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ABSTRACT 28 

Rice is one of the staple food crops and is a profitable smallholder cash crop in Zambia. It has the 29 

potential to contribute significantly to increased incomes and employment among rural 30 

producers. However, rice is the only staple crop in the country for which domestic production 31 

does not meet or exceed domestic demand.  Low productivity is one of the factors that contribute 32 

to this.  One necessary step towards addressing this problem is the identification of land with 33 

greatest potential for rice production, as well as the identification of land-based limitations which 34 

might be overcome by improved management.  The aim of this study was to develop a land 35 

suitability index for rainfed paddy rice production reflecting expert opinion and published studies 36 

based on climatic, topographic and soil properties. Land suitability was evaluated using a method 37 

which accounts for important multiple factors, and which considers their joint effect in terms of a 38 

hierarchical model of constraints. The suitability classes were ranked according to the FAO land 39 

suitability classification as: Highly Suitable (S1), Moderately Suitable (S2), Marginally Suitable 40 

(S3), Currently Not Suitable (N2), and Permanently Not Suitable (N1). Results showed that there 41 

is limited potential for rainfed paddy rice production in Zambia with less than 20% of the land 42 

classified as either highly or moderately suitable. Therefore, the potential of irrigated and upland 43 

rice production in Zambia needs to be assessed as this would help expand the potential 44 

production area of rice.  45 

keywords: Land suitability; Multi-criteria evaluation; Paddy rice; MULTIPLE SOIL CLASSES 46 
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1 INTRODUCTION 47 

Rice, in addition to maize, cassava, sorghum, millet, wheat, sweet and Irish potato, is one of the 48 

staple food crops (Styger, 2014) in Zambia. It is a profitable smallholder cash crop with the 49 

potential to contribute significantly to increased incomes and employment among rural producers 50 

(Chizhuka, 2009). The current status of rice is evidence of its growing importance. The annual 51 

demand for rice rose steadily from below 20,000 tones to almost 70,000 tones for the period 2003 52 

to 2017 as illustrated in Figure 1(CSO, 2018). 53 

However, the demand for rice exceeds production, making rice the only crop in Zambia with a 54 

deficit. To meet this deficit, the country has imported between 5,000 and 20,000 tons of milled 55 

rice annually (Ministry of Agriculture, 2016). In response, the government through the Ministry 56 

of Agriculture, developed the National Rice Development Strategy (NRDS) in 2016, whose 57 

overall objective was to increase local rice production by at least 50% and to enhance its 58 

competitiveness on the market by the year 2020.  However, to date the national average yield of 59 

rice has not increased, neither has the area planted, although the staple requirement continues to 60 

increase (Table 1). 61 

 62 
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 63 

 64 

Figure 1: Rice Production, Consumption and net-trade balance in Zambia. (Ministry of 65 

Agriculture/Central Statistical Office Crop Forecast Survey 2002/03-2017/18, Ministry of 66 

Agriculture Food Balance Sheets 2002/03-2017/18 https://www.zamstats.gov.zm/; 67 

https://zambia.opendataforafrica.org/etqmqgf/agriculture-statistics-2017) 68 

Poor yield is one of the factors that has contributed to Zambia’s inability to meet the increasing 69 

demand for rice through local production. Average rice yields are 1.3 t/ha (CSO/MAL/RALS, 70 

2015) which is quite low when compared to other Eastern and Southern African countries such as 71 

South Africa, Kenya, Uganda and Zimbabwe where national average yields were 2.61, 5.24, 2.30 72 

and 2.26 t/ha respectively for the year 2013 (Ministry of Agriculture, 2016). 73 

Apart from soil constraints (Aune et al., 2014), poor water management is also one of the factors 74 

that limits rice yields (Styger & Uphoff, 2014). Most of the rice grown in Zambia is rainfed 75 

paddy rice and this limits its cultivation to flooded or semi-flooded lowland environments 76 

(Mutale et al., 2010). With frequent occurrence of droughts, floods and other extreme weather 77 

https://www.zamstats.gov.zm/
https://zambia.opendataforafrica.org/etqmqgf/agriculture-statistics-2017
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conditions due to climate change, farmers generally find it difficult to improve production and 78 

productivity (Ministry of Agriculture, 2016). 79 

With these constraints in the production one is left with a question: How much of the land area in 80 

Zambia is suitable for rainfed paddy rice production, and where can the land be found? This 81 

question necessitates a land suitability assessment for rainfed paddy rice production.  82 

Singha & Swain (2016) described land suitability analysis as a process of determining the 83 

appropriateness of land in a specific location for a particular use. The suitability of a particular 84 

area of land for a crop depends on various factors, some of which cannot feasibly be modified by 85 

management practices and so are absolute constraints.  If we are to make effective use of land 86 

then we need to analyze these requirements, and then identify which land uses are sensible at 87 

some location of interest, or where land is suitable for particular uses of interest (Suheri et al., 88 

2018; Agidew, 2015).  Land suitability assessment can identify constraints, opportunities and 89 

potential of the land resource for a given use (Mohammed, 2011; Mokarram & Aminzadeh, 90 

1996). It also plays an important role in sustainable agricultural practice and management 91 

(Tanasă et al., 2010) as it provides information to farmers, extension staff, policy makers and 92 

other stake holders on how suitable the land is in terms of agronomic (such as soil), climatic and 93 

otherlimitations (Olaleye et al., 2002). It has been integrated in studies as an aid to land use 94 

planning (Johnson et al., 1994).  A new software called Land Suitability Evaluation (LSE) was 95 

developed and applied by Nguyen et al., (2020) despite this approach having advantages such as 96 

high flexibility, time savings, and higher objectivity, its main limitation is that the software runs 97 

on a raster data structure which requires considerable computer memory. Hence a researcher 98 

working with large raster files and using a smaller computer will have challenges using this 99 

software.  100 
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A review of the literature showed that there are few studies on land suitability assessment in 101 

