack of access to agricultural inputs, including
fertilizer and irrigation systems (Jayne et al., 2010). Using a remote sensing approach to identify
land cover change via Google Earth Engine with a random forest classifier, a study conducted by

Phiri et al. (2023) examining the encroachment of agricultural expansion into forest reserves
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revealed that between 2000 and 2018, forested area declined by 10% while cropland increased
by 25%.

Charcoal production is another direct driver of deforestation in Zambia. In sub-Saharan
Africa, fuelwood consumption has doubled since 1990, with 90% of wood extracted used for
energy (FAO, 2017). The charcoal production process involves felling, cutting, drying, and
stacking trees, then covering the wood with soil in earth kilns to create a low-oxygen combustion
environment (Sedano et al., 2022). This is done by igniting the kiln through a hole in the base,
then plugging the hole with soil to initiate the carbonization process, during which the kiln can
reach temperatures of up to 500°C (Chidumayo, 1993). Wood carbonization may take up to 4
weeks until the process is complete and the charcoal is packaged for transportation to markets
(Chidumayo, 1991). Although labor-intensive, charcoal production is an important source of
supplementary income for many households, with poor households relying more heavily on this
activity than their wealthier counterparts (Mulenga et al., 2017). This is partly due to a lack of
educational requirements and low capital investment needed to participate (Chidumayo, 2002),
and the fact that the wealthier households often have a more diversified range of income sources.

Charcoal use is widespread in Zambia, with greater than 75% of urban households
relying on charcoal as the main cooking energy source (Zambia Statistics Agency, 2019). This
dependency has increased over the last decade as a result of the looming water availability crisis.
Zambia’s reliance on hydropower, which supplies over 80% of its electricity, is increasingly
strained by a growing population and insufficient electricity generation from thirteen power
plants (European Power Plant Suppliers, 2023). Thus, charcoal has become the main energy

source among households (Dlamini et al., 2016), contributing to an estimated annual loss of
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62,000 hectares of forest (Kalinda et al., 2008). A study conducted by Gumbo et al. in 2013

discerned that policies governing charcoal production are typically not enforced due to
bureaucratic barriers and a lack of resources. Consequently, as charcoal demand is likely to
increase in tandem with population pressure, it is probable that governmental officials will face
challenges in controlling production volume.

An analysis of direct drivers of deforestation in Zambia would not be complete without
examining the influence of urban expansion and industrialization on forest degradation. As
previously mentioned, population growth is occurring rapidly in Zambia, and this is more
apparent in urban areas than rural areas: while the rural population growth rate hovers around 2.5
percent, the rate is closer to 4.3 percent in urban areas (Richardson et al., 2021). As the
population grows and the demand for agricultural output increases, so does the need for firewood
and charcoal for cooking and heating. In Lusaka, Zambia’s most populous city with more than
3.3 million residents, several initiatives to promote more sustainable fuel use have failed, partly
due to cultural attachment to the traditional mbaula stove and the high cost and unfamiliarity of
newer, more energy-efficient stoves (Atteridge, 2013).

Each of the drivers of deforestation is compounded by underlying indirect drivers, such
as poverty. A 2007 study by Mweemba et al. used farmer questionnaires and panchromatic aerial
photographs to determine deforestation rate and land use from 1980 until the present, and results
indicated that applying more fertilizer is effective in slowing down the rate of deforestation.
However, fertilizer is costly, and poor households are unable to afford to apply large quantities to
their fields (Mweemba et al., 2008). Fertilizer inaccessibility has provoked some farmers to seek

alternate methods in order to combat low crop productivity. In northern Zambia, many farmers
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practice a form of slash-and-burn agriculture known as chitemene, in which branches or entire
trees are cut and burned in a field, and crops are then grown in the ash. The burning plant matter
helps to release soil nitrogen from soil organic matter, and may improve the quality of the
harvest (Araki, 2007). For chitemene farmers, chitemene plots were found to contribute to
household income nearly as much as permanent cropland through crop production, the
harvesting of non-timber forest products, and providing support for livestock grazing
(Schoneveld et al., 2013). The economic contributions from chitemene plots to household
livelihoods are significant, providing a major incentive for farmers to participate in this system,
especially during times of low fertilizer availability.

