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Introduction: In Kenya's arid and semi-arid lands (ASALs), climate change and vari-
ability are increasingly affecting agricultural systems, raising the risk of food insecu-
rity. Beyond climatic factors, market price fluctuations, national policies, and social
networks shape community responses to shocks and influence vulnerability and
resilience. This study integrates climate, land-use, market, and local perception
data to identify locally grounded pathways through which food insecurity emerges
in Kalama sub-county, Machakos County, Kenya, thereby informing targeted adap-
tation and policy interventions.

Methods: The study used a mixed-methods approach. Secondary data on cli-
mate variability, agricultural expansion, food production, and market prices were
procured and analyzed. Primary qualitative data were collected through focus
group discussions and key informant interviews with residents of Kalama sub-
county. Climate trend analyses were performed to quantify rainfall and tempera-
ture changes since 1981.

Results: Agricultural expansion in the study area increased fourfold between 1990
and 2023, reflecting adaptation through cultivation of previously unproductive
lands. Innovations such as drip irrigation, sand dams, and drought-resistant crops
were reported. However, climate variability remains a major constraint: long rains
declined significantly (-1.32 mm/season/year; p = 0.042) while annual maximum
temperature increased by approximately 1.0°C since 1981 (+0.23°C/decade; p <
0.001), undermining crop yields and food productivity. Additionally, food price
volatility linked to global events (COVID-19, the Ukraine—Russia war) and national
policies marginalizing ASALs exacerbated food insecurity. Qualitative narratives
indicated persistent food insecurity among vulnerable groups despite adaptation
efforts.

Discussion: Findings demonstrate that climate change impacts are compounded
by global economic shocks and policy marginalization, reducing local resilience
and food system stability. Integrated policy responses are needed, including
market stabilization, targeted agricultural investments in ASALs, and social pro-
tection programs to buffer vulnerable communities against climate and eco-
nomic shocks.
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1 Introduction

Climate change and the associated fluctuations in water availabil-
ity have a direct impact on food security. According to the World Bank
(2022), changing weather patterns in the form of heat waves, heavy
rainfall, and droughts have led to rising food commodity prices in
2021. This has pushed approximately 30 million additional people in
low-income countries toward food insecurity. The majority of the
population at risk from climate change-driven crop failures and
hunger are in Sub-Saharan Africa, South Asia and Southeast Asia. The
falling crop yields will further destabilize the world’s most food-inse-
cure regions. As a result, an estimated 43 million people in Africa
could fall below the poverty line by 2030.

In Kenya, climate change and variability are impacting agricul-
tural systems, leading to increased risk of food insecurity. According
to the Integrated Food Security Phase Classification (IPC, 2024),
analysis on acute food insecurity and acute malnutrition in Kenya for
the period from July to September 2024, around 1 million people are
classified in IPC Acute Food Insecurity Phase 3 or worse, including
about 895,000 people in IPC Phase 3 (Crisis) and about 43,000 people
in IPC Phase 4 (Emergency). Drought and flooding have severely
affected agriculture, infrastructure, and livestock, impacting predomi-
nantly the poor and rural households. The key drivers for acute food
insecurity in Kenya according to the analysis by IPC (2024), are flood-
ing, high staple food prices, conflict and insecurity, crop pests and
diseases. Furthermore, the key drivers for acute malnutrition in Kenya
are flooding, limited health services, poor child food consumption,
poor access to sufficient water, safe water sources and sanitation facili-
ties, sub-optimal care practices, high disease burden, and the scale-
down of humanitarian support.

Several studies have discussed the impact of climate change on
food security in the region. Studies on food security have mainly
focused on food production as the main approach of securing food
(Gebeyehu et al., 2025). Some governments advocate for the expan-
sion of farming systems to produce enough for households to be food
secure (Ndiritu and Muricho, 2021). On the other hand, others have
focused their attention on the contributions of root and tuber crops
such as sweet potato and cassava to food security (Kogo et al., 2021).
Their main emphasis in the fight against food insecurity has been the
importance of improving food security under conditions of climatic
change (Gebre et al., 2023; KMD, 2025).

The degree of vulnerability to food insecurity depends on the
nature of the risk and a household’s resilience to it. A household’s resil-
ience often depends on how well it can re-organize and adapt, which
further depends on the demographic characteristics, assets and liveli-
hood strategies (Haji and Himpel, 2024; Fan et al., 2022). The food
security risk factors in the dry lands include natural shocks such as
climate (drought) and natural resource degradation (soil, forests,
water), which expose households to fluctuation in food production
(Santeramo, 2024). But the effect of climate change reflected in wors-
ening aridity remains the most daunting (Fan et al., 2022). The high
risk of food insecurity has contributed to the collapse of agro—pasto-
ral systems and reduced income generating activities thus eroding the
purchasing power of the rural households (Ndolo, 2019).

Nguluu et al. (2014) described the farming systems that exist in
the dry-lands of Kenya and offers suggestions for improvement and
sustainable use of dry-land biodiversity to enhance food security.
These include; intercropping and sole cropping farming systems
(especially the newly developed varieties) for the long term
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sustainability of agro diversity and food security which would in turn
conserve the environment.

