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ABSTRACT 

Climate variability and land cover change can affect water availability and agricultural production. 

This article examined rainfall variability during 1991–2020 and land cover change during 2001–2020 

in the Zaaba watershed, Vihiga County, Kenya, and considered their implications for food security. 

Rainfall trends were assessed using the Mann–Kendall test and a reported trend estimator, while land 

cover was analysed using Landsat imagery. Socioeconomic information was collected from a sample of 

150 respondents using questionnaires, focus group discussions and key informant interviews. The 

reported trend estimates were negative for the March–May long rains (−0.030) and positive for the 

October–December short rains (0.136) and annual rainfall (0.503). However, inconsistencies between 

the reported p-values and Z statistics prevent firm conclusions about statistical significance. The 

reported agricultural category declined from 50.05% in 2001 to 32.80% in 2020, while built-up land 

increased from 5.06% to 17.68%. Reported riparian cover declined from 5.18% to 0.87%. Eighty-three 

per cent of respondents identified mixed farming as the main economic activity. Response 

denominators and the interpretation of other reported perceptions require clarification. These 

findings indicate potential pressures on agricultural livelihoods. The article recommends protecting 

riparian areas and improving local capacity for sustainable land and water management. The reported 

associations do not establish that land cover change caused changes in rainfall or quantify effects on 

crop yields or household food security. 
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Introduction 

Many countries in sub-Saharan Africa depend heavily on rain-fed agriculture. Variability in rainfall amount, 

timing and distribution can constrain water availability and agricultural production, creating challenges for 

food security and adaptation (Chouhan et al., 2023; Huho & Mugalavai, 2010). Rainfall also varies across 

East Africa at seasonal and interannual timescales (Muchiri et al., 2020; Seregina et al., 2019). Large-scale 

atmospheric and oceanic processes, including the El Niño–Southern Oscillation, the Madden–Julian 
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Oscillation and the Indian Ocean Dipole, contribute to this variability. Berhane and Zaitchik (2014), for 

example, examine the influence of the Madden–Julian Oscillation on daily precipitation in East Africa. 

Understanding rainfall variability requires analysis of rainfall totals, seasonal distribution and trends. 

Studies in other African basins also demonstrate the importance of distinguishing rainfall trends from their 

hydrological consequences (Kankam-Yeboah et al., 2013; Rustum et al., 2017). 

Land cover change can further modify catchment hydrology. Urbanisation, cultivation and changes in 

vegetation cover can alter interception, infiltration, evapotranspiration and surface runoff (Brouziyne et al., 

2018; Kiluva et al., 2022; Odiero et al., 2018). The direction and magnitude of these effects depend on the 

land cover transition, soil characteristics, management practices and climatic conditions. Conversion of 

agricultural land to settlement can also reduce the area available for cultivation. Research on agricultural 

land use in Kenya highlights the need to consider these changes alongside household livelihood and food 

security conditions (Kumba et al., 2015). The county’s environment policy also identifies degradation of 

forests and wetlands as a land management concern (County Government of Vihiga, 2019). 

This article examined rainfall variability in the Zaaba watershed during 1991–2020 and land cover change 

during 2001–2020, together with respondents’ perceptions of their implications for water availability and 

agricultural production. Integrated analysis of land and water resources can inform catchment management 

and adaptation in areas dependent on rain-fed agriculture (Langat et al., 2019). The article compares 

temporal patterns and reported perceptions; it does not isolate a causal effect of land cover change on 

rainfall. 

Methods 

Study Area 

The Zaaba watershed forms part of the Yala River catchment in Vihiga County, western Kenya (Figure 1). Its 

area has been reported as approximately 79.51 km² (Aholi et al., 2024). The wider Yala basin is described 

in regional baseline work by Boye et al. (2008). Rainfall is bimodal, comprising the March–May (MAM) long 

rains and October–December (OND) short rains. The Zaaba River and its tributaries form the principal 

surface water system. 

