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Abstract  
We analyze if exposure to weather risk affects the tenure security of smallholder farmers in 
rural Tanzania. Drawing on a household panel survey with three waves and high-resolution 
weather data, our identification strategy exploits exogenous variation in precipitation across 
time and space. Results from household fixed effects estimations show that exposure to weather 
risk significantly lowers farmers’ perceived tenure security, while it increases land conflicts. 
Moreover, weather risk influences the likelihood that farmers acquire land certificates. These 
findings suggest that both land formalization and land dispute resolution mechanisms are 
needed to cushion the impacts of weather risk.  

Keywords: Dry spells, extreme weather, land certificates, land conflicts, precipitation 
variability, Tanzania, tenure security  

JEL Q15, Q54, P48, O13  
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1. Introduction 

Tenure insecurity is a major concern for smallholder farmers globally. In 2020, 

approximately 121 million people in Sub-Saharan Africa feared that they will lose their land or 

property in the next five years (Prindex, 2020). Tenure (in)security is frequently studied in the 

development literature, which typically analyzes the role of secure tenure for farmers to invest 

in their land and improve agricultural production (for reviews see Higgins et al., 2018; Lawry 

et al., 2017; Robinson et al., 2014; Tseng et al., 2021). However, little is known about the 

determinants of tenure (in)security. The tenure security of smallholder farmers is often 

presumed to be relatively stable over time and mainly a function of legal characteristics, such 

as tenure type, the presence of a formal land title, and the mode of acquisition. The role of 

weather for tenure security is rarely studied. Understanding the link between weather and tenure 

security is particularly important with progressing climate change, since weather extremes are 

set to increase in frequency and intensity, potentially threatening secure land tenure.   

This study addresses this gap, providing new empirical evidence on the link between 

weather risk and the tenure security of smallholder farmers in Tanzania. Specifically, we answer 

the following research questions: First, does weather risk affect farmers’ perceived tenure 

security and the occurrence of land conflicts? Second, does weather risk affect the acquisition 

of land certificates? Our empirical analysis builds on a household panel survey with three 

waves, implemented in central Tanzania between 2013 and 2018, which contains detailed 

information on tenure security, land conflicts, and land certificates. Using geo-referenced 

information on households’ location, the household survey data is combined with high-

resolution gridded precipitation data (0.05°) and temperature data (0.25°). Our focus is on dry 

spells and precipitation variability, exploiting exogenous variation in precipitation across time 

and space. A household fixed effects model is employed to control for unobserved time-

invariant heterogeneity across households.  
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Results show that exposure to both dry spells and precipitation variability significantly 

lower farmers’ perceived tenure security. At the same time, exposure to both types of weather 

risk increases the risk of experiencing land conflicts. Precipitation variability mainly leads to 

increased land conflicts between farmers and pastoralists, whereas dry spells mainly increase 

the risk of land conflicts within the family, with neighbors, companies, and the government. 

Furthermore, exposure to precipitation variability strongly decreases the likelihood that farmers 

acquire land certificates, while exposure to dry spells increases the likelihood that farmers 

acquire land certificates within 1.5 years.  

An investigation into potential mechanisms reveals that income fluctuations and 

changes in family labor dynamics due to weather variations may impact land tenure security. 

In the aftermath of dry spells or erratic rainfall, households experience reduced agricultural 

output and income, leading to increased off-farm employment and a reduced on-farm ‘guard 

labor’ presence among family members. Consequently, this may weaken the household’s ability 

to defend its land rights against external claims. 

This article contributes to the literature in four ways. First, we provide novel empirical 

evidence on how different types of weather risk affect smallholder farmers’ land tenure, a 

question that receives little scholarly attention. Exceptions include Kalkuhl et al. (2020), who 

study sharecropping as a choice endogenous to climate risk, and Buggle and Durante (2021), 

who analyze the effects of climate risk on the development of social cooperation. While a large 

body of literature analyzes effects of extreme weather events on conflict (e.g. Burke et al., 2015; 

Hsiang et al., 2013; Hsiang & Burke, 2014; Sarsons, 2015), little research focuses specifically 

on land conflicts.  

Second, our analysis provides new empirical evidence on the determinants of farmers’ 

tenure security, thus contributing to an under-researched field. We focus on perceived tenure 

security, which is arguably the most relevant dimension of tenure security for farmers’ 
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behavior, since perceptions are thought to underlie human behavior (Dijksterhuis & Bargh, 

2001; Jenkins et al. 2018). The small body of existing research on the determinants of perceived 

tenure security builds on cross-sectional survey data (Ayamga et al., 2015; Ghebru & 

Girmachew, 2019; Ghebru & Lambrecht, 2017; Yi et al., 2014), which often does not allow for 

a causal identification of effects, with the exception of Sipangule (2017). Our use of a detailed 

household panel survey and a household fixed effects approach allows us to control for 

unobserved time-constant household characteristics, a considerable improvement over cross-

sectional analyses of tenure security.  

Third, we add to the literature on the link between land conflicts and tenure security, 

which so far mainly considers concerns about land conflicts or expropriation as a measure of 

tenure insecurity (Jacoby et al., 2002; Linkow, 2016; Reerink & van Gelder, 2010) and well-

functioning tenure systems as a remedy against land conflicts (Boone, 2014). We provide 

empirical evidence on both actually experiencing land conflicts and the perception of tenure 

security of smallholder farmers.  

Fourth, we contribute to the debate on land formalization by analyzing how weather risk 

may incentivize farmers to acquire land certificates. A large body of literature studies the impact 

of land registration and formalization programs on tenure security, agricultural production, and 

other development outcomes (Ali et al., 2014, 2017; Deininger & Chamorro, 2004; Deininger 

& Feder, 2009; Holden et al., 2011; Kubitza et al., 2018; Place & Migot-Adholla, 1998). Yet, 

few studies analyze the determinants of title acquisition and we are not aware of studies that 

analyze the link between weather risk and the acquisition of land certificates.  

The remainder of the study is organized as follows: the next section introduces the 

conceptual framework. Section 3 provides background on the Tanzanian context, followed by 

a description of the data in section 4. In section 5, we outline the empirical strategy. Section 6 

presents and discusses the results. Section 7 concludes.  
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2. Conceptual framework: The link between weather risk and tenure security 

In this study, we analyze the effect of weather risk on tenure security. Various 

definitions of tenure security are used in empirical research (Arnot et al., 2011). Often, a 

distinction is made between de jure tenure security, implying a legal title to land, and de facto 

tenure security, understood as the actual tenure security as determined by objective factors, such 

as land ownership and government policies. Van Gelder (2010) extends this to a tri-partite view, 

adding perceived tenure security, which acknowledges that informal systems can also play an 

important role. The FAO (2002:18) offers one of the most frequently used definitions, framing 

tenure security as ‘the certainty that a person’s rights to land will be recognized by others and 

protected in cases of specific challenges’. This definition includes components of both de facto 

and perceived tenure security, which can diverge if an individual’s perceived tenure security 

does not correspond (fully) to the factual threats or enablers of tenure security. Yet, a more 

comprehensive definition of de facto tenure security acknowledges the influence of perceptions 

and beliefs, as they shape actual security, as suggested by Sjaastad & Bromley (2000). If 

enforcement of land laws is inadequate, de jure tenure security may also diverge from de facto 

tenure security (Platteau, 2002).  

