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ABBREVIATIONS AND ACRONYMS
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computer-assisted personal interviewing

compass and rope area measurement, also referred to as traversing
Central Statistical Agency of Ethiopia
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Food and Agriculture Organization of the United Nations
global positioning system

hectare

World Agroforestry Centre

infrared spectroscopy

Land and Soil Experimental Research study, Ethiopia
Land Degradation Surveillance Framework

Living Standards Measurement Study

Living Standards Measurement Study — Integrated Surveys on Agriculture

Methodological Experiment on Measuring Maize Productivity, Variety, and Soil Fertility, Uganda

mid-infrared diffuse reflectance spectroscopy
near-infrared diffuse reflectance spectroscopy
self-reported, also referred to as farmer-reported
spectral soil analysis

total x-ray fluorescence spectroscopy

Uganda Bureau of Statistics
United Nations
United Nations Environment Programme

x-ray powder diffraction spectroscopy
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EXECUTIVE SUMMARY

This Guidebook is intended to be a reference for survey practitioners looking for guidance on integrating soil health testing
in household and farm surveys. The role of soil in agrarian societies is unquestionable, yet the complex nature of soil makes
it much more challenging to measure than agricultural inputs such as fertilizers or pesticides. Historically, household sur-
veys either include subjective questions of farmer assessment or rely on national-level soil maps to control for land quality,
if anything at all. Recent scientific advances in laboratory soil analysis—via spectral soil testing—have opened the door to
more rapid, cost-effective objective measurement of soil health in household surveys. This Guidebook explores the nascent
possibility of integrating plot-level soil testing in household surveys through a presentation of results comparing various soil
assessment methods and a step-by-step guide for practical implementation.

In partnership with the World Agroforestry Centre (ICRAF), the Living Standards Measurement Study of the World Bank’s
Development Data Group set out to validate (I) the feasibility of implementing spectral soil analysis in household surveys,
and (2) the value of subjective farmer assessments of soil quality compared with objective measures in order to determine
the need for objective soil analysis, specifically in low-income, smallholder agricultural contexts. These objectives were met
by implementing two methodological validation studies, one in Ethiopia and one in Uganda. In both studies, plot-level soil
samples were collected following identical international best-practice field protocols and analyzed using wet chemistry and
spectral analysis methods at ICRAF’s Soil-Plant Spectral Diagnostics Laboratory. Additionally, plot managers were adminis-
tered a series of subjective questions that are often used to gauge soil health in national household surveys. These studies
resulted in two uniquely rich datasets that allow for comparison of subjective indicators of soil quality against laboratory
results. Both laboratory and subjective results can also be compared with publicly available geospatial data, as all plots were
georeferenced.

How do subjective assessments of soil health compare to laboratory measures?

The results from the two methodological studies suggest that farmer assessments of soil health inadequately capture the
overall state of soil quality and fail to untangle the complexities enough to inform specific policy decisions. Subjective ques-
tions aim to capture soil health through soil color, texture, type, and farmer-reported overall soil quality.' In both studies,
soil color is consistently correlated with key soil properties, such as organic carbon content, with black soils having greater
health than soils reported as white, light, or red. Soil texture, collected in a categorical manner, is also found to be a signif-
icant predictor of organic carbon content, with reportedly coarse soils having lower carbon content than those reported
as fine, which is in line with expectations that sandier soils hold fewer nutrients.

Results on farmer assessments of overall soil quality are less reassuring, however. Farmers’ ability to assess overall soil qual-
ity, as measured by both organic carbon content and a variety of soil quality indices, varies by study. In Ethiopia, the organic
carbon content in soils reported as “good” is only marginally higher (and with marginal statistical significance) than in soils
reported as “poor.” There is no significant difference between the mean carbon content in plots reported as “good” and
“fair” in Ethiopia, although a significant difference is observed in Uganda. Analysis using household fixed effects in Ethiopia
suggests that respondents do not rank plots appropriately even within households, at least in terms of the overall soil qual-
ity. The strength of the relationship between the subjective overall soil quality and laboratory results vary by study, raising
doubt about the reliability of subjective assessment.

