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ABSTRACT
Maia Averyl Call: Rural Livelihoods and Environmental Change in Uganda
(Under the direction of Clark Gray)
Environmental changes, which include soil degradation, deforestation, and climate change, have
long been posited as potential drivers of rural livelihood decisions in Sub-Saharan Africa.
However, providing empirical evidence for these socio-environmental patterns has proven
difficult due to a lack of spatially explicit longitudinal livelihoods data as well as appropriately
fine-scale environmental data. To address this gap in the literature, this dissertation spatially
links two waves of longitudinal household and plot survey data (collected in Uganda in 2003 and
2013) with a remotely sensed forest cover product and modeled climate data. These data provide
a unique opportunity to quantitatively address three questions central to the topic of
environmental change and rural livelihoods: 1) What is the relationship between perceived and
measured soil fertility and soil degradation?; 2) How do environmental factors inform temporary
and permanent migration decisions?; and 3) How do climate anomalies shape on-farm and non-
farm smallholder livelihood strategies? Responding to the first question, the research suggests
that both farmers’ perceptions and laboratory measures can contribute to a holistic portrait of soil
fertility. Addressing the second question, it appears that climate factors, and in particular heat,
eventually drive permanent migrations. Similarly, findings from the third analysis indicate that
while smallholders are able to successfully cope with short term climate stress, long periods of
heat are likely to result in declining agricultural productivity and reduced opportunities for

income through livelihood diversification, despite increased on-farm labor. Overall, this



dissertation illustrates that Ugandan smallholders have good awareness of their current soil
fertility and have successful strategies to cope with typical short periods climate stress. However,
many of the current shifts resulting from soil degradation and rapid climate change may be
beyond the scope of past experience, and smallholders may lack the analytic tools to perceive
and cope with these changes. Likewise, extended periods of heat stress, which were previously
atypical, cannot be managed through conventionally employed on-farm agricultural strategies
and off-farm livelihood diversification approaches, and will eventually press some smallholders
to migrate. These findings can inform rural development policy and have important implications

for rural smallholders during an era of global environmental change.
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CHAPTER 1: INTRODUCTION

Introduction

Environmental changes have long been posited as drivers of rural livelihood decisions. In
Sub-Saharan Africa, these environmental changes have been largely viewed in a negative light.
For the past century, researchers have argued that soil fertility is degrading in the region, driven
by rapid population growth (Stocking, 2003; Stoorvogel & Smalling, 2000; Wortmann & Kaizzi,
1998). Fears that population growth is also driving deforestation in the region have also emerged
in recent decades (Geist & Lambin, 2002; Rudel, 2013). Sub-Saharan Africa is also considered
by the Intergovernmental Panel on Climate Change to be a near term hot spot for the negative
ramifications of climate change, with temperatures expected to rise and rainfall predicted to
become more spatially and temporally unpredictable (IPCC, 2014). Taking into consideration
that Sub-Saharan Africa is a region with high rates of poverty (Barrett, 2008), high population
growth rates (Caldwell & Caldwell, 1990), a heavy reliance on natural resource based
livelihoods (e.g. agriculture) (Ellis, 2000), and lack of market access due to market failures as
well as poor infrastructure (Dorosh, Wang, You, & Schmidt, 2012; Linard, Gilbert, Snow, Noor,
& Tatem, 2012), researchers have predicted that environmental changes may drive large-scale
crop failure (Kotir, 2011), forced migration (Warner, 2010), and pressure to divest from
agricultural livelihoods (Loison, 2015).

Against these sometimes sensationalist hypotheses, providing empirical evidence for
these patterns has proved challenging. Until recent years, researchers have lacked the ability to

join together fine-scale environmental data with longitudinal survey data to examine climate



influences on livelihoods. In this dissertation, I draw together two waves of longitudinal
household and plot survey data collected in Uganda in 2003 and 2013 with a remotely sensed
forest cover product (Hansen et al., 2013) and gridded climate data (Hijmans, Cameron, Parra,
Jones, & Jarvis, 2005; UEACRU et al., 2013) via a spatial linkage. These data allow me to
quantitatively address three questions central to the broad subject of environmental change and
rural livelihoods: 1) What is the relationship between perceived and measured soil fertility and
soil degradation?; 2) How do environmental factors inform temporary and permanent migration
decisions?; and 3) How do climate anomalies shape on-farm and off-farm smallholder livelihood
strategies?