An often-overlooked indirect driver of deforestation is the prevalence of traditional
customary land tenure systems in Zambia. Under these systems, communities collectively hold
and manage resources including forests, land, and water bodies (Mudenda, 2006). While around
24% of forests are situated on state (public) lands, including federally-regulated national parks
and forest reserves, over two-thirds are within the boundaries of customary land governed by
chiefs and their representatives (Mulenga et al, 2015). Although the distinction between the two
tenure types is clearly defined in the Land Act of 1995, outdated maps and unclear boundaries
have created challenges regarding forest management (Evtimov and Musyamba, 2016). Forest
management on customary land is variable from one village to another, and Mulenga et al. note
that such inconsistencies in combination with the needs of forest-dependent communities may
prompt forest degradation activities such as uncontrolled agricultural expansion, indiscriminate

felling of trees for fuelwood, and human-induced forest fires.
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Policy Responses to Deforestation

In Zambia, biodiversity conservation departments are distributed across 11 ministries,
and it is the Forest Department that deals with issues including agricultural expansion and
unsustainable consumption of forestry products. However, with a budgetary allocation of
approximately 30% of the necessary amount and inadequate retention of revenue as well as
coordination struggles between other departments, there is significant room for improvement in
forestry management (Mwitwa et al., 2018). While charcoal production was regulated by the
Forest Department and production areas were managed to promote regeneration, these
regulations have all but disappeared into obsolescence since the 1990s (Gumbo et al., 2013).
Responses from Forest Department officers in an interview conducted by Shitima (2005) affirm
that inadequate materials, human resources, and funding are the major obstacles blocking the
fulfillment of the Forest Act No. 39 of 1973, which aims to establish forest management, ensure
conservation and protection of forests and trees, and to provide for licensing and sale of forest

produce (The Laws of the Republic of Zambia, 1974).

Agriculture. Droughts, and Energy. Over 30% of Zambia’s land area is classified as
agricultural, referring to land area that is arable, under permanent crops, or under permanent
pastures (Trading Economics, 2025). However, only about 10% of this area was actively under
cultivation at the time of this study (Zambia Development Agency [ZDA], 2024). According to
the ZDA, the agriculture sector contributed 2.8% to the country’s gross domestic product (GDP)

in 2023 while employing about 70% of the population.
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Fig. 2. Conceptual flowchart illustrating pathways linking drought to forest loss in Zambia

As previously mentioned, Zambia is heavily reliant on rainfed agriculture, and a lack of
precipitation during the rainy season can significantly reduce annual crop yields. Although the
country is drained by the Zambezi River and Congo River basins and typically receives adequate
rainfall, high climate variability and insufficient water storage and management often lead to
water scarcity during years of low rainfall (Ngoma et al., 2019).

While drought has historically resulted in severe negative consequences for all of
Zambia, drought events have become more persistent and intense in Zambia’s southern provinces
in recent years (Musonda et al., 2020). As with the rest of the country, this is a region dominated
by agricultural productivity, and a lack of fresh water availability can result in catastrophic
implications for food security. Temperature and precipitation changes have led to reduced crop
yields and increased stress, with water availability projected to decline by 13% by 2100
(Government of the Republic of Zambia, 2020).

Zambia’s main cropping season, from November to April, is crucial for the food and
financial security of the country’s residents. According to Sivakumar (1991), a crop’s success or

failure depends more on the distribution of rainfall during the growing season than on the total
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amount of precipitation in that period. As a result, drought events can lead to significantly
reduced crop yields. One contributing factor to this vulnerability is that only about 3% of the
total planted area in Zambia is irrigated (Hamududu and Ngoma, 2019). Zambian smallholder
irrigation practices are informal and applied mainly to crops grown close to water sources, and
irrigation development progress is hindered by a lack of data on the availability and distribution
of water sources. To exemplify the implications of drought on agriculture, the 2023/2024 rainfall
season was the driest agricultural season recorded in over forty years, prompting the Zambian
government to declare a state of national emergency. The Central, Eastern, Southern, Lusaka,
and Copperbelt provinces routinely contribute nearly 60% of the annual national maize
production and host over 76% of livestock (UNOCHA, 2024). These regions all experienced
drought conditions and poor vegetation health during the spring of 2024, causing widespread
concern for food security and economic stability (Ghosh et al., 2024).