While subjective assessments have the benefit of cost and time efficiency, and in turn lower rates of missing data, they suffer
from a weak correlation with objective measures as well as a lack of variation within households. In households that cultivated
more than one plot, more than 63 percent of households reported the same soil quality, more than 67 percent reported the
same soil color, and more than 64 percent reported the same texture on all plots in both the Ethiopia and Uganda studies.
This pattern persists even in Ethiopia, where the average number of plots cultivated is very high. For example, of households
that cultivated eight plots, nearly 70 percent reported the same soil color on all plots. The lack of variation may be due to
truly similar soil properties, the lack of effort or knowledge on the part of the respondent, or simply the inability of the

I The terms soil fertility, soil health, and soil quality are used interchangeably throughout the Guidebook.
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coarse categorical variables to capture gradations in soil properties. While the convenience of subjective soil assessments is
tempting, the unreliable relationship with objectively measured data and the lack of intrahousehold variation may limit the
usefulness of the data, even in informing decisions at a regional or national scale.

Soils can exhibit a wide range of variation across sample studies, within enumeration areas, and even within households,
depending on the context. A comparison of plot-level soil testing and geospatial data from the Africa Soil Information Ser-
vice (AfSIS) suggests that the geospatial data fail to capture the degree of variation in key soil properties, namely organic
carbon, in enumeration areas with high variation. On the whole, the correlation between the plot-level methodological data
and the AfSIS carbon content is 0.59 in Ethiopia and 0.56 in Uganda. In both studies, the mean carbon content reported
by AfSIS is higher than that observed in the plot-level soil analysis. This implies that integrating spectral-based methods in
household surveys can reduce uncertainties in assessing soil quality, and hence, improve smallholder agricultural statistics.

Practical guidance for spectral soil analysis in household surveys

Soil testing at the plot level in conjunction with a household survey is largely unexplored territory. The knowledge gained in
the implementation of the two methodological validation studies, together with ICRAF’s operational and analytical expertise
related to soil sampling and analysis, drives the content of this Guidebook. First, detailed, step-by-step guidance on plan-
ning and implementing a household survey with a component on soil sample collection and analysis is provided. Instructions
on implementation include all topics from training to shipment to the laboratory, including considerations for sampling,
equipment and training needs, specific in-field protocols, and soil-processing requirements. A section on laboratory analysis
familiarizes the practitioner with what one can expect from the laboratory and how to best prepare for the final output.

The experience of the two studies suggests that integrating spectral soil analysis with household surveys is feasible, given
the proper budget and timeframe. The ease of implementation can be increased with a few simple steps, such as using bar-
code labeling or using local infrastructure for soil sample processing. Collecting samples will increase the amount of time
enumerators spend with a given household but potentially not to a debilitating degree. Soil sampling took approximately
40 minutes per plot on average in Ethiopia and 24 minutes per plot in Uganda. It is important to budget for extra fieldwork
time and fuel, however, as the soil samples must be delivered to the laboratory within five to seven days of collection to
prevent organic matter from decomposing when soils are wet.

Given the emerging nature of this type of research, and the complexities of soil quality measurement, we encourage further
validation of such projects, particularly under soil conditions different from those presented here.

KEY GUIDEBOOK HIGHLIGHTS AND RECOMMENDATIONS

« Soil spectroscopy has made it feasible to integrate soil monitoring into household surveys. Such methodological
improvements in smallholder agricultural statistics inform decision making.

o Soil sample collection took approximately 40 minutes per plot in Ethiopia and 24 minutes per plot in Uganda,
including a set of enumerator observations on soil texture and other properties.

o Farmer-reported soil color and texture consistently predict organic carbon content, but with limited strength.

o The relationship between farmer assessments of overall soil quality and objectively measured indicators varies by
study, suggesting a lack of consistency in the ability of the subjective survey questions to capture the true state of
the soil.

o Subjective indicators exhibit little intrahousehold variation:

o In each study, more than 63 percent of households cultivating more than one plot report the same overall quality
on all plots.

o In each study, more than 67 percent of households cultivating more than one plot report the same soil color on all plots.

vii



Part | - Background and

Definitions

Soil is a key input in agricultural production and analysis. This Guidebook offers practical guidance for
integrating spectral soil analysis into household survey operations, particularly in low-income, small-
holder farmer contexts. It is geared toward survey practitioners and includes guidance on what to consider
in evaluating competing methods for measuring soil health, the trade-offs incurred when relying on sub-
jective soil assessments, and how to implement soil sample collection in the field. The recommendations
are based on purposely designed methodological validation studies on integrating soil monitoring via spec-
tral soil analysis into household surveys by the Living Standards Measurement Study of the World Bank,
the World Agroforestry Centre, the Statistical Agency of Ethiopia, and the Uganda Bureau of Statistics.

