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A B S T R A C T   

We examine how weather variability affects agricultural landownership rates in Africa, where at least half of the 
population depends on agriculture to earn a livelihood. In the absence of effective adaptation strategies, 
households that experience difficulties farming due to environmental stress might leave their land. With im-
plications for demography – through migration – and political instability – when affected populations express 
grievances – changing landownership patterns could make existing development challenges on the continent 
even more difficult. We test our hypothesis that drier than average growing seasons will reduce landownership 
rates using Demographic and Health Surveys (DHS). Our DHS dataset includes interviews with 850,961 
households in 35 African countries between 2005 and 2017. Compared to regions experiencing weather near the 
historical average, those with five consecutive dry growing seasons before the DHS experienced a 6.93% decline 
in the landownership rate. For every additional dry growing season during the five years before each survey, the 
landownership rate fell by 1.38%. A host of robustness checks support our general conclusion that drying 
conditions are associated with lower landownership rates.   

1. Introduction 

Over half of all food calories produced globally come from small-
holder farms (Samberg et al., 2016). In Africa, according to the Inter-
national Labor Organization (ILO), at least 50% of the population is 
dependent on agriculture for an income (ILO, 2019). Roughly 80% of 
African farms are less than two hectares (FAO, 2013; Lowder et al., 
2016, p. 17). Households that rely upon these small and predominantly 
rainfed parcels rank among the poorest on the continent. In Zambia, 
only around 30% of chronically poor household earnings are in nonfarm 
employment; among wealthier families, the nonfarm employment share 
is roughly 75% (Chapoto et al., 2011, p. 16). Smallholder farming can be 
essential to secure a livelihood, but it is also a risky strategy when cli-
matic conditions (Dai, 2013; IPCC, 2014) and land tenure systems 
(Boone, 2019) are changing rapidly. 

Property institutions in Africa have roots in the colonial era (Boone, 
2014). Europeans evicted original residents of the most productive 
farming regions and eventually produced coffee, palm oil, cotton, 
groundnuts, fruits, and other valuable commodities on the land. Most 
African countries have not fully recovered from this rapid incorporation 
into the international political economy. On average, greater than 90% 
of land in African countries is not officially registered or legally titled 

(Deininger, 2003). Millions of people live on these unregistered lands, 
and informal land transactions are common (Knapman et al., 2017). For 
example, “though land administration is working well in Rwandan cit-
ies, 87% of rural transactions remain informal” (The Economist, 2020). 
Under such circumstances, unaware buyers could be entering hotly- 
contested overlapping ownership disputes. A mere 4% of African 
countries have titled and mapped landownership across even their 
capital cities, the seat of government (The Economist, 2020). This high 
rate of uncertainty about property rights is not necessarily a problem. 
Customary land tenure systems defined by shared use were usual in 
some areas for centuries. However, recent international pressure has 
driven many African governments to enhance their land titling pro-
grams, making landownership conflicts increasingly common. 

The effects of global warming could make the contentious politics of 
African landownership even more volatile. The Intergovernmental Panel 
on Climate Change (IPCC) fifth assessment (AR5) projects “more 
frequent and longer heatwaves and warm spells in Africa” in addition to 
“likely surface drying in southern Africa by the end of the 21st century” 
(IPCC, 2014, p. 57). Research also suggests that 30% of current cropland 
in Africa could be vulnerable to reduced water availability by 2050 
(Fitton et al., 2019, 5). Indeed throughout the developing world, many 
studies have shown that weather variability due to global warming will 
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elevate the risk of crop failures (Kabubo-Mariara and Karanja, 2007; 
Deressa and Hassan, 2009; Knox et al., 2012; Burke et al., 2015; Lesk 
et al., 2016). If a smallholder’s harvest fails once, odds are that the 
household can recoup. However, if crops fail for several consecutive 
seasons, the family might abandon the unproductive land despite having 
few promising livelihood alternatives. 

Migration for employment in new locations is a common adaptation 
strategy for those forced to cope with weather variability and agricul-
tural productivity obstacles. As the migration literature documents 
extensively, such mobility is complex (Black et al., 2011, 2013; Koubi 
et al., 2018). These movements are sometimes temporary rather than 
permanent, in addition to being both internal (Barrios et al., 2006; 
Marchiori et al., 2012) and, less frequently (Hunter et al., 2015), in-
ternational (Falco et al., 2019). While many people relocate for work, 
opportunities for lasting gainful employment in African urban centers 
are limited because manufacturing sectors in these countries never fully 
matured. Service sector work in cities tends to be in low-wage and low- 
skill occupations. 

We set out to answer a specific, compelling research question about 
the adverse effects of weather variability: Does environmental stress 
reduce agricultural landownership rates in Africa? Cycles of poverty and 
uncertainty can overwhelm farming households that lose sustenance 
and revenues due to changing weather patterns. Such families “may then 
fall into a poverty trap if they have to borrow money from money 
lenders by pawning or mortgaging their land or production” (Gautier 
et al., 2016, p. 672), and the implications of such a scenario are dire. 
Despite the importance of understanding how global warming could 
affect African landownership, “the influence of climatic events on these 
social relations and power relations remains largely uninvestigated” 
(Gautier et al., 2016, p. 672). Existing studies have used remote sensing 
data to estimate farm sizes and locations. Such research still “does not 
address questions of ownership or land tenure,” conditions that are 
untraceable using satellites (Samberg et al., 2016, p. 7). Research has 
investigated how the externalities of large-scale agricultural investments 
could affect Zambian smallholders (Lay et al., 2020), but the outcome 
variables of interest in this research are changes in cultivated land area 
and maize harvest size among smallholders who own land. Case study 
research in Mali has also mapped large land acquisitions (Cotula and 
Vermeulen, 2009), but describing these vast purchases cannot effec-
tively capture household-level experiences over time. 