Erratic rainfall patterns and diverse distribution of soils, in the
semi-arid areas of Kenya, leads to recurring site- and season- specific-
ity of crop growth environments. Much of the challenge in these areas
relates to the inability of farmers or policymakers to anticipate and
make proactive adjustments to climate change and variability
(Nicholson et al., 2020). Water plays very crucial roles in agricultural
productivity. To begin with, rainfall is the most important climate
parameter which influences the growth characteristics of crops
(Bewket, 2012), water also facilitates the movement of nutrients and
is an energy exchanger in crop development. Considering these criti-
cal roles, clearly, the inadequacy of water supply hampers efficient crop
growth, resulting in low productivity. According to Teklu et al. (1991),
for instance, a 10% decrease in seasonal rainfall from the long-term
average generally translates into a 4.4% decrease in food production.
Similarly, according to Bryan et al. (2013), a range of climate models
suggest median temperature increases of between 3 °C and 4 °C in
Africa by the end of the 21" Century, roughly 1.5 times the global
mean response. This will likely result in significant yield losses of key
staple crops, such as maize, sorghum, millet, groundnut, and cassava,
of between 8 and 22% by 2050 unless key investments are made to
improve agricultural productivity under climate risk (Schlenker and
Lobell, 2010). Further, rainfall variability and associated droughts have
been observed to be major causes of food shortages and famines in
sub-Saharan Africa regions largely practicing smallholder subsistence
farmers which rely solely on high unpredictable and sporadic seasonal
rainfall (Ndamani and Watanabe, 2015; Gold, 2024). Gebeyehu et al.
(2025) underscored the need to invest in climate resilient agriculture
as a way of ensuring smallholder adaptation and long term food secu-
rity in Africa. A recent report by KMD (2025) shows that drought and
short rains have led to the number of people facing acute food insecu-
rity in Kenya to rise to 2.15 million, with 265,900 people classified in
IPC Phase 4 (Emergency) and 1.88 million in IPC Phase 3 (Crisis).
Flooding have destroyed crops and also resulted in loss of livestock,
leading to heightened food insecurity in Kenya generally (NDMA,
2024), and Machakos County specifically (Kalia, 2024).

Recent findings on the state of acute food insecurity and acute mal-
nutrition in Kenya need to be understood in detail at the county level.
Therefore, the study seeks to examine food insecurity and malnutrition
in Kalama Sub-county, Machakos County in Kenya by analysing how
climate uncertainty interacts with land-use change and increasing
market dependencies. By linking climatic, land-use, economic, and
social factors within a single analysis, this article uncovers how their
interactions drive food availability, access, and utilization in semi-arid
Kenyan communities, offering insights beyond what isolated studies
provide. Machakos County is part of the Arid and Semi-Arid Land
(ASAL) South-East Marginal Agriculture Cluster, where pastoralism,
agro-pastoralism, mixed farming, marginal mixed farming, and some
irrigated cropping are the main livelihoods. Machakos County was
selected as a case study to examine how increasing exposure to climate
change interacts with market dependence in semi-arid rural settings,
particularly among populations transitioning from predominantly
subsistence-based livelihoods to more diversified livelihood strategies.

The specific objectives of this study are:

i To analyze long-term temperature and rainfall trends in

Kalama Sub-County from 1981 to 2024 in order to understand
the climatic changes occurring in the region.
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ii To assess the extent and pattern of agricultural expansion in
Kalama Sub-County between 1990 and 2023 using remote
sensing techniques.

ili To identify and examine the key drivers of food insecurity in
Kalama Sub-County using qualitative data from community
perspectives.

iv. To analyze the effects of climate and land-use change on food
security outcomes mediated by market and institutional
mechanisms.

The research questions were:

i What are the long-term trends in temperature and rainfall in
Kalama Sub-County between 1981 and 2024, and what do
these trends reveal about climatic change in the region?

ii ‘What is the extent and spatial pattern of agricultural expan-
sion in Kalama Sub-County between 1990 and 2023 as
detected through remote sensing analysis?

iii What do local communities identify as the key drivers of food
insecurity in Kalama Sub-County, based on qualitative evi-
dence from interviews and focus group discussions?

iv. How do climate variability and land-use change affect food
security outcomes in Kalama Sub-County through market and
institutional mechanisms?

2 Theoretical and conceptual
underpinnings

The study draws inspiration from the vulnerability and adapta-
tion framework (IPCC, 2014; IPCC, 2023) in understanding how
climate change impacts communities and their capacity to adapt. The
framework includes both the Biophysical and social vulnerability.
Biophysical vulnerability focuses on the communities” susceptibility
to ecological extreme events such as droughts and flooding. On the
other hand, Social vulnerability focuses on the socio-economic, polit-
ical and institutional factors that render communities more vulner-
able to the biophysical extreme events. In addition to the Vulnerability
and Adaptation (V&A) framework (IPCC, 2014; IPCC, 2023), this
study is conceptually grounded in resilience theory. Resilience theory
postulates that the capacity of communities or systems to absorb dis-
turbances, reorganize, and maintain essential functions under envi-
ronmental and socio-economic shocks underpins their ability to
adapt to change (Berbés-Blazquez et al., 2017). In the context of cli-
mate change, resilience highlights how communities’ adaptive capac-
ity is influenced not only by exposure to climatic extremes, such as
droughts and floods, but also by socio-economic and institutional
factors that shape recovery and coping mechanisms (Zhai and Lee,
2024). By combining the V&A framework with resilience theory, the
study links biophysical and social vulnerability, adaptive strategies,
and systemic capacity to maintain food security in the face of climate
and market shocks in Kalama, Machakos County.

It has been observed that the ability of communities to adapt to
the effects of climate change is mediated by how resilient they are to
sudden, significant and often unpredictable, change in the supply,
demand, or price of agricultural goods, collectively referred to as agri-
cultural commodity shocks (Lewis and Witham, 2012). Such factors
as extreme droughts and flooding, geopolitical conflicts and shifts in
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global or regional economic policy can severely impact national econ-
omies hence affecting the most vulnerable of communities. In the
most recent times, the COVID-19 pandemic which persisted for close
to 3 years is thought to have negatively affected the agriculture market
in Kenya due to the shortage of labour and agricultural inputs (Balgah
et al., 2023). Consequently, the food supply chain from farmers to
retailers was adversely hindered resulting in food insecurity (Alabi
and Ngwenyama, 2023). The food production and supply chains have
also been affected by the Russian-Ukraine conflict and the Middle
East crises, key among them the Israel-Palestine conflict (Thle and
Rubin, 2013; Jagtap et al., 2022).