We focus primarily on perceived tenure security and hypothesize that weather risk may 

affect perceived tenure security in various ways. In addition, we study the effect of weather risk 

on land conflicts and land formalization through the acquisition of land certificates. This stems 

from the understanding that perceived tenure security, land conflicts, and land formalization are 

intricately linked. On the one hand, farmers’ perception of the risk of land conflict (Linkow, 

2016) or the risk of expropriation (Huntington & Shenoy, 2021; Reerink & van Gelder, 2010) 

are commonly used to define tenure security. On the other hand, weak land institutions, unclear 

land rights, and insecure tenure are often assumed to contribute to conflicts over land (Boone, 

2014, 2017; Deininger & Castagnini, 2006). According to Coasian logic, well defined land 
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(property) rights reduce transaction costs and lower the risk of conflict (Coase, 1960). Land 

formalization is seen as a way of securing land rights, which is why tenure security is frequently 

defined in legal terms as having a formal, government-approved claim to land (Robinson & 

Diop, 2022). The evolutionary theory of land rights contends, among others, that scarcity-

induced land disputes increase the demand for tenure security and, in turn, formal land titling 

(Platteau, 1996).   

We hypothesize that direct and immediate effects of weather risk on perceived tenure 

security are unlikely. However, a number of intermediate channels, outlined below, are 

plausible, through which weather risk may affect perceived tenure security. All of these 

channels are induced by resource scarcity or uncertain agricultural prospects that follow from 

weather risk. Weather variability lowers agricultural potential, for instance through decreased 

water availability for crop production and livestock rearing, and can put agricultural livelihoods 

at risk, which may ultimately influence perceived tenure security.  

First, weather risk may affect perceived tenure security in agricultural settings through 

a psychological channel. Adverse weather conditions, leading to resource scarcity and 

diminished agricultural prospects, may increase the perceived threat of losing access to one’s 

land.  

Second, weather risk is likely to induce conflicts, which, in turn, may influence 

perceived tenure security. The link between weather variability, climate, and conflicts is well-

established. A large empirical literature documents that weather and climate significantly affect 

the risk of conflict, which in rural areas partially runs via agricultural production (for reviews 

and meta-analyses, see Hsiang et al., 2013; Hsiang & Burke, 2014; Koubi, 2019). In mixed 

agro-pastoral settings, dry periods or precipitation variability can spur conflicts around water 

and fodder access (Butler & Gates, 2012), often between pastoralists and agriculturalists 

(McGuirk & Nunn, 2020), which is also observed in Tanzania (Benjaminsen et al., 2009). More 
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generally, weather risk can also foster competition for resources and might put households in 

vulnerable positions, making them more prone to land conflicts within the family and with 

outsiders. Further, harsh weather does not always spur new conflicts, but may induce latent 

conflicts to surface (Dell et al., 2014). Adverse weather conditions can, for instance, affect 

physical boundaries that are used to demarcate land, e.g. trees and streams. When these are 

altered or disappear, this can invite conflicts over land.  

Third, perceived tenure security may be influenced by weather risk through a reduction 

in ‘guard labor’. As weather risk increases and agricultural production falls, households may 

have to rely more on off-farm employment. This could increase perceived tenure insecurity, if 

fewer people – and especially the household head – are present at the homestead to defend the 

household’s land against outside claims. Economic theory predicts that households react to 

insecure property rights to land with ‘guard labor’, a substitute to productive labor in the 

agricultural context (Besley & Ghatak, 2010). Out-migration is also linked to tenure security, 

with land registration projects in low and middle-income countries often – but not always – 

found to increase out-migration, presumably because land is more secure and does not need to 

be guarded (Valsecchi, 2014).  

Fourth, weather-induced resource scarcity may also cause changes in the demand for 

land certificates. Weather risk may reduce agricultural production and deplete households’ 

financial capital, thus making the acquisition of land certificates more difficult. Households’ 

incentives for acquiring certificates are not well understood and, despite a shift from top-down 

land reforms in the 1980s and 1990s to more bottom-up and participatory approaches in the 

2000s, land formalization is largely viewed as externally imposed on households (Sjaastad & 

Cousins, 2009). Experimental evidence from Tanzania shows that the costs of acquiring a land 

certificate play a key role in households’ decision to apply for land certificates (Ali et al., 2016). 
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At the same time, land conflicts may influence the demand for land certificates, if land 

certificates are seen as a means of protection against land conflicts. 

3. Land tenure in Tanzania 

Since the start of the new millennium, Tanzania has seen intensifying competition for 

farmland and a rise in land conflicts (Odgaard, 2003; Walwa, 2020). In the 1990s, in the wake 

of a second wave of land reforms across several (African) countries, Tanzania’s tenure system 

was reformed in an effort to recognize existing rights, while simultaneously creating an 

effective land market. Tanzania’s land reform of 1999 is considered among the most carefully 

designed reforms across Africa, striking a balance between protecting vulnerable groups, such 

as female-headed households, while also improving efficiency and business opportunities 

(Pedersen, 2015). However, it is also criticized as a centralistic, bureaucratized, and legalistic 

reform that commoditized land and opened up the land market for investments and alienation 

(Boone & Nyeme, 2015).  

Under the Village Land Act and the Land Act, both enacted in 1999, all land in Tanzania 

is classified as village land, reserve land, or general land. As of 2019, village land (which also 

comprises the land smallholder farm households use for farming) makes up almost 70% of all 

land in Tanzania (African Development Bank, 2019). A large part of village land is land held 

under customary tenure laws, which are protected under the Village Land Act. Such land is 

directly managed by village authorities or other customary institutions. Reserve land consists 

of spaces for wildlife and natural parks, whereas general land is all land not falling under the 

first two categories, for instance urban land and land leased by the government (Wily, 2003). 

All land is vested in the president, who has the sole authority and power to transfer land from 

one category to another (Rwegasira, 2012). Yet, the regulation of other land matters, such as 

land allocation and dispute settlement, has been gradually decentralized since mainland 
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Tanzania’s independence in 1961. Authority in such matters now lies with village and district 

authorities. At the same time, customary practices that counteract village authorities are 

prohibited (Pedersen, 2015).  

Land titling requires several steps: The Village Land Act allows villages to have their 

land surveyed and to devise land use plans, which must be endorsed by district councils. Once 

this is completed, households can apply for Certificates of Customary Rights of Occupancy 

(CCROs) for their land, which are granted by village land councils (Schreiber, 2017). 

Certificate costs vary, but are reported to be high in the absence of systematic land formalization 

efforts (Aikaeli & Markussen, 2022).  

Implementation of the 1999 land reform and formalization process in Tanzania has been 

slow (Aikaeli & Markussen, 2022; Rubakula et al., 2019), among the slowest rollouts in Sub-

Saharan Africa (World Bank, 2018). Since village land councils can issue CCROs 

autonomously, there is no central registry of all available CCROs, but a nationally integrated 

land management information system is planned (ibid.). Bureaucracy in issuing land certificates 

varies across Tanzania, since the villages have authority over issuing CCROs, but tends to be 

relatively homogenous within regions. Compared to other countries and in contrast to issuing 

of individual titles, the process of titling communal land in Tanzania has been described as 

comparatively fast, involving few authorities (Notess et al., 2021). By 2017, most villages had 

mapped their outer boundaries and about 13% had devised land use plans. Of the approximately 

6 million smallholder farm households in Tanzania, an estimated 400,000 had obtained formal 

land titles as of 2017 (Schreiber, 2017). Titling is partially driven by government initiatives, 

but self-initiated acquisition of land certificates by farmers also occurs. Given the high costs of 

formal titling in the absence of subsidized programs, households also resort to other forms of 

informal documentation, which are not issued by the government (Aikaeli & Markussen, 2022). 