We test a single hypothesis to fill these gaps in the literature: Drier 
than average growing season weather will reduce agricultural landownership 
rates in the affected regions. We test our hypothesis using a Demographic 
and Health Surveys (DHS) dataset that directly measures the experiences 
of 850,961 households in 35 African countries between 2005 and 2017. 

In this article, our goal is not to understand whether agricultural 
landownership is “good” or “bad.” In development economics and 
related research fields, debates about the merits of various types of land 
reform are longstanding (Dorner, 1972). Instead, our focus on land-
ownership is motivated by the great potential for landlessness to be a 
destabilizing force in society. Our work speaks to an established research 
agenda broadly focused on “de-agrarianization,” a long-term trend that 
includes occupational adjustment, income-earning reorientation, 
changing social identification, and spatial relocation of rural dwellers 
(Bryceson and Jamal, 1997). 

In extreme cases, simmering landownership disputes have led to 
violence, highlighting the practical importance of our research. Across 
the developing world, land issues have been “central to much of the 
domestic political tension” (Bryant, 1998). Studies have shown that 
landholding inequality contributes to political instability and civil strife 
(Muller et al., 1989; Thomson, 2016). Worldwide from 2002 to 2018, 
there has been an increase in “environmental and land defender” killings 
(N = 1734), many of which targeted people struggling to access farm-
land, resisting eviction, or otherwise advocating for secure property 
rights (Le Billon and Lujala, 2020). In Africa, violent land conflicts have 
recently occurred in Sierra Leone, Côte d’Ivoire, Liberia, the Democratic 

Republic of Congo, Rwanda, and Kenya, among other countries (Boone, 
2019). The World Bank has labeled these territorial disputes a “major 
source of friction” stalling development initiatives (Deininger, 2003). 
The fraught history of land allocation in Africa makes programs for 
titling land retrospectively – including the World Bank’s recent initia-
tives (Boone, 2019, p. 385) – extremely contentious. 

The following section elaborates on our hypothesized relationship 
and reviews some African agricultural landownership literature. We 
describe our research design and data in section three. The details of our 
estimation strategy appear in the fourth section. In section five, we 
present our results. Section six offers concluding observations and a brief 
overview of the potential for related future research. 

2. Environmental stress and agricultural landownership 

2.1. Weather variability and development 

There is consensus in the scientific community that weather extremes 
have led to crop failure (Kabubo-Mariara and Karanja, 2007; Deressa 
and Hassan, 2009; Knox et al., 2012; Burke et al., 2015; Lesk et al., 
2016). Subsequent revenue losses among farming households have 
plunged some families into cycles of debt (Gautier et al., 2016). Debt and 
poverty have consequences. Armed land seizures in Brazil frequently 
followed extended rainfall deficits (Hidalgo et al., 2010), which 
increased the demand for land after farmers’ earnings fell. A similar 
effect could be even stronger in Africa, because a larger share of 
smallholders farm at the margins of subsistence (Ochieng et al., 2016, p. 
71). There is evidence that even modest discrepancies between antici-
pated and actual harvests (e.g. not total crop failure) have been costly. 
Farmers sometimes abandoned low yields entirely when harvesting ex-
penses were anticipated to surpass the projected earnings. Increasingly 
unpredictable weather will force an unprecedented number of farmers 
to make such calculations in the future: “As climate continues to vary 
annually, it has an impact on crop performance and ultimately on the 
decision that farmers make whether to abandon or not” (Mulungu and 
Tembo, 2015, p. 2859). 

Difficulties in agriculture can have implications beyond any one 
household. Indirect effects of low production operating through markets 
for staple crops could affect people living anywhere in the country. In 
Ethiopia, “the level and variability of rainfall are important de-
terminants of persistent food insecurity” (Demeke et al., 2011, p. 186). 
Faced with damaging droughts, many Kenyan smallholders opted for 
Rural Non-Farm Labor (RNFL) as an alternative to taking risks in agri-
culture (Ochieng et al., 2016, p. 72). A struggling farming economy has 
often led to “diversification into low-return, labor-intensive nonfarm 
activities such as basket making, gathering, pottery, weaving, embroi-
dery, or mat making (Jayne et al., 2014a, p. 7).” These RNFL alternatives 
might temporarily avert an income crisis, but are rarely lasting solutions 
to macroeconomic development challenges. 

As today’s wealthy countries developed, there was a gradual shift 
away from employment in agriculture toward an economy’s 
manufacturing and service sectors. Current conditions among African 
countries will not allow them to simply replicate this development path. 
Jobs in industrial manufacturing rarely climbed into the double-digits in 
any African country between 1965 and 1989 (Bryceson and Jamal, 
1997, p. 6–7). In 2017, only 11% of the African labor force worked in 
industrial manufacturing, according to the ILO (ILO, 2017). Several 
countries in our dataset (Mozambique, Malawi, Ivory Coast, and Burkina 
Faso) have industrial labor force participation rates below 5% (ILO, 
2017). 

Struggling agriculture combined with shortages of well-paid alter-
native employment is a perfect storm for social unrest. As rural farmers 
and pastoralists coping with the effects of global warming on farms and 
pastures moved to towns, they often encountered hostilities from long- 
term residents of the arrival areas (Barnett and Adger, 2007; Reuveny, 
2007; Bernauer et al., 2012; Brzoska and Fröhlich, 2016; Koubi et al., 
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2018; Linke et al., 2018). A shift away from agricultural livelihoods has 
also adversly affected national-level politics. For example, the tone of 
electoral contests became increasingly ethnocentric and contentious in 
areas with the highest urban unemployment rates (Resnick, 2013). 
Greater land inequality has also led to clientelism and elite dominance in 
elections (Baland and Robinson, 2006), as well as reduced account-
ability of formal institutions (Engerman and Sokoloff, 2005). 