It is in the context of these socio-economic and institutional
developments at the local, regional and global levels that this study
is planned to understand the susceptibility of communities to the
effects of climate change using a case of Kalama sub-county of
Machakos County in Kenya. Using the IPCC Vulnerability and
Adaptation Framework (IPCC, 2014; IPCC, 2023), food insecurity
and malnutrition in Kalama sub-county are conceptualized as out-
comes of the interaction between exposure to climate hazards,
system sensitivity shaped by land-use change, and adaptive capacity
within a semi-arid, market-dependent livelihood system in transi-
tion (Figure 1).

3 Methodology

The study was carried out in the Kalama subcounty of Machakos
County in Kenya. Machakos County is a semi-arid zone located in the
lower Eastern region of Kenya (Figure 2).

3.1 Study area

Kalama subcounty, situated in Machakos County (Figure 2) spans
approximately 200 km?* between latitudes 1°37’S and 1°45’S and lon-
gitudes 37°15'E and 37°23’E. The area has experienced extensive envi-
ronmental transformation, largely driven by human activities.
According to Ellenkamp (2004), forest encroachment for settlement
expansion, shifting landuse patterns, and widespread charcoal pro-
duction have resulted in the progressive loss of vegetation cover and
accelerated land degradation. The subcounty was selected as a case
study because it encapsulates the core challenges and dynamics of
food security in Kenyas Arid and Semi-Arid Lands (ASALs).
Administratively, Kalama subcounty consists of four locations and
eight sub-locations; Kakayuni being the largest and most ecologically
fragile. Its steep hills experience the highest levels of soil erosion, a
condition exacerbated by deforestation linked to expanding settle-
ments and cultivation on hilltops. The area is underlain by metamor-
phic basement rocks, with mountainous zones overlain by shallow,
well-drained stony sandy clay loams, while adjacent plains and
uplands are dominated by poorly drained black cracking clays and, in
dissected uplands, well-drained dark reddish-brown clay and sandy
clay soils with limited agricultural potential (Siderius, 1987).
Hydrologically, the region is drained by two seasonal rivers—Thwake
and Kaiti—which play a critical role in local water supply and agricul-
tural practices. The climate is semi-arid, with a mean annual rainfall
of about 602 mm, falling mainly during the long rains (March-May)
and the short rains (October-December), with a distinct dry season
separating the two (Ellenkamp, 2004). Rainfall is typically more
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FIGURE 1

Conceptual framework on climate change and other global shocks and food insecurity outcomes (adopted from IPCC, 2014)

prolonged on the southern and eastern mountain slopes. Temperatures
vary considerably, with monthly maximums ranging between 22.2 °C
and 27.3 °C and minimums between 11.1 °C and 15.2 °C. Mixed crop-
ping is the principal farming system, featuring maize, pigeon peas,
beans, and various fruit trees as the main crops (Onduru et al., 2002),
while livestock—especially cattle and goats—are widely kept for milk
production and manure to support soil fertility.

3.2 Data collection and analysis

The study approach involved a mixed methods design involving
both secondary and primary data sets. Quantitative climate and land-
use analyses were conducted first to identify key environmental trends
and changes in Kalama. These results informed the design and focus
of the qualitative interviews and FGDs, which were used to interpret
how these changes are experienced locally and translated into food
security outcomes through market and institutional processes.
Secondary datasets were mainly used for quantitative data analyses on
precipitation and temperature trends as well as land use and cover
changes from the remotely sensed satellite data. Descriptive analysis
of population trends and market prices of selected crops is also done
using data acquired from the Kenya National Bureau of Statistics
(KNBS) and the Kenya Agricultural Market Information System
(KAMIS) of the Ministry of Agriculture. The secondary data acquisi-
tion and analysis was followed by the primary data collection involv-
ing mainly qualitative data on the drivers of food insecurity in
Machakos County using Kalama subcounty as the case study. The
impacts of flooding, drought, and other shocks on the availability, sta-
bility, utilization, and access to food supplies were investigated
through Focus Group Discussions (FGDs) and Key Informant
Interviews (KIIs) in November 2024. Observation and interviews with
sellers were also done during a visit to one of the main local markets
in Kalama. Interview and FGD excerpts are presented to illustrate
recurring themes; they are selected for clarity and representativeness
rather than verbatim coverage of all responses.
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3.3 Rainfall and temperature analysis

A comprehensive assessment of rainfall and temperature trends
was undertaken to characterize climatic variability and detect long-
term changes relevant to food security and agricultural resilience in
the semi-arid environment of Kalama subcounty.

Monthly time series data on rainfall and maximum surface air
temperature for 1981-2024 were obtained from the NASA Prediction
of Worldwide Energy Resources (POWER) project. This dataset was
selected over ground station data due to its comprehensive spatial cov-
erage, temporal consistency, and minimal gaps critical advantages in
semi-arid regions like Kalama where meteorological stations are
sparse and historical records are often incomplete or discontinuous.
NASA POWER provides quality-controlled, satellite-derived climate
data that has been validated for trend analysis and is widely used in
data-scarce regions (Stackhouse et al., 2018). This dataset offers con-
sistent and quality-controlled satellite-based climate data, widely used
in data-scarce regions. The extracted data were geographically refer-
enced to Kalama subcounty and aggregated into Kenya’s four primary
climatological seasons: MAM (March-May, long rains) JJA (June-
August, dry season), OND (October-December, short rains), DJF
(December-February, crossover season), Data preprocessing included
temporal aggregation, quality checks, and gap handling.