In focus group discussions carried out by researchers of Ardhi University, Tanzania, in part of 
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the survey villages in July 2023, lack of enforcement of existing land tenure regulations and 

land use plans was mentioned as a major issue impeding the proper functioning of land tenure 

systems in Tanzania.i 

Land allocation, redistribution, and the misuse of land assigned for a specific purpose 

are frequent causes of disputes. Conflicts arise between farmers and pastoralists, between 

neighbors, between farmers and the government, between private companies, or even within 

households (Bergius et al., 2020; Bluwstein et al., 2018; Greco, 2015). In Tanzania, both highly 

mobile pastoralists and sedentary agro-pastoralist households exist. In some areas, pastoralists 

have not been allocated sufficient grazing land, leading them to venture into villages or reserve 

land to feed their livestock, particularly in dry years. This has led to violent clashes and 

continues to be an issue of high visibility and intense public debate in Tanzanian media and 

politics (Benjaminsen et al., 2009; Walwa, 2020). Land acquisitions by investors – both from 

the private sector and the government – have also sparked discontent and conflict over land 

(Bélair, 2021).  

4. Data 

4.1 Household panel survey data 

The database for the empirical analysis is the Trans-SEC household panel survey 

implemented by Sokoine University of Agriculture and University of Hannover as part of the 

Trans-SEC project (http://www.trans-sec.org/). The Trans-SEC survey aims at collecting 

detailed data on agricultural livelihoods and food security in Tanzania. It was implemented in 

six villages located in two neighboring regions of central Tanzania: semi-arid Dodoma and sub-

humid Morogoro region (Fig. A1 in the Appendix). These two regions jointly account for 70-

80% of the farming systems in Tanzania (Graef et al., 2014). The regions and study villages 
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were selected to represent different cropping systems and varying degrees of market access and 

livestock integration. In each village, 150 households were randomly selected (out of a total 

population of 800-1,500 households per village) (Brüssow et al., 2019; Graef et al., 2014). The 

survey comprises three panel waves that were implemented in 2014, 2016, and 2018.  

The sample size in the first wave comprises 899 households, of which 820 and 778 

households were re-interviewed in the second and third waves, respectively. Our analyses build 

on a balanced panel of 778 households that were surveyed in all three waves. Sample attrition 

between the first and third wave was 13.5%. If households that dropped out of the panel survey 

over time differ systematically in their land tenure security or exposure to conflict, our results 

may be biased. We conduct various tests to examine the drivers of panel attrition.ii We conclude 

from those tests that attrition does not severely bias our estimates.  

Households in both regions are smallholder farmers practicing primarily rain-fed 

agriculture as their main source of living. Livestock rearing is common in both regions, but 

more prevalent in semi-arid Dodoma. Besides income from agricultural production, the survey 

records income from renting land, receiving remittances, self-employment, wage employment, 

and from the extraction of natural resources. The survey has a strong emphasis on agricultural 

production and records plot-level information regarding land tenure, mode of land acquisition, 

formal status, main use of land, crop production, soil fertility, and input use in great detail. Main 

crops cultivated are maize, millet, sorghum, sunflower, sesame, and groundnuts. The three 

panel waves cover the main agricultural seasons of 2013, 2016, and 2018 (Fig. A2 in the 

Appendix).iii In the survey area, the main growing season starts in January and harvest takes 

place in April. On average, households possess 2.62 plots. Data cleaning (explained in the 

Appendix) involved removing outliers in plot size, agricultural production, and income. 

Our main outcome variables of interest are recorded at the plot level. Since plots are not 

uniquely identified across waves, we could only match parts of the plot-level sample across the 
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three panel waves.iv In the balanced sample of households, the sample used in our main 

analyses, only 57% of plots (3,510 out of 6,139 plots) could be matched with confidence across 

all three waves. Information on the year of acquisition for all 6,139 plots reveals that 7% of 

plots in the sample were obtained after 2013. We conduct attrition tests to examine the factors 

leading to plots not matching over time.v 

Because of this rather high number of unmatched plots, we opted for using household-

level variables in our main analysis and provide further analyses at the plot level as robustness 

test. Our choice to focus on household-level outcomes is also motivated by our interest in 

households’ overall landholdings and tenure situation. One potential threat to our identification 

is that households sell or lease out land in response to weather influences. While we cannot 

completely rule out such effects, only few households reported selling land in response to a 

shock (13, 4, and 10 households in the first, second, and third panel wave, respectively). 

Another potential threat to our identification could stem from inappropriate aggregation 

from the plot to the household level. In the study villages, almost all plots directly border the 

homestead. Homesteads are mostly scattered across the villages, with slightly higher 

concentration along roads and village centres. Each village is further divided into 9-15 sub-

villages. The survey records the minutes needed to walk from the homestead to each plot. The 

median for this variable is zero minutes in all three waves, with average walking distances 

between 5.3-6.6 minutes per wave (Table A7 in the Appendix). Even when considering means, 

this translates into an average distance between homestead and plots of ca. 0.5km, depending 

on walking pace. The precipitation variables employed in our model have a resolution of ca. 

5km. Overall, given the close proximity of plots to homesteads and the decentralized 

organization of agricultural villages in the sample, we are confident that the aggregation of the 

dependent variables from plot level to household level does not unduly bias the results. 
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The first outcome variable is perceived tenure security. For each plot, the survey records 

the perceived tenure security on a four-point ordinal scale, with (1) corresponding to ‘not tenure 

secure at all’; (2) ‘somehow tenure secure’; (3) ‘almost tenure secure’; and (4) ‘very tenure 

secure’. In the following, we only consider the fourth category (‘very tenure secure’) for two 

reasons: First, our interest is in understanding the determinants of tenure security, as compared 

to tenure insecurity. Second, we consider the highest and lowest category of the tenure security 

scale to be more accurately measured. We aggregate tenure security to the household level by 

creating a dummy variable taking the value one if a household owns at least one plot it considers 

‘very tenure secure.’ The mean of this indicator variable increases from 0.36 in 2013 to 0.86 in 

2018 (Table 2).  

The second outcome variable is an indicator variable taking the value one if a household 

self-reports having experienced any land conflicts in the 12-month reference period preceding 

each panel wave.vi The survey records different types of conflicts around land, including 

conflicts with neighbors, pastoralists, within the family, the government, and private 

companies. Few households report experiencing several types of conflict. The incidence of land 

conflicts remained relatively stable over time, with about 10% of sample households reporting 

conflicts in each wave. Overall, 24% of households reported experiencing any type of land 

conflict at least once. Figure 1 shows how the frequency of specific types of land conflicts 

changed over time. Notably, land conflicts with neighbors decreased and conflicts with 

pastoralists increased over time, while all other conflict types remained relatively stable.  

[[Insert Figure 1 here]] 

As the third outcome, we consider if households obtained a land certificate since the 

previous panel wave. We construct a dummy variable that takes the value one if household 

acquired a certificate for an existing plot or bought a new plot with a land certificate. A 

certificate does not necessarily mean a formal land title obtained from the government, but can 
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also take other forms of written documentation commonly used in the village. Since our focus 

is on the change in land certificates over time, the sample for this analysis is restricted to the 

second and third waves.  

Table 2 presents summary statistics by wave for the dependent variables, main 

explanatory variables, control variables, and channels. While characteristics, such as household 

size, average farm size, and the number of plots farmed, remain relatively stable over time, 

notable increases are observed in livestock ownership, agricultural production, and – albeit at a 

lower rate – total net income. The moderate increase in total net income despite the considerable 

rise in agricultural production can be explained by price dynamics. For instance, the price of 

maize in 2018 was 19% lower compared to 2016, possibly due to increased maize supply. 

[[Insert Table 1 here]] 

[[Insert Table 2 here]] 

4.2 Weather data 

We focus on two weather indicators. The first is the occurrence of dry spells, defined as 

15 or more consecutive dry days (CDD15). Prolonged dry periods over several successive days 

without precipitation are detrimental to crops and agricultural livelihoods, making it a suitable 

variable in studies that examine the impacts of weather on crop growth (Laudien et al., 2020; 

Schlenker & Roberts, 2009). Specifically, CDD15 is defined here as the number of times a dry 

spell of 15 or more days occurred during the previous growing season, with a dry day defined 

as a day with less than 0.5mm of precipitation. The previous growing season refers to the 

growing seasons of 2013, 2016, and 2018 that began some 9-12 months before the 

implementation of each panel wave. 