Zambia. One study was carried out by Munene et al., (2017) to assess land suitability for soybean 102 

production in Kabwe District.  The other was carried out by Chirwa et al., (2016) who evaluated 103 

the soil fertility status and suitability of land for groundnut and maize production by smallholder 104 

farmers in Chisamba District. Suitability assessment for rainfed paddy rice has never been carried 105 

out in Zambia. The aim of this study was to develop a land suitability index for rainfed paddy rice 106 

production reflecting expert opinion and published studies and based on climatic, topographic 107 

and soil properties. 108 

2 METHODS 109 

This study was carried out in Zambia, a landlocked country in Southern Africa  with an area of 110 

752, 618 km2. The country is made up of a diverse of soil types as shown in figure 2 ranging 111 

from Acrisols in the northern, Arenosols in the west. It ia also made up of four agro-ecological 112 

zones 113 
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 114 

 115 

Figure 2: Agro-ecological zones and Soils map of Zambia Author’s illustration with data from 116 

(GRZ, 1991) 117 

2.1 Land Suitability Evaluation 118 

Land suitability evaluation may account for a range of factors that are potential constraints on the 119 

land use of interest.  The FAO approach which is based on climate, soil and terrain conditions 120 

was developed from a series of expert consultation starting with a framework for land evaluation 121 

(FAO.,1976), then they developed the guidelines on Land evaluation for rainfed agriculture 122 

(FAO., 1983), followed by guidelines for Land evaluation for irrigated agriculture (FAO., 1985) 123 
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and then in 2012 they worked in collaboration with IIASA (IIASA/FAO, 2012),  These 124 

approaches to land evaluation can be presented as indices which indicate the dominant factors 125 

limiting land suitability for a particular use at a site.  These indices may be interpreted by the 126 

expert, but they remain multi-factor and as such are not readily represented in map form at 127 

national scale for ease of interpretation by policy makers, farmer organizations or other such 128 

stakeholders.  The objective of this study was therefore to develop a multi-criteria evaluation 129 

(MCE), by which information on several factors (soil and land constraints and requirements) can 130 

be used to produce a single index which can be presented as a map (Malczewski, 1999).  After 131 

review of the literature (FAO, 1976; De Data, 1981; Chisci, 2009) on land suitability for rainfed 132 

paddy rice production, we identified the key soil and site factors (SSF) comprising both 133 

constraints and requirements key to evaluation.  These are slope, the content, percent by volume, 134 

of coarse fragments (soil particles > 2mm), soil drainage, soil pH, soil organic carbon (OC), soil 135 

cation exchange capacity (CEC), annual rainfall and mean temperature of the growing season. 136 

Sources and collation of information on SSF 137 

Basic information on the soil and land constraints and requirements identified were Slope data 138 

derived from the NASA Shuttle Radar Topography Mission (SRTM3) global 1-arcsecond (30-m) 139 

Digital Elevation Model (DEM) downloaded from USGS (2019) ; annual mean temperature and 140 

annual precipitation — these are averages from 1970 to 2000 with spatial resolution of 1km (Fick 141 

and Hijmans, 2017). The data on soil properties was downloaded from ISRIC (2017). Hengl et al. 142 

(2017) described in detail the analytical and prediction methods that were undertaken to map 143 

these soil properties. The SoilGrids system at 250m resolution was updated in June 2016 and 144 

provides global predictions for standard numeric soil properties such as OC, CEC, pH, drainage 145 

conditions and coarse fragments. Poggio et al. (2021) carried out a quantitative evaluation of 146 
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these maps. Hengl et al. (2017) undertook10-fold repeated cross-validation and showed that the 147 

ME of the models for OC, CEC, pH and coarse fragments were -0.292, - 0.071, - 0.002 and – 148 

0.104 respectively. While the RMSE of the models for OC, CEC, pH and Coarse fragment were 149 

32.8, 10.3, 0.5 and 10.9 respectively.This cross-validation was for worldwide and not Zambia 150 

alone. 151 

2.1.1  Data Analysis and Processing 152 

The DEM was pre-processed. First pit and sink filling was performed on the DEM using the fill 153 

tool in spatial analyst tools of ArcMap 10.7.1. The DEM was then filtered using the filter tool in 154 

spatial analyst tools which employs a low pass filter using a 3x3 moving window to smooth the 155 

raster dataset. Slope was then calculated from the pre-processed DEM using the slope tool in 156 

ArcMap. The average values of soil properties (OC, CEC, pH and coarse fragments), over the depth 157 

interval 0–30 cm, were obtained by a weighted average of the predictions using the numerical 158 

integration trapezoidal rule explained in detail by Hengl et al., (2017).  The 0 -30 cm soil layer can 159 

be agronomically considered as effective depth influencing plant root morphology and nutrient 160 

uptake for rice for which the planting depth is in the range of 3- 5 cm (Drescher et al., 2020). All 161 

the datasets whose cell size was less than 1km where then rescaled to 1km using the resampling 162 

tool in ArcGIS using the nearest neighbor function. 163 

Once all the data on each SSF were acquired and processed, the suitability levels of each SSF 164 

were defined, based on the FAO land suitability classification as: Highly Suitable (S1), 165 

Moderately Suitable (S2), Marginally Suitable (S3), Currently Not Suitable (N2), and 166 

Permanently Not Suitable (N1). Table 3 gives the interpretation of each FAO land suitability 167 

class. 168 
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Information from the published literature and crop production guides was used to define, for each 169 

SSF, a range of values corresponding to the five FAO suitability classes shown in Table 3. The 170 

ranges are presented in Table 4.  Most of the information is from Sys et al., (1993) who 171 

categorized requirements for various crops, including paddy rice, grown in tropical and sub-172 

tropical regions into the FAO suitability classes and provided recommendations requirements 173 

regarding climate, soil condition and topography. The other sources are from studies in 174 

comparable environments.  The SSF categories used in this study are therefore proposed as 175 

generally applicable for land suitability assessment for rice production in tropical and sub-176 

tropical regions. 177 

For purposes of further manipulation and display, the FAO suitability categories were reclassified 178 

to numerical scores, assigning values 1 (“Permanently not suitable”), 2 (“Not suitable”), 3 179 

(“Marginally suitable”), 4 (“Moderately suitable”) or 5 (“Highly suitable”).   180 