3.3.1 Rainfall trend and variability assessment

Rainfall trends were assessed using the Mann-Kendall (MK) test,
a non-parametric tool for detecting monotonic trends, and the Sen’s
slope estimator to determine the rate of change. The Mann-Kendall
test was used as it assumes that the data are serially independent. This
was to ensure the robustness of our trend detection, so we applied the
modified Mann-Kendall test (Hamed and Ramachandra Rao, 1998),
which adjusts the variance to account for potential autocorrelation in
the time series. The Rainfall Anomaly Index (RAI) was also computed
to identify interannual variability, distinguishing dry from wet years
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across the 44-year period. To further validate these findings, linear
regression models were fitted to annual rainfall totals to estimate the
overall trend direction and statistical significance (R* and p-value).

3.3.2 Temperature trend analysis

Temperature analysis focused on seasonal and annual trends in
maximum surface air temperature using the Mann-Kendall test and
Sen’s slope estimator. Special emphasis was placed on the MAM and
OND seasons due to their importance in agricultural planning.
Monthly trends were analyzed to identify peak warming periods, and
results were evaluated at a 95% confidence level (p < 0.05).

3.4 Land use and land cover classification

To complement the climate trend analysis, satellite imagery, LULC
mapping was performed for the years 1990 and 2023 to assess changes
in forest, shrubland, and agricultural land, and their implications on
environmental sustainability. Landsat imagery corresponding to the
dry season (to reduce cloud interference) was used for both years. The
images were geometrically and atmospherically corrected, and clas-
sification was performed using a supervised Maximum Likelihood
Classifier (MLC). Training samples for each land-cover class (forest,
shrubland, agricultural land, and others) were derived through image
photointerpretation supported by high-resolution historical basemaps
(Google Earth Pro) and local expert knowledge. Following established
recommendations for supervised classification (Jensen, 2015), approx-
imately 50-60 homogeneous training pixels per class were selected for
the 1990 image and 70-80 pixels per class for the 2023 image, with the
larger sample size reflecting increased landscape heterogeneity associ-
ated with agricultural expansion. To reduce classification bias and
spectral confusion, training sites were spatially well distributed across
the study area, located within homogeneous patches away from class
boundaries, and cross-validated using ancillary data and local
knowledge.

The accuracy of the land-use/land-cover classification was evalu-
ated using standard accuracy assessment procedures, yielding an over-
all accuracy of 0.88 and a Kappa coefficient of 0.81. These values
exceed commonly accepted thresholds for environmental and land-
cover mapping (>85% overall accuracy; Olofsson et al., 2014), indicat-
ing that the classification results are sufficiently robust for subsequent
change-detection analysis and for informing land-use planning and
climate adaptation applications.

3.4.1 Areal estimation and change detection

Post-classification, the area (km?) and percentage share of each
land cover class were computed using GIS tools. These were then com-
pared across the 2 years to detect land cover changes over time.

3.5 Qualitative data collection and analysis

In order to understand the trends in quantitative data analyses, a
guide to key informant interviews and focus group discussion was
developed with open ended questions on climate change effects, food
access and adaptation strategies. The number of key informant inter-
views were eight and involved four local farmers, two local adminis-
trators, one county government official and one official from an NGO
working in Machakos County on food security. This selection ensured
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representation of key stakeholder groups relevant to climate change,
land use, and food security. Data collection continued until thematic
saturation was reached, as no substantively new themes emerged in
the later interviews. The resulting data were adequate to address the
study’s research questions. The information gathered through KIIs was
validated through two Focus Group Discussions, one with farmers of
different age groups and another one with the youth also known as the
Gen Zs. To supplement the secondary data on market prices for foods,
an observation sheet was developed to gather primary data during
market day.

Information gathered through KIIs and FGDs was organized in
the word document application and analysed thematically through
coding. The coding was done inductively so as to gather the perspec-
tives of the residents of Kalama subcounty.

This study involved human participants through key informant
interviews (KIIs) and focus group discussions (FGDs). Ethical
approval was obtained from the National Commission for Science,
Technology and Innovation (NACOSTI), under license number
NACOSTI/P/25/414302, issued on 16th February 2025. All partici-
pants provided informed consent prior to participation. Participation
was voluntary, and respondents were assured of confidentiality and
anonymity; no personal identifiers are reported in this manuscript.

4 Results and discussion
4.1 Rainfall trends in Kalama subcounty

Long-term trend analysis of annual rainfall in Kalama subcounty
shows a statistically significant decline over the 44-year study period
(Figure 3), with rainfall decreasing at an average rate of approximately
3.83 mm per year. The coefficient of determination (R* = 0.157) indi-
cates that 15.7% of the variability in annual rainfall is explained by
temporal progression. While this R* value is relatively low, reflecting
the high interannual variability characteristic of semi-arid climates;
the statistically significant p-value (p = 0.007) confirms a non-ran-
dom, long-term declining trend. This consistent downward trajectory
suggests a systematic reduction in rainfall over time, albeit superim-
posed on considerable year-to-year fluctuations. The declining rainfall
trend aligns with broader environmental changes observed in Kalama,
where extensive land degradation, deforestation of hilltops, vegetation
loss, and charcoal burning have progressively altered the local micro-
climate (Ellenkamp, 2004). Reduced vegetative cover limits evapo-
transpiration and weakens local moisture recycling, diminishing the
likelihood of convective cloud formation, particularly in the uplands
and plains. Additionally, the increasing prevalence of bare rocky sur-
faces and poorly structured soils has reduced soil moisture retention,
further lowering humidity levels that typically support localized rain-
fall. Beyond local factors, regional climate variability associated with
the Indian Ocean Dipole (I0OD) and El Nifio-Southern Oscillation
(ENSO) has contributed to more erratic rainfall patterns across east-
ern Kenya, often resulting in shorter rainy seasons and prolonged
dry spells.

