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Landscapes in southern Africa are subjected to significant dynamics related to
Land Cover Change (LCC). While there is abundant research on Land Cover
Trajectories (LCT), more comprehensive studies are still needed to determine the
extent to which these changes reshape the Water-Energy-Food-Climate (WEFC)
Nexus. We employed an explanatory sequential mixed-methods approach in
Malawi using Case studies of Blantyre and Lilongwe districts to 1 explore trends in
LCC from 1994 to 2024, and 2 analyse the effects of land cover trends on the
WEFC Nexus. This approach involved conducting a quantitative analysis of
Landsat images using ArcGIS software to determine the LCC and applying the
Mann-Kendall statistical analysis test to identify trends in key land cover classes
and associated resources. Qualitative data were gathered using ethnographic
techniques, focus group discussions, key informant interviews, and expert
interviews. These were analysed through deductive content analysis to
provide complementary evidence. The analysis reveals 1 a dynamic land cover
transformation characterised by a significant decline in forest cover, cropland
expansion, and urbanisation. 2 LCC directions that weaken WEFC Nexus.
Declining water productivity and increasing water stress are diminishing
hydropower generation capacity and degrading ecosystem integrity, thereby
threatening regional water and energy security. Concurrently, agricultural
intensification has failed to ameliorate food insecurity within local
communities. The study reveals significant inefficiencies in resource allocation
and reflects profound underlying socioeconomic disparities. It offers valuable
theoretical and policy implications for the Resource Nexus in southern Africa. It
also highlights the significance of the WEFC Nexus in Malawi and serves as a
pertinent example for other southern African nations facing similar challenges. It
advocates for ongoing research and adaptive management strategies to address
the interdependencies of these resources, supporting Nature-positive
sustainable development and enhancing resilience against socio-
environmental changes.
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1 Introduction

Land cover dynamics in Southern Africa represent a critical
driver of socio-environmental change. It is fundamentally altering
the region’s ecological and socioeconomic fabric (Martin et al.,
2022). Over the past five decades, the conversion of natural
forests, grasslands, and savannas to agricultural and urban areas
has created complex trade-offs (IPBES, 2018). While this expansion
has increased food production, it has also led to declines in water and
energy security, intensified biodiversity loss (Fischer et al., 2023),
and increased pollution (Nelson et al., 2021). These changes
highlight the water-energy-food-climate (WEFC) Nexus, where
gains in one sector often come at the expense of others, thereby
complicating resource management (Herrera-Franco et al., 2023).

Land cover changes (LCC) have profound bio-geophysical
consequences that disrupt the Earth’s surface energy balance and
destabilise critical biogeochemical cycles (IPBES, 2018; Herrera-
Franco et al., 2023). These alterations not only amplify
vulnerabilities to climate change but also intensify the frequency
and severity of extreme events (Callahan, 2025). Consequently, the
degradation of essential ecosystem services erodes the planet’s
natural infrastructure (Pascual et al., 2023), which is fundamental
for building community resilience in the face of extreme ecological
events such as disasters and pandemics (Seddon et al., 2021).

Despite international efforts, such as the UN Decade on Ecosystem
Restoration, the African Forest Landscape Restoration Initiative
(AFR100), and a scientific consensus on the negative impacts of
land cover change on carbon sequestration and habitat integrity
(Strassburg et al., 2020), global land-use patterns continue to trend
toward degradation (Herrera-Franco et al., 2023). This highlights an
“implementation gap” between ambitious restoration goals and
practical realities, suggesting an urgent need for more nuanced
research and policies that balance agricultural needs with ecosystem
preservation (Seddon et al., 2021; Strassburg et al., 2020). Between
1960 and 2019, approximately 4.3 billion hectares of land transitioned
annually, resulting in a net forest loss of 80 million hectares, offset by a
1.0 billion hectares increase in cropland and a 90million hectares rise in
pasture (Winkler et al., 2021). A clear North-South divide is evident:
forest cover has increased in the Global North while deforestation
continues in the Global South (Bryan et al., 2018).

Southern Africa faces significant deforestation linked to food
production demands and external pressures, particularly from
resource extraction. Forest cover in temperate regions is
increasing, while tropical areas lose approximately 12 million
hectares annually, primarily due to agricultural expansion for
crops such as sugarcane and oil palm (Austin et al., 2019).
Urbanisation and agricultural expansion are connected to
environmental degradation and the overexploitation of resources,
which retards resource nexus potential for diverse values of nature
(Figure 1) (Makwinja and Mkhwimba, 2025).

This study highlights a case study from Malawi, a country in the
southern African region, where the LCC is rapidly developing, with
cities and agricultural areas expanding into natural areas.
Environmental resources are being overexploited and degraded
(O’Farrell et al., 2009; Hutchings et al., 2022; Gambe et al., 2023).
According to Xiao et al. (2022), at least 30% of the top 20 countries in
Africa with significant LCC are in Southern Africa. For example,
Malawi (Gondwe et al., 2019), Zimbabwe (Masolele et al., 2024),

and Zambia (Phiri et al., 2019) have lost an average of more than a
quarter of their forests to agriculture, bare land and settlements,
respectively, in 20 years between 2000 and 2020. In Malawi,
significant changes in LULC have been documented in various
studies (Bone et al., 2016; Gondwe et al., 2019). An earlier study in
southern Malawi indicated an increase in built-up areas and a decrease
in bare soil, forestland, and grassland over the past three decades
(Mawenda et al., 2020).