The steps outlined above resulted in eight suitability maps, one for each SSF. These datasets 181 

needed to be combined and transformed into a single suitability output map. This is the key 182 

challenge of multicriteria evaluation.  For simplicity we consider first an example case where just 183 

two factors, annual rainfall and slope, are used (Table 5). In a “dominated” situation (Table 5), it 184 

is easy to put together such information because site A is highly suitable with respect to both 185 

slope and rainfall and site B is unsuitable by both criteria, therefore one can easily conclude that 186 

site A is highly suitable and site B is not suitable. But this is not generally the case. Consider a 187 

non-dominated case (Table 6) where A, is highly suitable in so far as this is judged by rainfall but 188 

is not suitable with respect to slope and site B the converse applies with respect to both factors. In 189 

this case it becomes difficult to evaluate the suitability of each location for paddy rice production. 190 

To solve this challenge, we introduce weights of influence.  In this approach an overall suitability 191 
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score is computed which is a weighted linear combination of the scores for different factors. Each 192 

factor has a weight which reflects its overall importance in determining the overall suitability of 193 

any site.  If the weights are constrained to sum to 1 then the resulting weighted combination of 194 

values will lie in the same interval as the constituent scores, 1 to 5.   It should be noted that this is 195 

not the only way in which different scoring systems could be combined in an overall assessment.  196 

The key assumption is that no one factor can be absolutely limiting on rice production, because if 197 

two or more factors have similar and appreciable weights then a deficiency in one might be 198 

substituted by the other being very suitable. 199 

2.1.2 Weighting of the factors 200 

The calculation of weights was based on expert elicitation. The process of elicitation that we used 201 

here is based on the method of Saaty (1988) which requires that the expert considers all pair-wise 202 

comparisons of factors, evaluating their relative importance according to a fixed scale.  The first 203 

step involves creation of a pairwise matrix A which is n × n where n is the number of factors. 204 

There is n(n-1)/2 unique comparisons between factors, represented by the elements of the matrix 205 

aij where i < j.  These values were taken from the scale due to Saaty (1988). These scores range 206 

from 1/9 to 9. If aij is equal to 1 this implies that factors i and j are of equal importance; if aij is 207 

equal to 9 this implies that factor i dominates factor j almost completely in any consideration of 208 

suitability of a site for rice.  Conversely, if factor j dominates factor i almost completely, then aij 209 

is equal to 1/9.  In Saaty’s (1988) system intervening values of 3, 5 and 7 are assigned if factor i 210 

dominates factor j “moderately”, “strongly” or “very strongly” respectively, and even-numbered 211 

scores can reflect uncertainty or compromise between experts whose opinions are elicited.  As 212 

before, if factor j dominates factor i “moderately”, “strongly” or “very strongly” then aij is set to 213 
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1/3, 1/5 or 1/7 respectively. Once all values aij are obtained where i < j the matrix may be 214 

completed according to the rule: 215 

aj,i   =  {ai,j}
−1,  i ≠ j      (1) 216 

 = 1,  i = j.   217 

Table 7 shows the comparison of factors in the rows (i) against those in the columns (j). The 218 

scores in table 7 were based either on published values from the application of this approach to 219 

land suitability evaluation in other studies, or local expert judgements made by the lead author in 220 

consultation with experts comprising extension staff from Ministry of Agriculture, researchers 221 

from Zambia Agricultural Research Institute (ZARI) and rice farmers. Table 8 shows the sources 222 

for each score in the pairwise matrix.  Scores for the comparison of slope, temperature, pH and 223 

OC against each other were obtained from Ayoade, (2017) who compared these factors against 224 

each by carrying out a quantitative analysis of the relationships between rice yield and 225 

environmental variables. Scores for CEC/pH, pH/drainage, CEC/drainage and slope/coarse 226 

fragments were based on Moreno et al., (2007); Dengiz et al., (2015); Yohannes and Soromessa 227 

(2018) and Massawe et al., (2019) respectively.   Note that all but one of these sources (Dengiz et 228 

al. (2015), which reported on a study from Turkey and was consulted for the pH/drainage 229 

comparison) was from Tropical or Subtropical conditions.  Overall, 16 out of the 28 pairwise 230 

comparisons between factors were based on local expert opinion.  That means that our 231 

assessment most safely applies to Zambian conditions, where the experts were based and which 232 

they were explicitly considering. 233 

A pairwise matrix produced in this way could be either consistent or inconsistent. For example, if 234 

in a set of consistent pair-wise comparisons, x is more important than y and y is more important 235 

Commented [ML1]: Not in reference list.  Please add. 

Commented [mm2R1]: included 
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than z then x must be more important than z. There is no guarantee that a matrix A obtained by 236 

eliciting individual elements from experts will be consistent, and this must be evaluated before 237 

the matrix is used further. Saaty (1988) proved that if a pairwise matrix is consistent, then the 238 

maximum eigenvalue should be equal to the order of the matrix. The maximum eigenvalue of the 239 

pairwise matrix in Table 7 was then computed with the eigen function R platform (R Core 240 

Team, 2019).   241 

The computed maximum eigenvalue (𝜆𝑚𝑎𝑥)  of the matrix in Table 7 is  8.46 which is larger 242 

than the order of the matrix (8). This indicates that there is some level of inconsistency in the 243 

pairwise matrix. However, Saaty (1988) recognized that, if one thinks of the elicited matrix A as 244 

an estimate of an underlying consistent matrix, Å, with the estimate obtained with some 245 

observation error, then some small degree of inconsistency in A is likely and is practically 246 

tolerable.  Saaty proposed that the consistency of A is measured by a consistency index CI, which 247 

is computed by 248 

𝐶𝐼 =  
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
, (2) 249 

where 𝜆𝑚𝑎𝑥 is the maximum eigenvalue of A which is of order n.  Saaty (1980) conducted 250 

computational experiments in which matrices of order 3 to 10 were generated by random 251 

selection of index values from 1/9 to 9 for elements aij where i < j with other elements obtained 252 

according to Equation (1).  For each matrix he computed CI and repeated these 500 times.  Table 253 

9 shows the mean values of CI for matrices of order 3 to 10, which Saaty called the Random 254 