Subsistence farming is the dominant economic activity. Food crops include maize, vegetables, beans, sweet 

potatoes, nuts, bananas, arrowroots, cassava, sorghum and millet. Tea is grown as a cash crop, and 

sugarcane is also cultivated. Livestock production includes the keeping of indigenous breeds. Other 

activities include quarrying for building stone, aquaculture, poultry production and extraction of sand from 

riverbeds. Trading centres include Luanda, Mbale and Majengo (County Government of Vihiga, 2014, 2018). 
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Figure 1 
Zaaba watershed 

 

Data Sources 

Daily rainfall records for 1991–2020 were obtained from the Kenya Meteorological Department. Missing 

rainfall values were estimated using the normal ratio method shown in Equation 1. 

𝑃𝑥 =
1

𝑛
∑ 𝑃𝑖

𝑁𝑥

𝑁𝑖

𝑛
𝑖=1   (1) 

In Equation 1, Px is the estimated rainfall at the target station,Pi is the observed rainfall at neighbouring 

station i, Nx and Ni are the corresponding long-term mean rainfall values, and n is the number of 

neighbouring stations used. The subscript and summation notation refer to the same set of neighbouring 

stations. 

Landsat imagery representing 2001, 2011 and 2020 was obtained through the United States Geological 

Survey EarthExplorer portal (https://earthexplorer.usgs.gov/). Landsat 7 is reported for 2001 and Landsat 

8 for 2020. The 2011 sensor remains unidentified: Landsat 8 was launched on 11 February 2013 and cannot 

have supplied imagery acquired in 2011 (U.S. Geological Survey, n.d.). The six reported land cover categories 

were agricultural land, bare surfaces, built-up land, grassland, riparian cover and tree cover. Their 

relationship to the map legend is discussed under Land Cover Change. 

Questionnaires, focus group discussions and key informant interviews provided information on 

socioeconomic activities, land cover change and perceived water-resource pressures. The reported sample 

comprised 150 respondents. Sample size was attributed to Yamane’s (1967) formula in Equation 2, where 

n is sample size, N is population size and e is precision. The population and precision underlying this sample 

cannot be established from the available study records. Respondent percentages are treated as descriptive 

because item-specific denominators and the selection procedure are undocumented. 

𝑛 =
𝑁

1+𝑁𝑒2
  (2) 

https://earthexplorer.usgs.gov/
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Data Analysis 

Rainfall Trends 

Daily rainfall records were aggregated to monthly, seasonal and annual totals. This article reports using the 

Mann–Kendall test to assess monotonic trends and Sen’s slope estimator to estimate trend magnitude 

(Mann, 1945; Sen, 1968). The Mann–Kendall S statistic is defined in Equation 3. The trend estimates in the 

results are retained as reported because their original label, ‘Kendall slope’, does not establish whether they 

are Sen’s slopes or Kendall’s tau coefficients. 

𝑆 =  ∑ ∑ 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑘)
𝑛
𝑗=𝑘+1

𝑛−1
𝑘=1   (3) 

In Equation 3: 

xj and xk are observations at times j and k, respectively; 

n is the number of observations in the time series. 

The sign function, sgn(x), is defined in Equation 4. 

𝑠𝑔𝑛(𝑥) =  {

1 𝑖𝑓 𝑥 > 0
0 𝑖𝑓 𝑥 = 0
−1 𝑖𝑓 𝑥 < 0

  (4) 

The variance of S, adjusted for tied observations, and the standardised test statistic, Z, are defined in 

Equations 5 and 6, respectively. 