However, the extent to which these changes affect the patterns
and outcomes of the Water-Energy-Food-Climate (WEFC) nexus
remains an unaddressed issue. Recent studies of LULC change in the
Upper Shire River and the Elephant Marsh in Malawi reported
approximately 12% forest loss (2001–2022), which is subsequently
weakening ecosystem services vital for biodiversity and community
livelihoods (Ngwira and Watanabe, 2019).

The loss of forest cover is primarily attributed to several
anthropogenic drivers, including agricultural expansion, population
growth, and the demand for firewood, which have contributed
significantly to the observed deforestation rates in Malawi (Ngwira
and Watanabe, 2019). The implications of this deforestation are
profound, as it threatens the ecosystem services that forests provide,
including water regulation, carbon sequestration, and habitat
preservation (LeBrasseur, R. (2022). Notably, forests play a crucial
role in maintaining local water cycles and supporting hydropower
production, which is vital for Malawi’s economy. The hydrological
dynamics in the Lake Malawi and Shire River Basin exhibit increasing
vulnerability to climate change, with projected reductions in river flows
exacerbating the challenges facing water resources and energy
generation in the region (Bhave et al., 2022). Such changes are
increasing sediment loads and reducing hydropower efficiency at
Kapichira and Nkula power stations (Kapute Mzuza et al., 2019).
These trends illustrate a predominance of an agro-mosaic landscape
driven by urban expansion and agricultural intensification, which are
shaping the country’s biophysical conditions.

Understanding these dynamics is crucial for developing cohesive
policy frameworks, which have historically lacked coordination across
different sectors (Kimengsi et al., 2022). By recognising the interactions
among these systems, stakeholders can create integrated management
strategies that enhance resilience against climate change, particularly in
communities that heavily rely on natural resources (Mabhaudhi et al.,
2018; Jørstad and Webersik, 2016; Brouwer et al., 2023; Sannou and
Guenther, 2025). The study, therefore, uses case studies of Blantyre and
Lilongwe Districts from 1994 to 2024 to contribute answers to two key
questions: 1 What are the key trends of LCC? and 2 How do these
trends affect the WEFC nexus? The findings are essential in informing
sustainable resource planning in alignment with global transformations
in the Anthropocene era.

2 Materials and methods

2.1 Description of the study area

Malawi, a landlocked country in southeastern Africa, spans
118,484 km2 and shares borders with Mozambique, Tanzania,
and Zambia (Figure 2). It has a population of approximately
21.7 million, with a growth rate of 2.6% (National Planning
Commission, 2020). The country experiences distinct wet and
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dry seasons, predominantly covered by Miombo woodland.
Approximately 85% of the population relies on rain-fed
agriculture, fisheries, and forestry, with a GDP of $10.84 billion
(National Statistical Office, 2018). Biomass fuels account for 86% of
energy consumption (Government of Malawi, 2023).

Blantyre and Lilongwe Districts are key case studies for
understanding LCC trends and their implications for the WEFC
Nexus in Southern Africa. These districts reflect diverse socio-
economic conditions and environmental challenges, showcasing the
interactions between urban and peri-urban communities. High urban
population densities create resource stress, while peri-urban areas rely on
agricultural outputs that are closely linked to water, climate, and energy.

2.2 Data collection

2.2.1 Spatial dataset
Geospatial data on land cover change was sourced from the USGS

Earth Explorer website for the period 1994 to 2024. This source was
chosen for several reasons: it offers extensive historical data, high
spectral resolution (7–11 bands), medium to high spatial resolutions
(15–30 m/pixel), is open access and free, has low cloud cover (less than
5%), and provides complete coverage of the study area without missing
scenes. Landsat composite images from 1994, 2004, 2014, and 2024,
with minimal cloud cover, were collected for Blantyre and Lilongwe.

2.2.2 Data classification
The classification included imagery from both wet (December-April)

and dry seasons (May-November). Vegetation changes were analysed
using the normalised difference vegetation index (NDVI) from Landsat
8 and Landsat 5 ETM images (Table 1). Climate data (temperature and
precipitation) from 1994 to 2024 were obtained from the Malawi

Department of Climate Change and Meteorological Services
(DCCMS). An Analysis of Variance (ANOVA) test was conducted to
assess the significance of the relationship between vegetation response
and independent variables, followed by an examination of
multicollinearity among these variables (Zarei et al., 2024).

Satellite image pre-processing and classification were conducted to
ensure high-quality land cover images for the case studies. All datasets
were projected to UTM zone 36N using theWGS84 datum.We applied
both unsupervised and supervised classification methods to identify
LULC. Accuracy assessment plays a crucial role in LCC as it evaluates
the effectiveness of pixel grouping against geographically referenced
data. We utilised statistical models, including multiple linear regression
and error metrics, for this purpose (Zarei et al., 2024). The LULC
classification schema (Table 2) was based on the Atlas of Malawi
Classification System and the Community Knowledge (Food and
Agriculture Organisation, 2020).

2.2.3 Accuracy assessment
Overall, the accuracy of the LCC was calculated as follows

(Equation 1):

x � y

n
(1)

where x is the Overall accuracy, y is the number of sampling classes
classified correctly, and n is the number of reference sampling classes.