2.2. The importance of owning agricultural land 

Our emphasis on owning land rather than farming practices, yield 
productivity, or agricultural share of the labor force is significant. 
Among the differences between these other characteristics of African 
economies and our concentration on landownership is the fact that a 
landowner “makes all strategic decisions, takes all economic risks, and 
has control over all production resulting from the agricultural holding” 
(Lowder et al., 2016, p. 19). Agricultural landownership allows for 
sustenance and revenue that is not available to landless people, even if 
they are wage laborers on farms. These benefits and risks of owning land 
also apply to many hybrid land tenure systems (Otsuka and Hayami, 
1988; Hidalgo et al., 2010, p. 506). In mixed land tenure regimes, 
including medium-term contractual agreements, the tenant temporarily 
assumes many of an actual owner’s risks. “Fixed-rent contracts” are 
more nebulous forms of tenure than direct ownership, but in these ar-
rangements, “the land-poor are not only residual claimants of the 
returns from farming, but also bear all risk from agricultural shocks such 
as rainfall” (Hidalgo et al., 2010, p. 506). Among small rice farms, 
landownership status and social capital have mediated drought effects; 
income losses due to rainfall deficits were substantially higher for the 
landless (Carrico et al., 2019). Research in Rwanda studying forestry 
earnings has indeed stressed that “outputs provide substantial cash in-
come to the woodlot owner” (Clay and King, 2019, p. 9). 

Following the literature, we anticipate that a household’s status on 
the land will mediate socioeconomic outcomes influenced by weather 
variability. Assume a farm employee rents a modest house adjacent to a 
large parcel that produces a bumper maize crop one year. Environ-
mental conditions would appear favorable in the empirical data (e.g. 
there was probably sufficient precipitation recorded by local rainfall 
stations, and satellite data would reveal healthy vegetation at that time). 
But for the employee who earns a fixed wage in this example, these 
fortunate circumstances on and near the farm probably have only 
marginal effects on income and wellbeing. The landowner, in contrast, 
will gain considerably more. While existing research has identified 
changes in farm sizes worldwide (Jayne et al., 2014a, 2014b; Lowder 
et al., 2016), it has less sufficiently addressed these landownership dy-
namics at a household level. 

Medium-sized farms (MSF, between 5 and 100 ha) are increasingly 
common in Africa (Jayne et al., 2016). In Zambia, for example, a class of 
“emergent” farmers (cultivating between 5 and 10 ha) has grown by 
62.2% between 2001 and 2011, a rate nearly double (33.5%) that for 
smallholders (Sitko and Jayne, 2014, p. 195). Rising landownership 
GINI coefficients, which measure inequality, reflect these changes 
(Jayne et al., 2014a, 2014b; Knapman et al., 2017, p. 17). The shift 
toward larger farms has prompted debates about MSF productivity 
among those concerned with food insecurity and related topics (Mey-
froidt, 2017). Dominated mainly by single-country studies that make 
broader generalizations difficult, evidence of greater MSF yield and ef-
ficiency is inconclusive, according to some recent studies (Debonne 
et al., 2021). 

2.3. Agricultural landownership and stability 

We do not assume that agricultural landownership is always positive 
or negative for any particular socioeconomic outcome but recognize the 
importance of these debates. In this short article, we also cannot eval-
uate whether any form of customary shared tenure of land – in Tanzania 

in 2010, 6800 villages were granted collective titles (Boone, 2019, p. 
397) – is optimal for socioeconomic development when compared with 
individual household ownership. De Soto (2000) and others have argued 
that landownership facilitates economic growth because it unlocks 
financial potential. Titling land creates a tradable asset and releases 
value that can be used for other productive purposes, such as financing 
education, establishing businesses, or improving infrastructure. Ac-
cording to one estimate, in Uganda the value of property itself accounts 
for 50–60% of net assets for the poorest households (Deininger, 2003, p. 
17). Rwandan land that produces charcoal or lumber earns an income 
for owners, but “perhaps more importantly, woodlots can be effectively 
cashed in at any time,” and this flexibility is an attractive strategy for 
income diversification (Clay and King, 2019, p. 9). 

Landownership can also draw households into debt. As Kenya navi-
gated independence from the British (during the “Million Acre Scheme” 
of Jomo Kenyatta that resettled land previously occupied by colonizers), 
thousands of families were drawn into the country’s political economy 
as indebted subsistence-level wage laborers. A study based in Marigoli 
Location (in current Vihiga County north of Kisumu) found that 58% and 
76% of settlement land holdings in 1969 and 1977, respectively, were 
smaller than three acres (Cowen, 1981, p. 66). It is unlikely that such a 
small plot was a profitable farm. Kenya’s Director of Agriculture in 1963 
said of Lugari (in Rift Valley), “charges per plot are so large in relation to 
the productive capacity that doubts must be felt that the average settler 
will meet his [loan repayment] commitments” (Leo, 1978, p. 628). The 
share of Marigoli residents primarily reliant on farming dropped from 
42% to 21% between 1969 and 1977, while the number of unskilled 
workers rose (8% to 10%) along with semi-skilled or skilled workers 
(14% to 29%) (Cowen, 1981, p. 67). These parcels were inadequate for 
productive agriculture, and the households that defaulted on their debt 
became landless. 