The implications of drought extend well beyond the agricultural sector. As rainfall
patterns become more unpredictable and water resources diminish, the energy sector has also
come under severe stress. In June 2015, load shedding was introduced to address the impact of
drought on water levels at the country’s primary hydroelectric power stations. The
government-owned Zambia Electricity Supply Corporation Limited (ZESCO), Zambia’s largest
power utility, implemented power outage schedules, leaving homes and businesses without
electricity for 8-12 hours daily (Mulongoti et al., 2016). Population growth and technological
advancements have created an increase in economic activity, which has intensified demand for
electricity. Results from a study conducted in Lusaka by Umar and Kunda-Wamuwi (2019) noted

load shedding-induced sociological hardships endured by the people, such as increases in alcohol
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consumption and violent crime, waste of perishable food, and limited access to piped water from
the local municipality. Additionally, over-reliance on hydropower has contributed to an
unprecedented demand for charcoal for household use, with the mean and maximum amounts of
charcoal consumed nearly doubling between 2013 and 2015 (Dlamini et al., 2016). While
charcoal production poses a great threat to forest sustainability, human health may also be
affected. For example, when residents are forced to cook indoors with charcoal to cope with
power outages, they face risks of carbon monoxide poisoning.

This unstable access to electricity is especially stark when comparing residential
households with the country’s mining sector, which continues to use vast amounts of energy even
as ordinary citizens and other sectors experience daily outages. As the bedrock of the Zambian
economy, mining is often exempt from power outages, despite being a major consumer of
electricity. For example, a study by Rita Kesselring (2017) analyzing the energy distribution in
Zambia’s Northwestern province reported that privately-owned copper mines were responsible
for the consumption of more than half of the electricity produced.

The disparity between mining companies’ and households’ access to electricity is
significant. For instance, in the mining town of Kalumbila, villagers are explicitly instructed not
to fell trees for charcoal production. Conversely, the mine is allowed to lacerate the earth and
pollute the groundwater for copper extraction. While Kalumbila mine employees residing in
company housing are permitted access to water and electricity, farmers, work-seekers, and
off-site mine employees occupying the same general vicinity are provided with neither
(Kesselring, 2017). The case of Kalumbila is just one example of disproportionate electricity

consumption by the mining sector, a reality that compounds the impacts of load shedding for the
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general population of Zambia and inspires increased charcoal production to sustain their

livelihoods.
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DATA AND METHODS
Primary Analysis
The Standardized Precipitation Evapotranspiration Index (SPEI) is a drought index that measures
the difference between total precipitation and potential evapotranspiration (PET) in a given
region (Gebrechorkos et al.,, 2023). In regions like Zambia, where dry periods and high
temperatures are common, SPEI offers a more accurate assessment of drought conditions than
precipitation alone. This is because evapotranspiration, which is strongly influenced by
temperature, represents a major pathway of water loss. Incorporating evapotranspiration as a
metric is therefore essential when quantifying drought in Zambia. For this analysis, SPEI was
used to characterize drought events over the period from 2000 to 2020 across different districts in
Zambia. We used global high-resolution drought indices from the Earth System Science Data
(ESSD) multiscalar datasets to evaluate SPEI for each year within the 20-year range. The data,
available from 1981 to 2022 at 0.05° resolution (~5 km), were derived by pairing Climate
Hazards Group InfraRed Precipitation with Station (CHIRPS) and Multi-Source Weighted
Ensemble Precipitation (MSWEP) precipitation datasets with Global Land Evaporation
Amsterdam Model (GLEAM) PET and hourly potential evapotranspiration (hPET) datasets
(Gebrechorkos et al., 2023). Mean monthly SPEI values were calculated for each district’s
specific growing season in each year to capture drought conditions during agriculturally

significant periods.
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Average Growing Season SPEI (2000-2020)
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Fig. 3. Location map of the study area showing average growing season
SPEI Lower values indicate drier conditions.