| address the first question in chapter two, where | explore the relationship between
perceived and measured soil fertility and soil degradation. As a primary contributor to
agricultural productivity, soil fertility is an essential part of rural livelihoods in Sub-Saharan
Africa. Concerns about soil degradation in the region have been fueled in recent years by rapid
population growth. While scholars have attempted to assess soil fertility in the region for
decades, differences in methodologies, study sites, and theoretical approaches have resulted in
heterogeneous and divergent findings. One of the major debates arising out of this work focuses
on the value and veracity of farmers’ perceptions and laboratory measures of soil fertility and
soil degradation. Some scholars have argued that one more accurately reflects true soil
fertility/degradation, while others have concluded that they are interchangeable. These
discrepancies arise in large part from the lack of longitudinal, large-sample, spatially diverse data
on this topic. Addressing this gap, this study examines the relationships between perceived and
measured soil fertility and soil degradation in rural Uganda. Further, this research analyzes the

extent to which crop productivity can be predicted by measured and perceived soil fertility. The



analysis employs multilevel modeling techniques and draws upon a large-sample socio-
environmental household survey collected in Uganda in 2003 and 2013. This approach reveals
that soil fertility perceptions and measures are complementary but that farmers’ perceptions of
soil degradation appear to be based on landscape scale observations rather than chemical
properties. Together, perceived and measured soil fertility are strong independent predictors of
crop productivity, suggesting that laboratory measures may not be picking up all of the elements
of soil fertility. Farmers’ perceptions thus have the potential to provide valuable information on
soil fertility, in combination with laboratory measures.

In chapter three, which builds on the findings in chapter two, | investigate the second
question, examining the impact of environmental factors including soil fertility, tree cover,
temperature and precipitation, on temporary and permanent migration. Sub-Saharan Africa, a
region already facing concerns around deforestation and soil degradation, is expected to also be
increasingly affected by climate change. Migration is one of the ways in which people in the
region are expected to respond to these environmental stressors. However, previous studies
suggest that the relationship between environment and migration is complex. In contrast to
previous studies, which typically only examine temporary or permanent migration with a limited
range of environmental predictors, we consider environmental drivers of both temporary and
permanent migration patterns. We employ logistic regression and event history approaches,
drawing upon longitudinal household level surveys and biophysical spatial data for rural Uganda.
Our findings suggest that climate shocks have a larger impact on migration than soil fertility or
tree cover. Further, temporary migrations appear to be a livelihood strategy supported by good
environmental conditions and high agricultural income. Conversely, long periods of heat stress,

which result in lowered agricultural income, appear to drive involuntary permanent migrations.



In the fourth and final substantive chapter, I investigate the relationship between climate
anomalies and smallholder livelihood strategies. Sub-Saharan Africa is one of the regions of the
world considered most critical in terms of the negative effects of global climate change. On-farm
agricultural strategies and off-farm livelihood diversification into non-natural resource based
livelihoods are the two major ways in which people are theoretically expected to respond to
climate anomalies. However, few studies have examined the empirical implications of climate
anomalies on these in situ adaptation strategies. Responding to this gap in the literature, we use
regression approaches to analyze two waves of household survey data, spatially linked with
climate data for rural Uganda. We find that household livelihoods are responsive to climate over
short and long time scales. Droughts decrease agricultural productivity in the short term only,
reducing individual livelihood diversification in the long term. Higher temperatures can be coped
with in the short term, but in the long run above average temperatures lower agricultural
productivity and reduce opportunities for diversification. These observations suggest that new
livelihood strategies will be necessary if smallholders are to successfully adapt in situ to climate

change.



REFERENCES

Barrett, C. B. (2008). Poverty Traps and Resource Dynamics in Smallholder Agrarian Systems.
Applied Economics, 31(1973), 17-40. Retrieved from
http://www.springerlink.com/index/1781133u3u14m50l.pdf

Caldwell, J. C., & Caldwell, P. (1990). High Fertility In Sub-Saharan Africa. Scientific
American, (May), 118-125.

Dorosh, P., Wang, H. G., You, L., & Schmidt, E. (2012). Road connectivity, population, and
crop production in Sub-Saharan Africa. Agricultural Economics, 43(1), 89-103.
https://doi.org/10.1111/].1574-0862.2011.00567.x

Ellis, F. (2000). Rural livelihoods and diversity in developing countries. Oxford university press.