Index (RI).  As a rule of thumb Saaty proposed a consistency ratio, CR, which is the ratio of CI 255 

for an elicited matrix A to the tabulated value of RI for random matrices of the same order.  He 256 

suggested that the matrix may be used if CR is less than 0.1. 257 
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In this case: 258 

𝐶𝐼 =  
𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
=

8.46 − 8

8 − 1
= 0.066, (3) 259 

 260 

𝐶𝑅 =  
𝐶𝐼

𝑅𝐼
=

0.066

1.41
= 0.047 < 0.1. (4) 261 

This shows that the comparison matrix presented in Table 6 is acceptable for further use. 262 

The pairwise comparison matrix A (Table 7) was then normalized by dividing each element (𝑎𝑖𝑗) 263 

by the corresponding column sum (Equation 5).  The elements of the normalized comparison 264 

matrix, B, are therefore 265 

𝑏𝑖𝑗 =
𝑎𝑖𝑗

∑ 𝑎𝑖𝑗
𝑛
𝑖=1

(5) 266 

Then to obtain the weight of each criterion (𝑤𝑖)  the  row sum of the normalized matrix was then 267 

divided by the matrix order 𝑛 (Equation 6) and the sum of the criteria weights must equal to one. 268 

Table 10 shows the weights of each criteria. 269 

𝑤𝑖 = (
1

𝑛
) ∑ 𝑏𝑖𝑗

𝑛

𝑗=1
(6) 270 

2.1.3 Weighted Overlay 271 

Once the raster files had been reclassified to a common measurement scale and the weights of 272 

influence for each criterion determined, a weighted overlay was performed   in ArcMap for all the 273 

reclassified criteria raster files. This overlay tool used tool combines several raster files to one by 274 

first multiplying cell values in each raster by the raster weight of influence and then adds the 275 
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results to create a single output map. The final values of the output raster are rounded up to whole 276 

numbers because the weighted overlay is integer, therefore giving an output raster with the same 277 

common sale as that of the input raster. 278 

2.2 Statistical Evaluation of the Suitability Map 279 

Locations for households growing different crops including rice were obtained from the Rural 280 

Agricultural Livelihoods Survey (RALS) of 2012 data collected by Indaba Agricultural Policy 281 

Research Institute (IAPRI) in collaboration with Central Statistical Office (CSO) and Ministry of 282 

Agriculture. RALS is a nationally representative panel survey designed to obtain a 283 

comprehensive picture of Zambia’s small and medium-scale farming sector using the 2010 284 

census sampling frame. The data obtained through this survey is unique because it is 285 

georeferenced. The sampling frame for the RALS 2012 survey was based on the 2010 Census of 286 

Housing and Population, CSO/MAL/IAPRI, (2015).  A stratified two-stage sample design (CSO 287 

2012) was used (see Appendix A for details).  The RALS 2012 covered 442 Standard 288 

Enumeration Areas (SEAs) across the 10 provinces and a total of 8,84,0 households 289 

(CSO/MAL/IAPRI, 2015). Figure 3 shows the SEA locations for RALS 2012. 290 

The extent to which the distribution of rice producers from the three categories is related to 291 

suitability was examined in contingency tables and data from the RALS 2012 survey was used 292 

for this analysis. Data cleaning involved removal of spurious values in the x and y coordinates.  293 

The need for this was indicated when the raw data were first plotted, showing points lying outside 294 

the borders of Zambia. The mean coordinates of all households were computed in each SEA 295 

(SEA centroid), and then the households were removed from the data set if the notional distance 296 

to the SEA centroid exceeded 10km.  After data cleaning, a total of 7,823 households were used 297 
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to test the null hypothesis that the presence and absence of rice at a sample site and the rice 298 

suitability index are independently distributed. Because this evaluation is for paddy rice, only 299 

those households that planted local varieties were considered in the presence category. Those that 300 

planted improved varieties were put in absence category as it is very likely that some of the 301 

improved varieties are upland rice.   302 

Contingency tables were obtained which show the distribution of observations between 303 

Suitability Class (columns) and Crop Presence (rows: rice present or absent).  These were then 304 

analyzed with the chisq.test function of the package stats for the R platform (R Core Team, 305 

2019), This was done separately for farms in the three categories.  The test statistic, X 2, is the 306 

sum over all cells of the squared difference between the observed number of households and the 307 

expected number under a null hypothesis of random association, the squared difference being 308 

divided by the expected value.  Under the null hypothesis, which is of random association 309 

between crop presence and suitability, the expected number of households in any cell is equal to 310 

the product of the corresponding row and column totals divided by the total number of 311 

observations in the table.  If the null hypothesis is true, then the X 2 statistic is distributed as 2 312 

with degrees of freedom equal to (nr− 1) × (nc− 1) where nr and nc are respectively the number of 313 

rows and columns in the contingency table.  We interpret the results of this analysis as follows.  314 

If the null hypothesis is accepted, then we have no evidence that there is any association between 315 

the suitability of land for rice production on one hand, and the presence or absence of a rice crop 316 

in the other.  However, if the suitability index is informative, then we would expect to find a 317 

larger proportion of sites where rice is grown where the suitability index is large than where it is 318 

small.  This is despite the fact that rice might be grown, for cultural or economic reasons, at some 319 

unsuitable sites, and similarly might not be grown at some sites where it is suitable.  Thus, if the 320 
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null hypothesis can be rejected, and there are more sites with rice grown in the classes with larger 321 

suitability than expected under the null hypothesis, then this is evidence that the suitability index 322 

is, indeed, informative. 323 

 324 

Figure 3: Standard Enumeration Area (SEA) locations for the RALS 2012 survey. The points in 325 

black are for all SEAs and the ones with the light green circle are the locations with rice present. 326 
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3 Results  327 

3.1 Suitability levels of each criterion  328 

Figure 4 shows the reclassified maps of suitability levels of each criterion and Figure 5 shows the 329 

proportions of each suitability classes for each criterion. At least 90% of the study area has CEC 330 

that is not suitable with most of the country having CEC ranging between 5 to 15 cmol/kg which 331 

is currently not suitable and part of the western part having CEC less than 5 cmol/kg which is 332 

permanently not suitable. Despite having highly suitable temperature and pH, the Eastern and 333 