INTRODUCTION

Renewed interest in raising agricultural productivity to meet
food security needs and increasing the resilience of agricul-
tural systems in low- and middle-income countries, espe-
cially in sub-Saharan Africa, makes understanding soil health
constraints and trends ever more important. Measuring and
monitoring soil health are fundamental to developing a sound
knowledge of problems and solutions for sustainable crop
production and land management (Sanchez et al., 2009; Tak-
ousting et al., 2016). Much of the current analysis on agri-
cultural productivity is hampered by the lack of consistent,
good-quality data on soil health and how it is changing under
past and current management. Direct systematic measure-
ment of soil health as part of household-level data collection
has rarely been attempted owing to the high costs of soil
sampling and analysis. This Guidebook explores the nascent
possibility of integrating plot-level spectral soil testing into
household surveys, while also analyzing the measurement
error associated with current approaches, subjective assess-
ment, and geospatial modeled outputs.

Linking soil health information to socioeconomic house-
hold survey data provides an important opportunity for
enhancing our understanding of trends in soil health and their
impact on crop productivity among smallholders, as well as

the coping mechanisms adopted by farmers faced with dete-
riorating soil conditions. The new systematic surveillance
frameworks for consistent monitoring of soil and land health
have been developed based on digital sensing technology.
In particular, new rapid low-cost technology for assessing
soil characteristics using infrared spectroscopy has made soil
health characterization feasible in large studies (Shepherd &
Walsh, 2002, 2007). These techniques are now being sup-
plemented by other light-based techniques using laser and
x-ray spectroscopy and applied to sampling schemes in large
areas of sub-Saharan Africa under the AfSIS project (Hengl
etal.,, 2015).

Soil health information is of interest to many different
audiences and for different purposes. The ideal measure-
ment scheme would be tuned to the exact purpose and con-
text for which it is required. It is rarely feasible, however, to
develop and refine methods for every situation. Hence this
Guidebook describes a procedure based on that recently
implemented in two methodological experiments and suit-
able for a systematic measurement of soil health as part of
household-level data collection. This procedure provides a
general sense of survey design requirements and implementa-
tion considerations and may be modified to fit specific study
objectives and data needs. The results of the studies also
illustrate the benefit of including objective measurement of



soil health in household surveys with an agricultural focus.
The target users of this Guidebook include survey practi-
tioners, technical staff of relevant government agencies and
research institutes, and researchers interested in micro-level
analyses in which household and plot-level data are neces-
sary, as are integrated data on household behavior, socioeco-
nomic characteristics, and agricultural practices.

The World Bank Living Standards Measurement Study—
Integrated Surveys on Agriculture (LSMS-ISA) initiative
includes multitopic, national panel household surveys with a
strong focus on agriculture that are implemented in numer-
ous countries in sub-Saharan Africa. As part of this initia-
tive, and with funding from UK Aid, the World Bank LSMS
team implemented the Minding the (Agricultural) Data Gap
methodological research program aimed at improving the
quality and relevance of agricultural statistics. The method-
ological research activities span seven topics: (I) land area
measurement, (2) soil fertility, (3) rainfall, (4) labor inputs, (5)
skill measurement, (6) production of continuous and extend-
ed-harvest crops, and (7) computer-assisted personal inter-
viewing for agricultural data. This Guidebook is based on the
soil fertility component of the project, which evaluated both
the feasibility of integrating soil-quality analysis into house-
hold socioeconomic data collection operations and the local
knowledge of farmers in assessing their soil quality.

This document is anchored in the Ethiopia Land and Soil
Experimental Research (LASER) study and the Uganda Meth-
odological Experiment on Measuring Maize Productivity, Vari-
ety, and Soil Fertility (MAPS), implemented respectively by
the Ethiopia Central Statistical Agency (CSA) and the Uganda
Bureau of Statistics (UBOS), under a partnership between
the World Bank LSMS and the World Agroforestry Centre
(ICRAF). Fieldwork consisted of implementing a variety of
subjective farmer-estimated indicators of soil quality as well
as conventional and spectral soil analysis, resulting in unique
plot-level datasets. By comparing subjective and objective
measures of soil properties, the data allow for analysis of
the impacts of relying on subjective farmer estimates of soil
quality for policy-based decision making. The results from
the two methodological studies suggest that farmer assess-
ments of soil health inadequately capture the overall state of
soil quality and fail to untangle the complexities sufficiently
to inform specific policy decisions.