Geist, H. J., & Lambin, E. F. (2002). Proximate Causes and Underlying Driving Forces of
Tropical Deforestation. BioScience, 52(2), 143. https://doi.org/10.1641/0006-
3568(2002)052[0143:PCAUDF]2.0.CO;2

Hansen, M. C., Potapov, P. V, Moore, R., Hancher, M., Turubanova, S. a, Tyukavina, a, ...
Townshend, J. R. G. (2013). High-resolution global maps of 21st-century forest cover
change. Science (New York, N.Y.), 342(6160), 850-3.
https://doi.org/10.1126/science.1244693

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). Very high
resolution interpolated climate surfaces for global land areas. International Journal of
Climatology, 25(15), 1965-1978. https://doi.org/10.1002/joc.1276

IPCC. (2014). Summary for policymakers. In and L. L. W. Field, C.B., V.R. Barros, D.J.
Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada,
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea (Ed.),
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group 11 to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 1-32). Cambridge, United Kingdom and
New York, NY, USA: Cambridge University Press.

Kotir, J. H. (2011). Climate change and variability in Sub-Saharan Africa: A review of current
and future trends and impacts on agriculture and food security. Environment, Development
and Sustainability, 13(3), 587-605. https://doi.org/10.1007/s10668-010-9278-0

Linard, C., Gilbert, M., Snow, R. W., Noor, A. M., & Tatem, A. J. (2012). Population
distribution, settlement patterns and accessibility across Africa in 2010. PLoS ONE, 7(2).
https://doi.org/10.1371/journal.pone.0031743

Loison, S. A. (2015). Rural Livelihood Diversification in Sub-Saharan Africa : A Literature
Review. The Journal of Development Studies, 51(9), 1125-1138.

Rudel, T. K. (2013). The national determinants of deforestation in sub-Saharan Africa.



Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences,
368(1625), 20120405. https://doi.org/10.1098/rsth.2012.0405

Stocking, M. a. (2003). Tropical soils and food security: the next 50 years. Science, 302, 1356—
1359. https://doi.org/10.1126/science.1088579

Stoorvogel, J. J., & Smalling, E. M. A. (2000). Assessment of soil nutrient depletion in Sub-
Saharan Africa: 1983-2000. Soil and Water (Vol. 11). Wageningen.

Warner, K. (2010). Global environmental change and migration: Governance challenges. Global
Environmental Change, 20(3), 402—413. https://doi.org/10.1016/j.gloenvcha.2009.12.001

Wortmann, C. S., & Kaizzi, C. K. (1998). Nutrient balances and expected effects of alternative
practices in farming systems of Uganda. Agriculture, Ecosystems and Environment, 71(1-
3), 115-129. https://doi.org/10.1016/S0167-8809(98)00135-2



CHAPTER 2: RECONCILING THE DEBATE: PERCEIVING AND MEASURING SOIL
FERTILITY IN UGANDA

Introduction

Soil fertility, the ability to provide crops with the essential nutrients to promote growth, is
an integral element of rural livelihoods in rural Sub-Saharan Africa. For decades, scholars have
attempted to accurately assess soil fertility in the region (Palm, Sanchez, Ahamed, & Awiti,
2007). These efforts were originally borne out of a social and historical context that fostered the
concern that population growth and poverty were driving soil degradation, a process that
includes erosion and nutrient depletion (Palm et al., 2007). In recent years, unprecedented
population growth, stagnating crop yields, and concerns about global climate change have led to
a resurgence of this narrative (Muchena, Onduru, Gachini, & de Jager, 2005; Sanchez, 2002;
Tully, Sullivan, Weil, & Sanchez, 2015). Despite over a century of research on soil fertility and
degradation in the region, variations in methodological approaches, study sites, and
epistemologies have not resulted in consensus. Some scholars have argued that soil fertility in
the region is intrinsically poor and soil has been degrading over the past century (Stoorvogel &
Smalling, 2000; Wortmann & Kaizzi, 1998). Simultaneously, others have disputed these
conclusions, citing as evidence methodological flaws and lack of agreement with farmers’
perceptions (Scoones & Toulmin, 1998; Tiffen, Mortimore, & Gichuki, 1994). In the absence of
longitudinal biophysical and socioeconomic data, this question has become more than just a
debate about current soil fertility and soil degradation—it has become enmeshed in the discourse

around the value (and veracity) of scientific and local knowledge.