Southern part of the country have slope of greater than 5% which is permanently not suitable for 334 

paddy rice production. The Southern part of the study area also is affected by low rainfall which 335 

is less than 800mm permanently not suitable and the middle part of the country having rainfall 336 

between 800 and 1000mm currently not suitable. In areas such as eastern and southern parts with 337 

one criterion highly suitable and another not suitable, it becomes difficult to evaluate the 338 

suitability levels, hence the introduction of weights of influence for each criterion which were 339 

used to produce the final suitability map.    340 

In their study on Soyabean suitability in Kabwe District of Zambia, Munene et al., (2017) also 341 

observed some limitations owing to soil pH, low SOC and slope. Chirwa et al., (2016) evaluated 342 

the soil fertility status and land suitability for smallholder farmers’ groundnut and maize 343 

production in Chisamba District of Zambia and concluded that soil pH, low CEC were some of 344 

the major soil fertility limiting factors.  345 
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 346 

 347 

Figure 4: Suitability classes for each criterion 348 
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 349 

 350 

Figure 5: proportions of suitability classes in each suitability criterion 351 

3.2 Suitability of Rainfed Paddy Rice in Zambia 352 

Figure 6 is the rainfed paddy rice suitability map of Zambia produced using weighted overlay of 353 

the eight suitability criterion maps.  Figure 7 shows that some of the suitable areas are not 354 

available for production as they fall under urban, national parks and forest reserves. Figure 8 355 

shows the area proportions of suitability classes for total area, area under urban, area under 356 

national parks, area under forest reserves and potential area (this is the area available for 357 

agriculture production when we subtract that covered by national parks, forest reserve and urban 358 

as these are not available for agriculture production). And it can be observed that when we take 359 

into consideration the areas under national parks, water bodies and forest reserves, less than 1% 360 

of the potential area is highly suitable, while 19% is moderately suitable, 80% marginally suitable 361 

and less than 1% is not suitable. Figure 9 shows that landcover map of Zambia (European Space 362 

Agency, 2019).  363 
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 364 

Figure 6: Suitability map for rainfed paddy rice in Zambia.  365 
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 366 

Figure 7: Protected area over the suitability map of rainfed paddy rice in Zambia 367 
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Figure 8: Area Proportion of Suitability classes 369 
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 370 

Figure 9:ESA land cover map, 10 = rainfed cropland; 11 = Herbaceous cover; 12 = Tree or 371 

shrub cover; 20 = irrigated or post-flooding cropland; 30 = Mosaic cropland (>50%) / natural 372 

vegetation (tree); 40 = herbaceous cover) (>50%) / cropland (<50%); 50 = closed to open 373 

(>15%), evergreen, broadleaved, tree cover; 60 = closed to open (>15%), deciduous, 374 

broadleaved, tree cover; 61 = closed (>40%), deciduous, broadleaved, tree cover; 62 = open 375 

(15-40%), deciduous, broadleaved, tree cover; 100 = Mosaic tree and shrub (>50%) / 376 

herbaceous cover (<50%); 110 = Mosaic herbaceous cover (>50%) / tree and shrub (<50%); 377 

120 = Shrubland; 122 = Shrubland deciduous; 130 = Grassland; 160 = fresh or brackish water, 378 

flooded, tree cover; 170 = saline water, flooded, tree cover; 180 = fresh/saline/brackish water, 379 

flooded Shrub or herbaceous cover; 190 = Urban areas; 200 = Consolidated bare areas; 202 = 380 

Unconsolidated bare areas; 210 = Water Bodies. Author’s illustration with raster data from 381 

European Space Agency (ESA), (2017). 382 

 383 

Commented [ML3]: Again, what are the copyright issues with 

including this map? 

Commented [mm4R3]: Included the data source in caption 
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3.3 Validation of the Suitability Map 384 

Tables 11, 12 and 13 show the observed and expected counts for each cell of the crop presence 385 

and suitability class contingency tables for households in category A, B and C respectively. Also 386 

shown are the X 2 statistic and associated p-value under the null hypothesis of random association.  387 

For households in category A and B the value of the statistic, is large, and the probability of a 388 

value this large or larger under the null hypothesis is small (p=0.0002 for category A and 389 

p=0.0004 for category B).  This is evidence to reject the null hypothesis.  This is not the case for 390 

Category C (p=0.31), so the null hypothesis is retained in this case. For both category A and B, it 391 

is observed that there are fewer households with rice present observed than expected under the 392 

null hypothesis in the marginally suitable class, and more in the moderately suitable class.  This 393 

is consistent with the suitability classes’ being informative about land suitability for rice 394 

production.  395 

4 Discussion  396 

 The method used to obtain weights to combine the different factors was based on a pair-wise 397 

rating method, tested for consistency.  However, it reveals an underlying hierarchical structure of 398 

these factors in terms of their implied importance as suitability determinants for rice production.  399 

The factors, shown in Table 6, can be divided in three categories. First are the climate factors 400 

(Rainfall and Temperature; second are the topographic and soil physical factors (coarse fragment, 401 

drainage and slope) and finally, soil chemical factors (pH, OC and CEC). And as shown by the 402 

weights in Table 10  three things can be observed. First, coarse fragment,  temperature and 403 

rainfall  have the lowest weights of 0.027 and are dominated by soil physical and chemical 404 
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factors with higher weights. Second, Drainage has a higher weight of 0.031 dominating all soil 405 

physical factors and chemical factors except for CEC whose weight is 0.0326. Third, CEC 406 

dominates all other soil chemical properties, and all soil chemical properties dominate all other 407 

factors except for drainage which is equally important as CEC. In rice production, water 408 

availability is extremely important and it is determined by rainfall and  soil water-holding 409 

capacity (Moormann and Van Breemen 1978) it therefore unsurprising to see factors that reflect 410 

soil water holding capacity such such as Drainage and organic matter dominate other factors.  411 

Rainfall has a small weight, however, indicating that in the original judgment the capacity of the 412 

soil to retain water was regarded as more important than absolute input. 413 

The eight suitability maps for separate factors, showed that much land is not suitable or 414 

marginally suitable for paddy rice production as judged from CEC, rainfall and slope. The  CEC 415 

of soil is restrictive mainly observed in the western part of the country, where soils formed in 416 