This Guidebook uses the protocols, experiences, and les-
sons learned from the Ethiopia LASER and Uganda MAPS
studies to provide a step-by-step guide to integrating soil
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collection and analysis into household surveys. It focuses on
household survey operations in low-income countries and
implementation challenges that are often encountered in
these contexts, but protocols are also relevant in higher-in-
come contexts. Wherever possible, implementation steps
and strategies are generalized to the fundamental require-
ments and complemented by the specific approach used in
the two studies. The soil sampling and measurements imple-
mented in the studies, and in this Guidebook, were derived
from AfSIS protocols and adapted to fit sampling from agri-
cultural plots.

The Guidebook begins with a review of the uses of soil
health measurements from household surveys and a dis-
cussion of basic concepts, definitions, and methodological
options in measuring soil quality (Part ). Part Il presents an
assessment of the performance of the various methods. In
this section, the key results from LASER and MAPS are pre-
sented, including an assessment of the comparative perfor-
mance of the subjective and objective methods and a brief
comparison of plot-level soil analysis with publicly available
geospatial soil data. The objective laboratory analysis and
subjective farmer assessments of soil health are analyzed in
terms of accuracy, cost, time, feasibility of implementation
in large scale surveys, and sensitivity to problems in sur-
vey implementation. Part Il tackles the specifics of integrat-
ing spectral soil analysis into household surveys, including a
step-by-step guide to collecting soil samples from agricultural
plots and key considerations for soil processing and analysis,
particularly those relevant for survey practitioners engaging
with soil laboratory analysis. A summary of main messages
is provided in the concluding chapter, which also highlights
areas where further validation work is needed, including the
use of in-field tools.
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BOX | — KEY SOIL PROPERTIES AND THEIR ROLE IN AGRICULTURAL PRODUCTION

The information in this box draws heavily from the FAO Soils Portal (http://www.fao.orgl/soils-portallsoil-surveyl/soil-properties)-

Soil properties are divided into three main categories: physical, chemical, and biological. The primary focus of this document

is on physical and chemical properties, which are analyzed through spectral soil analysis.
Key physical properties:

o Texture: Determined by the components of sand, silt, and clay, each of which is based on the granularity of the soil.
Texture can affect other soil properties such as soil nutrient content and water-holding capacity.

 Soil structure: A function of the soil texture that affects plant root growth, water movement, and resistance to
erosion.

o Color: Generally determined by organic matter content and degree of oxidation. May be used as a qualitative indica-
tor of organic, salt, and carbonate content, though not necessarily a strong predictor of exact soil properties.

« Other physical properties include depth, consistency, porosity, density, and water characteristics. Refer to the FAO
Soils Portal for more detail (http://www.fao.org/soils-portal).

Key chemical properties:

o pH: A measure of acidity, ranging from 3.5 (acidic) to 9.5 (alkaline) in soils. There is an optimal level for each crop,
with most crops performing best with a pH of 6.5.

« Cation exchange capacity (CEC): An indicator of the maximum quantity of cations the soil can hold. A higher CEC
implies greater fertility and nutrient retention capacity.

« Organic carbon: Improves physical soil properties, CEC, and water-holding capacity. Organic carbon also prevents
nutrient leaching and enables mineral availability to plants. Soil organic matter is primarily made up of organic
carbon and holds most of the soil nutrients. Additionally, organic carbon stabilizes soil pH levels. A greater organic
carbon content implies greater soil health.

« Nitrogen: Nitrogen is critical to plant growth. Plant-available nitrogen comes in the form of the cation ammonium or
the anion nitrate. Raw organic nitrogen in the soil is not readily available to plants directly.

e Micro- and macronutrients: Macronutrients are critical for plant development, and a high quantity is needed (nitro-
gen, phosphorus, potassium, calcium, sulfur, and magnesium). Micronutrients are needed but in smaller quantities
(boron, chlorine, manganese, iron, zinc, copper, molybdenum, nickel, and cobalt).