Embedded within this interdisciplinary debate is a matter of practical concern. Farmers
and agronomists may be coming to their, perhaps differing, conceptions of soil fertility and soil
degradation based on very different perspectives and information. Much previous research has
suggested that farmers’ perceptions are based on factors such as crop yield and the number and
kinds of weeds present in the field (E. Barrios et al., 2006; Gruver & Weil, 2007; Murage,
Karanja, Smithson, & Woomer, 2000). Perceptions also have the potential to be shaped by
external sociocultural elements, such as distance to the nearest marketplace or the relative wealth
of neighbors (Briggs, 2013; Corbeels, Shiferaw, & Haile, 2000; Desbiez, Matthews, Tripathi, &
Ellis-Jones, 2004; Ericksen & Arddn, 2003; Maconachie, 2012; Marenya, Barrett, & Gulick,
2008; Sillitoe, 1998). Agronomists, on the other hand, rely mostly upon biochemical
measurements, such as carbon content, pH, and soil texture, to assess soil fertility and
degradation. Policies implemented, or soil improvement measures suggested, based on measured
soil fertility may have low uptake by farmers if farmers do not likewise perceive a problem with
their soil fertility.

This research addresses these policy-relevant concerns while simultaneously providing
further evidence for the theoretical debate. To do so, | first examine the relationship between
perceptions and laboratory measures of soil fertility and perceptions and laboratory measures of
soil degradation. Subsequently, | analyze the degree to which agricultural productivity can be
predicted by measured soil fertility and perceived soil fertility. The analysis employs multilevel
modeling techniques and draws upon a socially and environmentally heterogeneous large-sample
plot-level soil and sociodemographic data collected in rural Uganda in 2003 and 2013. Broadly,
the findings indicate that perceived soil fertility and measured soil fertility both contribute vital

information to our understanding of soil fertility. Farmers’ perceptions of soil degradation,



conversely, appear to be based on erosion and landscape scale observations and are not
associated with chemical laboratory measures. Together, both perceived and measured soil
fertility are strong predictors of plot productivity. This finding suggests that biophysical
measures may not be picking up all of the elements of soil fertility that contribute to crop
production. Farmers’ perceptions can contribute valuable information to the determination of soil
fertility, in combination with laboratory measures.

Background

Over the past three decades, scholars across a range of disciplines have turned their
attention to the relationship between scientific and local knowledge. Findings from these studies
have demonstrated that a singular, broadly applicable and transferable approach may not always
provide the best results if applied without the recognition of cultural variability and socio-
environmental complexity. Ethnopedology, “a hybrid discipline nurtured by natural as well as
social sciences [that] encompasses the soil and land knowledge systems of rural populations,
from the most traditional to the most modern” (Barrera-Bassols & Zinck, 2003), emerged during
this multidisciplinary turn.

Though early ethnopedology studies were primarily concerned with recording local
knowledge and practices around soil, the field soon expanded into comparisons between local
and laboratory knowledge of soil (Barrera-Bassols & Zinck, 2003). For some researchers, the
goal of this pursuit is to validate local knowledge, with the underlying assumption that laboratory
analysis is the ‘true’ way to evaluate soil fertility (Aynekulu, Carletto, Gourlay, & Shepherd,
2016; Corbeels et al., 2000; Ericksen & Ardon, 2003; Irungu, Warren, & Sutherland, 1996;
Kiome & Stocking, 1995; Mairura et al., 2007; Okoba & Sterk, 2010). Others have also sought

to understand the methods by which farmers evaluate soil fertility (e.g. weeds, crop color), as



perceptions of soil fertility are one factor that drives agricultural management decisions (E.
Barrios et al., 2006; Gruver & Weil, 2007; Murage et al., 2000). In recent years, however,
scholars have argued that it is not enough to compare and categorize soil fertility measures in a
vacuum (Briggs, 2013). Responding to these concerns, a number of researchers over the past
several decades have examined how farmers’ perceptions and laboratory measures of soil
fertility relate to one another within their socio-environmental context (Berazneva, Mcbride,
Sheahan, & David, 2016; Dawoe, Quashie-Sam, Isaac, & Oppong, 2012; Desbiez et al., 2004; L.
C. Gray & Morant, 2003; Maconachie, 2012; Marenya et al., 2008; Odendo, Obare, & Salasya,
2010; Osbahr & Allan, 2003).