2.3 Survey data

2.3.1 Secondary data
The UN University’s Sustainability Analytics, Informatics and

Data (Sustainability AID) Flood Module was used to access the

FIGURE 1
Analytical framework of the study adapted from FAO (2020) and Brouwer et al. (2023).
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Malawi Flood and Drought Monitor (MAL-FDM) Version
2.0 under the Africa Drought and Flood Monitor Programme
(AFDM). This tool explored key climatic variables (Precipitation,

Evaporation, Evapotranspiration, and temperature) for modelling
the WEFC Nexus (Ramos et al., 2022). Hydro-power data came
from Electricity Generation Company (EGENCO) records, while

FIGURE 2
Map of Malawi showing Blantyre and Lilongwe districts.

TABLE 1 The data set details used in the study.

Year Dataset Bands Sensor Spatial resolution (M)

1994 Landsat 5 Level 2, Collection 2, Tier 1 1,2,3,4,5 Landsat 5 TM 30

2004 Landsat 5 Level 2, Collection 2, Tier 2 1,2,3,4,5,6 Landsat 5 TM 30

2014 Landsat 8 Level 2,Collection 2,Tier 1 1,2,3,4,5,6,7 Landsat 8 OLI 30

2024 Landsat 8 Level 2,Collection 2,Tier 2 1,2,3,4,5,6,8 Landsat 8 OLI 30

TABLE 2 LULC classification.

SN Land cover Description

1 Forests Vegetation that includes standing broadleaved/deciduous trees in an area of at least 0.5 ha

2 Grass/Shrubland An area dominated by herbaceous plants, e.g., grasses or less developed trees

3 Cropland The area used for cultivating crops

4 Bare land Bare land (barren) without any biota or infrastructure on it

5 Urban Developed areas and artificial surfaces, e.g., settlements, industry, or roads

6 Water Permanent or Semi-permanent water bodies (e.g., Rivers, lakes, ponds and dams)
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biomass energy and meal access data were sourced from the
National Statistics Office (NSO) database (Table 3). These
variables are vital for assessing water, energy, and food security,
as well as climate resilience, for theWEFCNexus from 1994 to 2024.

2.3.2 Primary data collection
Qualitative data were collected through a directed literature

review, ethnographic techniques, Focus group discussions (FGDs),
Key Informant Interviews (KIIs), and Expert interviews (EIs). These
data were analysed by deductive content analysis to provide
complementary evidence to findings from geospatial
analysis (Figure 3).

2.4 Data analysis

2.4.1 Spatial data analysis
Using the Change Detection Wizard, we analysed land cover

changes in Blantyre and Lilongwe Districts over three periods (e.g.,
1994–2004, 2004–2014, and 2014–2024). Using a transition matrix,
we analysed significant inter-category transitions by comparing
observed and expected values, to determine if changes were
random or systematic (Mawenda et al., 2020). A transition is
random if there’s no difference between these values and
systematic if there is a notable deviation. We calculated the
expected values in terms of gain, Gij and loss, Lij (Equations 2, 3).

Gij � P+j − Pjj( ) Pi+∑J
i�1,i ≠ jPj+

⎡⎢⎣ ⎤⎥⎦ (2)

where (P+j-Pjj) = observed total gross gain of land cover class j,Pi+ =
the size of category I in the start date (e.g., 1994), in our case, the sum
of all six land cover classes of j in the start date.

Lij � Pi+ − Pii( ) Pi+∑J
j�1,i ≠ jP+j

⎡⎢⎣ ⎤⎥⎦ (3)

where (Pi+-Pii) = observed total gross loss of a land cover class j,P+j is
the size of category j on the last date of the evaluation (e.g., 2024) in
the case of our study.

∑j
i�1,i ≠ jP+j = sum of gross land cover class j in the final year of

evaluation (e.g., 2024) in our case (Braimoh, 2006; Teixeira
et al., 2014).

2.4.2 Statistical trend test analysis
To measure the nexus between water, energy, food, and climate,

the initial stage involved identifying key interactions based on the
LCT. For instance, in the water-energy nexus, energy-food nexus,
and climate-food nexus. Spatial and temporal alignment were
performed to ensure that datasets share the exact resolution and
time intervals (e.g., annually).

Additionally, unit standardisation is essential for converting
all measurements into compatible units, which allows for
consistent comparisons. (e.g., millimetres per year for
precipitation, tons per hectare for crop yield, and degrees
Celsius for temperature). The analysis phase involved multiple
techniques to quantify nexus relationships. Correlation analysis
(using the Pearson method) in R was conducted to identify
statistical dependencies, such as how NDVI (vegetation
health) shaped by LCT correlates with precipitation (water)
and temperature (climate). Using geospatial overlay techniques
in the ArcGIS software, mapping interactions were performed.
The goal was to compare key resource nexuses associated with a
land cover class. For example, cropland (food) with groundwater
salinity (water) or assessing the relationship between hydropower
output (energy) and flood frequency (water).

Furthermore, the non-parametric Mann-Kendall trend test
(Mann, 1945; Kendall, 1975) was employed to analyse time-series
trends of LULC change for Blantyre and Lilongwe (1994–2024)
using at least three indicators in each Nexus resource. For instance,
to test whether declining soil nutrients (food) coincide with
increasing biomass dependency (energy), or how carbon
sequestration (climate) trends align with NDVI (vegetation
health) (Stedinger et al., 1993). This method is particularly
suitable for this study’s data as it: 1 does not require normally
distributed data, 2 is robust against missing values and outliers, 3 can
handle non-linear trends, and 4 measures the strength and direction
of the LULC trends (Stedinger et al., 1993). Mann-Kendall trend test
(S) is measured as follows (Equations 4, 5).