Key biological properties:
« Soil biota, including flora (plants), fauna (animals), and microorganisms: Perform functions that contribute to the
soil's development, structure, and productivity.

« Soil flora: Aids in soil structure and porosity and in supplying soil organic matter via shoot and root residue.

« Soil fauna: Work as soil engineers, initiating breakdown of dead plant and animal material, ingesting and processing
large amounts of soil, burrowing pores for water and air movement, mixing soil layers, and increasing aggregation.



2. USES OF OBJECTIVE SOIL HEALTH
MEASURES FROM HOUSEHOLD
SURVEYS

Detailed and spatially disaggregated soil data,
when integrated with data on farming practices,
can inform our understanding of the effects of
household-specific soil nanagement strategies and
the most appropriate strategies to encourage going
forward. The data can assist in targeting agricul-
tural interventions regarding optimal crop selec-
tion, fertilizer selection and application rate, and
the potential for the use of micronutrient-enriched
or otherwise improved seeds.

Soil health is at the root of agricultural production. As the
pressures on agriculture increase with growing populations
and changing climates, understanding the details of soil prop-
erties is essential in designing and implementing appropriate
soil management practices. The complexity of soil and its
interaction with crops means that there is no blanket soil
management practice (refer to Box | for a description of
properties). Rather, decisions must be made with respect
to site-specific conditions. Integrating plot-level soil analysis
into household surveys that collect household- or plot-spe-
cific data on farming practices and socioeconomic structure
allows for the analysis of when, where, and by whom the
appropriate farming practices are employed, given plot-spe-
cific soil conditions. Such information can be used to improve
extension services, target specific groups of farmers, and
identify primary constraints in improving productivity.
Detailed soil data with high spatial resolution, such as at the
plot level, can inform numerous forward-looking decisions
such as optimal crop or variety for the conditions and opti-
mal fertilizer use (including type and application rate). These
data can also serve to monitor soil health over time, as well
as assist with the adaptation of agriculture to climate change.
As Lal (2009) clearly states, with respect to climate change,
“adaptation is crucial to survival.”

Collecting detailed data on soil health, including micro-
nutrient levels, at the household level has the potential to
benefit human health. Deficiencies of micronutrients, such
as in iron, zinc, and vitamin A, afflict populations world-
wide (Tulchinsky, 2010). Insufficient intake of key micronu-
trients, especially during early childhood, can have severe
implications for health and human capital outcomes. Rela-
tively recent advancements have been made to bridge the gap
between micronutrient poor soils and micronutrient content
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in plants themselves. Welch and Graham (2004) and Lal
(2009) have demonstrated the potential of biofortification
of micronutrients in the seeds of staple crops to improve
nutritional outcomes. Because plants require micronutrients
for growth, enriching seeds with micronutrients that the soil
lacks could result in increased crop yield and resistance to
disease, thereby increasing the abundance of food, while also
improving its nutritional value. Bouis (2003) argues that these
improvements in production may result in high uptake by
farmers. Better yet, he makes a case that enriching staple
crops with micronutrients is one of the more cost-effective
nutritional solutions available. Collecting data on micronu-
trient levels in soils at the household level, as through spec-
tral soil analysis, would help target such seed biofortification
programs by identifying where soils are micronutrient poor
and which nutrients in particular they lack.

In addition to these potential uses of detailed soil data,
perhaps the most frequent use of soil data is in agricultural
productivity analysis. Including accurate soil health measures
in production functions is a key step toward controlling for
the unobserved plot-level heterogeneity that is often claimed
to determine both outcomes and key explanatory variables
and that could result in biased coefficient estimates. As will
be illustrated in the following sections, farmer-reported mea-
sures of soil health are not effective controls in agricultural
productivity analysis. Similarly, using national-level soil maps
may not capture the same level of variation across space as
plot-level soil analysis, but this issue is largely left for future
validation.

3. CONCEPTS AND DEFINITIONS

Holding, parcel, field, and plot are concepts with
internationally accepted statistical definitions. Soil
fertility testing in household surveys can take place
at any of these levels. The objectives of the survey
and the variation in soils in the study area should
be considered when deciding at which level to col-
lect soil samples.