Studies that explore perceived and measured soil fertility have come to a wide range of
differing conclusions. On one end of the spectrum, studies have found strong agreements
between laboratory measures and farmers’ perceptions in Ghana (Dawoe et al., 2012), Kenya
(Mairura et al., 2007; Murage et al., 2000), and northern Ethiopia (Corbeels et al., 2000).
Conversely, scholars in southern Ethiopia (Elias & Scoones, 1999), Burkina Faso (L. C. Gray &
Morant, 2003), Nigeria (Maconachie, 2012), and Kenya (Marenya et al., 2008) detected no direct
relationship between the two. Some scholars have observed that the socio-environmental context
contributes greatly to farmers’ perceptions (Briggs, 2013; Corbeels et al., 2000; Desbiez et al.,
2004; Ericksen & Ardon, 2003; Maconachie, 2012; Marenya et al., 2008; Sillitoe, 1998). Yet
other researchers argue that perceptions and laboratory measures should not be viewed as
comparable but rather as complementary means by which to understand soil fertility (Agrawal,
1995; Showers, 2006). Finally, previous research suggests that farmers’ methods of determining
soil fertility may be better suited to considering soil fertility change, because of the time lag

between soil fertility change and crop productivity (Marenya et al., 2008).
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More specifically, Dawoe and colleagues (2012) find that in the Ashanti region of Ghana,
farmers’ indicators of soil fertility (or infertility) corresponds well with scientific assessment,
and are unrelated to age, location, or gender of the head of household. Likewise, Desbhiez and
colleagues (2004) observe a strong relationship between scientific measures and perceptions of
soil fertility in Nepal, but also argue that socio-environmental context, along with plot-specific
characteristics, are an important element of how farmers assess fertility. Osbahr and Allan
(2003), conversely, report no direct link between perceptions and scientific soil assessment in
Niger. However, they argue that this is a result of the complex ethnopedological framework
developed by farmers, which draws from social and cultural, as well as physical, environmental
elements. Similarly, Maconachie (2012) concludes that the reason for the mismatch between
farmers’ perceptions and laboratory measures outside Kano, Nigeria is that socio-environmental
context—exposure to urban culture and consumerism—can skew farmers’ perceptions of their
own soil productivity. Gray and Morant (2003) find that local and scientific measures of soil
fertility change in southwestern Burkina Faso match poorly, perhaps because farmers’
perceptions of soil fertility are based on the social and economic changes in the region, rather
than biophysical shifts.

Alongside these descriptive and exploratory studies, Marenya and colleagues (2008) use
small-sample (123 households) household-level longitudinal data (2002, 2005) in one agro-
ecological zone in Kenya to econometrically examine the way in which perceptions relate to
scientific measures and economic factors. The researchers find disagreement between Kenyan
farmers’ perceptions of soil fertility and laboratory measures, as well as no clear relationship
between perceptions and gender and age of head of household, size of plot, or other contextual

factors. In their analysis of farmers’ perceptions of soil fertility degradation in western Kenya,
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Odendo and colleagues (2010) employ clustered, randomized sampling to gather perceptions
data (N=331) representative of two different agro-ecological zones, one of which had higher
agricultural potential than the other. No laboratory soil measures were gathered for
comparison—rather, Odendo and colleagues conclude that farmers’ perceptions were probably
fairly accurate because their ways of measuring soil fertility (e.g. crop performance, crop color)
were in accord with those used by agronomists in the field. These researchers then use
econometric methods to explore how well various socio-ecological contextual factors are able to
predict perceptions of degradation. Odendo and colleagues find that agro-ecological zone, food
self-sufficiency, and awareness of soil fertility management practices all had a significant
relationship with perceptions of soil degradation.

Through the variation in these findings, these studies highlight the complexity of the
relationship between perceptions and laboratory measures of soil fertility. The diverse literature
surrounding questions of local and laboratory knowledge illuminates both the cross-disciplinary
interest and the difficulty of pursuing this line of inquiry. To further enrich our understanding of
this topic requires a dataset that is longitudinal at the plot level (to investigate questions of soil
fertility alongside questions of soil quality change), large-sample, and agro-ecologically diverse
(to find commonalities across different cropping and environmental regimes). This study exploits
just such a data source to first examine the relationship between perceived and measured soil
fertility and soil degradation. Second, the research draws upon perceived and measured soil
fertility to predict crop productivity per hectare, a commonly used measure of soil fertility. This
research advances the discipline of ethnopedology by providing quantitative findings to stand

alongside the current strong body of qualitative and locally specific research. Further, this study
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provides policy-relevant insights into the relationship between farmers’ perceptions and
laboratory measures of soil fertility.
Methods
Study location