Landlessness can be politically volatile. Many social upheavals and 
even protracted civil wars in the developing world were “peasant re-
bellions” inspired by land reform, including Kenya’s so-called Mau Mau 
war (Wolf, 1969; Scott, 1987; Wood, 2003; Elkins, 2005; Boix, 2008). 
Land disputes have led to less severe but significant political crises too. 
Land conflicts were a primary reason that Kenya’s entire constitution 
was rewritten in the aftermath of the deadly 2007–08 electoral violence 
(Boone et al., 2019). Similarly, land law reform in Côte d’Ivoire in 2015 
followed the 2010–11 election violence that killed thousands (Boone, 
2019, p. 388). In Brazil, three million people participated in land in-
vasions from 1988 to 2004 (Hidalgo et al., 2010, p. 507), and elite 
landowners have used extrajudicial violence to reassert control in many 
cases (Hammond, 2009). The Maoist rebellion in Nepal (Ballentine and 
Sherman, 2003), Moro violence in the Philippines (Gutierrez and Borras, 
2004), Islamist militant attacks in Pakistan (Malik, 2011), property 
seizures in Zimbabwe (Kinsey, 2004), and African conflicts resulting 
from migration (Reuveny, 2007), have been associated with landown-
ership disagreements. Including effective land reform provisions in a 
country’s peace agreement following the termination of a civil war 
considerably reduced the odds that fighting resumed (Keels and Mason, 
2019). 

Because acrimonious land politics often become violent, and we 
hypothesize that the effects of climate change reduce agricultural 
landownership rates, our study generally speaks to the “climate-con-
flict” literature. This research field stresses the implications of global 
warming for international security, civil wars, communal clashes, and 
even attitudes about violent behavior (Burke et al., 2009; Hsiang et al., 
2013; Vestby, 2019; von Uexkull et al., 2020). Many speculate about 
these relationships without offering solid explanations (Buhaug, 2015; 
Koubi, 2019); one mechanism could be land grievances. 

3. Research design and data 

We estimate the effect of experiencing drier than average growing 
seasons on the percentage of people who own agricultural land in a 
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region. We measure our weather and landownership variables within 
553 first-order administrative units, of which 210 have DHS data for 
more than one year (see Fig. 1 and supplementary data Table S1). We 
use two agricultural landownership rate dependent variables in separate 
models. One is the difference in the percentage of people who own 
agricultural land from the landownership rate in the previous survey. 
The second variable is simply the share of the population that owns 
agricultural land in each survey. To measure how the weather during the 
growing seasons before each survey deviated from the long-term his-
torical average, we calculate Standardized Precipitation- 
Evapotranspiration Index (SPEI) values in each administrative unit 
(Beguería et al., 2010). We use several variables coded from the raw 
SPEI values as independent variables of interest in our models of both 
landownership dependent variables. 

Some studies have used rainfall as a randomized treatment variable 
in causal analysis (Nordkvelle et al., 2017). This approach alleviates 
some concerns about endogeneity, which would exist if landownership 
determined the weather. Additionally, this research design has an 
elegant simplicity because there is “in principle no need for controls” 
(see Nordkvelle et al. (2017, p. 630)). Nevertheless, in addition to our 
main model estimates, we present the results of similar models that 
control for potential alternative explanations of regional landownership 
rates (see the description of these variables in section 3.3). Our findings 
are nearly identical in this reanalysis (see Table S3). Directly measuring 
household income losses due to dry growing seasons in so many coun-
tries would be extremely difficult. We follow others who have argued 
that the impacts of environmental stress – “scarcity of resources, lost 
revenues, and lost livelihoods” – are effectively proxied by SPEI values 
calculated during the most important months of the local growing sea-
son (Nordkvelle et al., 2017, p. 632). 

3.1. Population data 

We use 850,961 georeferenced household-level DHS interviews in 35 
countries to create our agricultural landownership variables. Our data 
cover the years 2005 to 2017. Some have cautioned against using 
household surveys for calculating farm size statistics at aggregated 
levels because the interviews will only measure small family-owned 
farms and neglect the largest corporate properties (Lowder et al., 
2016, p. 19). This is not a limitation for our study because our goal is to 
measure landownership rates in the population and not the average size 
of farms. 

The DHS question that we use is straightforward: “Does any member 
of this household own agricultural land?” Respondents may answer 

“yes” or “no” to the question. The question number varies over time 
across survey waves (e.g. question number 119 in wave six and seven, 
but question number 122 in wave five). The full questionnaires for all 
countries and years are available on the DHS program website. 

We rely upon the Geographic Information Systems (GIS) data pro-
vided through the Spatial Data Repository of the DHS online interface. 
The main advantage of using these GIS data is that the percentage of the 
population who reported owning land is statistically representative 
within the first-order administrative units. Others have similarly used a 
regional landownership percentage to study related research questions 
(e.g. among the 133 districts of Pakistan in Malik (2011)). For every year 
that survey data are available, we create an administrative-unit-year 
dataset. Table S1 presents the DHS dataset countries and years. Land-
ownership descriptive statistics are included in Table 1. Fig. 1a maps 
agricultural landownership rates (percentage of the population) for the 
most recent survey across all administrative units. 

The average agricultural landownership rate among regions is 
61.3%. Urban areas of Egypt have the lowest rate of landownership 
(0.8%). The maximum landowning share of survey respondents is found 
in northern Burkina Faso (96.4%). In some administrative units, there 
are noteworthy changes in the landownership rate between rounds of 
the survey. In Benin, between 2006 and 2012, both Mono (− 27.4%) and 
Littoral (–23.5%) departments saw declining landownership rates. 
Uganda’s Central Province (− 15.7% between 2009 and 2014) 

Fig. 1. The agricultural landownership rate (panel a) and growing season SPEI6 value (panel b) in 553 first-order administrative units of 35 countries.  

Table 1 
Variable descriptive statistics.   