TABLE 3 Variables considered in modelling WEFC Nexus.

Nexus sector Measurable indicator Data sources

Water Average Annual Water Productivity Landsat in ArcGIS Pro AFDM

Precipitation

Energy Hydro-power output EGENCO Operational Records

Biomass (Charcoal/Fuelwood) NSO database

Food % people with access to three meals daily Crop land NSO database

FAO

Climate Carbon emission FAO

Evapotranspiration ECMWF Climate Forecast System

Vegetation health NDVI Sentinel Data-2
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S � ∑n−1
i�1

∑n
j�i+1

sgn xj − xi( ) (4)

Where:

• n = number of observations,
• xi, xj = data values at times ii and jj,
• sgn () = the sign function:

sgn xj − xi( ) � +1 if xj > xi

0 if xj � xi

−1 if xj < xi

⎧⎪⎨⎪⎩ (5)

Interpretation of S:

• S > 0 → Increasing trend,
• S = 0 → No trend,
• S < 0 → Decreasing trend.

To assess the significance of the trends, Standardised Test
Statistics (the Z-score) for LULC changes were computed to
determine the standard normal distribution (e.g., Z1−α/2 for a
two-tailed test at significance level α) (Equation 6).

Z �

S − 1������
Var S( )√ if S> 0

0 if S � 0
S + 1������
Var S( )√ if S< 0

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(6)

• Z > 0 → Upward trend,
• Z < 0 → Downward trend.

Since trends were observed, Sen’s Slope (Q) Estimator was
employed to estimate the magnitude of the trends (Equation 7).

β � Median
xj − xi

j − i
( )for all i< j (7)

These methods collectively provide a robust basis for measuring
the effects of LCT on the Water-Energy-Food-Climate Nexus.

2.4.3 Qualitative data
The qualitative dataset, comprising literature, FGDs, KIIs, EIs

and ethnographic observations, was analysed using a deductive
content analysis approach (Creswell and Creswell, 2018). The
aim of combining these methods was to triangulate with
quantitative results, thereby enhancing the study’s
methodological rigour and construct validity. The qualitative
component provided a nuanced interpretation of quantitative
findings and further explored unexpected insights, ultimately
strengthening the validity and robustness of our research
conclusions (Tashakkori et al., 2021).

3 Results

3.1 Trends of LCC in southern Africa from
1994 to 2024

3.1.1 LCC trends in Blantyre (1994–2024)
The visual representation of LCC in Blantyre District from

1994 to 2024 reveals significant transformations across six broad
land cover classes (Figure 4). The trends suggest a notable expansion
of cropland and urban areas, at the expense of forest and
grassland cover.

Significant land cover changes were observed in southern Africa,
particularly in cropland, urban areas, and forests. In this context,
further statistical tests were conducted to examine these three
key trends.

FIGURE 3
Data collection chart for the study.
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The deforestation pattern demonstrated a near-perfect negative
correlation (τ = −0.93) with exceptionally high statistical confidence
(Z = −6.72, p < 0.001). This significant deforestation signifies an
ecological crisis, endangering biodiversity, reducing carbon
sequestration capacity, and degrading vital ecosystem services.
Multiple factors, including logging activities and land conversion
for agricultural and urban expansion, are connected to deforestation.
The contrasting trajectories of cropland expansion and forest loss
suggest a direct relationship between these land cover changes, with
agricultural encroachment appearing as a primary driver of
deforestation in the region. These findings underscore the
pressing need for balanced land management strategies that
balance both food security requirements and environmental
conservation priorities.

The Mann-Kendall trend analysis for Blantyre (1994–2024)
revealed significant and divergent changes in the top three land
cover classes (Table 4). Cropland showed a strong increasing trend,
expanding at a rate of +892.14 ha/year (Sen’s slope), supported by a
moderate-to-strong positive correlation (τ = 0.58) and high
statistical significance (Z = 3.71, p = 0.0002). Despite minor
fluctuations after 2011, the overall trend indicates rapid
agricultural expansion, likely driven by land-use intensification
and land conversion. Urban areas exhibited a gradual but
statistically significant increase, growing at +3.21 ha/year (τ =
0.45, Z = 3.56, p = 0.0004).

This aligns with the qualitative insights from qualitative
approaches such as ethnography, FGD, KII and EI. For instance,
Senior Chief Kunthembwe attributed these changes to population

growth-driven demands for food and energy, which have resulted in
deforestation and agricultural expansion.

“We allocate more land for crops because the population is
growing, and we need to produce more food and energy for
our immediate survival. As a result, we have no choice but to cut
more trees and extend our farmlands to forest areas . . . ’’ Senior
Chief Kunthembwe, KII. 2 in Blantyre District.

The testimony from Senior Chief Kunthembwe provides a
critical socio-economic narrative that explains the quantitative
LULC changes observed in this study through remote sensing.
His statement encapsulates that population growth acts as the
primary driver, creating immense pressure for food and energy
security. This pressure manifests as the conversion of forested areas
to cropland, directly related to the state of the land as identified in
the LULC classification. The phrase “we have no choice but to cut
more trees” is particularly significant, highlighting a lack of viable
alternatives and underscoring the poverty-environment nexus. In
this complex dynamic, immediate human needs for survival are
prioritised over long-term environmental sustainability, leading to a
potentially negative feedback loop.