Uganda is a rural country, with 87% of the nearly 35 million Ugandans living outside of
urban areas (Uganda Bureau of Statistics, 2014). For the most part, the soils of Uganda are
highly weathered Oxisols and Ultisols with low nutrient reserves for farmers to draw upon (Palm
et al., 2007; Ssali & Vlek, 2002). The population of the country is growing at a rapid rate of
3.03% annually, and much of this population growth is in rural areas. Rural population density,
already high in some regions, is predicted to increase with population growth (United Nations
Development Programme, 2014). Many rural households depend on income from smallholder
agriculture as their primary livelihood strategy, but within Uganda there is much heterogeneity in
agro-ecological conditions, cultural context, land tenure regimes, and access to markets (Yamano
& Kijima, 2010).
Data

The analysis utilizes plot-level panel data collected in rural Uganda. The first wave of
these data was collected in 2003 by the International Food Policy and Research Institute (IFPRI)
in collaboration with the National Agricultural Research Laboratories (NARL) of Uganda.
Households selected for this survey were chosen from within a sampling framework developed
by the Uganda Bureau of Statistics (UBOS) for a larger survey (Nkonya et al., 2008). Using
clustered random sampling, households were selected from eight different UBOS survey districts
in an effort to represent Uganda’s agro-ecological diversity (see Appendix F). In 2013,

researchers from IFPRI, NARL, the University of North Carolina at Chapel Hill (UNC-CH),
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Cornell University, Purdue University, and Brown University collaborated to carry out the
second wave of this survey. In both waves, enumerators collected survey and spatial data at the
household, plot, and community levels, and took plot-level soil samples for laboratory soil
analysis (see Appendix 1 for soil sampling and analysis procedures; see Appendix 2 for spatial
data procedures).

In the 2013 follow-up, enumerators were able to return to 727 of the 849 households
successfully interviewed in 2003. Of the 122 households not successfully re-interviewed, all but
11 were not re-interviewed due to budgetary restrictions, rather than refusal to answer (see
Appendix 3 for differences in tracked and lost households). In addition to the original
households, individuals who had split off to form new households in the intervening years were
tracked and interviewed if they were still within the original parish. Including these split
households, enumerators collected data from 831 households in 2013. Soil samples were
successfully collected and analyzed from 1,965 plots in 2003 and 1,389 plots in 2013 (full
sample). Of these plots, a subsample of 715 can be successfully spatially matched across the two
years (restricted sample) (see Appendix 4 for matching procedure; see Appendix 5 for
differences between full and restricted sample). The variables used in this analysis are drawn
from the household and the plot level surveys. Specifically, the household roster provides
information on the age, gender, and education of the head of household, while the module on
household income provides household asset and livestock values and the primarily income
source of the household. Information on the distance to the market and all weather road, the
value of crop sales, and the agricultural training of the head of household also came from
different modules of the extensive household survey. The plot level survey basic characteristics

module is the source of information about topsoil depth. Variables are also drawn from the
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module on current crops cultivated and perceptions of plot level characteristics (including soil
fertility and degradation).

Alongside these survey data, environmental data on precipitation and slope are drawn
from two remotely sensed data sources. Average annual precipitation values for a given
community were extracted from the WorldClim Global Climate Dataset at a 1 kilometer spatial
resolution using a 1 kilometer buffer around the community centroid (Hijmans et al., 2005). This
buffer size was chosen based on the spatial distribution of agricultural plots from the survey.
Slope was calculated using the ASTER Global Digital Elevation Map (DEM), which has a
spatial resolution of 30 meters (LP DAAC, 2016).

Table 1 contains full sample descriptive statistics for all variables used in this analysis,
broken down by wave. On average, out of the options “infertile,” “moderately fertile,” and
“highly fertile,” most farmers perceive their soil to be moderately fertile in both 2003 and 2013.
Simultaneously, farmers in 2013 believe that their soil quality has, on average, degraded from
2003 to 2013 (out of the options “degraded,” “no change,” and “improved”). Over all of the plots
sampled at the two time points, as well as the restricted sample of spatially matched plots (see
Appendix 5), soil pH appears to have decreased slightly between 2003 and 2013, suggesting that
the soil has become more acidic and perhaps less hospitable for agriculture. Average organic
matter in the soil appears to have decreased across the full sample but increased within the
restricted sample. This discrepancy may result from the combined extensification-intensification
effort of Ugandan farmers. Over the decade, farmers may have extended their agriculture into
less productive lands, resulting in the apparent decrease in organic matter in the full sample. On
already cultivated plots, however, farmers may have intensified their agriculture, adding more