The seasonal rainfall trend analysis (Figure 4) for 1981-2024 in
Kalama Ward shows marked differences across the four climatologi-
cal seasons, driven by both local conditions and large-scale climate
systems. The MAM long rains exhibit strong interannual variability,
with wet years such as 1998 and 2018 linked to El Nifio—enhanced
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FIGURE 4
Seasonal differences in rainfall Kalama subcounty (1981-2024).

moisture influx, while deficits in 2000 and 2015 correspond to neu-
tral or negative IOD phases that suppress convection. The OND
short rains are more consistent but show notable peaks in 1997,
2006, and 2023, reflecting the strong influence of positive IOD and
El Nifio events, which warm the western Indian Ocean and
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intensify moisture transport into eastern Kenya. The JJA season
remains the driest period, as the ITCZ shifts far north and south-
easterly winds bring cool, dry air that limits rainfall. Meanwhile, the
DJF crossover season provides moderate but occasionally signifi-
cant rainfall contributions, with wetter years such as 1998, 2001,
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and 2006 often following strong OND rainfall associated with
El Nifio.

Rainfall variability was further assessed using the Rainfall
Anomaly Index (RAI) (Figure 5), confirmed alternating wet and dry
years as a persistent feature of the regional climate. Positive RAI values
(RAI > 0), indicating above-average rainfall, were observed in years
such as 1982, 1997, 2006, and 2023, whereas negative values (RAI < 0),
representing drought years, were recorded in 1983, 2000, 2009,
and 2015.

Seasonal trend analysis (Table 1) using the Mann-Kendall test and
Sen’s slope estimation indicated a statistically significant declining
trend in MAM rainfall, with a Sen’s slope of —1.32 mm per season per
year (p = 0.042). In contrast, OND rainfall showed a weak positive
slope of +0.68 mm per season per year, which was not statistically
significant (p = 0.15). These results suggest a weakening of the long
rains while the short rains remain relatively stable.

4.2 Temperature

The analysis of surface air temperature trends over Kalama Ward
from 1981 to 2024 reveals a significant long-term warming signal in
maximum temperature (Figure 6). The annual maximum temperature
increased at an average rate of +0.23 °C per decade (p < 0.001), equat-
ing to approximately 1.0 °C warming over the 44-year period.
Seasonal disaggregation indicates particularly strong warming during
the MAM season, which showed an increase of +0.25 °C per decade
(p =0.003). April exhibited the most pronounced monthly warming,
at +0.32 °C per decade. The OND season also demonstrated a statisti-
cally significant warming trend of +0.19 °C per decade (p = 0.012).
These warming patterns coincide temporally with the declining trend
in MAM rainfall, suggesting a potential shift in regional hydroclimatic
conditions.

Concurrently, annual maximum temperatures have risen ~1.0 °C
since 1981 (+0.23 °C/decade; p < 0.001), with amplified warming
during MAM (+0.25 °C/decade). This aligns with IPCC (2021) projec-
tions of accelerated warming in East Africa and suggests emerging
aridification, as higher temperatures compound soil moisture deficits
during the critical growing season (Cook et al., 2020). For the primary

10.3389/fsufs.2026.1763455

crops of Machakos, this implies heightened vulnerability for moisture-
sensitive maize, while underscoring the adaptive potential of drought-
resilient pigeon peas. Such trends may intensify crop water stress,
reflecting regional observations of compound heat-drought extremes
(Zscheischler et al., 2020).

Adaptation strategies require localized innovations, including
drought-resistant crop varieties (Wainwright et al., 2019), expanded
water harvesting (Oiganji et al., 2025), and integration of seasonal
forecasts (Abidoye et al., 2025). Institutional capacity-building at
county levels, as recommended by Kenya’s Climate Change Act (2016),
will be critical to mainstream climate resilience in rural development.

4.3 Land cover and land use trends

The analysis of land use and land cover (LULC) change between
1990 and 2023 reveals a significant transformation in the Kalama
landscape.

GIS classification results show a dramatic increase in agricultural
land from 11.33 km? (8.96%) in 1987 (Figure 7) to 53.72 km?* (42.41%)
in 2023 (Figure 8), representing an approximate 374% expansion. This
surge indicates widespread conversion of shrubland and forest areas into
farmland, likely driven by population pressure, rising food demand, and
the need for livelihood diversification in response to climate variability
(Lambin and Meyfroidt, 2011). The 374% agricultural expansion repre-
sents a logical, locally-driven adaptation to population pressure and
climate variability, seeking to secure immediate food production.
However, this comes at a significant environmental cost: the large-scale
conversion of shrubland and forest, which declined by 35 and 44.7%,
respectively undermining key ecosystem services. The loss of these natu-
ral covers reduces soil organic matter, diminishes water infiltration and
retention, increases erosion vulnerability, and degrades the microcli-
matic buffers that moderate local temperatures and moisture recycling.
In the context of climate change, this unregulated land conversion can
create a negative feedback loop: it addresses immediate food needs but
contributes to increased landscape aridity and systemic land degradation
(Wainwright et al., 2019), which may ultimately threaten the productiv-
ity gains it initially sought. Therefore, integrated land-use planning and
the promotion of sustainable farming approaches—such as agroforestry,
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TABLE 1 Trend Analysis revealing the weakening long rains (Mann-Kendall and Sen'’s Slope).