We then compared the results of the SPEI analysis to a yearly panel of forest cover loss
data generated from the Global Forest Change dataset developed by Hansen et al. (2013). This
dataset compiles Landsat imagery to map tree cover extent, loss, and gain at an annual temporal
resolution and a spatial resolution of 30 meters. It is frequently cited in analyses of forest loss in
sub-Saharan Africa, including Zambia (e.g., Phiri et al., 2019; Bare et al., 2015). The dataset
provides spatially explicit, quantifiable measures of forest loss and gain by year and includes a
ratio of loss to gain to evaluate whether deforestation is offset by forest regeneration. Hansen et
al. (2013) found that Zambia is among several countries experiencing net forest loss, with little
evidence of forest recovery. The data are publicly available and support an evidence-based
approach to assessing anthropogenic impacts on forest cover.

To determine the locations of districts where drought significantly influenced forest loss,

we first modeled the statistical relationship between lagged SPEI values and annual forest cover
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loss across Zambia. We mapped these district-level results to identify districts with strong

drought-deforestation linkages.

Secondary Analysis

To further examine potential drivers of forest loss, we compared these significant districts
with locations of charcoal production hotspots. Charcoal production data were obtained from the
Household, Income, Consumption, and Production Survey (HICPS), conducted between 2016
and 2019, to analyze the impact of climate change on the food security of smallholder farmers in
Zambia. Respondents indicated whether they participated in the sale of charcoal. Those who
answered aftirmatively were then asked a series of questions about production volume, transport,
and income generated from charcoal-related activities.

After identifying the GPS coordinates of each of the surveyed households involved in
charcoal production, we calculated the geographic centroid for each district based on the spatial
distribution of these households. We then generated 25 km and 50 km buffers around these
locations using the buffer function from Python’s GeoPandas package to facilitate a proximity

analysis and explore the relationship between charcoal production and forest loss.
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Charcoal Production by District (Proportional Points)

Fig. 4. Charcoal production by district, based on HICPS results, shown as proportional
points. Point size corresponds to the number of surveyed charcoal-producing households in
each district.

It is important to note that this secondary analysis is exploratory in nature, and the results

should be interpreted with caution due to limited charcoal production data.



19
STATISTICAL ANALYSIS

Primary Analysis

In this study, we characterized the variables using descriptive statistics to summarize the key
features of the data. We then incorporated a set of independent variables to explore the drivers of
forest degradation, focusing on both climatic and socio-demographic factors.

For this step, we employed an Ordinary Least Squares (OLS) regression model. The
model includes district fixed effects to control for time-invariant characteristics across districts,
SPEI values lagged by four years to capture delayed effects of drought, within-district population
density changes, an interaction term between lagged SPEI and population density, and percent
forest cover in the year 2000 as a baseline control for available forest area.

The dependent variable in this analysis is the log-transformed total forest loss (in square
meters). This transformation was applied to normalize the distribution and stabilize the variance,
thereby improving the robustness of the regression estimates. Log transformation was
particularly important given the substantial variation in forested area and deforestation rates
across Zambia’s 116 districts.

To identify the period over which drought events are most strongly associated with forest
loss, we conducted a series of OLS regressions using growing season SPEI values lagged by zero
to five years prior to the observed forest loss. We compared R? adjusted R? AIC, BIC, and
p-values across lag structures to determine which provided the best model fit.

Incorporating population density as a predictor was an essential step, as regions with

higher populations likely have a greater demand for forest provisions. For each district and year
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from 2000 to 2020, we calculated annual population growth using WorldPop unconstrained
individual country data (2000-2020) [WorldPop, 2018], which are adjusted to match national
population estimates from the United Nations Population Division (UNPD, 2019 revision) and
available at 100m resolution. District-level population density was then computed by dividing
the total population by district area in square kilometers.