Kalahari sand cover have limited clay content. Large slopes were mainly observed in the eastern 417 

part of the country along the margins of valley areas. Low rainfall was observed mainly in 418 

southern parts of the country and irrigation could be one of the interventions for this limitation. 419 

Although we used rainfall data up to 2000, longer term analysis of climatic records up to 2012 420 

showed that precipitation was variable from year to year while temperature had an increasing 421 

trend (Chabala et al., 2013; Stern and Cooper, 2011). The high variability indicates that when 422 

climate is considered alone, paddy rice production is unpredictable and can be associated with 423 

inconsistent crop growth and corresponding yield losses due to water stress especially amidst 424 

increasing temperatures.   These contrasting patterns of limitations highlight the need for a 425 

suitable multicriterion basis for combining them into an overall assessment. 426 
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Based on the weighted factors, the overall suitability map showed that about 20% of the study 427 

area is highly and moderately suitable with highly suitable areas being in Western Province (west 428 

of Senanga and Mongu districts), some parts of Kafue flats (around the boarder of Namwala, 429 

Mumbwa, Itezhi-tezhi, Kafue, Mazabuka and Monze districts) and  Central Province (border of 430 

Chibombo and Kapiri districts)  and moderately suitable  areas are in western parts of Western 431 

and North-Western Provinces (some parts of Chavuma, Zambezi, Lukulu, Kalabo, Mongu and 432 

Senanga districts), Central Province ( some parts of Serenje, Kapiri-mposhi, Chibombo and 433 

Mumbwa districts), Southern part of Luapula Province (Mansa and Sanfya districts), southern 434 

and North eastern parts of Northern Province, north-western parts of Muchinga province and 435 

parts of Eastern Province.  436 

With only about 20 % of land area potentially suitable for paddy rice production, and taking into 437 

consideration competition with other staple crops, there is limited potential for  rainfed paddy rice 438 

production in Zambia.  Most of the land has limitations which are severe for production of 439 

rainfed paddy rice and will reduce productivity as well as increasing requirements for inputs. 440 

Therefore, it is necessary to explore the potential of irrigation and upland rice production in 441 

Zambia as this would help expand the production of rice beyond the limited potential suitable 442 

area for rainfed paddy rice. This result  agrees with Mutale et al., (2010) whose study 443 

recommended that the New Rice for Africa (NERICA) upland varieties be explored for possible 444 

cultivation in upland Zambia.  With such limited potential, there is also a need to improve the 445 

productivity of rainfed paddy rice among the few farmers growing the crop by investing 446 

resources in training them in agricultural practices that will help reduce the limitations such as 447 

increasing organic matter content of their fields by adding manure and practicing conservation 448 

agriculture as this will help increase the CEC as well as soil moisture retention of their soils. 449 
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The validation of  the suitability map using RALS 2012 data showed that, among farmers in 450 

category A and B, there were fewer rice presence than expected under random association in the 451 

marginally suitable class and more in the moderately suitable class, and that the difference 452 

between the observed numbers and expected numbers under random association was statistically 453 

significant (P= 0.0002 and 0.0004 respectively)  meaning there is a greater chance of rice being 454 

grown on moderately suitable land than would be expected by chance alone.. However, the result 455 

for farmers in category C was not statistically significant (P= 0.313).  This might be because 456 

smaller producers have less scope to adapt to constraints on land suitability (e.g. by applying 457 

manure). 458 

This land suitability assessment was carried out entirely as a secondary data analysis using free 459 

access secondary data available on soilgrid, worldclim and USGS websites. Because surveys are 460 

costly and time consuming, such data can used to adress important problems without incurring 461 

the high cost and time consuming of a new survey. 462 

As noted in the methods section, the division of the ranges of values for the SSF were based on a 463 

range of studies from across Tropical and Subtropical conditions.  They may therefore be used in 464 

comparable evaluations in other settings in the Tropics or Subtropics, although they should be 465 

updated whereever possible from the results of new studies or systematic reviews.  However, the 466 

pairwise comparison matrix, A, was based primarily on local expert opinion.  The validation 467 

results give some evidence that this opinion was soundly-based.  However, the elicited pairwise 468 

matrix produced here should not be applied outside Zambia without care, and local experts 469 

should first be asked to review the comparisons made in Table 7, and to amend these in the light 470 

of local experience.  The methods section provides sufficient information on how the consistency 471 

of an amended matrix can be tested. 472 



28 

 

As we observed above, this land suitability assessment is based on expert judgement, and also on 473 

the assumption that overall land suitability can be treated as a weighted linear combination of 474 

contributions from multiple factors.  The validation described above suggests that this assessment 475 

is of value, at least as a provisional guide, but further work is needed to develop such assessments 476 

and to refine them.  These might use process models, or surveys of actual paddy rice yields at 477 

locations across Zambia or an analysis of proxy variables for crop yield, e.g. from remote sensor 478 

data, both to compare these between the suitability classes obtained here, but also to explore other 479 

non-linear effects of multiple factors, possibly using a modelling method such as boundary line 480 

analysis (Lark et al., 2020).  Furthermore, this study has considered biophysical factors which 481 

might control land suitability, but farmers’ decisions are not based only on biophysical 482 

limitations (Rossiter, 1995).  We propose, however, that given the need to make assumptions 483 

about the joint effects of multiple factors, there is an argument for not combining biophysical and 484 

socio-economic factors into a single multi-criterion index of suitability.  We propose, for further 485 

research, that economic surveys are undertaken to record local commodity prices (rice and 486 

alternatives), input and labour costs, historical experience of rice production, contemporary 487 

attitudes to rice as a crop, knowledge of rice production among local extension officers.  These 488 

could be focussed on areas where the analysis presented here suggests that biophysical factors are 489 

conducive to the production of paddy rice, but where the RALS data show marked differences in 490 

the extent to which local farmers choose to produce the crop.  This would allow us to identify the 491 

key socio-economic factors that may limit rice production where the physical environment is 492 

suitable for it. 493 
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5  Conclusion  494 