𝑉𝐴𝑅 (𝑆) =  
1

18
[𝑛(𝑛 − 1)(2𝑛 + 5) − ∑ 𝑡𝑝(𝑡𝑝 − 1)(2𝑡𝑝 + 5)

𝑞
𝑝=1 ]  (5) 

𝑍 =

{
 
 

 
 

𝑆−1

√𝑉𝐴𝑅(𝑆)
 𝑖𝑓 𝑆 > 0

0 𝑖𝑓 𝑆 = 0
𝑆+1

√𝑉𝐴𝑅(𝑆)
 𝑖𝑓 𝑆 < 0

  (6) 

In Equation 5, tp is the number of observations in tied group p, and q is the number of tied groups. Under 

the standard normal approximation, a two-sided test at α = .05 rejects the null hypothesis of no monotonic 

trend when |Z| exceeds approximately 1.96. 

A positive Z statistic indicates an upward trend and a negative Z statistic indicates a downward trend. 

Statistical significance depends on the magnitude of Z and its corresponding p-value, rather than on its sign 

alone. 

Land Cover and Agricultural Livelihoods 

Catchment topography and land cover maps were prepared using ArcGIS 10.3.1 and ERDAS IMAGINE. The 

related Zaaba paper describes supervised maximum-likelihood classification and comparison with field 

observations and high-resolution imagery using kappa (Aholi et al., 2026). Numerical accuracy results and 

validation records are unavailable here. Questionnaire responses were summarised as frequencies and 

percentages (Bluman, 2012). Aholi et al. (2024) identify the Water Resources Authority and Zaaba gauging 

station as the discharge-data source. The aggregation basis of the values in Table 4 remains undocumented; 

they are compared descriptively. 

Results and Discussion 

Seasonal and Annual Rainfall Patterns 

The study area experiences the MAM long rains and OND short rains. Figures 2 and 3 show seasonal rainfall 

totals for 1991–2020. The highest and lowest MAM totals were reported in 2018 and 2014, respectively. 

The seasonal plots describe variation between years; monthly rainfall peaks cannot be established from 

these seasonal totals alone. 
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Figure 2 
MAM seasonal rainfall totals from 1991 to 2020 

 

Figure 3 

OND seasonal rainfall totals from 1991 to 2020 

 

Table 1 presents the reported statistics for MAM and OND rainfall. The trend estimate was negative for MAM 

(−0.030) and positive for OND (0.136). The reported p-values were .043 and .046, respectively. However, 

these p-values are inconsistent with the accompanying Z statistics under the stated standard normal test, 

and the positive MAM Z statistic is inconsistent with the reported negative trend direction. Statistical 

significance and trend magnitude therefore require confirmation from the original analysis. 

Table 1 
Reported rainfall trend statistics for the MAM and OND seasons 

Statistic MAM OND 

p .043 .046 

Z 1.407 3.83 

Trend estimate −0.030 0.136 

Note. Values are retained as reported. The p-values and Z statistics are inconsistent under the stated test. The original ‘Kendall 

slope’ label does not identify the estimator or its units. 
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Figure 4 shows interannual variation in total annual rainfall during 1991–2020. Table 2 reports an annual 

trend estimate of 0.503 and p = .010. The accompanying Z statistic of 0.046 is incompatible with that p-value 

under the stated test. The annual rainfall series can be described visually, but its inferential interpretation 

remains unresolved. 

Figure 4 
Annual rainfall totals from 1991 to 2020 

 

Table 2 

Reported annual rainfall trend statistics 

Statistic Annual rainfall 

p .010 

Z 0.046 

Trend estimate 0.503 

Note. Values are retained as reported. The p-values and Z statistics are inconsistent under the stated test. The original ‘Kendall 

slope’ label does not identify the estimator or its units. 