To prepare this variable for regression, we applied two transformations. First, we
centered population density across all districts by subtracting the overall mean, which improves
model interpretability and reduces multicollinearity when introducing interaction terms (Gelman
& Hill, 2007). Then, we calculated within-district centered population density by subtracting
each district’s mean population density from its yearly values. This isolates temporal variability
within each district, allowing us to explore how year-to-year changes in population density relate
to forest loss (Van de Pol & Wright, 2009).

The final step in incorporating population density as a predictor was creating an
interaction term between population density and lagged growing season SPEI. We accomplished
this by multiplying the lagged SPEI values by within-district centered population density for
each district, and included this variable in the regression model.

This model was designed to test both the delayed climatic impacts on forest loss as well
as the role of socio-economic pressures at the local level, providing a comprehensive assessment

of the drivers of forest degradation.



21
Secondary Analysis

To further explore socio-demographic drivers of forest loss, we ran a separate OLS
regression focusing on charcoal production hotspots, using data from the HICPS household
survey. Because this survey covered only a limited number of districts, we excluded
charcoal-related variables from the main nationwide regression and instead analyzed them
separately. This model includes only the 11 districts that were surveyed between 2016 and 2019.

Recognizing that accessibility and market proximity can strongly influence charcoal
production patterns, we incorporated linear distance to the nearest urban center as a model
variable. Urban centers were defined as spatial clusters with more than 20,000 people, identified
using WorldPop data consistent with the population density analysis. To address skewness and
reduce the influence of extreme values, we log-transformed the number of charcoal-producing
households per district.

This model provides a more targeted perspective on deforestation dynamics in
charcoal-producing areas, where socio-economic pressures may differ considerably from
national trends, and where forest loss may be more directly linked to household income

strategies and market access.
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RESULTS

We begin by presenting the descriptive statistics for the key variables used in the regression
analysis. Due to the variability of forested area between districts, forest loss was highly skewed,
with log-transformed values ranging from 13.48 (25" percentile) to 16.19 (75" percentile), and a
mean of 14.59. The 4-year lagged SPEI values averaged 0.26, with at least 25% of observations
falling below zero, indicating widespread drought conditions in the years prior to forest loss.
Population density and the interaction term were centered, resulting in distributions concentrated
around zero. Baseline forest cover varied widely across districts, ranging from 5.68 to 44.55

million square meters.

Descriptive Statistics

Mean 25% 75%
Log-Transformed Forest 14.59 13.48 16.19
Loss (m?)

Mean SPEI (Lag 4) 0.26 -0.38 0.96
Population Density -0.0 -0.02 0.01
Baseline Forest Cover (%) 28926228.82 5683996.98 44554021.72
SPEI x Population Density -0.02 -0.01 0.01

Interaction

Table 1. Descriptive statistics for variables included in the regression analysis

Among the six lag specifications tested, the models with four- and five-year lagged SPEI values
produced the best overall fit. These models yielded the highest R? and adjusted R? values, the

lowest AIC and BIC scores, and highly significant SPEI coefficients (p = 9.05 x 10® and p =
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5.42 x 10™®). While the five-year lag model provided slightly better fit metrics, the four-year lag

was selected as the preferred specification due to its parsimony, strong theoretical alignment with
delayed drought impacts observed in previous studies, and greater data availability. Using a
shorter lag preserved more observations across districts and years, allowing for a more robust

and generalizable model.

Intercept Coefficient R’ Adjusted R? AIC BIC p-value
Lag0 0.428723 -0.049097 0.360323 0.316839 5321.412555 5952.887629 9.354942¢-02
Lag 1 0.432014 -0.047804 0.360217 0.316725 5321.710604 5953.185678 1.114618e-01
Lag 2 0.441199 -0.076938 0.361756 0.318369 5317.394053 5948.869127 1.036125e-02
Lag3 0.445920 -0.091826 0.362855 0.319543 5314.305979 5945.781052 2.099156e-03
Lag 4 0.465133 -0.161638 0.370075 0.327253 5293.883565 5925.358638 9.051707e-08
Lag5 0.500545 -0.171570 0.370448 0.327652 5292.822398 5924.297471 5.422185e-08

Table 2. Model fit metrics for six lagged SPEI specifications. The four- and five-year lag models performed best; the four-year lag
was chosen for its parsimony, strong theoretical support, and greater data availability.
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Log Forest Loss vs. Growing Season SPEI (District Level)

Log-Transformed Total Forest Loss (m?)