The second weather measure is precipitation variability, which we proxy with the 

coefficient of variation of the daily precipitation sum (precipitation CV). Precipitation 
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variability is considered a main source of risk for agriculture (Aufhammer et al., 2012; Kalkuhl 

et al., 2020). Following Kalkuhl et al. (2020), we use the CV of precipitation and not the 

standard deviation, since the CV is scale-invariant. 

In addition, median temperature during the previous crop growing season is used as 

control in all specifications, since precipitation and temperature are highly correlated.  

The precipitation measures are calculated from the CHIRPS (Climate Hazards group 

InfraRed Precipitation with Stations) precipitation dataset (Funk et al., 2015), while the 

temperature measure is calculated from ERA5 (Copernicus Climate Change Service, 2017). 

CHIRPS has a resolution of 0.05° × 0.05° (approximately 5km × 5km), which leads to 

24 unique data points for the study area. CHIRPS is a state-of-the-art weather data product that 

blends weather station data with satellite data and provides reliable precipitation information 

for East Africa (Dinku et al., 2018). The resolution of ERA5 is 0.25° × 0.25°, giving six unique 

data points for the study region, one per village. The weather data are matched with the panel 

survey data, using the geo-referenced location of households for matching the precipitation 

data.vii  

5. Empirical framework 

We first examine if weather risk affects farmers’ perceived tenure security. We estimate 

a household fixed effects model of the following structural form:  

𝑆𝑆𝑖𝑖𝑖𝑖 =  𝛽𝛽1𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 + 𝛿𝛿𝑋𝑋𝑖𝑖𝑖𝑖 + 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 +  𝛼𝛼𝑖𝑖 +  π + 𝛾𝛾𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑖𝑖 [1] 

where the perceived tenure security S of household i at time t is estimated as a function 

of weather riskit (the occurrence of dry spells or precipitation variability) in the previous 

growing season, a vector of time-varying household-level controls X, median temperature 

(temp) in the previous growing season, household fixed effects 𝛼𝛼𝑖𝑖, enumerator fixed effects 
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𝜋𝜋, wave fixed effects 𝛾𝛾𝑡𝑡, and an error term 𝜀𝜀𝑖𝑖𝑖𝑖 that contains unobserved and time-varying 

heterogeneity as well as a random individual error component. Household fixed effects capture 

any observed or unobserved time-invariant heterogeneity across households. Enumerator fixed 

effects account for possible effects stemming from the assignment of enumerators to sample 

households.viii Wave fixed effects control for any events that affect all households in a given 

year in similar ways. The main coefficient of interest is 𝛽𝛽1, which measures the effect of weather 

risk on perceived tenure security. Weather risk is defined either as dry spells or as precipitation 

variability. Since temperature and precipitation are correlated, we control for median 

temperature in all specifications, as suggested in the climate econometrics literature 

(Auffhammer et al., 2013). We chose to cluster at the level of the precipitation data points, 

analogously to the literature that clusters at the level of treatment assignment in  

(quasi-)experimental settings (Abadie et al., 2022).ix Eq. 1 is estimated with ordinary least 

squares (OLS) using a linear probability model, since logistic or probit regression in panels 

with few time periods and many cross-sectional units suffers from incidental parameter bias 

(Wooldridge, 2013). 

Time-varying household-level controls include household size, which may influence 

both tenure security and land conflicts, as a larger household can pose a threat for the claims of 

individual members. This may result in more frequent intra-family land disputes. At the same 

time, a large household may find it easier to stand up to outside claims. The size of total 

farmland and farm fragmentation affect how easily a household can control its land holdings. 

Livestock ownership indicates both asset wealth and socio-economic status, which may both 

protect from or attract land conflicts. Summary statistics of the complete set of control variables 

are reported in Table 2.  

In the most parsimonious model, we do not include any household-level controls in 

order to estimate the full effect of the respective weather risk variable on tenure security and 
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avoid over-controlling. We then add time-varying household-level controls. All controls 

constitute potential intermediate outcomes that may themselves be affected by weather 

conditions, thus possibly absorbing part of the effect on the main outcomes of interest. The 

estimated coefficients of weather risk in the full model with controls thus give an indication of 

the direct – not full – effect size. However, due to the likely endogeneity of most time-varying 

controls to the land tenure outcomes of interest, the coefficients can no longer be interpreted 

causally in the full model.  

To estimate the effect of weather risk on land conflict, we follow a similar approach as 

in eq. 1, using the same controls and fixed effects.  

The second research question examines if exposure to weather risk increases the 

likelihood that smallholder farmers acquire a land certificate. We estimate the following 

equation:  

𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 =  𝛽𝛽2𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖−1 +  𝛿𝛿𝑋𝑋𝑖𝑖𝑖𝑖 + 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑖𝑖 +  𝜋𝜋 + 𝛾𝛾𝑡𝑡 + 𝜀𝜀𝑖𝑖𝑖𝑖 [2] 

The outcome variable of interest is the acquisition of a new land certificate either for an 

existing plot or for a newly acquired plot since the last panel wave. The measures for weather 

risk, weather riskit-1, are now lagged by one year (i.e., dry spells and precipitation CV two 

growing seasons before each interview). This accounts for the fact that land documentation 

often requires some time, making a certain time lag in the response likely. Although land 

documentation can be lengthy, within the study region, certificates can be obtained within a 

couple of months, since all villages in the sample have land use plans in place and their outer 

village boundaries are mapped. Informal written land documentation can be obtained even 

faster. The model is estimated for waves 2 and 3. The same sets of control variables and fixed 

effects are used as in eq. 1. In addition, we control for the current value of the weather risk 

measure, weather riskit. 
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6. Results and discussion 

6.1 Weather effects on perceived tenure security and land conflicts 

Table 3 presents regression results for eq. 1, with the outcome variable being 

households’ perceived tenure security in the previous growing season. Column 1 shows the full 

effect of dry spells on perceived tenure security. Exposure to dry spells during the growing 

season decreases households’ perceived tenure security. The estimated coefficient of dry spells 

is significant at the 1% level and the result holds when controlling for time-varying household-

level characteristics (col. 2). In columns 3 and 4, we test the effect of the precipitation CV on 

perceived tenure security. We find a highly significant effect on perceived tenure security: 

Households exposed to high precipitation variability report considerably lower perceived tenure 

security. When again including the full set of controls in col. 4, the coefficient of the 

precipitation CV on tenure security remains at similar levels.  

[[Insert Table 3 here]] 

Next, we analyze the effect of weather risk on land conflicts. Table 4 displays the results 

for all land conflicts combined (col. 1-4), for conflicts with pastoralists (col. 5-6) and other land 

conflicts (col. 7-8), which concern conflict parties other than pastoralists. Cols. 1-2 and 3-4 

show strong positive effects of dry spells and the precipitation CV on the experience of land 

conflicts, both in the baseline model and when including household controls. In other words, 

households are considerably more likely to experience land conflicts after having been exposed 

to weather risk. When differentiating between conflicts with pastoralists and other land 

conflicts, the coefficient estimates indicate that the effect of precipitation variability can mainly 

be explained with increased conflicts between farmers and pastoralists, while the effect of dry 

spells on land conflicts is mainly driven by land conflicts other than with pastoralists. 

[[Insert Table 4 here]] 
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6.2 Consequences of weather risk: acquisition of land certificates 

In this section, we explore whether exposure to weather risk leads households to acquire 

a land certificate for one or several plots. Table 5 displays results for eq. 2, obtained with OLS. 