Mean Std. Dev. Max Min 

Panel a. landownership change dataset (N = 210) 
Landownership percentage change − 2.126  14.816 71.3 − 71 
Landownership percentage 61.319  23.724 96.4 0.8 
Number of dry growing seasons 1.174  1.525 5 0 
One dry growing seasons 0.548  0.498 1 0 
Two dry growing seasons 0.264  0.441 1 0 
Three dry growing seasons 0.17  0.376 1 0 
Four dry growing seasons 0.108  0.311 1 0 
Five dry growing seasons 0.083  0.276 1 0  

Panel b. full dataset (N = 553) 
Landownership percentage 59.211  23.39 96.4 0.8 
Number of dry growing seasons 1.333  1.638 5 0 
One dry growing seasons 0.581  0.495 1 0 
Two dry growing seasons 0.319  0.467 1 0 
Three dry growing seasons 0.176  0.382 1 0 
Four dry growing seasons 0.143  0.351 1 0 
Five dry growing seasons 0.114  0.319 1 0  
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experienced a similar reduction. Of the 19 countries in our sample with 
two rounds of data, all of them had at least one administrative unit with 
a declining landownership percentage. In some administrative units of 
these countries, landownership rose. Many of Namibia’s 14 regions had 
rising landownership rates. Oshangwena, Oshana, and Omusati saw the 
population’s landowning share rise by more than 20% between 2006 
and 2013. The average change in landownership rate across Namibian 
regions was 15.5%. Interestingly, Plateau (16.8%) and Collines (19.2%) 
departments in Benin experienced rising landownership rates from 2006 
to 2012, even though the percentage fell in other parts of the country. 
Without our novel subnational dataset, it would be impossible to 
observe this considerable variation in landownership rate changes 
within a country. In Nigeria’s Northwest (15.3% from 2008 to 2015), 
Uganda’s East Central (12.1% between 2009 and 2014), and Namibia’s 
Kavango (12.0% in 2006–2013), an increase in the landownership rate 
was significant as well. Analysis using the variable that measures the 
change in the landownership rate includes a subset (N = 210) of all 
observations. We need an earlier survey at time t-1 to calculate the 
change variable at time t. The 19 countries included in these analyses 
have more than one year presented in Table S1. 

In our (supplementary data) document, we discuss how population 
movements could affect our study. Among other considerations, the 
hardship resulting from adverse agricultural changes can generate a 
“poverty trap and lowers the probability of emigration” (Cattaneo and 
Peri, 2016, p. 128). Those who become landless are more likely to be 
caught locally due to a lack of resources (Black et al., 2013) than to move 
considerable distances to major cities. 

3.2. Precipitation data 

To measure weather anomalies, we use Climate Research Unit (CRU 
TS) version 4.02 high-resolution gridded data recording monthly cli-
matic observations (Harris et al., 2014). We calculate SPEI6 values 
(Beguería et al., 2010), which for every calendar month compare 
average CRU TS rainfall and moisture during the preceding six-months 
to the mean for the same months calculated with data since 1901. 
SPEI6 measures regional weather deviations from the historical average 
in standard deviations (SD). For example, SPEI6 captures how much 
drier (or wetter) an area was for a June-January period compared with 
all other June-January data. We then average these SPEI6 monthly 
values between the main growing season start and end dates. Finally, we 
use a zonal statistic to average these growing season SPEI6 pixel values 
within each administrative unit. In Fig. 1b, we present the raw SPEI6 
values that we use in our analysis. We create a dry conditions “treat-
ment” variable coded one if the average growing season SPEI6 value 
before the start of the DHS is negative. 

We measure the start and end date of the growing season in each 
administrative unit using Monthly Irrigated and Rainfed Crop Areas 
(MIRCA) data (Portmann et al., 2010). MIRCA identifies each pixel’s 
main crop as the sub-crop (vegetation type) with the highest harvested 
area. We calculate a zonal statistic measuring the average growing 
season start and end dates for all pixels that fall within the administra-
tive units. The timing of the average MIRCA growing season varies 
considerably across the continent. Relative to the growing season, the 
DHS timing is also different among countries. 

Fig. 2 illustrates our operationalization of the SPEI6 and DHS data in 
greater detail. In Region A, the DHS began in February 2010 (see “DHS 
date”). Green brackets above from June to November show the previous 
2009 growing season SPEI6 value (0.038). Some growing seasons span 
calendar years, as in Region B, where blue shading highlights the 
months between November 2009 and April 2010 ( -0.834). DHS in Re-
gion B started in May 2010. In Region B, the growing season SPEI6 was 
negative closest to the survey (-0.834) but was positive during the 
growing season one year earlier (1.390). Region C shows a longer 
growing season (February to November), including the 2010 DHS 
enumeration. In such a case, we use the SPEI6 value from the preceding 

growing season (0.489 in 2009) so that our independent and dependent 
variable measurements do not overlap. 

We expect that if landowners leave their property, it will be after 
consecutive dry growing seasons. To measure this, we create a dummy 
variable taking the value one if all of the previous five growing seasons 
had an SPEI6 average value below zero (for clarity, the Fig. 2 example 
only shows two growing seasons). A negative SPEI6 for five prior 
growing seasons should effectively capture the adverse effects of dry 
weather anomalies on a population’s livelihoods. Such an additive 
impact is reported in the literature. A study of natural disasters and 
agricultural failure concludes, “the first storm might not affect the de-
cision to migrate, but the fifth storm in a year might very well do so” 
(Wesselbaum, 2019, p. 369). We make additional dichotomous variables 
measuring whether four, three, two, and one of the most recent growing 
seasons were drier than usual. These indicators account for less severe 
changes in weather patterns. We also create a continuous variable 
counting the total number of dry growing seasons (e.g. five, four, three, 
two, one) during the five years preceding every survey and include this 
in separate models. 