04 0.2 00 02 04
Average Growing Season SPE!
Fig. 5. Relationship between average growing season SPEI and log-transformed forest
loss at the district level

With R? and adjusted R* values of 0.704 and 0.686, respectively, the model explained a
substantial proportion of the variation in log-transformed forest loss across districts and years.
The coefficient for the four-year lagged SPEI was -0.2771 (p < 0.001), indicating that lower
SPEI values (i.e., drier conditions) are associated with increased forest loss several years later.
This delayed relationship may reflect the time it takes for drought-related stress to translate into
land use decisions or deforestation, such as increased reliance on forest resources for fuel or

income during periods of economic recovery (Dlamini et al., 2016; Ngoma et al., 2019). It may

Average Effect of Mean SPEI (lag 4) on Log Forest Loss
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Fig. 6. Predicted effect of 4-year lagged SPEI on log-transformed forest loss
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also partly result from lags in forest loss detection due to satellite data limitations. Importantly,
the result captures the impact of discrete climate shocks, rather than the long-term impact of

climate change, on forest outcomes.

Within-district population density alone was not a significant predictor. However, the
interaction between lagged SPEI and population density was significant (p < 0.001), providing
evidence that the effect of drought on forested areas is amplified in more densely populated
regions, likely reflecting an increased reliance on forest resources for energy, food, and

supplemental income under environmental stress.

Coefficient Standard Error p-value 0.025 0.975
Mean SPEI (Lag 4) -0.2771 0.037 0.000 -0.350 -0.204
Population Density 0.0513 0.033 0.121 -0.014 0.116
SPEI x Population 0.0513 0.051 0.000 0.164 0.364
Density Interaction
Baseline Forest 4.456 x 10° 4.01x10° 0.000 3.67x 10 5.24x 10®
Cover (%)
District Fixed Yes
Effects

Table 3. Fixed-effects regression results predicting annual forest loss across Zambia’s districts (2000-2020). Coefficients represent the
estimated effect of each predictor on log-transformed forest loss.

The secondary model explained slightly more variation in forest loss (R? of 0.681,
adjusted R? of 0.657) compared to the main model, likely due to the inclusion of charcoal
production and distance-to-urban predictors. Distance to the nearest urban center (km) had a

significant positive association with forest loss (coefficient = 0.5083, p < 0.001), suggesting that
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forest loss increases with distance from urban centers. With a coefficient of 3.1358 (p < 0.001),
the results showed a strong association between charcoal production and forest loss in Zambia.
Finally, the interaction term between log-transformed charcoal counts and proximity to urban
centers was also highly significant (coefficient = 0.1693, p <0.001), implying that the impact of
charcoal production on forest loss diminishes as distance from urban centers increases. This
suggests that proximity to urban demand intensifies the deforestation impacts of charcoal
production, a pattern consistent with rural reliance on small-scale transport methods (e.g., foot or
bicycle) and the time constraints faced by rural households engaged in both farming and charcoal

production.

Significant Districts: Lagged SPEI x Population Density Interaction
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DISCUSSION

In a country heavily dependent on natural resources for food, income, and energy, this
quantitative assessment of the drivers of deforestation in Zambia offers novel insights into how
citizens cope with the shocks of a changing climate. Our analysis reveals statistically significant
relationships between drought events, population density, proximity to urban centers, and forest
loss. Notably, the impact of drought on deforestation is most pronounced four years following
the drought event, indicating a delayed response that underscores the complex nature of
environmental and socio-economic forces contributing to forest loss.