Columns 1-3 present the effect of dry spells on either the acquisition of a new land certificate 

for an existing plot or the acquisition of a new plot with a certificate. Since obtaining a new 

land certificate can take some months in the study area, we expect effects to materialize with a 

time lag. Thus, the first lag of the respective weather variable is the relevant measure. Column 1 

displays results when only including lagged dry spells, col. 2 additionally controls for dry spells 

occurring in the current period, and col. 3 additionally includes household controls. In all three 

specifications, exposure to dry spells occurring about 1.5 years before the survey interview 

increases the likelihood of acquiring a land certificate. In contrast, the results presented in 

cols. 4-6, again using a stepwise approach, indicate that households exposed to precipitation 

variability about 1.5 years before the survey interview are considerably less likely to acquire a 

new land certificate. This result is in line with the large negative effects found of precipitation 

variability on tenure security in Table 3 and the positive influence on land conflicts (Table 4).  

The positive effect of dry spells could suggest that farmers view the acquisition of land 

certificates as a means of protecting themselves against future land disputes. A potential 

explanation for the differential effects of both weather risk measures on land certificate 

acquisition could lie in the type of land conflict that is influenced by the respective weather 

event. Precipitation variability is correlated with conflicts between farmers and pastoralists, 

where land certificates cannot protect farmers from pastoralists’ infringements on their land. 

On the contrary, conflicts with family members, neighbors, the government, or outside 

companies may be easier to address with land certificates.  

[[Insert Table 5 here]] 
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6.3 Potential impact channels from weather to land tenure 

Next, we examine potential channels from weather risk to perceived tenure security, 

land conflicts, and land certificate acquisitions. First, we analyze if weather risk translates into 

changes in agricultural production. Cols. 1 and 2 in Table 6 present results of an OLS regression 

of dry spells and the precipitation CV, respectively, on agricultural production (measured in kg 

per ha). We use the inverse hyperbolic sine transformation to transform the outcome variable, 

to account for the highly skewed distribution. The inverse hyperbolic sine transformation has 

the advantage of handling zero values, in contrast to the log transformation. Results show that 

dry spells and higher levels of the precipitation CV in the current season strongly decrease 

household’s agricultural production, with both coefficients significant at the 1% level. Effects 

are persistent for dry spells occurring 1.5 years before the survey interview, but not for the 

lagged precipitation CV. The point estimates in col. 2 (-1.30) suggest a reduction in agricultural 

production of ca. 2.3% following a 1% increase in precipitation variability.  

The drop in agricultural production after experiencing weather risk in the current 

growing season translates into significant decreases in net household income, which is again 

transformed using the inverse hyperbolic sine transformation (cols. 3 and 4 of Table 6). This is 

in line with a solid body of evidence documenting weather effects on income (Dell et al., 2012; 

Dell et al., 2014; Kotz et al. 2022). Effects on net income are not persistent over time, with the 

first lags of the weather risk variables being not significant at conventional levels. Part of the 

negative income shock following weather risk is offset by increased wage income (cols. 5 and 

6), due to increased wage employment (cols. 7 and 8), which points to (partly) effective income 

smoothing strategies.  

With regard to perceived tenure security, these effects on the households’ economic 

situation can point to potential mechanism related to ‘guard’ labor. The increases in wage 

employment following weather risk suggest that households respond to weather risk with less 
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labor used for protecting their land, which could decrease perceived tenure security. At the same 

time, such reduced presence on the land can make the household more exposed to conflicts, if 

unguarded land is taken advantage of.  

The negative income shock could further exacerbate tenure insecurity, as it makes 

households more vulnerable to outside land claims and reduces their ability to apply for (costly) 

land certificates. Ali et al. (2016) show that income plays an important role in the acquisition 

of land certificates, although other studies do not find a significant relation between income and 

tenure security (Sipangule, 2017; Yi et al., 2014).  

[[Insert Table 6 here]] 

6.4 Robustness tests  

We conduct a series of robustness tests to assess the reliability of our findings. The 

robustness tests are split into two parts: We first carry out robustness tests at the household level 

and, in the second part, then analyze perceived tenure security, land conflicts, and land 

certificate acquisitions at the plot level.  

At the household level, we first employ an alternative definition of the main outcome 

variable, perceived tenure security, as robustness test. Instead of using an indicator variable, we 

calculate the share of farmland that is considered ‘very tenure secure’ by households (see 

summary statistics in Table A8 in the Appendix). Results, displayed in Appendix Table A9, are 

very similar to baseline results. Second, we use an alternative definition of tenure security that 

combines the third and fourth category (‘almost tenure secure’ and ‘very tenure secure’) of the 

survey item from which the main outcome is constructed. We define both an indicator variable 

taking the value one if a household holds at least one plot it considers either ‘almost tenure 

secure’ or ‘very tenure secure’ and a variable representing the share of farmland perceived as 

either ‘almost tenure secure’ or ‘very tenure secure’ (Appendix Table A10). Results are very 
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similar to the baseline model when using the share variable, but not when using the indicator 

variable. This may be explained with the fact that by the time of the third panel wave, almost 

all households farmed at least one plot respondents felt either almost or very secure about, thus 

eliminating much of the variation (Appendix Table A8). 

Note that in the baseline model, we control for median daily temperature in the previous 

growing season, which correlates with precipitation. Next, we test the sensitivity of our findings 

to using an alternative measure of temperature, maximum daily temperature, which is more 

likely to have an immediate effect on crops in itself (apart from its interaction with 

precipitation). Appendix Tables A11, A12, and A13 display results with maximum daily 

temperature instead of median daily temperature as control variable. Appendix Table A11 

shows results for the effect of dry spells and precipitation variability on perceived tenure 

security. The signs of the main effects of interest remain the same as in the baseline models, 

although effect sizes are considerably smaller and the estimated coefficients for precipitation 

variability are no longer statistically significant at conventional levels. Appendix Table A12 

displays results for the occurrence of land conflicts. The estimated coefficients of dry spell and 

precipitation variability are of comparable magnitude and have similar significance levels as 

the baseline results. Lastly, in Appendix Table A13 we present results for the effect of dry spells 

and precipitation variability with a one-year time lag on the uptake of land certificates. Again, 

the size of the estimated effects of dry spell and precipitation variability is smaller than in the 

baseline results and, partly, at lower levels of significance. Taken together, we interpret those 

results as supportive evidence that findings are robust to the exact definition of temperature, an 

important control variable. 

However, threats to the validity of our findings could also arise from inappropriate 

aggregation of land tenure variables to the household level. In section 4.1 we explain our 

motivation to study tenure security primarily at the household level. We now study drivers of 
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tenure security at the plot-level and compare this to the household-level findings by using the 

matched panel of plots (3510 out of 6139) to repeat some of the main analyses at the plot level. 

We estimate eq.1 and 2 without household-level controls, but with plot-level fixed effects. 

Outcome variables are defined at the plot level, namely an indicator variable taking the value 

one if a plot is considered very tenure secure, an indicator variable for the experience of a land 

conflict on the plot and the first difference of a land certificate on a plot. The results generally 

confirm the household-level results, but with two important differences: the negative effect of 

dry spells on perceived tenure security is weaker and the precipitation CV does not have a 

significant impact on the acquisition of new land certificates. The first difference can potentially 

be explained with plot-level attrition effects and changes in the plot sample due to new plot 

acquisitions in between waves. The second difference may be due to the fact that the plot-level 

analysis cannot account for newly acquired plots with land certificates. Unconditional t-tests on 

the difference in means indicate that matched plots have a smaller average size compared to 

unmatched plots and are more likely to be documented with a land certificate. Given the high 

number of unmatched plots, the plot-level analysis needs to be interpreted carefully, but it 

generally confirms the results obtained at the household level.  