Season Trend p-value Significance
(mm/
decade)
MAM —-124 0.018 Significant |
JJA +1.3 0.421 No trend
OND +6.8 0.274 No trend
DJF -52 0.192 No trend

water harvesting, and conservation agriculture—are urgently needed to
balance immediate food security with the preservation of the ecological
foundations for long-term resilience (Rani et al., 2025).

Figures 7, 8: changes from 11.33 km? (8.96%) in 1987 (Figure 7)
to 53.72 km?* (42.41%) in 2023 (Fi8); visually confirms that agricul-
tural land in 1987 was confined to small, scattered patches, while shru-
bland dominated the landscape.

Figure 8 reveals the extensive conversion to agriculture (green
areas) by 2023, particularly in former shrubland regions, visually rep-
resenting the 374% expansion quantified above.

Simultaneously, shrubland cover declined by 35%, from 94.14 km*
(74.40%) in 1990 to 61.30 km?* (48.39%) in 2023. This reduction is
associated with increased clearance for cultivation and fuelwood col-
lection, a trend commonly observed in semi-arid Kenyan rangelands
(Kiage, 2013). Shrublands play a critical role in maintaining soil struc-
ture, regulating surface runoff, and supporting biodiversity. Their loss
increases the risk of land degradation and further reduces the resil-
ience of local farming systems to climate shocks.

Additionally, forest cover decreased by 44.7%, falling from
21.07 km? (16.65%) to 11.66 km? (9.20%) (Figure 9). Forests are essen-
tial for carbon sequestration, microclimate regulation, and maintaining
rainfall patterns. The observed deforestation is likely due to fuelwood
demand, encroachment for agriculture, and weak enforcement of
forest protection policies (Munyao and Munyao, 2016). This poses seri-
ous implications for climate adaptation, particularly in regions already
experiencing declining rainfall and rising temperatures.

The kappa accuracy assessment of the classified maps confirmed the
robustness of the results, with overall classification accuracy improving
from 0.82 in 1990 (Kappa = 0.70) to 0.88 in 2023 (Kappa = 0.81) which
validates the reliability of the findings for planning and policy analysis.

These LULC dynamics highlight an interesting relationship
between agricultural expansion and shrubland decrease, it may
address short-term food production needs, but undermine long-term
environmental sustainability. In the context of climate change, unreg-
ulated land conversion contributes to increased aridity and land deg-
radation (Wainwright et al., 2019). Integrated land-use planning and
sustainable farming approaches—such as agroforestry, water harvest-
ing, and conservation agriculture—are urgently needed to balance
food security with environmental protection Rani et al., 2025.

Figure 9 provides an immediate visual confirmation of the 374%
agricultural expansion and the concurrent, significant contraction of
both forest and shrubland cover between 1987 and 2023.

4.4 Drivers to food insecurity and
adaptation initiatives

The study integrates key drivers of food security—population
growth, crop productivity, and market prices—by explicitly linking
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them to the FAO food security dimensions (FAO, 2009). Crop produc-
tivity primarily affects availability, as it determines the quantity of food
produced locally. Population growth and fluctuations in market prices
influence access, shaping household demand, purchasing power, and
the affordability of staple foods. Qualitative data from interviews and
focus group discussions highlighted that households often experi-
enced insufficient food, particularly during dry seasons, illustrating
how these drivers translate into real-world food insecurity. By con-
necting each driver to specific dimensions of food security, the analy-
sis provides a clearer understanding of how environmental and
socio-economic changes impact food security outcomes in Kalama.

Machakos County is considered one of the food insecure counties
in Kenya. The county being located in the arid and semi arid zones
experiences erratic rains that hinder sufficient food yields to support
the growing population.

The population for Machakos County has been rising steadily over
the years as shown in the Figure 10 above. There is a need to match
food productivity with population growth.

The two main food crops grown in Machakos County are Maize
and pigeon peas. Figure 11 shows maize and pigeon production
between 2019 and 2023.

Crop productivity in Machakos has been fluctuating with time
(Figure 11). Despite the wide range of factors influencing yields per
hectare, climatic conditions—especially temperature and precipita-
tion—are among the most significant drivers of productivity. Whereas
maize requires high moisture content for optimal productivity, pigeon
peas can still thrive in low moisture conditions.

Access to food is not only influenced by food productivity but also
by the purchasing power by households. The level of disposable
income and food prices are key determinants of households’ ability to
meet their dietary requirements. The Figure 12 indicates fluctuations
in market prices for Maize and Pigeon peas between 2021 and 2024.

The average price of food crops has been on the rise generally in
the Kenyan markets. The rise has been associated with not only the
food supply dynamics (e.g., transportation and manufacturing costs)
but also the rising cost of production inputs such as fertilizers. With
80% of the residents of Machakos County depending on farming as
their source of livelihoods (CIDP, 2023-2027), any disturbance in the
agricultural sector is bound to affect their welbeing. Global events
such as climate change, the COVID-19 pandemic, and more recently
the Russia—Ukraine war have significantly affected market supply
chains, leading to fluctuations in food prices. For instance, food pro-
duction in Kenya was widely reported to have declined during the
COVID-19 period. Similarly, the Russia—-Ukraine conflict has contrib-
uted to increases in global oil prices. Together, these disruptions have
created cascading effects on food production, supply systems, and
overall market prices. A field visit to the local market revealed that
most of the food crops were being supplied from the neigbouring
markets and that the prices were fluctuating with time as shown in
Table 2.