Building on these findings, the relationship between charcoal production, drought, and
forest loss offers additional insight into how households adapt to climate stress in
resource-dependent settings. Reduced agricultural yields following droughts often push
households to supplement their income, driving deforestation in remote areas to meet the needs
of urban centers. It is also plausible that drought-related load shedding contributes to rising
charcoal demand as a supplemental energy source, though further research is necessary to
confirm this relationship.

Similar dynamics have been observed in other parts of sub-Saharan Africa. In Malawi,
for example, Ngwira & Watanabe (2019) found that the main drivers of deforestation include
agricultural expansion, population growth, lack of resources, and excessive use of biomasses
including wood and charcoal. They emphasized that underlying drivers of forest loss include
poverty, lack of resources, and the high cost associated with sustainable energy alternatives.
These findings align with the patterns identified in Zambia, where drought and limited

infrastructure may jointly contribute to increased pressure on forest resources.
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One consequential infrastructure challenge is energy access. Although hydroelectric
power is widely praised for its affordability and environmental advantages, Zambia’s heavy
reliance on dams as the primary provider of electricity has created an unsustainable and
climate-vulnerable energy system. The ecological benefits of renewable energy are lessened
when these systems fail, and local populations turn to forests for wood fuel as an alternative.
Addressing these systemic vulnerabilities is essential.

Zambia is not the only country facing unprecedented energy shortages as a result of
climate change. Falchetta et al. (2019) reported that prolonged drought has resulted in power
crises in much of sub-Saharan Africa, including Kenya, Tanzania, Ghana, and Zimbabwe, largely
due to declining hydropower generation during dry spells. These shortages have led to unreliable
electricity access, prompting households to turn to charcoal and biomass as alternative energy
sources, placing additional strain on remaining forest cover.

Beyond energy needs, drought also affects agricultural productivity, further shaping land
use decisions. While agricultural technologies in Zambia have been gradually adopted, many
farm laborers continue to rely on manual and resource-intensive practices to maintain farm
operations. The state of irrigation practices is one example where land availability remains
significantly underutilized. Recent studies indicate that the most common irrigation methods on
Zambian farms involve sourcing water from streams, wells, or rivers, and distributing it
manually using buckets (Ngoma et al., 2019). Furthermore, only about 6% of Zambia’s irrigable
area was under irrigation at the time of the Government of the Republic of Zambia’s (GRZ) 2013
report. While such traditional farming practices are effective under favorable conditions, today’s

changing climate has introduced new uncertainties regarding water availability. Strengthening
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irrigation systems could not only support agricultural resilience but also reduce the need for
households to turn to forests as a safety net during times of environmental stress.

Although the secondary analysis was limited to 11 districts, the patterns identified serve
as a valuable basis for future research. The relationship between drought, charcoal production,
and forest loss in Zambia remains underexplored. Notably, the HICPS dataset includes
information on charcoal production volumes, distances traveled to markets, customer origins,
and approximate income generated from charcoal-related activities. These variables offer a
strong foundation for a more thorough investigation into the link between drought and

deforestation, mediated by charcoal production.
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CONCLUSION

This study provides new insight into the potential link between drought and deforestation in
Zambia, focusing on the role of population pressure and the growing need for charcoal
production to supplement income and energy (Zulu & Richardson, 2013; Chidumayo & Gumbo,
2010). We ascertained that drought is strongly associated with forest loss in the following years,
an effect that is more pronounced in areas of high population density and close proximity to
urban centers.

These findings have the potential to guide interventions at the district, provincial, and
national levels. By providing quantitative evidence of drought-driven forest loss, we aim to
encourage governmental entities to revisit policies regarding energy access, forest management,
and climate-resilient agriculture.

Several important questions remain for future research. In particular, a deeper
examination of the relationship between drought and charcoal production is needed to better
understand how climate stress translates into forest pressure at the household level. This analysis
was limited by the availability of charcoal production data in Zambia, highlighting the need for
more comprehensive and spatially detailed datasets. Additionally, it remains unclear whether
these patterns of drought and deforestation are unique to Zambia or persist across African
countries. Understanding these dynamics at both national and regional scales will be critical for

developing effective climate adaptation and forest conservation strategies.
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