The ensuing deforestation and land degradation threaten
essential ecosystem services, including biodiversity, carbon
sequestration, and soil fertility, which are foundational to
agricultural resilience and community wellbeing. Consequently,
the Chief’s account transcends mere observation; it serves as a
powerful diagnostic of systemic failure. It implies that effective

FIGURE 4
Land cover maps for Blantyre in 1994, 2004, 2014, and 2024.
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land management policies must extend beyond conservation
mandates to address these root socio-economic drivers by
providing accessible pathways for sustainable agricultural
intensification, clean energy alternatives, and diversified economic
opportunities, thereby creating choices where currently none are
perceived to exist.

3.1.2 LCC trends in Lilongwe District (1994–2024)
The geospatial analysis of LULC change in Lilongwe

District from 1994 to 2024 (Figure 5) reveals a significant
transformation of the landscape, characterised by a decline in
forest cover, particularly within the Dzalanyama Forest Reserve,
and an expansion of agricultural land, bare land, and urban
settlements.

Forest cover exhibited the most concerning trend, with
accelerated deforestation at −1,012.42 ha/year, the fastest
among all land categories. The near-perfect negative
correlation (τ = −0.91) and highly significant statistical results
(Z = −7.02, p < 0.0001) underscore a consistent and severe
decline. This loss probably stems from encroachment by
cropland and urban areas, with severe implications for
biodiversity and ecosystem services. The contrasting trends are
cropland expansion and increasing urban areas, indicating a
direct trade-off in land use. Meanwhile, urban growth,
although modest, may indirectly worsen deforestation through
increased resource demand. These findings highlight the urgency
for policies that promote agricultural sustainability, forest
conservation, and controlled urban development in Blantyre.

The Mann-Kendall trend analysis (Table 5) showed significant
changes in Lilongwe’s LCC between 1994 and 2024.

The cropland showed a strong increasing trend, expanding at a
rate of 4,734.45 units per year, the most rapid change among all land
cover classes. This dramatic expansion was supported by a near-
perfect positive correlation (Kendall’s τ = 0.89) and overwhelming
statistical significance (Z = 6.03, p < 0.001), indicating that
systematic agricultural intensification was likely driven by
population growth and increasing food demand.

The quantitative findings were confirmed by the qualitative
testimony from Senior Chief Tsabango, who provided a critical
socio-economic lens through which to interpret these
quantitative changes.

‘Every day, a lot of people, especially men from other districts,
come to ask for land from us to grow tobacco. Some just want to
relocate and look for jobs in the capital city. This triggers rapid
population growth, which in turn increases the demand for
biomass energy. Most of them, if they cannot find a job, start
a charcoal business. They produce charcoal from indigenous
trees, particularly from the Dzalanyama Forest Reserve . . . ’

said Senior Chief Tsabango, KII.3 in Lilongwe.

He identified immigration and commercial tobacco farming as
key direct drivers of deforestation. This migration fuels a feedback
loop: population growth increases the demand for land and energy,
which in turn leads to forest degradation for charcoal production. A
common livelihood strategy when formal employment is scarce. The
conversion of forest to agricultural and bare land threatens
ecosystem services, including biodiversity loss, reduced carbon
sequestration, and soil degradation. This analysis highlights that
the observed LULC changes are not merely environmental issues,
but rather symptomatic of deeper systemic drivers, including
economic pressures and a lack of alternative livelihood options.

3.2 Effects of LCC on WEFC nexus

3.2.1 Effects of LCC on WEFC nexus in
Blantyre District

The LCC trend analysis for Blantyre (1994–2024) (Table 6), reveals
a statistically significant and environmentally critical degradation of its
natural resource base, driven by LULC. A foundational trend is the
significant decline in vegetation health, as indicated by a strongly
negative NDVI (Z = −2.66). This degradation has a direct impact
on the water sector, manifesting as a highly significant increase in
evapotranspiration (Z = −4.91) and a consequent sharp decline in
average water productivity (Z = 3.12). These hydrological changes have
profound implications for the energy sector, correlating with a
significant reduction in hydropower output and forcing a greater
reliance on biomass, evidenced by a significantly increasing trend in
biomass dependency (Z = 1.82).

Despite a significant expansion of cropland (Z = 2.63), agricultural
extensification has failed to improve food security, with a notable
decrease in the percentage of the population having access to three

TABLE 4 Land cover trends for selected classes in Blantyre (1994–2024).

Parameter Cropland Urban area Forest area

Trend Direction ▲ ▲ ▼

p-value 0.0002 0.0004 <0.0001

Test Statistic (S) 318 290 −378

Z-Score 3.71 3.56 −7.02

Kendall’s Tau (τ) 0.58 0.45 −0.91

▲ ▲ ▼

Sen’s Slope +892.14 ha/year +3.21 ha/year −1,012.42 ha/year

Key Interpretation Rapid expansion with minor dips Slow but steady growth Accelerating deforestation

Key: ▲ = Increasing, ▼ = Decreasing, ▲▲▲ = strong positive correlation, ▼▼▼ = Strong negative correlation.
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meals per day. While the trend in carbon emissions remained
statistically insignificant, the collective results depict a tightly coupled
negative feedback loop: LULC change drives vegetation loss, which
exacerbates water scarcity and energy insecurity, ultimately
undermining food production systems and socio-economic wellbeing.