The market survey indicates that most crops and livestock have
experienced price decreases over the past few months, reflecting
reduced demand and economic pressures on local consumers.
Notable exceptions include spinach, cowpeas, and sisal ropes, which
have seen slight price increases. The data also highlight reliance on
both local and external sources, with products such as cabbages and
sweet potatoes mainly coming from Narok County, and watermelons.
These trends suggest ongoing challenges related to household
incomes, food availability, and market accessibility in the region. The
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Land use land cover changes in 1990 in Kalama subcounty.
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interplay between the environmental and human factors has led to
Machakos County being food insecure. In this paper, the environ-
mental factors are considered as those that impact on food produc-
tion such as rainfall and temperature variability while the human
factors involve decisions and processes that occur at global, regional
and local levels that have an effect on the production of crops, prices
of food commodities as well as the purchasing power of households.
Consequently, the interaction between the two broad factors render
the marginalized communities vulnerable to food insecurity as well
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as other challenges such as gender based violence as explained by one

local leader below:

“...most people in this area have low incomes, and many families
rely on men as the primary breadwinners. Unemployment is high,
and women often leave for work in neighboring towns, leaving
children with their grandparents. We also face insufficient and
delayed rainfall, and most of our streams are seasonal, which
makes water scarce and forces people to buy it at high
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Price of dry maize and pigeon peas grains 2021-2024 (Source: KAMIS).

TABLE 2 Market survey at kola market—17th November 2024.

Category Crop/product Current price Previous season'’s Origin (county)
price

Vegetables Cabbages Ksh. 50 per sizeable head Ksh. 60-70 per head Narok l
Watermelons Ksh. 100-150 per medium fruit Ksh. 250-300 per fruit local l
Tomatoes Ksh. 30 per bunch (6-8 tomatoes) | Not specified unspecified -
Sweet potatoes Ksh. 750 per 20 L bucket Ksh. 1,200 per 20 L bucket Narok County l
Spinach Ksh. 900 per 30 kg Ksh. 15 per kg local 1

Staples/cereals Green maize Ksh. 50 for 3 pieces Not specified Local -
Dry maize Ksh. 40 per kg Ksh. 50 per kg Local l
Maize flour Ksh. 115 per 2 kg Not specified Local -

Legumes Yellow beans Ksh. 150 per kg Ksh. 180 per kg Local l
Greengrams Ksh. 150 per kg Ksh. 200 per kg Local l
Cowpeas Ksh. 120 per kg Ksh. 100 per kg Local 1
Peas Ksh. 180 per kg No change Local -

Cash crops/other Sugarcane Ksh. 30-40 per stalk (aslow as 20 | Ksh. 50-60 per stalk Makueni l

in evening)

Sisal ropes Ksh. 50 per 3 metres Ksh. 40 per 3 metres Local 1

Livestock Male goat Ksh. 9,000 (13 kg) Ksh. 15,000 Local |
Sheep Ksh. 4,500 (10-13 kg) Not specified Local -
Cow Ksh. 45,000 (900 kg) Ksh. 55,000 Local |
Young calf (Heifer) Ksh. 25,000-30,000 Not specified Local -
Young bull Ksh. 30,000 Not specified Local -

prices—around Ksh. 20 for 20 L. These challenges contribute to
food insecurity, high malnutrition rates, and affect school atten-
dance, as many children are frequently absent. Gender-based vio-
lence is also common, linked to the economic pressures

families face...!
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Interview excerpt with the assistant chief in her office at Kyanzasu,
Makaveti in Kalama subcounty.

As evidenced in the excerpt above, gendered perceptions of food
insecurity were evident in the qualitative data. Respondents
described how high unemployment among men, women’s labour
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migration, and shifting household responsibilities affect food avail-
ability, childcare, and nutrition outcomes. Women were often bur-
dened with securing water and food under conditions of rainfall
variability and rising water prices, while economic stress was linked
to increased household conflict and gender-based violence. These
findings reflect how climate variability and livelihood constraints
interact with existing gender inequalities to shape household food
security, consistent with evidence that gender roles and access to
resources are central to food insecurity outcomes in Kenya (FAO,
2021; Njuki et al., 2021).

The food access challenges have affected other aspects of the
community for example school attendance and performance by the
children as reported during a focus group discussion below:

“...people here live from hand to mouth. Lack of enough food and
other necessities affects even the learning of local students making
some skip school. Lack of food affects the concentration of children
in class....

Interview excerpt during an FGD at St. Stephens Mwanyani
Church, Kitumbutu village, Mwanyani sub-location, Kiima Kimwe
location, Kiima Kimwe Ward on 16th November 2024.

As a way of assisting communities to adapt to the effects of cli-
mate change, the government introduced initiatives such as relief
food and cash transfers to the elderly and other vulnerable groups in
Kenya. Conversations with the community members have revealed
that these initiatives are inadequately addressing climate change
vulnerability:

...... the government sometimes supplies food to the needy locals
during the dry season but the food is always very little. The local
chief is supposed to identify 100 needy local families who later get
3kgs of rice and 1kg of beans per month. The support from the
government is very little....

Interview excerpt with the Kalama ward agricultural officer, in
Kalama subcounty on 15th November 2024.

Machakos County has long been recognized as a leading example
of environmental management, particularly through its soil conser-
vation measures using terracing systems. In the context of climate
change and its impacts on local communities, the county continues
to play a pioneering role in adaptation efforts. Various initiatives,
both community-driven and externally supported, have emerged to
help farmers respond to changing climatic conditions.

With the collapse of government support to farmers following the
1980’ world bank conditioned structural adjustment programs
(SAPs), the extension service system has been weakened. This was
reported by the local administrator as follows:

...... extension services are very rare in this area and the govern-

ment has not been employing any new extension officers.
Currently, one extension officer is serving 3 locations...