Land Cover Change 

Figures 5–7 retain the map labels rivers, tree lines, plantations, built-up land, grassland and bare land. These 

labels are not treated as validated equivalents of the categories in Table 3. The table collates all six categories 

reported by Aholi et al. (2024). The 2011 total is 100.45%; the excess is too large to arise solely from 

rounding six percentages to two decimal places. Class definitions and the underlying classified areas 

therefore need reconciliation. No residual class or area has been inferred. The reported agricultural 

category decreases and the built-up category increases, but the figures do not quantify crop-yield effects 

(Jemberie et al., 2016; Kumba et al., 2015). 
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Table 3 
Published land cover percentages by year 

Reported category 2001 (%) 2011 (%) 2020 (%) 

Agricultural land 50.05 41.07 32.80 

Tree cover 6.71 10.19 12.42 

Grassland 2.29 1.92 12.36 

Riparian cover 5.18 1.18 0.87 

Built-up land 5.06 9.29 17.68 

Bare surfaces 30.72 36.80 23.87 

Calculated total 100.01 100.45 100.00 

Note. Percentages from Aholi et al. (2024); totals calculated by addition. The 2011 discrepancy remains unresolved. No km² 

values or residual category were inferred. Map-label equivalence is unverified. 

Figure 5 
Land cover classification in 2001 

 

Figure 6 
Land cover classification in 2011 
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Figure 7 
Land cover classification in 2020 

 

Rainfall Variability, Land Cover Change and Agricultural Livelihoods 

Land cover can influence runoff, evapotranspiration, infiltration and discharge (Brouziyne et al., 2018; 

Kiluva et al., 2022; Odiero et al., 2018). Table 4 retains the seasonal values from the manuscript. Their 

pattern resembles the published comparison (Aholi et al., 2024), although some final decimal places differ. 

The three-year comparison does not separate land cover effects from rainfall variation or other drivers. 

Table 4 
Reported seasonal discharge values in 2001, 2011 and 2020 

Year MAM discharge OND discharge 

2001 156 64.9 

2011 348.7 110.7 

2020 206.9 101.8 

Note. Values are retained from the manuscript. The related publication reports discharge in m³/s, but the seasonal aggregation 

and the units applicable to these particular values have not been established. No unit conversion or numerical replacement 

has been applied. 

Eighty-three per cent of respondents identified mixed farming as the main economic activity. Common crops 

included maize, vegetables, beans, nuts and root crops; livestock included cattle, sheep, goats, pigs and 

poultry. The manuscript associates the 76% response with crop production or water availability; the earlier 

publication links it to rainfall-related discharge variability (Aholi et al., 2024). Its interpretation therefore 

remains uncertain. Reported pressures were settlement expansion (54%), deforestation (32%), 

urbanisation (8%), and wetland encroachment and stream channelisation (6%; Figure 8). These are 

perceptions, not measured causal contributions. Item denominators and single- or multiple-response 

coding are undocumented. 
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Figure 8 
Reported perceptions of causes of changes in water resources 

 

Note. Bars show the percentages reported in the text. The response denominator and category definitions require 

confirmation. 

Scope and Limitations 

Related Zaaba studies provide context (Aholi et al., 2024, 2026). This article does not establish an 

independent replication or a new causal estimate. Unresolved rainfall statistics, satellite identification, 

classification accuracy and response denominators constrain its conclusions. Agricultural productivity and 

household food security were not directly measured. Ethics approval and consent procedures are not 

documented in the available study records. 

Conclusion 

The reported trend estimates were negative for MAM rainfall and positive for OND and annual rainfall 

during 1991–2020. The corresponding p-values and Z statistics are internally inconsistent, so conclusions 

about statistically significant trends cannot be confirmed from the supplied results. Rechecking the original 

analysis is necessary before these estimates are used to support rainfall trend claims. 

The reported agricultural category declined from 50.05% in 2001 to 32.80% in 2020, while built-up land 

increased from 5.06% to 17.68%. These patterns suggest pressure on agricultural livelihoods, but 

inconsistencies in class definitions and totals limit interpretation. Neither population-driven causation nor 

an effect on rainfall can be established from the comparisons. 

Mixed farming was identified as the main economic activity by 83% of respondents. The findings support 

attention to riparian protection, sustainable land management and adaptation to rainfall variability. Effects 

on agricultural productivity and household food security require direct outcome measurements and a 

suitable analytical design. 
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