6.5 Implications for land policies and programs 

Our results underline the importance of better understanding short-term influences on 

tenure security in order to design appropriate and well-targeted land tenure interventions. This 

may entail establishing or improving accessible and well-functioning dispute resolution 

mechanisms for land conflicts, particularly in areas that are affected by weather risk, to alleviate 

impacts of extreme weather on households’ land tenure. In Tanzania, there are specific land 

tribunals designated at the ward and district levels, with the High Court Land Division and the 

Court of Appeal forming the highest instance at national level (Rwegasira, 2012). However, 
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evidence indicates that this system is overburdened and prone to corruption (Massay, 2013; 

Rubakula et al., 2019).  

In particular, our results suggest that the policy response to land conflicts and tenure 

insecurity should consider the type of weather risk households face in a given region, as this 

may influence which response – notably land formalization or the improvement of land dispute 

resolution – is most appropriate. The role of weather risk for tenure security is particularly 

concerning given the climate change context: with increasing climate change, dry spells and 

erratic precipitation are expected to become more likely (Kendon et al., 2019), which could 

result in higher tenure insecurity and more frequent land conflicts in the future.  

Further, our results shed light on the importance of access to land formalization. While 

several studies report negative side effects of land formalization projects on smallholder farmers 

(for reviews, see Lawry et al., 2017; Sjaastad & Cousins, 2009), our results provide suggestive 

evidence that land certificates are sought by some farmers to protect themselves against 

previously experienced weather-driven land conflicts. However, land certificates only offer 

limited protection for conflicts between farmers and pastoralists, who do not threaten ownership 

claims to land, but rather infringe on land to graze their herds. Such conflicts are driven by 

precipitation variability, which requires other policy solutions for farmers (and pastoralists) 

affected by such conflicts. Potential solutions encompass enhanced mediation mechanisms to 

address conflicts between farmers and pastoralists, as well as proactive programs designed to 

enforce extant regulations governing resource access for both groups. This includes clear 

demarcation of land boundaries, land use plans, and formal acknowledgment of the resource 

rights pertaining to each respective group. 

Generally, land certificates are not equally accessible for all socio-economic groups. 

Marginalized social groups may find it more difficult to gain access to certificates, while 

certificates are of little help against powerful and well-organized interests, e.g., the state. The 
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president has considerable power over land in Tanzania. In the past, even formal land 

certificates have not always protected rural communities from expropriation.x In addition, the 

growing formalization of land tenure frequently gives rise to intra-household land disputes, 

often resulting from exclusionary practices disproportionately affecting women and younger 

men (Odgaard, 2005). In African countries, land ownership and control are typically 

characterized by significant inequalities across socio-demographic groups, particularly along 

gender lines. However, accurately quantifying the extent of these disparities remains a 

challenge (Doss et al., 2015). In the Trans-SEC household survey, the survey item on land 

tenure was, in almost all cases, reported by household heads. Hence, the data likely overlooks 

intra-household disputes over land that would have been reported by other members.  

7. Conclusion 

In this study, we provide new empirical evidence on the impact of weather risk on 

farming households’ perceived tenure security, land conflicts, and acquisition of land 

certificates. Our analysis builds on a household panel survey implemented in rural Tanzania 

between 2013 and 2018 that contains detailed information on farmers’ tenure security. We use 

the occurrence of dry spells and the coefficient of variation of precipitation in the previous crop 

growing season as measures of weather risk to study how weather affects tenure security.  

Our results contribute to the literature in several ways. First, we provide novel evidence 

on the effect of weather on land tenure, which is, so far, mainly studied in cross-sectional 

settings (Kalkuhl et al., 2020). We show that exposure to weather risk decreases perceived 

tenure security, is associated with increased land conflicts, and even influences interest in land 

certificates. While both dry spells and precipitation variability increase the exposure to land 

conflicts, the types of land conflict vary. Precipitation variability mainly increases exposure to 
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land conflicts between farmers and pastoralists, while dry spells predominantly increase all 

other types of land conflicts, such as within the family or with neighbors.  

Our second main finding is that tenure security is dynamic over time and not just 

influenced by plot-level characteristics but also by larger-scale weather risk. Third, we add to 

the debate on interactions of tenure security, land conflicts, and land documentation by showing 

how exogenous shocks affect the three tenure security characteristics at the same time.  

Finally, we contribute to the debate on land formalization, by documenting effects of 

weather risk on the acquisition of land certificates. These results are mixed: while precipitation 

variability significantly lowers the likelihood that farmers acquire a land certificate, dry spells 

– with a one-year time lag – are associated with increased acquisition of certificates. This 

difference in impact could be explained with the different conflict types driven by the respective 

weather events. Other potential channels include decreases in agricultural production as a result 

of weather risk, which is stronger in the case of precipitation variability. 

One limitation of this study is its limited geographical scope. We caution that our 

findings may not be generalizable to the whole of Tanzania, as the household panel survey was 

merely implemented in six villages. Nevertheless, those study villages were selected to cover a 

wide range of Tanzanian farming systems and the land tenure system is characteristic of what 

has been termed the ‘new’ African customary land tenure (Chimhowu, 2019), which is 

increasingly formalized. Consequently, our findings hold potential relevance for regions with 

similar climate and where agriculturalists and pastoralists interact, particularly in semi-arid 

areas of East Africa and the Sahel. 

As a further limitation, the nature of the survey does not allow for detailed intra-

household analyses, which could mask important dynamics with respect to the perception of 

tenure security and the benefits of land certificates within the household.  
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Our findings shed light on some debated questions in land policy. Secure tenure is not 

only important for farmers to adapt to climate change, it is itself affected by weather risk, which 

is set to increase with progressing climate change. Given the strong link between dry spells, 

precipitation variability, and tenure security, improving the tenure security of smallholder 

farmers will likely grow in importance with increasing climate change. Otherwise, there is a 

risk of tenure insecure and vulnerable households being trapped in situations of insecure land 

tenure for sustained periods of time. The main policy implication is that land tenure 

interventions, such as land registration projects or conflict resolution programs, should consider 

farmers’ vulnerability to weather risk and target its efforts accordingly.  
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Tables  

Table 1: Description of key variables. 

Variable name Variable description 

Perceived tenure security Household owns at least one plot that it perceives as ‘very tenure secure’ 

Land conflict Household experienced a land conflict in the previous 12 months 

New land certificate Household acquired a new land certificate for a plot since the last panel wave, or newly 
acquired a plot with a land certificate 

Dry spell  Number of times a dry spell of 15 consecutive dry days (CDD15) occurred in the previous 
growing season, with each day < 0.5 mm precipitation 

Precipitation CV Coefficient of variation of the daily precipitation sum in the previous growing season 

Median temperature Median of the daily mean temperature in the previous growing season 

Agricultural production Crop production in kg per ha in the previous season 

Total net income Net annual household income, adjusted for purchasing power parity (PPP) and converted to 
2011 USD 

Net wage income Net annual wage income, adjusted for purchasing power parity (PPP) and converted to 2011 
USD 

Wage employment At least one household member was employed as wage laborer in the year preceding the 
interview 
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Table 2: Summary statistics for key variables. 