Interview excerpt with the senior chief in his office at Nziuni in
Kalama subcounty on 14" November 2024.

Therefore, agricultural technical and financial support for farmers
has been made by the external partners. One notable externally initi-
ated project is the Circular Regenerative Agriculture Program,
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implemented by the Hand in Hand NGO in Machakos town. The pro-
gram aims to enhance productivity and address climate-related chal-
lenges by building on existing community innovations.
Demonstrations compare traditional and modern production meth-
ods, enabling farmers to make informed decisions, while training
from extension officers and other partners supports skill development.
The program also provides guidance on preparing organic manure
and the careful use of herbicides, helping farmers reduce production
costs while promoting sustainable practices. It focuses also on women
empowerment as majority of the beneficiaries are women.

...... Circular Regenerative Agricultural Production involves a
blend of traditional and innovative methods of production....More
than 80% of our beneficiaries are women thanks to our Gender

Action Learning System (GALS)....

Interview excerpt with Hand in Hand Business Development
Officer on 11th November 2024 at Machakos town.

Results from the field observations and interviews with local
farmers reveal a wide array of technologies used to conserve water
and the soil. Some of the agricultural innovations in Kalama sub-
county included drip irrigation, sand dams, drought resistant crops
among others. An interview with one farmer revealed the use of
indigenous knowledge and practices in improving farm productivity
as a climate resilience strategy. This is reported below:

“......JT use local herbs to prepare indigenous solutions for poultry
diseases and to improve their nutrition. Pawpaw seeds help in
deworming, while pawpaw leaves are used to increase production
in chicks. Pumpkin seeds are also effective for deworming. We use
Mexican marigold as a mosquito repellent....

Interview excerpt with a farmer in Kamweleni Village, in Kalama
sub county on 18th November 2024.

The study results also indicate that farmers utilize information
communications technology in their agricultural practice. It was
reported that weather forecasts are sent directly to the mobile phones
of the locals. Also, to access extension services from private provid-
ers, one could simply request from their mobile phones as demon-
strated by one local farmer;

...... we usually receive agricultural help such as treatment of ani-
mals or other services through the phone. We have to dial a code
(*483*199#). This service started in 2022 and every subcounty in

Machakos has such services....

Interview excerpt with a farmer on her farm at Kalama on 19th
November 2024.

The study results revealed other measures by the households have
been adapted as a way of increasing resilience to climate change
shocks. Examples include self help group initiatives known as merry
-go- round and table banking. In a merry go round, farmers provide
labour on farms collectively from one household to the next until all
the members’ farms are covered. In table banking community mem-
bers contribute their savings and, from that collective pool, members
can immediately borrow short-term or long-term loans. The loans are
essential in financing farm inputs for improved crop productivity.
Through these efforts, Machakos County exemplifies how
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communities can combine local knowledge with external support to
adapt effectively to climate change and improve agricultural resilience.

5 Conclusion

This study takes an analysis of the biophysical and human factors
contributing to food insecurity in Machakos County, one of Kenya’s
semi-arid zones. Using secondary data for Machakos County gener-
ally and case study within one of its subcounties namely Kalama, the
paper has confirmed a nexus that exists between climate change and
food insecurity. Using a mixed methods approach the study reveals
trends in climate variability in Kalama sub county with fluctuations
in temperatures and precipitation. The fluctuating climate elements
have an implication on the efficiency of the production systems in the
county. There have been efforts to increase the area under agriculture
as shown in the analysis of satellite imagery time series. Agricultural
expansion buttressed by the locally led initiatives in water and soil
conservation are seen as climate adaptation measures. The utilization
of information communication technologies (ICT) in disseminating
weather forecasts and in accessing agro-veterinary products and ser-
vices has served to augment the work of extension officers in the
county. Whereas, several efforts have been made in policy and prac-
tice to support communities to adapt to the effects of climate change,
vulnerability of groups seems to persist. This has been explained to
result from compounding factors that render communities vulnera-
ble to climate shocks. Examples of compounding factors have been
given as the global environmental and human events such as the
Covid-19 pandemic and the intractable Russian-Ukraine conflict.
Several studies (such as Balgah et al., 2023; Alabi and Ngwenyama,
2023; Thle and Rubin, 2013; Jagtap et al., 2022) have underscored the
significance of these global events in impacting the regional and local
food production and supply chains hence affecting food access and
the purchasing power among the most vulnerable groups. It is in light
of this, that this study concludes that more effort should be focused
toward improving the resilience of communities. For example, pro-
viding relief food to groups of people during droughts or floods may
be a short term adaptation strategy, but in the long term, the most
vulnerable should be supported to be able to purchase food on their
own. Improving the purchasing power of the community at all times
can be done through broadening of income opportunities or
improvement of agricultural productivity by small scale farmers. This
may be a step toward moving from adaptation to resilience in the
climate change and food insecurity discourse. Whereby adaptation
refers to specific adjustments in response to climate effects, whereas
resilience relates to the capacity to absorb shocks and recover
(Grantham Research Institute, 2022).

Based on the study findings, this paper suggests targeted policy
actions that could strengthen food security in ASALs generally and
Kalama specifically. The national government should implement
market stabilization measures, including strategic grain reserves and
price monitoring, to reduce seasonal food insecurity. The county gov-
ernment could enhance ASAL-targeted extension services, support
income diversification initiatives, and coordinate local food aid to
households most affected by climate and land-use changes. NGOs and
community organizations can complement these efforts by facilitating
livelihood diversification, delivering emergency food assistance, and
providing training in climate-resilient agricultural practices.
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