Fig. 2. In 2009 and 2010, three administrative unit scenarios (regions A–C) 
illustrating the SPEI6 precipitation and DHS dataset integration. Region A and B 
have six-month growing seasons from June to November and November to 
April, respectively. Region C has a long growing season from February to 
November. ‘DHS date’ indicates the month that the DHS survey enumera-
tion began. 
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As robustness checks of our main findings, we replicate the estima-
tions of SPEI6 with SPEI3, which uses a shorter time window for 
measuring dry conditions. The results in these reanalyses differ, but 
there is some evidence of a similar effect (see Table S5). The differences 
suggest that short-term dry conditions have a weaker relationship with 
landownership than longer dry spells. We also use an alternative 
threshold for dry conditions (SPEI6 ≤ -0.5 SD), but this occurrence is 
rare because SPEI6 is averaged across some large regions (see Table S6). 
Internal migration is one of the most likely responses to climate change 
effects on agriculture (Barrios et al., 2006; Marchiori et al., 2012). As a 
result, there may have been rising competition over land where rainfall 
has been increasing and agricultural production improving. We test 
whether wetter than average conditions (SPEI6 ≥ 0.0) raise landown-
ership rates, but the estimates always include the possibility that there is 
no relationship (see Table S7). 

3.3. Control variables 

In addition to environmental stress, some socioeconomic and de-
mographic conditions could affect agricultural landownership rates. Our 
preferred estimation controls for some unobserved influences using 
country and year fixed effects (see below). However, as a robustness 
check, we include a host of covariates in the regressions. Adopting this 
strategy does not change our general conclusions (see Table S3). The 
variables used in these models are measured using zonal statistic 
(average values) for PRIO-GRID cell data falling within each adminis-
trative unit (Tollefsen et al., 2012). 

To account for the possibility that regions with larger populations 
have lower baseline landownership rates, we use History Database of the 
Global Environment (HYDE) version 3.1 (Klein Goldewijk et al., 2011) 
and calculate the sum of the population size pixel values in each 
administrative unit. Due to data limitations, we use 2005 HYDE popu-
lation data for all DHS years 2005–2009 and 2010 population data be-
tween 2010 and 2017. 

Second, because landownership rates may be lower where poverty 
rates are high, we control for nighttime light emissions as a surrogate for 
socioeconomic status. The raw satellite data are collected and processed 
by the US National Oceanic and Atmospheric Agency’s National 
Geophysical Data Center and the US Air Force Weather Agency. We use 
the Defense Meteorological Program Operational Line Scan (DMSP-OLS) 
Nighttime Lights Time Series version 4.0 (Average Visible, Stable Lights, 
and Cloud Free Coverages), which are calibrated to account for inter- 
satellite differences and interannual sensor decay (Elvidge et al., 
2015). DMSP-OLS pixel values range from 0.0 to 1.0, and we use a zonal 
statistic to measure the administrative unit average. 

Third, regions with populations that encounter exclusion from poli-
tics are likely to have lower landownership rates than areas favored by 
the central government. To measure this, we rely on a georeferenced 
version of the Ethnic Power Relations dataset (Geo-EPR; Vogt et al. 
(2015)). For every year, Geo-EPR records the areas dominated by 
politically excluded groups. We calculate the number of excluded groups 
within each PRIO-GRID cell and average the value within administrative 
units. Units with a significant share of territory populated by excluded 
groups have a higher value for this variable. 

Fourth, we assume that the percentage of an administrative unit 
already classified as cropland could affect the baseline rate of land-
ownership. Land is more limited in these areas because people are 
already farming and it is more desirable than arid land. We measure the 
extent of agricultural land using Integrated Science Assessment Model- 
HYDE (ISAM-HYDE) land use data and average the percentage area of 
each raster pixel covered by cropland within the administrative units 
(Meiyappan and Jain, 2012). 

Fifth, the degree to which an administrative unit is physically iso-
lated from population centers could affect landownership rates. To 
control for this, we use a travel time variable that estimates the PRIO- 
GRID pixel-level travel time by land transportation to a city of more 

than 50,000 inhabitants (Uchida and Nelson, 2009). We average these 
values within administrative units. 

Finally, extremely rugged terrain can be difficult to cultivate. As a 
result, such land is less desirable for farming households. We include a 
control variable measuring the proportion of mountainous terrain in an 
administrative unit (Blyth et al., 2002). The dichotomous pixel variable 
is a combination of elevation, slope, and local elevation range. 

4. Estimation 

For administrative units i through j we estimate yi⋯j agricultural 
landownership rate as a function of the SPEI6 deviation (xi...j) in ordi-
nary least squares (OLS) regression: 

yi⋯j = b0 +
∑p

k=1
bkxi⋯jk + ei⋯j 

b0 and bk are the model intercept and effect(s) of k predictor(s), 
respectively. In addition to SPEI6, the other predictors include country 
and year fixed effects and the covariates described in section 3.3. We 
include country fixed effects because each state’s political institutions, 
colonial legacies, trade relationships, and international governmental 
organization membership, among other characteristics, could be de-
terminants of landownership. These fixed effects ensure that the 
considerable baseline differences between South Africa and Senegal, 
Mozambique and Mauritania, or Ghana and Uganda will not bias our 
conclusions. Fixed effects for the year of each country’s DHS account for 
changes (e.g. political developments) that could have occurred in any 
given year, in addition to any other unobserved temporal trends. Error 
term ei⋯j represents the remaining stochastic Gaussian error. 

We report the estimated b SPEI6 effect on landownership rate y as a 
change in percentage points. There has been a move away from using 
arbitrary p-value cutoffs to categorically evaluate hypotheses in the 
scientific community (Amrhein et al., 2019). We present and discuss 
90% confidence intervals (CIs) that define the range of possible SPEI6 
effects. We also prefer this approach because our sample is relatively 
small by some disciplinary standards and regression coefficient test 
statistics are sensitive to sample size (proportional to √N). More con-
servative 95% CIs for our estimates reduce the number of models where 
we can be relatively certain that dry conditions reduce landownership 
rates (see Tables S9 and S10). These additional results still support our 
conclusions for several models. 