Any measurement effort must start with a clear definition
of the objectives and what exactly needs to be measured to
reach said objectives.? Before turning to methods, therefore,
this section briefly reviews concepts and definitions that are
relevant when designing a survey involving the measurement
of the quality of agricultural land.

In agricultural surveys and censuses the primary statistical
unit is the agricultural holding, whereas in population-based

2 This section draws heavily on FAO (2005).
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surveys it is generally the household. According to FAO
(2005, p. 2I):

An agricultural holding is an economic unit
of agricultural production under single manage-
ment comprising all livestock kept and all land used
wholly or partly for agricultural production pur-
poses, without regard to title, legal form, or size.
Single management may be exercised by an individual
or household, jointly by two or more individuals or
households, by a clan or tribe, or by a juridical per-
son such as a corporation, cooperative, or govern-
ment agency. The holding’s land may consist of one
or more parcels, located in one or more separate
areas or in one or more territorial or administrative
divisions, providing the parcels share the same pro-
duction means, such as labor, farm buildings, machin-
ery. or draught animals.

According to the “housekeeping-concept” adopted by the
United Nations (2008, p. 100):

The concept of household is based on the arrange-
ments made by persons, individually or in groups, for
providing themselves with food and other essentials
for living. A household may be either (a) a one-per-
son household, that is to say, a person who makes
provision for his or her own food and other essen-
tials for living without combining with any other
person to form a multi-person household or (b)
a multi-person household, that is to say, a group
of two or more persons living together who make
common provision for food and other essentials
for living. The persons in the group may pool their
resources and may have a common budget; they may
be related or unrelated persons or constitute a com-
bination of persons both related and unrelated.

The definitions used in household surveys generally relate
pretty closely to these international standards, although
one should be aware of existing differences across coun-
tries, and of the implications of differences in definitions for
the resulting statistics, which may be particularly large for
certain groups in the population (Grosh & Glewwe, 2000;
Beaman & Dillon, 2012; Randall & Coast, 2015).

In agricultural surveys, the holdings may pertain to the
household sector or to the nonhousehold sector (e.g., cor-
porate farms). This Guidebook focuses specifically on the
household sector. While definitions of the household may

vary from survey to survey, there is generally fairly strong
correspondence between agricultural holdings and house-
holds with own-account agriculture. Two main exceptions
occur: (I) when two or more units make up a household
(which may mean sharing meals or sleeping under the same
roof) but manage land or livestock separately, or (2) when
a household operates land or livestock jointly with another
household or group of households (FAO, 2005). Some coun-
tries opt for adopting criteria in agricultural surveys whereby
the agricultural and household holdings coincide. Chapter 3
in FAO (2005) describes in detail the advantages and issues
implied by different options in defining the primary statisti-
cal unit.

While not all agricultural holdings have land, most normally
do. According to the FAO (2005, p. 81):

A holding is divided into parcels, where a parcel is
any piece of land, of one land tenure type, entirely
surrounded by other land, water, road, forest, or
other features not forming part of the holding or
forming part of the holding under a different land
tenure type. A parcel may consist of one or more
plots or plots adjacent to each other. The concept
of a parcel used in the agricultural census may not
be consistent with that used in cadastral work. The
reference period is a point of time, usually the day of
enumeration. A distinction should be made between
a parcel, a field, and a plot. A field is a piece of land
in a parcel separated from the rest of the parcel by
easily recognizable demarcation lines, such as paths,
cadastral boundarieboundary, and/or hedges. A field
may consist of one or more plots, where a plot is a
part or whole of a field on which a specific crop or
crop mixture is cultivated.

There are at least three reasons why survey designers need
to have these definitions in mind when planning a survey.
First, it is important to convey these concepts clearly and
consistently to enumerators and respondents (as well as to
data users) if data are to be collected and used consistently.
Second, it is necessary at the survey design stage to consider
the information that needs to be collected at each level.
This depends on a number of factors, including the planned
use of the data (e.g., what types of analyses are going to be
conducted at farm versus plot level), the way that enumer-
ators are best able to conduct the interviews, and the way
respondents are best able to answer the questions. Third,
the adoption of internationally agreed definitions is bound



to increase the international comparability of the data being
collected. As an example of good practice in adhering to
international definitions, Annex | reproduces the guidance
provided by the Uganda Bureau of Statistics to enumera-
tors in the implementation of its National Panel Survey. The
definition of the measurement level must be explicitly stated
before commencement of the survey, as local definitions may
vary across countries.