To conclude, available secondary data can be used to carry out suitability assessment for not only 495 

rainfed paddy rice production but other crops as well. The suitability for rainfed paddy rice 496 

production was found and areas that are highly and moderately suitable identified. More than 497 

80% of the country was found to be marginally and not suitable. Overall, the results indicate that 498 

with only less than 20% of the country being highly and moderately suitable for rainfed paddy 499 

rice, there is limited potential to develop production in Zambia. These findings have implications 500 

for the National Rice Development Strategy (NRDS) of Zambia, which should also explore the 501 

potential of irrigation and of upland rice production in Zambia as this would help expand the 502 

potential production area of rice.  503 

A review of the literature showed that there are few studies on land suitability assessment in 504 

Zambia, leaving the researchers to only use information from Sys et al., (1993) whose suitability 505 

class limits were based on experience from few countries. It is in this regard that we recommend 506 

that local expertise need to evaluate and alter these suitability classes. 507 
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  680 

                                                                                                                                                 681 

 Table 1: Area planted and yield of paddy rice in Zambia (Ministry of Agriculture 2016; Ministry 682 

of Agriculture/Central Statistical Office Crop Forecast Survey 2010/11-2017/18) 683 

Year 2011 2012 2013 2014 2015 2016 2017 2018 

Total Area Planted 

(square km) 339.95 313.88 385.28 409.74 429.83 255.94 333.03 342.17 

Yield t/ha 1.45 1.44 1.16 1.21 0.59 1.04 1.15 1.26 

 684 

 685 

Table 2: Data, Format and Sources 686 

Data Format Resolution Source 

Topographic Data 

(DEM) 

Raster 30 x 30m USGS 

(https://earthexplorer.usgs.gov) 

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

(Rainfall, 

Temperature) 

Raster 1 x 1km WorldClim (www.worldclim.org) 

Soil Data (CEC, pH, 

SOC) 

Raster 250 x 

250m 

Soil Grids (https://soilgrids.org) 

 687 

Table 3: Interpretation of the FAO land suitability class (FAO, 1976). 688 

FAO land 

suitability 

class 

Interpretation 

Class S1   Land with minor limitations to productivity. Not perfect but is the best that can be 

hoped for 

Class S2  Land that is clearly suitable, but which has limitations that either reduce 

productivity or increase the inputs needed to sustain productivity compared with 

those needed on S1 land 

Class S3  Land with severe limitations that reduces benefits and/or increase the inputs needed 

to sustain production so that this cost is only marginally justified 

Class N  Land is permanently not suitable for the given use usually because of physical 

limitations.  

 689 

http://www.worldclim.org/
https://soilgrids.org/
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Table 4: Land use requirements for rainfed paddy rice 690 

Criterion Highly 

Suitable 

(S1) 

Moderately 

Suitable 

(S2) 

Marginally 

Suitable 

(S3) 

Not Suitable (N) Source 

Annual Rainfall 

(mm) 

>1400 1200-1400 1000-1200 <1000 Sys et al., 1993 

Annual Mean 

Temperature (o 

C) 

31-24, 31-36 24-18, >36 18-10, <10 Sys et al., 1993 

Slope (%) 0-1 1-2 2-3 >3 Masoud et al., (2013); 

Ojara et al., 2017 

Coarse fragment 

(Volumetric % 

of soil particles 

>2mm diameter) 

0-3 3-15 15-35 >35 Sys et al., 1993 

Drainage (FAO, 

2006) 

Imperfect, 

Poor 

Moderate, 

Well 

Somewhat 

excess 

Very poor, 

Excessive 

Sys et al., 1993 

Soil pH (H2O) 5.5-8.0 8.0-8.5, 

5.0-5.5 

4.5-5.0 >8.5, <4.5 Sys et al., 1993 

CEC (cmol/kg)) >40 25-40 15-25 <15 Masoud et al., 2013; 

Ojara et al., 2017 

Commented [ML5]: I cannot find this reference in the reference 

list. 
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Soil Organic 

Carbon (%) 

>1.5 1.5-0.8 <0.8 - Sys et al; 

(1993);Ambarwulan 

et al., 2016 

691 
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Table 5:an example of a dominated case  692 

 Annual Rainfall (mm) Slope (%) Suitability 

Site A 1400 (highly suitable) 0-1(highly suitable) Highly Suitable 

Site B <800 (not suitable) >5 (not suitable) Not Suitable 

 693 

Table 6:an example of a non-dominated case  694 

 Annual Rainfall (mm) Slope (%) Suitability 

Site A 1400 (highly suitable) >5 (not suitable) ? 

Site B <800 (not suitable) 0-1 (highly suitable) ? 

695 



42 

 

Table 7: Pairwise Comparison Matrix (we compare the factors in the rows (i) against those in the columns (j)): 696 

Criterion 

Pairwise Comparison Matrix 

Coarse 

Fragment Slope Drainage pH 

Soil Organic 

Carbon 

Cation Exchange 

Capacity 

Mean annual 

Temperature 

Annual 

Rainfal 

Coarse Fragment 1 1/2 1/9 1/5 1/6 1/9 1 1 

Slope 2 1 1/5 1/3 1/5 1/6 2 2 

Drainage 9 5 1 7 4 1 9 9 

pH 5 3 1/7 1 1/3 1/7 5 5 

Soil Organic 

Carbon 6 5 1/4 3 1 1/4 6 6 

Cation Exchange 

Capacity 9 6 1 7 4 1 9 9 

Mean Annual 

Temperature 1 1/2 1/9 1/5 1/6 1/9 1 1 

Annual Rainfall 1 1/2 1/9 1/5 1/6 1/9 1 1 

 697 

 698 

 699 
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Table 8: Sources for the scores of the pairwise matrix in Table 7 700 

Criterion 

Pairwise Comparison Matrix 

Coarse 

Fragment Slope Drainage pH 

Soil 

Organic 

Carbon 

Cation 

Exchange 

Capacity 

Mean annual 

Temperature 

Annual 

Rainfal 

Coarse Fragment 1 
    

   

Slope 

(Massawe et al., 

2019) 1       

Drainage 

Local expert 

opinion 

Local expert 

opinion 1      

pH 

 Local expert 

opinion 

(Ayoade, 2017; 