manure and other forms of organic amendments. Total phosphorus, on the other hand, appears to
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have decreased over this time period. Without amendments, most phosphorus is found in the
underlying bedrock and farmers may be decreasing phosphorus content in soil through
continuous cropping. Plot productivity, which is measured as monetary value produced per
hectare due to the variability in crop types present on each plot, appears to have increased
threefold between 2003 and 2013.

Analysis

The analysis draws upon both the full and the restricted plot-level samples for 2003 and
2013. The full sample is used to analyze the extent to which laboratory measures predict farmers’
perceptions of soil fertility, as well as to explore the extent to which farmers’ perceptions and
laboratory measures predict plot productivity. For these analyses, the two waves of data are
stacked to increase sample size, controlling for the year of survey data collection. The restricted
sample is employed to examine the extent to which change in laboratory measures can predict
farmers’ perceptions of soil quality change between 2003 and 2013. For this model, the analysis
IS cross-sectional, with all variables originating from the 2013 survey other than the laboratory
measures from 2003, which are included to control for survey baseline chemical properties.

For the two models in which farmers’ perceptions are being predicted, ordinal logistic
regression models are used, with standard errors corrected for clustering at the community level
(Huber, 1981). To predict plot productivity per hectare, a three level random effects multilevel
linear regression model is used, with random effects at the household and community levels to
adjust for the non-independence of variables at these levels (Raudenbush & Bryk, 2002). District
fixed effects are included to adjust for agro-ecological, socio-demographic, and other omitted

variable differences between each of the districts. Year fixed effects are included in the stacked

year analyses to adjust for structural and cultural differences between the two years of data
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collection. Because of these fixed effects, results can be interpreted s comparing plots in the
same district in the same year. Values from the ordinal logistic regressions are shown as odds
ratios. In all regressions, household asset values and household livelihoods value are transformed
for normality, as they are highly right-skewed. Soil pH is included in the models as both a linear
and squared term, as optimal pH for soil fertility is in the middle ranges of the scale.

Alongside perceived and measured soil fertility, a standard set of socio-demographic and
environmental controls are employed in all models. Household level controls include the age,
gender, and education level of the head of household, who is typically the person answering the
survey questions. Differences in age, gender, and education have been shown to impact a
farmer’s ability to assess the fertility of his soil (or to increase plot productivity), perhaps due to
differences in experience and access to agronomic information. Likewise, participation in
agricultural training is adjusted for in the models (Marenya et al., 2008). Previous research has
suggested that household size can influence perceptions of soil fertility, regardless of actual soil
fertility or productivity, because a larger household would require greater productivity to
maintain the same standard of living as a smaller household (Carswell, 2002). Agricultural
households, where crop yield provides the primary household income, may also be more
comfortable assessing soil fertility than households for which agriculture is a supplement to off-
farm employment. Theory suggests that asset values could influence farmers’ perceptions (and
productivity) by increasing access to soil amendments or decreasing the reliance of a household
on agricultural production for sustainability. Similarly, livestock could provide households with
an alternative source of income and stability, as well as large quantities of manure to enrich the
soil (Scoones, 2000). To control for potential market effects, measures of distance to the nearest

local market and distance to the closest all-weather road (still usable during the rainy season,
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when flooding and muddy conditions are common) are included. Market access has previously
been seen to impact farmers’ perceptions by providing them with the opportunity to compare
their soil fertility or living condition with those of a wider range of individuals (Maconachie,
2012). Further, access to markets and all-weather roads could improve the ability of households
to obtain soil amendments or attend training courses at local farmers’ organizations.