Variable type Variable name Mean St. Dev. Min Max N 

Dependent variables       

 Perceived tenure security (wave 1) 0.36 0.48 0 1 763 

 Perceived tenure security (wave 2) 0.53 0.50 0 1 760 

 Perceived tenure security (wave 3) 0.86 0.35 0 1 777 

 Land conflict (wave 1) 0.10 0.30 0 1 741 

 Land conflict (wave 2) 0.09 0.29 0 1 763 

 Land conflict (wave 3) 0.09 0.29 0 1 773 

 Pastoral land conflict (wave 1) 0.03 0.16 0 1 741 

 Pastoral land conflict (wave 2) 0.06 0.24 0 1 763 

 Pastoral land conflict (wave 3) 0.07 0.26 0 1 773 

 Other land conflict (wave 1) 0.07 0.26 0 1 741 

 Other land conflict (wave 2) 0.04 0.18 0 1 763 

 Other land conflict (wave 3) 0.02 0.15 0 1 773 

 New land certificate (wave 2) 0.02 0.14 0 1 766 

 New land certificate (wave 3) 0.14 0.35 0 1 766 

Main explanatory variables       

 Dry spell (wave 1) 0.19 0.39 0 1 778 

 Dry spell (wave 2) 0.41 0.49 0 1 778 

 Dry spell (wave 3) 1.45 0.50 0 2 778 

 Precipitation CV (wave 1) 2.02 0.17 1.67 2.31 778 

 Precipitation CV (wave 2) 1.74 0.16 1.47 2.03 778 

 Precipitation CV (wave 3) 1.54 0.12 1.35 1.86 778 

Weather controls       

 Median temperature (wave 1) 24.95 0.69 22.69 25.65 778 

 Median temperature (wave 2) 24.84 0.70 22.90 25.61 778 

 Median temperature (wave 3) 23.66 0.74 22.02 24.46 778 

Household and farm controls       

 Household size (wave 1) 4.91 2.26 1 18 778 

 Household size (wave 2) 5.28 2.33 1 19 778 

 Household size (wave 3) 5.37 2.32 1 15 778 

 Household owns livestock (wave 1) 0.67 0.47 0 1 778 

 Household owns livestock (wave 2) 0.82 0.39 0 1 778 

 Household owns livestock (wave 3) 0.82 0.39 0 1 778 

 Farm size (in ha) (wave 1) 1.60 1.03 0.00 6.07 770 

 Farm size (in ha) (wave 2) 1.69 1.03 0.02 6.27 771 

 Farm size (in ha) (wave 3) 1.51 0.92 0.002 6.18 777 

 Number of plots (wave 1) 2.59 1.16 1 7 770 

 Number of plots (wave 2) 2.45 1.05 1 7 766 

 Number of plots (wave 3) 2.82 1.24 1 7 777 

Main channels       

 Agricultural production (kg/ha) (wave 1) 1,643.55 2,155.63 0.00 14,645.78 739 

 Agricultural production (kg/ha) (wave 2) 1,647.68 1,849.42 0.00 11,627.17 752 

 Agricultural production (kg/ha) (wave 3) 3,079.35 4,323.61 204.99 33,286.53 773 

 Total net income (wave 1) 1,499.74 1,766.98 -584.70 10,306.70 778 

 Total net income (wave 2) 1,692.99 1,995.52 -235.69 11,821.62 778 

 Total net income (wave 3) 2,137.04 2,188.23 -252.26 11,385.66 778 

 Net wage income (wave 1) 276.14 1,086.49 0.00 17,060.92 778 
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 Net wage income (wave 2) 138.00 386.48 0.00 7,056 778 

 Net wage income (wave 3) 224.10 627.45 0.00 10,277 778 

 Wage employment (wave 1) 0.35 0.48 0 1 778 

 Wage employment (wave 2) 0.42 0.49 0 1 778 

 Wage employment (wave 3) 0.39 0.49 0 1 777 

Data sources: Trans-SEC household panel survey (waves 1-3), CHIRPS (precipitation) and ERA5 (temperature). 
The balanced sample comprises 778 households surveyed in all three waves. For some households, information is 
missing for some variables.  
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Table 3: Effects of weather on perceived tenure security (OLS). 

Dependent variable: Perceived tenure security  
(1) (2) (3) (4) 

Dry spell  -0.05 *** -0.05 ***   

(0.01) (0.01)   

Precipitation CV   -0.23 *** -0.23 *** 

   (0.05) (0.06) 

Median temperature -0.20 -0.20 -0.06 -0.06 

 (0.13) (0.13) (0.08) (0.08) 

Household controls No Yes No Yes 

Household fixed effects Yes Yes Yes Yes 

Enumerator fixed effects Yes Yes Yes Yes 

Wave fixed effects Yes Yes Yes Yes 

R2 0.79 0.79 0.79 0.79 

N 2,288 2,288 2,288 2,288 
Note: Standard errors are clustered at the level of the precipitation data points with * p < 0.10, ** p < 0.05, 
*** p < 0.01. Data sources: Trans-SEC household panel survey (waves 1-3), CHIRPS (precipitation) and ERA5 
(temperature).  
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Table 4: Effects of weather on land conflict (OLS). 

Dependent variable: Any land conflict Conflicts with 
pastoralists 

Other land conflicts 

 
(1) (2) (3) (4) (5) (6) (7) (8) 

Dry spell  0.05 *** 0.05 ***   0.02 *  0.03 ***  

(0.01) (0.01)   (0.01)  (0.01)  

Precipitation CV   0.16 *** 0.16 ***  0.10 ***  0.06 *** 

   (0.02) (0.03)  (0.02)  (0.02) 

Median temperature -0.13 *** -0.13 *** -0.25 *** -0.25 *** -0.11 ** -0.17 ** -0.02 -0.08 *** 

 (0.04) (0.04) (0.07) (0.08) (0.04) (0.07) (0.02) (0.02) 

Household controls No Yes No Yes Yes Yes Yes Yes 

Household fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

Enumerator fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

Wave fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

R2 0.52 0.52 0.52 0.52 0.55 0.56 0.46 0.45 

N 2,266 2,266 2,266 2,266 2,266 2,266 2,266 2,266 

Note: Standard errors are clustered at the level of the precipitation data points with * p < 0.10, ** p < 0.05, 
*** p < 0.01. Data sources: Trans-SEC household panel survey (waves 1-3), CHIRPS (precipitation) and ERA5 
(temperature). 

  

by
 g

ue
st

 o
n 

A
pr

il 
14

, 2
02

6.
 C

op
yr

ig
ht

 2
02

4
D

ow
nl

oa
de

d 
fr

om
 



40 
 

 

Table 5: Effects of weather on the acquisition of land certificates (OLS).  

Dependent variable: New land certificate  
(1) (2) (3) (4) (5) (6) 

Dry spell (lag 1) 0.04 *** 0.03 *** 0.03 ***    

 (0.01) (0.01) (0.01)    

Dry spell   -0.02 -0.01    

  (0.02) (0.02)    

Precipitation CV (lag 1)    -0.06 * -0.21 *** -0.16 ** 

    (0.03) (0.05) (0.06) 

Precipitation CV     -0.27 *** -0.22 ** 

     (0.08) (0.09) 

Median temperature 0.13 *** 0.06 0.07 0.14 *** -0.02 0.01 

 (0.04) (0.10) (0.08) (0.04) (0.04) (0.05) 

Household controls No No Yes No No Yes 

Household fixed effects Yes Yes Yes Yes Yes Yes 

Enumerator fixed effects Yes Yes Yes Yes Yes Yes 

Wave fixed effects Yes Yes Yes Yes Yes Yes 

R2 0.66 0.66 0.68 0.66 0.67 0.68 

N 1,521 1,521 1,516 1,521 1,521 1,516 

Note: Standard errors are clustered at the level of the precipitation data points with * p < 0.10, ** p < 0.05, 
*** p < 0.01. Data sources: Trans-SEC household panel survey (waves 1-3), CHIRPS (precipitation) and ERA5 
(temperature). 
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Table 6: Potential weather impact channel (OLS). 