3.2.2 Effects of LCC on WEFC nexus in
Lilongwe District

The LCC trend analysis for Lilongwe (1994–2024) (Table 7),
reveals significant and statistically profound alterations in its
resource nexus, driven by changes in LULC.

A severe decline in vegetation health is indicated by a highly
significant negative trend in NDVI (Z = −3.8), which forms a

critical baseline. This degradation has catalysed a cascade of effects
across interconnected sectors. The water sector is under considerable
strain, with a highly significant increase in evapotranspiration
(Z = −7.08) contributing to a notable, albeit marginally significant,
decline in water productivity (Z = −2.19). Energy security is increasingly
compromised, marked by a significant decrease in hydropower output
and a corresponding significant rise in dependency on biomass fuels
(Z = 1.74). Despite a significant expansion of cropland (Z = 2.25), food
security has deteriorated, as indicated by a significant reduction in the
population with access to three meals per day. Furthermore, these
LULC changes have triggered a major climatic feedback, with a highly
significant increase in carbon emissions (Z = 4.18). Collectively, these
results illustrate a vicious cycle wherein LULC change drives vegetation

FIGURE 5
Land cover maps for Lilongwe in 1994, 2004, 2014, and 2024.

TABLE 5 Land cover trends of selected classes in Lilongwe (1994–2024).

Parameter Cropland Forest area Urban area

Trend Direction ▲ ▼ ▲

p-value 1.04 × 10−9 <0.001 <0.001

(≈0) (≈0) (≈0)

Test Statistic (S) 370 −406 435

Z-Score 6.03 −6.72 7.15

Kendall’s Tau (τ) 0.89 −0.93 0.94

▲▲▲ ▼▼▼ ▲▲▲

Sen’s Slope(Q) +4734.45 ha/year −407.12 ha/year +253.18 ha/year

Key Interpretation Rapid cropland expansion Accelerating deforestation Rapid urban growth

Key: ▲ = Increasing, ▼ = Decreasing, ▲▲▲ = strong positive correlation, ▼▼▼ = Strong negative correlation.
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loss, which intensifies water and energy scarcity, undermines
agricultural gains, and exacerbates climate change, thereby locking
the city into a trajectory of deepening resource insecurity and socio-
ecological vulnerability.

4 Discussion

4.1 Trends of LCC in southern Africa from
1994 to 2024

The study reveals significant transformations that reflect
broader socio-economic and environmental dynamics driven by
LCC in southern Africa from 1994 to 2024. Both case studies exhibit
dynamic LCC characteristics, particularly in cropland, urban areas,
and forest cover.

The application of the non-parametric Mann-Kendall trend test
and Sen’s slope estimator is methodologically sound for analysing
such temporal remote sensing data, as they are resistant to outliers
and non-normal data distributions, common in environmental time
series (Hussain and Mahmud, 2019). The results unequivocally
demonstrate a dominant land cover transition pathway: the

systematic and significant conversion of forested areas to
cropland and urban surfaces, a trend consistently observed across
Southern Africa but with distinct local dynamics (Xie et al., 2022).

In Blantyre, the deforestation rate, characterised by a near-perfect
negative correlation, signifies an ecological crisis. This loss directly
underminesMalawi’s carbon sequestration capacity, a critical concern
given its vulnerability to climate change, and degrades essential
ecosystem services, including water regulation and soil
conservation (Martin et al., 2022). The concurrent, rapid
expansion of cropland, with a strong positive trend, strongly
suggests that agricultural encroachment is the primary direct
driver. This aligns with the global discourse on the “forest-
agriculture nexus,” where food security needs are often pitted
against conservation goals (Phiri et al., 2021). While Blantyre’s
urban growth is modest, its statistical significance indicates
persistent pressure. Lilongwe, as the national capital city, presents
an even starker contrast: its urban growth is the most rapid among the
reported changes, while also experiencing the fastest expansion of
cropland and significant deforestation. This indicates that Lilongwe is
facing a dual pressure of extensive agricultural frontier expansion and
capital-city-driven urbanisation, a combination that places immense
strain on remaining natural ecosystems.

TABLE 6 Test statistics for nexus resources trends driven by LULC in Blantyre (1994–2024).

Nexus resource Indicator S Var(S) Z score p-Value Q

Water Average Water productivity (kg/m3) −208 4454.7 3.12 0.0018 −0.72

Water Precipitation −44 6240.7 −0.56 0.575 −1.03

Energy Hydro-power output −14 566 −0.354 0.023 −0.53

Energy Biomass (Charcoal/Fuelwood) dependency 675 5899 1.82 0.0358 0.73

Food % Population with access to three meals/day −87 8491 −0.32 0.033 −820

Food Crop land 755 8593 2.63 0.0086 669

Climate Carbon emission 25 3140.67 0.34 0.668 0.55

Climate Evapotranspiration −276 3141.67 −4.91 0.0000905 −3.72

Vegetation health NDVI −142 2441.62 −2.66 0.00042 0.0095

Key: S = Mann-Kendall trend test; Z-score = Standardised Test Statistics; Q = Sen’s Slope for trend magnitude estimation.

TABLE 7 Test statistics for nexus resources trends driven by LULC in Lilongwe (1994–2024).