At the plot-level, measures of both distance from household to plot (calculated using GPS
locations for household and plots) and plot size are incorporated into the model. In an earlier
study, distance from household to plot was demonstrated to impact a farmers’ ability to apply
organic amendments and the frequency with which a farmer visits a plot (Zingore, Murwira,
Delve, & Giller, 2007). Plot size has also been shown to directly impact productivity and could
through this mechanism influence perceptions of fertility (Barrett, 1996). Topsoil depth, as
estimated by the farmer, could impact perceptions by having a very real impact on a soil’s ability
to hold moisture and support crops. Perceived erosion, both rill and sheet, could alter perceptions
of fertility (and crop productivity) by negatively influencing the landscape, though fertility may
not be specifically affected. Cropping type may also impact perceptions and productivity, as
some crops may be more productive than others and more or less likely to deplete soil fertility. A
community-level average measure of annual precipitation was also included in the models, as
rainfall may impact productivity or perceived fertility, as well as the chemical composition of the
soil by promoting decomposition, erosion, leaching, and other processes. To adjust for a small
number of missing data cases in these variables, community (or district, if necessary) mean
values were interpolated, and an indicator for missingness for a given variable was included in

the model.
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Results and Discussion
Perceived and measured soil fertility and soil degradation

As one might expect from the complex and contradictory evidence found in the literature,
it appears from the findings that the relationship between perceived and measured soil fertility
and soil degradation is complicated. Examining the joint tests for soil fertility (Table 2), findings
suggest that laboratory measures of soil fertility predict perceived soil fertility in both 2003 and
2013. However, in 2003 higher soil organic matter is associated with greater odds of perceived
high soil fertility, while in 2013 only higher phosphorus is associated with higher soil fertility.
Considering both years together through the stacked model, it appears that, as in 2003 alone,
higher organic matter is significantly associated with higher odds of perceived higher soil
fertility.

In addition to the positive and significant relationship between perceived and measured
soil fertility, the findings suggest that that several household and plot characteristics are
significant predictors of perceived soil fertility. Though the joint test indicates that the overall
relationship is not significant, in the stacked model, households that have received agricultural
training have about one and a half times greater odds of perceiving their soil as more fertile. As
many factors that may contribute to soil fertility, such as weed growth, management strategies,
and labor time invested, are not observable through the laboratory measures, the significant and
positive relationship between agricultural training and perceived soil fertility may be
representative of actual management strategies being employed to shape soil fertility. Through
the joint test, it is clear that, in addition to the laboratory measures, several other plot
characteristics are associated with perceived soil fertility. Specifically, farmers perceive plots

with deeper topsoil and less rill erosion as more fertile. These observations suggest that farmers’
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perceptions of soil fertility are encapsulating more about actual soil fertility than the chemical
laboratory measures alone, which do not account for additional biophysical properties like
topsoil depth and erosion.

In contrast, the cross-sectional analyses find no relationship at all between perceived and
measured soil degradation (Table 3). Although the models include a number of covariates that
have been shown in the literature to be related to perceived soil degradation in our model, few of
them appear to be significant. Farmers appear to be generating their perceptions of soil
degradation through plot level characteristics, in particular topsoil depth and rill erosion. Plots
with shallow topsoil and greater rill erosion are perceived as significantly degraded. From these
findings, it is possible to conclude that the chemical properties tested by laboratory measures are
difficult for farmers to observe changing over time, unlike easily observable processes like
erosion. Farmers’ perceptions of soil degradation are therefore reflective of important landscape
scale elements of soil degradation not accounted for by laboratory measures but not indicative of
changes that may be occurring in the chemical properties of the soil.

Plot productivity, predicted by perceptions and laboratory measures

Both perceptions and laboratory measures are found to be positively associated with
higher crop productivity per hectare (Table 4). In particular, more optimal pH is associated with
higher productivity. As both perceived and measured soil fertility are significant in the same
model, it is clear that perceptions and laboratory measures are complementary rather than
substitutes for one another, each providing something different to the measurement of soil
fertility.

In addition to perceived and measured soil fertility, plot and household characteristics are

observed to be significantly associated with plot productivity per hectare. A household having a
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male head of household with access to agricultural training and higher livestock and asset values
is associated with higher crop productivity per hectare. Most of these characteristics are
reflective of an overall increased socio-economic status, which improves access to labor,
improved seeds, and other factors that increase plot productivity. Increased distance to a local
market is associated with decreased crop productivity per hectare, perhaps because increased
distance makes it costlier to transport crops to market. Lack of access to markets may also de-
incentivize farmers to produce a surplus for the purpose of sale.

Plots further away from a household appear to be more productive per hectare, as are
those with greater topsoil depth. Greater topsoil depth is better for agriculture. Plots further from
the household may be more recently cleared or fallowed, increasing their crop productivity when
cultivated. Counterintuitively, sheet erosion is associated with to improved productivity. High
productivity from 