Yohannes 

&Soromessa., 

2018) 

(Dengiz et al., 

2015) 1     

Soil Organic 

Carbon 

 Local expert 

opinion (Ayoade, 2017) 

Local expert 

opinion 

(Ayoade, 

2017) 1    

Cation Exchange 

Capacity 

 Local expert 

opinion 

Local expert 

opinion 

(Yohannes and 

Soromessa 

2018) 

(Moreno et 

al., 2007) 

 Local 

expert 

opinion 1   

Mean Annual 

Temperature 

 Local expert 

opinion (Ayoade, 2017) 

Local expert 

opinion 

(Ayoade, 

2017) 

(Ayoade, 

2017) 
 

1 
 

Annual Rainfall 

 Local expert 

opinion 

Local expert 

opinion 

Local expert 

opinion 

Local 

expert 

opinion 

Local 

expert 

opinion 

Local expert 

opinion 

 Local expert 

opinion 1 

701 
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 702 

Table 9: tabulated for random matrices (RI) (Source:  Golden and Wang, 1990).  703 

Order Matrix 

(𝑛) 

3 4 5 6 7 8 9 10 

Random Index 0.58 0.9 0.12 1.24 1.32 1.41 1.45 1.49 

 704 

Table 10: Criteria weights and the ranking 705 

Criterion 
Coarse 

Fragment 
Slope Drainage pH 

Soil 

Organic 

Carbon 

Cation 

Exchange 

Capacity 

Mean 

Annual 

Temperature 

Annual 

Rainfall 

Weight 0.027 0.048 0.31 0.096 0.149 0.316 0.027 0.027 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

Table 11: Table of observed, expected, deviation, chi-square and p values from independence for 716 

rice farmers in category A(Agricultural households with 0 to to 1.99 hectares of land under crop 717 
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or owing livestock < 50 cattle, <20 pigs, < 30 goats and or < 50 chickens. ) and suitability 718 

classes. 719 

   Suitability class  

   Moderately suitable Marginally Suitable  

crop presence 

Rice 

Observed 62 121 183 

Expected 28.63 154.37  

O - E 33.37 -33.37  

No 

rice 

Observed 429 2526 2955 

Expected 462.37 2492.63  

O - E -33.37 33.37  

   491 2647 3138 

                                                          X2 = 48.947             p-value = 0.0002 

 720 

 721 

 722 

 723 

 724 

 725 

 726 
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Table 12: Table of observed, expected, deviation, chi-square and p values from independence for 727 

rice farmers in category B(agricultural households with 2 to 4.99 hectares area under crop) and 728 

suitability classes. 729 

   Suitability class  

   
Moderately 

suitable 

Marginally 

suitable 
Not Suitable  

crop 

presence 

Rice 

Observed 47 144 0 191 

Expected 26.93 164 0.07  

O - E 20.07 -20 -0.07  

No rice 

Observed 318 2079 1 2398 

Expected 338.07 2059 0.93  

O - E -20.07 20 0.07  

   365 2223 1 2589 

   X2 = 18.867 p-value = 0003999 

 730 

Table 13: Table of observed, expected, deviation, chi-square and p values from independence for 731 

rice farmers in category C(agricultural households with 5 to 19.99 ha of land under crops, 732 
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grown one or more special crops, raising ≥ 50 cattle, ≥20 pigs, ≥ 30 goats and or ≥ 50 chickens.) 733 

and suitability classes. 734 

   Suitability class 

   
Moderately 

suitable 

Marginally 

Suitable 
 

crop 

presence 

Rice 

Observed 24 97 121 

Expected 19.55 101.45  

O - E 4.45 -4.45  

No rice 

Observed 272 1439 1711 

Expected 276.45 1434.55  

O - E -4.45 4.45  

   296 1536 1832 

  X2 = 1.2934 p-value = 0.3131 

 735 

 736 

 737 

 738 

 739 

 740 
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Appendices 741 

Appendix A: Detailed RALS 2012 Sampling Procedure. 742 

The first stage involved identifying the Primary Sampling Unit (PSU) which is one or more 743 

Standard Enumeration Areas (SEAs) each comprising a minimum of 30 agricultural households. 744 

The SEA is the smallest area with well-defined boundaries identified on census sketch maps.  745 

The second stage involved listing and identification of agricultural households in selected SEAs. 746 

The listed agricultural households were then stratified into three categories A, B and C 747 

(CSO/MAL/IAPRI, 2015).  Category C comprised households with 5 to 19.99 ha of land under 748 

crops, grown one or more special crops, raising ≥ 50 cattle, ≥20 pigs, ≥ 30 goats and or ≥ 50 749 

chickens. Category B comprised agricultural households with 2 to 4.99 hectares area under crop 750 

and category A comprised households with 0 to 1.99 hectares of land under crop or owing 751 

livestock numbers less than those specified in category C.  752 

Systematic sampling from the household list comprised by the enumerators in the SEA was then 753 

used to select 20 households distributed across the three strata.  Where all the three categories had 754 

adequate numbers of households listed, the sample household distribution was C=10, B=5 and 755 

A=5.  Where there were shortfalls in category C, all households in this category where selected and 756 

the difference from 20 was equally allocated to categories B and A. If the difference from 20 could 757 

not be equally allocated to the two categories, category B was allocated one more sample household 758 

than category A. Where there was no household in category C, 10 sample households were 759 

allocated to category B, and 10 to category A. Where there was no household in category C and 760 

less than 10 in category B, all were included in the sample and the allocation for category A was 761 

increased to make up for the shortfall from the required number of 20 sample households. Where 762 

all households fall in category A, all the required 20 sample households were selected from that 763 
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category.  For each stratum, systematic sampling was done to select the required housed holds. 764 

First the sampling interval was calculated by dividing the total number of households in the 765 

category by the sample number. Then the random start number was selected by randomly selecting 766 

a column from the table of random numbers. Starting from the top of that column, the first random 767 

number between 1 and the number of households in category the category was selected, inclusive 768 

as the first corresponding selected household in the sample. To add the next household number, the 769 

sampling interval was added to the chosen random number and this procedure was repeated to add 770 

remaining households of the sample (CSO, 2012).  771 