Nexus resource Indicator S Var(S) Z-(Score) p-Value Q

Water Average Water productivity (kg/m3) −129 3437.33 −2.19 0.053 −0.52

Water Precipitation 70 6240.7 0.89 0.373 1.34

Energy Hydro-power output −14 566 −0.354 0.023 −0.53

Energy Biomass (Charcoal/Fuelwood) dependency 637 5492 1.74 0.0261 0.88

Food % Population with access to three meals/day −52 3926 −0.44 0.0146 −0.383

Food Crop land 13 28.333 2.25 0.02444 4,900.38

Climate Carbon emission 246 3441.67 4.18 0.0001 0.57

Climate Evapotranspiration −418 3461.66 −7.08 0.0001 −24.47

Vegetation health NDVI −188 2441.67 −3.8 0.00014 −0.011

Key: S = Mann-Kendall trend test; Z-score = Standardised Test Statistics; Q = Sen’s Slope.
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While the statistical analysis is rigorous, a key limitation
inherent in such trend studies is the attribution of causality. The
Mann-Kendall test confirms the existence and magnitude of trends
and correlations, but does not prove that cropland expansion
directly causes forest loss, though the spatial and temporal
correlation is highly suggestive. Future research integrating
spatial regression models or agent-based modelling could more
explicitly test these causal pathways.

In Lilongwe, the significant expansion of cropland is primarily
driven by a growing demand for food resulting from the region’s
expanding population (Nhamo et al., 2016). However, this
expansion comes at a steep ecological cost, as forest cover
experiences alarming rates of decline due to deforestation for
agricultural land and logging activities, which ultimately threaten
biodiversity and essential ecosystem services. Similar patterns are
evident in Blantyre, where urban development further complicates
land-use dynamics by adding additional pressures to existing forest
reserves (Phiri and Nyirenda, 2022).

The disintegration of forest cover is fundamentally
intertwined with the expansion of cropland and urban areas,
wherein each expansion amplifies the impacts on the other,
creating a cyclical dilemma in land management (Skole et al.,
2021). Indeed, the interplay between agricultural growth and
urbanisation manifests in negative environmental ramifications,
with urban growth exerting pressure on municipal infrastructure
and exacerbating resource depletion, thereby indirectly fostering
deforestation through increased demand for natural resources
(Kpienbaareh et al., 2022).

Community testimonies, such as that from Senior Chief
Kunthembwe, provide critical empirical insight into the socio-
economic drivers of land cover change, moving beyond quantitative
data to explain the underlying causality (Siampale et al., 2023). These
accounts reveal that population growth exerts direct pressure on land
resources, compelling communities to convert forests into cropland for
food and energy production—a rational yet unsustainable livelihood
strategy that reflects the classic poverty-environment nexus (Nelson
et al., 2021). This highlights that deforestation is not merely an
environmental issue, but a symptom of deeper socio-economic
constraints, where immediate human needs are prioritised over
long-term ecological sustainability, a concept increasingly framed as
“environmental livelihood trade-offs” (Ryan et al., 2022).

Consequently, effective environmental governance must address
these root causes by promoting context-specific sustainable
agricultural intensification (De Bonvoisin et al., 2024) and
providing affordable, clean energy alternatives, such as advanced
biomass cookstoves and targeted solar interventions, to break the
cycle of degradation and preserve vital ecosystem services
(McCauley et al., 2022; IEA, 2023). Evidence suggests that while
such agricultural expansion can enhance livelihoods, its
implementation must be accompanied by robust environmental
stewardship to avoid exacerbating deforestation rates
(Kpienbaareh et al., 2022). According to Ngwira and Watanabe
(2019), integrating local perceptions of land use and agricultural
practices into intervention design respects local cultural contexts
and harnesses traditional knowledge for sustainable land
management solutions.

The situation surrounding land use dynamics in this study offers
a contemporary example of the trade-offs and complex interactions

inherent in agricultural expansion, urban growth, and
environmental conservation. Policymakers must navigate the
competing demands of agricultural productivity and urban
development while striving to conserve critical ecosystems.
Building effective monitoring systems to track land use changes
will be vital, as will fostering community engagement to empower
local stewardship of natural resources. This multi-faceted approach
is essential for ensuring the sustainable use of land while meeting the
pressing food and energy needs of a growing population (Skole et al.,
2021; Li et al., 2024).

The results present strong scientific evidence of a significant
and ongoing transformation of land systems in southern Africa.
These trends are not random; they are systematic, significant, and
influenced by deep-seated socio-economic pressures. The
findings underscore the pressing need for integrated land-use
planning that transcends isolated approaches. Effective policies
must address the pressing need for food and energy security
through sustainable intensification and alternative livelihoods,
while also rigorously protecting the remaining forest ecosystems.
Community-based conservation models that provide tangible
benefits to local populations can help create choices where
none previously existed.

Thus, the findings emphasise the dual challenge of ensuring food
security while also conserving and enhancing water security,
biodiversity, ecosystem services, and resilience to climate change.
Effective land management strategies should focus on conservation
efforts and address the underlying socio-economic drivers that
contribute to significant changes in land cover. Policymakers
need to consider pathways for sustainable agricultural practices
and alternative energy solutions that reconcile immediate needs
with long-term ecological health.