Post-estimation tests for the geographic clustering of standard OLS 
model residuals using the Moran’s I statistic (Cliff and Ord, 1973) reveal 
violations of the regression assumption that our data are independent 
and identically distributed. Without correction, these spatial de-
pendencies would bias our model standard errors and lead us to erro-
neous interpretations of the coefficients’ effects. We include a spatial 
eigenvector filtering (SEF) term in our models to account for residual 
spatial autocorrelation. The SEF method uses a decomposition of error 
variance due to spatial dependencies from unobserved residuals in an 
eigenvector optimized to minimize the Moran’s I score (Park and Kim, 
2014). As a check of how this estimation could affect our findings, we 
replicate the analysis using a more traditional simultaneous autore-
gressive error (SAE) model (Bivand, 2019) instead of SEF (see Table S4). 
The results of this robustness check support the main finding. 

5. Results 

The tables presenting our results each contain six models. First is the 
continuous variable measuring the number of dry growing seasons 
before the DHS (“Model 1”). The following dichotomous variables 
measured whether one, two, three, four, or five of the most recent 
growing seasons were all drier than average (“Models 2–6”). Our 
preferred OLS model estimates in Table 2 correct for unobserved social, 
economic, or environmental differences bewteen countries and over 
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time. Lending support to our hypothesis, we find considerable evidence 
that dry growing season conditions reduce landownership rates. Our 
Table 3 results also show that dry growing seasons are associated with 
lower rates of landownership in each cross-section of the DHS dataset. 

For every additional dry growing season, our results show a 1.38 
percentage point reduction in agricultural landownership rates (see 
Table 2 Model 1). A smaller reduction in the landownership rate 
(− 0.13%), and more considerable decline (− 2.63%) due to drier than 
average conditions are also possible according to our data and model 
assumptions (see estimate CIs). This finding is supported by Model 3–6 
results, which show that experiencing anywhere from two to five dry 
growing seasons reduces landownership rates by anywhere from 
approximately 5.80% to 7.64%. Smaller reductions in the landowner-
ship rate fall within our CIs (see Models 3–6), but they are still distinct 
from zero effect. 

We arrive at a similar conclusion using several different estimations. 
When we include a host of population, infrastructure, and economic 
control variables, our results are nearly identical for Models 1–6. 
Table S3 shows that every recent dry growing season lowers a region’s 
landowning share by 1.39% (see Model 1). Respectively, two, three, 

four, and five consecutive growing seasons reduce the landowning share 
by around 5.06%, 7.18%, 5.78%, and 6.58% on average (see Table S3 
Models 2–6). Compared with areas experiencing typical weather, the 
SAE model results (Table S4) also show reduced landownership rates if 
two, three, or four of the prior growing seasons were dry (− 4.75%, 
− 5.68%, and − 6.49%, respectively). If we control for the possibility that 
wetter than average growing seasons could reduce landownership rates, 
our results are also consistent (see Table S8) 

Instead of using landownership rate changes as the outcome, Table 3 
presents the results of models predicting the share of the population that 
reported owning agricultural land in each cross-section of the DHS 
dataset. The number of observations reported in Table 3 reflects the full 
dataset. There are subtle differences in these results. However, regions 
that experienced three, four, or five recent growing seasons that were 
historically dry had an average 4.91%, 5.85%, and 8.55% lower land-
ownership rate, respectively, than places that did not endure dry 
growing seasons (see Models 4–6). A range of more (− 14.86%, see 
Model 6) and less (− 0.17%, see Model 4) remarkable differences in the 
landownership rate fall within our CIs, and are therefore reasonably 
compatible with our data. It is noteworthy that the number of dry 

Table 2 
OLS regression of dry condition (SPEI6 < 0.0) effects on changing rates of landownership; 90% confidence interval in brackets; * Null hypothesis value outside the 
confidence interval.   

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

Intercept 0.292 − 0.501 0.022 − 1.006 − 0.844 − 1.217  
[− 6.014; 6.598] [− 7.862; 6.859] [ − 6.184; 6.228] [ − 7.190; 5.178] [ − 7.026; 5.337] [ − 7.677; 5.244] 

Number of dry growing seasons − 1.384*       
[− 2.638; − 0.130]      

One dry growing season  − 0.179       
[− 4.094; 3.737]     

Two dry growing seasons   − 5.823*       
[− 10.496; − 1.149]    

Three dry growing seasons    − 7.647*       
[− 13.295; − 2.000]   

Four dry growing seasons     − 5.800*       
[− 11.474; − 0.127]  

Five dry growing seasons      − 6.939*       
[− 13.509; − 0.369] 

Base OLS Moran’s I p value 0.003 0.004 0.003 0.004 0.003 0.003 
Country fixed effects Yes Yes Yes Yes Yes Yes 
Year fixed effects Yes Yes Yes Yes Yes Yes 
Spatial eigenvector filter Yes Yes Yes Yes Yes Yes 
R2 0.348 0.325 0.343 0.352 0.349 0.329 
Adjusted R2 0.247 0.216 0.241 0.247 0.245 0.216 
Num. obs. 210 210 210 210 210 210  

Table 3 
OLS regression of dry condition (SPEI6 < 0.0) effects on rate of landownership; 90% confidence interval in brackets; * Null hypothesis value outside the confidence 
interval.   