Dependent variable: Agricultural 
production (kg/ha) 
(inverse hyperbolic 
sine) 

Net household 
income (inverse 
hyperbolic sine)  

Net wage income 
(inverse hyperbolic 
sine) 

Wage employment  

(1) (2) (3) (4) (5) (6) (7) (8) 

Dry spell (lag 1) -0.11 **  0.12  0.22  0.03  

 (0.05)  (0.08)  (0.16)  (0.02)  

Dry spell  -0.45 ***  -0.18 ***  0.14 *  0.02 **  

 (0.02)  (0.06)  (0.07)  (0.01)  

Precipitation CV (lag 1)  -0.25  0.43  0.84 **  0.14 

  (0.24)  (0.54)  (0.32)  (0.09) 

Precipitation CV  -1.30 ***  -0.94 ***  0.88 ***  0.13 *** 

  (0.08)  (0.30)  (0.26)  (0.04) 

Median temperature  -1.02 -0.08 -0.33 0.34 2.41 *** 2.16 *** 0.34 *** 0.30 *** 

 (0.84) (0.62) (0.38) (0.31) (0.65) (0.53) (0.09) (0.07) 

Household controls No No No No No No No No 

Household fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

Enumerator fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

Wave fixed effects Yes Yes Yes Yes Yes Yes Yes Yes 

R2 0.58 0.57 0.39 0.40 0.58 0.58 0.58 0.58 

N 2,252 2,252 2,322 2,322 2,322 2,322 2,321 2,321 

Note: Standard errors are clustered at the level of the precipitation data points with * p < 0.10, ** p < 0.05, 
*** p < 0.01. Data sources: Trans-SEC household panel survey (waves 1-3), CHIRPS (precipitation) and ERA5 
(temperature). 
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Figure titles 

Figure 1: Number of households experiencing different types of land conflict, by wave. Data 
source: Trans-SEC household panel survey (waves 1-3). 

 

Footnotes 

 
i The focus group discussions were conducted as part of a follow-up project jointly carried out by 

Ardhi University and PIK. Focus groups were held with farmers and village leaders, the primary discussion topic 
was the implementation of agroforestry systems in the villages. We are grateful to Luitfred Kissoly and Nelson 
Ochieng for implementing the focus group discussions. 

ii Unconditional t-tests on differences in means indicate that dropped households do not differ 
significantly in their perceived tenure security and the reported incidence of land conflicts from households that 
remained in the panel (Table A1 in the Appendix). Next, we run a probit regression on the determinants of the 
probability of a household being interviewed in all three panel waves, using the same set of control variables as in 
the baseline model (Table A2 in the Appendix). Tenure security and the experience of land conflicts, the key 
variables of interest, are not significantly correlated with households being interviewed in all three waves. Few 
other explanatory variables are statistically significant and those that are have relatively small effect sizes. An 
added regressor test points into the same direction (Table A3 in the Appendix): When regressing the experience 
of land conflicts or households’ perceived tenure security on the main set of control variables constructed from 
wave 1 data, a dummy variable for panel attrition, and interaction terms between the attrition dummy and all 
control variables, the attrition dummy is not statistically significant at conventional levels in either model. Note, 
however, that livestock ownership has heterogeneous effects: While for households that stayed in the panel, the 
ownership of livestock is significantly and negatively correlated with the experience of land conflicts, this relation 
is significant and positive for households that dropped out of the survey. The effect is no longer significant if we 
instead employ the number of livestock (Table A3, col. 2 and 3). For both outcomes, a likelihood ratio test on the 
null hypothesis that the interaction terms are jointly zero reveals that the model with interaction terms does not fit 
significantly better, with a p-value of 0.42 in the land conflicts regression and 0.65 in the tenure security regression. 

iii More precisely, data collection took place January-March 2014 (wave 1), November-December 
2016 (wave 2), and November-December 2018 (wave 3). The reference period for questions on agricultural 
production is January-December 2013 (wave 1), September 2015-August 2016 (wave 2), and October 2017-
September 2018 (wave 3).  

iv In the survey, plots were not assigned unique identifiers, as the survey implementers did not 
originally intend to match plots across waves. Rather, survey items were asked at plot-level to record agricultural 
productivity as precisely as possible. Thus, we matched plots for each household based on the following criteria: 
main use of the plot, size, and mode of acquisition. Specifically, we matched plots if at least two of the three 
criteria matched across waves. As the plot size was at times difficult to estimate for respondents, we allowed for a 
divergence of the precise number of up to 25%. If the main use of the plot was ‘homestead’ in one of the waves, 
we only considered it a match if this plot was labelled as ‘homestead’ in all three waves. However, for the 
homestead we tolerated larger divergence in plot size across waves, since the homestead plots are usually rather 
small. For the other possible land uses (e.g., ‘annual crops’ or ‘permanent crops’) we tolerated divergences if the 
other criterion matched. In some cases, households possessed only one plot in each wave, but only one of the above 
criteria matched. In these cases, we examined additional characteristics to facilitate plot matching. Such auxiliary 
information was derived from the plot’s position in the plot roster used in the questionnaire and the tenure status. 

v Unconditional t-tests on the equality of means shows that matched and unmatched plots do not 
differ significantly in their perceived tenure security and reported incidence of land conflicts (Table A4 in the 
Appendix). However, they are significantly different in their size; plots that cannot be matched over time are larger 
on average. There is also a slight difference with regard to land certificates attached to plots, with matched plots 
being more likely to be certified. As for the household-level attrition analysis, we run a probit regression on the 
determinants of plots being matched over all three survey waves (Table A5 in the Appendix). Land certificates, 
livestock ownership, and the plot size are significantly correlated with plots being matched over time, albeit with 
rather small effect sizes. An added regressor test (Table A6 in the Appendix) reveals that the attrition dummy is 
statistically significant only in the tenure security model. The coefficient is positive and sizeable, potentially 
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explaining the smaller weather effect observed in the plot-level analysis compared to the household-level analysis 
(Table A14 in the Appendix). 

vi Unfortunately, no information was recorded on the intensity of the conflict. However, some 
households reported crop losses due to livestock intrusion onto their land.  

vii For 50 households, no GPS data are available. For these cases, we draw on information on the 
sub-village location and impute precipitation and temperature over the respective sub-village (out of a total of 48 
sub-villages).  

viii Across the three waves, 68 enumerators conducted the survey interviews, with most enumerators 
only joining the team during one panel wave. Auxiliary regressions revealed that enumerators were systematically 
assigned to sample households in which the head exhibited similar demographic characteristics. When removing 
enumerator fixed effects, the effects of weather risk on land conflicts and the acquisition of a land certificate remain 
qualitatively similar to baseline estimations, while the effects of weather risk are no longer statistically significant 
for the tenure security outcome. This can potentially be explained by different levels of subjectivity and sensitivity 
inherent in those outcomes. During survey interviews, the role of enumerators may be more influential when asking 
respondents about their perceived tenure security compared to asking respondents about the possession of land 
certificates or the experience of land conflicts. F-tests comparing models with and without enumerator fixed effects 
support the inclusion of enumerator fixed effects. 

ix Clustering standard errors at the household or village level yields only minimally larger standard 
errors. All main effects remain significant at least at the 10% level, except for the effect of precipitation variability 
on the acquisition of a new land certificate.  

x               In Tanzania, all land is vested in the president, which means it cannot formally be owned by 
farmers. As such, the president has considerable power over land and can for instance transfer land from one 
category to another (village land, reserve land, general land), which also influences the way the land is governed 
and the purposes it can be used for. The state can also obtain land for public purposes, e.g. infrastructure 
development. In theory, if the state wants to acquire land for public purposes, it needs to notify and consult the 
affected landowners and determine and pay a just and fair compensation based on the market value of the land. In 
the case of customary land tenure, a consultative process with the community needs to be held. However, in 
practice, the implementation of these regulations varies. 
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