4.2 Effects of LCC on WEFC nexus in
southern Africa

The effects of LCC on the WEFC nexus in Southern Africa
underscore a concerning trajectory. The Mann-Kendall trend
analysis in Blantyre and Lilongwe districts reveals a consistent
degradation of natural resources from 1994 to 2024. There is a
notable decline in vegetation health, as evidenced by a strongly
negative trend in the NDVI. The loss of vegetation reflects larger
ecological disruptions and is consistent with findings from various
geographical contexts (Afionis et al., 2020). Research indicates that
changes in LULC significantly impact local climatic conditions,
including evapotranspiration rates, which are crucial for sustaining
water balance and ecosystem health (Li et al., 2018; Ramos et al., 2022;
Islam and Shahriar, 2023; Kalyan and Pathak, 2024; Yang et al., 2024).
As vegetation cover diminishes due to agricultural expansion and
urbanisation, evapotranspiration loss exacerbates hydrological stress,
thereby affecting agricultural outputs and energy production (Mondal
and Zhang, 2018; Okoduwa and Amaechi, 2024).

The results also highlight that LULC have a negative impact on
the energy sector, reducing hydropower generation and increasing
reliance on biomass fuels for heating and lighting. While Blantyre
shows no significant effects, Lilongwe faces notable sustainability
issues related to deforestation and carbon emissions (Okoduwa and
Amaechi, 2024; Damaneh et al., 2021). Such findings reflect a
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maladaptive coping strategy typical of most southern African
countries during energy crises (van der Zwaan et al., 2018). The
excessive extraction of biomass, further exacerbated by extensive
logging, mostly in protected areas (Makwinja and Mkhwimba,
2025), destabilises hydropower production (Mukoro et al., 2023).
This situation suggests the need for targeted policy interventions
(Gwenzi, 2022; IPCC, 2022).

The food security paradox reported in this study also highlights
that increased cropland does not always ensure food security. In
Blantyre and Lilongwe, many people struggle to secure three meals a
day, showing that merely expanding agricultural land is insufficient
without effective resource management and socio-economic support
(Nguyen et al., 2021). The decline in food security, despite a
significant increase in cropland growth, is linked to systemic
issues such as resource mismanagement and climate change
(Simpson and Jewitt, 2019). LCC negatively impact agricultural
productivity and increases food insecurity in the region (Mutale
and Fan, 2024; Akodéwou et al., 2020). Climate change worsens
these challenges by impacting crop resilience (Kansman et al., 2020).
A comprehensive approach focusing on governance, community
engagement, and sustainable practices is essential for enhancing
food security and protecting vulnerable populations (Yen
et al., 2021).

The rising carbon emissions in Lilongwe, driven by urbanisation
and deforestation, contrast with Blantyre’s stable emissions,
highlighting the complexities of urban transformation and its
environmental impacts in Southern Africa. A significant
reduction in evapotranspiration and a decline in NDVI in both
case studies indicate ecosystem stress and loss of vegetation. Both
case studies show a positive correlation between NDVI and
precipitation, underscoring the interactions within the
WEFC Nexus.

The Mann-Kendall test reveals a significant downward trend in
NDVI for Lilongwe from 1994 to 2024, which is linked to
deforestation, climate variability, and land-use changes. A similar
decline in Blantyre indicates worsening vegetation health. These
trends highlight the negative impacts of deforestation on rainfall and
agricultural productivity, disrupting co-benefits among
environmental resources. Urban expansion exacerbates challenges
for vegetation, increases land temperatures, threatens biodiversity,
and complicates the analysis of environmental change (Zhao et al.,
2023). Climate change further undermines food security by altering
precipitation and increasing droughts, heightening community
vulnerabilities. Adopting nature-positive strategies is essential for
enhancing resilience. This study suggests that the WEFC Nexus
approach is effective for addressing the co-benefits and trade-offs
among environmental resources in Southern Africa’s
ecological crises.

5 Conclusion

The land cover trends for Malawi identify a highly
unsustainable trajectory characterised by strong inter-sectoral
competition, which places severe strain on the WEFC Nexus. The
most significant transition is the conversion of forested land to
agricultural use, driven by both subsistence and cash crop
farming. The shift has a negative impact on watershed

functions, leading to increased runoff, soil erosion, and
reservoir siltation, which compromise water quality and raise
treatment costs. While agricultural land may temporarily expand,
long-term food security is threatened by soil degradation. This
cycle contributes to climate change as the loss of carbon sinks
exacerbates global warming, leading to more frequent droughts
and floods. The conversion of forests to cropland degrades water
and energy resources, driving migration to cities and
contributing to further urban expansion. Increased urban
demands for resources may lead to proposals for new dams,
which could result in more deforestation and ecosystem
degradation, thereby deepening resource insecurity and
complicating crisis management.

This study’s methodological framework and findings, while
focused on Malawi, provide a model for analysing the WEFC
Nexus in similar socio-ecological contexts in Southern Africa. It
highlights that sustainable land management is linked to effective
governance. However, since the research concentrated on two case
studies in Malawi’s central and southern regions, results may differ
in the eastern and northern areas due to varying socio-economic and
ecological profiles. The integration of remote sensing data with local
input highlights a socio-environmental feedback loop in which
immediate subsistence needs often overshadow long-term
sustainability, leading to land degradation and the loss of
ecosystem services. The two cases mirror the realities and
highlight limitations, such as regions that were not taken into
consideration. If they were considered, they could provide
new insights.

The study limitations necessitate a fundamental shift in policy
and research. Future studies should therefore focus on exploring
1 Resource Nexus and Transformative governance of environmental
resources at different scales. 2 Participatory spatial-temporal
planning for effective land use decisions and nature-positive
sustainable development practices. 3 Diversification and
Transformation of the energy technologies to reduce pressure
from the forest 4 Adoption of nature-positive sustainable
development practices to build systemic resilience among local
communities.
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