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

Intercept 63.550* 60.601* 61.508* 62.381* 60.347* 58.856*  
[46.993; 80.107] [43.773; 77.429] [45.100; 77.917] [45.508; 79.255] [ 44.441; 76.253] [ 40.574; 77.138] 

Number of dry growing seasons − 0.804       
[− 1.960; 0.352]      

One dry growing season  0.602       
[− 2.850; 4.054]     

Two dry growing seasons   − 2.344       
[− 6.286; 1.597]    

Three dry growing seasons    − 4.912*       
[− 9.651; − 0.172]   

Four dry growing seasons     − 5.856*       
[− 11.231; − 0.481]  

Five dry growing seasons      − 8.550*       
[− 14.869; − 2.231] 

Country fixed effects Yes Yes Yes Yes Yes Yes 
Year fixed effects Yes Yes Yes Yes Yes Yes 
Spatial eigenvector filter Yes Yes Yes Yes Yes Yes 
R2 0.379 0.364 0.378 0.391 0.383 0.390 
Adjusted R2 0.299 0.280 0.302 0.312 0.298 0.301 
Num. obs. 553 553 553 553 553 553  
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growing seasons has no relationship with landownership rate in these 
results (Model 1), but overall the findings are reassuring. 

We find additional support for our hypothesis when using a shorter 
window to measure precipitation deficits (SPEI3 instead of SPEI6). 
However, these effects are less consistent across models (see Table S5). If 
we use a lower threshold for defining dry conditions (SPEI6 ≤ -0.5 SD), 
the relationship in our main findings disappears (see Table S6). These 
conditions rarely occur, however. Fewer than ten administrative units 
experienced an average SPEI6 ≤ − 0.5 for three, four, or five consecutive 
growing seasons. Using more conservative (wider) CIs, we find some 
support for several of the results presented in Tables 2 and 3 (see Models 
3 and 4 in Table S9 and Model 6 in Table S10). 

Conceivably, rainy weather might lead to higher landownership 
rates. However, we find no evidence that wetter than average growing 
seasons (SPEI6 ≥ 0.0) influence landownership rate changes (see 
Table S7). A higher threshold for wet conditions (SPEI6 ≥ 0.5) affects an 
even smaller number of administrative units than the driest SPEI6 
threshold used in Table S6. No region had been this much wetter for 
three, four, or five consecutive growing seasons. We can use the 
consecutive number of SPEI6 ≥ 0.5 growing seasons before a survey as a 
control variable in our regressions (see Table S8), but cannot compare a 
direct effect of SPEI6 ≥ 0.5 to Table 2 or Table 3 results. 

6. Conclusion 

We find that drier than average growing seasons reduce agricultural 
landownership rates across Africa. Several robustness checks support 
our conclusion. Our results line up with some observations in the 
existing literature. For example, a Zambian case study reported an in-
crease in MSF landownership relative to the number of smallholder plots 
(Sitko and Jayne, 2014). Falling landownership rates among households 
combined with an increase in MSF could be due to a shift away from 
smallholder farming toward wage labor on land owned by somebody 
else. The effects of weather variability could be influencing this eco-
nomic transformation. Our findings provide valuable insights into how 
landownership patterns are changing continent-wide. 

An optimistic future scenario where African agricultural production 
maintains pace with population growth – “food secure” forecasts of 
agricultural activity through 2050 have included this possibility (Fitton 
et al., 2019) – and our conclusion that global warming could increase 
landlessness are not mutually exclusive. Large farms already provide 
wages for millions of African farmers. If managers of large farms are 
efficient and their products are distributed effectively and equitably, 
there could be sufficient food to meet future needs. Nevertheless, the 
harmful effects of weather variability upon landownership rates through 
adverse agricultural impacts could still be disruptive. Land distribution 
grievances are already a simmering source of conflict and social unrest 
operating through several pathways discussed above. Increasingly 
common RNFL, the pressures associated with urbanization, and political 
unrest against perceived injustices all threaten stability. 

Our research is novel but has several limitations. First, a shortcoming 
of our reliance upon DHS data is that the questionnaires were not 
enumerated in every African country. Furthermore, the key landown-
ership question we used was not included in every country’s DHS. Our 
study is broadly representative of agroeconomic and climatic zones, 
colonial experiences, political regime types, ethnolinguistic and reli-
gious diversity levels, and even the degree of underlying political sta-
bility. However, because some countries are not represented in the 
sample, our data offer a partial view of vastly complex land issues across 
Africa. Second, we did not plan the timing of the DHS. In some countries, 
little time passed between data collection efforts (e.g. Burundi in 2010 
and 2012, Senegal in 2014 and 2015). In others, the time between any 
two surveys was as long as eight years (Ghana between 2008 and 2016). 
It is unclear how spacing data collection evenly over time could have 
affected our results, but a uniform temporal distribution of surveys 
would have been ideal. 

Beyond data availability issues, we are pursuing additional related 
research. African urbanization rates are among the highest in the world. 
Work investigating the subsequent demands for employment, housing 
infrastructure, and education in urban centers has expanded (Barnett 
and Adger, 2007; Melde et al., 2016). Policymakers should remain 
aware of weather variability as a mechanism for urbanization. Addi-
tional studies of the challenges that remain for the populations who do 
not leave regions with drying weather patterns and falling landowner-
ship rates would also be extremely valuable. The concerns of these 
landless “trapped populations” (Black et al., 2013) are probably not 
compatible with many of the adaptation strategies that have been 
identified in the climate change mitigation literature. It is too late for 
households that lost their land to introduce new crop varietals, construct 
new irrigation, or acquire insurance for harvests and livestock. We plan 
to extend the current research by focusing on changing livelihoods in the 
many rural regions where agricultural landownership rates are falling. 
Deliberately selecting several regions from our larger dataset will allow 
for a sufficient level of detail to address these important dilemmas. Our 
results shed light on how global warming’s effects could impact land-
ownership rates in Africa. Newer research will uncover additional 
related human-environment interactions that are beyond the scope of 
this article. 
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