In deciding the level at which to conduct soil testing, survey
designers should consider the objectives of the survey, the
type of analytical uses that are envisaged for the data, and
the expected variation of soil within the sample area. If the
study area includes little variation in soil type and quality, as
observed in national soil maps, for example, it may be suffi-
cient to draw from only one parcel or plot per household.
However, if high variation is expected and/or the primary
objective is plot-level productivity analysis, soil sampling from
more than one plot per household may be the preferred
approach. Similarly, surveys aimed at analyzing gender dimen-
sions of agricultural productivity and resource distribution
would benefit greatly from plot-level measurements.

4. METHODOLOGICAL OPTIONS IN
MEASURING SOIL HEALTH

Soil fertility is a highly complex subject, render-
ing its measurement challenging and expensive.
Household surveys have often relied on subjective
assessments of soil quality because that method is
inexpensive. However, recent advances in technol-
ogy have made the use of spectral analysis more
affordable, rapid, and accurate, increasing its
potential for use in household surveys.

4.1 SUBJECTIVE ASSESSMENT

In a household survey setting, collecting data on subjective
indicators of soil health is undoubtedly the most inexpensive
method. Rather than spend time visiting agricultural plots to
measure soil quality, household surveys often ask respon-
dents directly for their assessment of the soil through one
or more questions. These questions often aim at capturing
the overall soil quality level (in a categorical manner) as well
as key soil quality indicators, such as soil color and texture.
Additional questions may be asked about the incidence of
erosion, any erosion management techniques in practice,
and the use of organic and chemical inputs. Data on farming
practices such as tillage, crop rotation, and the use of cover
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crops may also be included. An example of a subjective soil
module can be found in Annex 2.

One might assume that respondents who spend ample
time working on the land would be able to assess the health
of the soil with reasonable accuracy. Soil health, however, is
a highly complex subject, and this assumption can be mis-
guided, as illustrated below. Several factors are worth consid-
ering when deciding whether to use subjective assessments.

First, given the utility of plot-level data for agricultural
productivity analysis, subjective assessments of soil health
should be provided at the plot level rather than farm level,
where relevant.

Second, the corresponding plot manager, or one of the plot
managers in case of joint management, should ideally answer
for each plot, which raises the possibility of interviewing
multiple respondents per household. Because the appropri-
ate respondent(s) may not be available to answer questions
during the time that the survey team or the enumerator will
be visiting the associated enumeration area (EA), the use of
proxy respondents will be one of the factors mediating the
reliability of the information sought.

Third, whether interviewing one or more respondents per
household, the benchmark or reference point used by the
respondent(s) as part of the subjective assessment matters.
In rural areas where mobility is limited, a respondent’s ref-
erence is only the soil in and around his or her farm. This
person’s assessment of soil quality will, therefore, be rel-
ative to the soil he or she observes nearby. In areas with
little variation in soil properties, it may prove difficult for
farmers to determine whether an agricultural plot has good,
average, or poor soil. More broadly, as with most subjective
assessments, the answers provided by the respondents are
expected to be correlated with their observable as well as
unobservable attributes.

Fourth, it may not be clear to respondents that the inten-
tion is to isolate the quality of the soil itself and not other
plot characteristics or production outcomes. Findings by
Tittonell et al. (2008) suggest that farmers have a “holis-
tic” view of soils; rather than assessing the soil properties
explicitly, they often incorporate other components such as
overall agricultural productivity and likelihood of crop theft,
for example.

Despite these difficulties, the negligible cost of including
subjective assessment of soil health as part of a household
survey makes it an attractive proposition. Because subjective



7  MEASURING THE ROLE OF LIVESTOCK IN THE HOUSEHOLD ECONOMY

assessment does not require traveling to the agricultural plot
itself, the resulting data will suffer from a lower rate of item
nonresponse compared with methods that require plot vis-
itation. However, the convenience of collecting subjective
assessments of soil quality may come at the cost of data
quality and granularity. This issue will be reviewed in Part II.

4.2 LABORATORY ANALYSIS

Objective measurement of soil properties, through labora-
tory testing, is preferable to subjective assessment in several
ways. Laboratory analysis bypasses the subjective nature of
farmer estimates, eliminating bias due to farmer character-
istics. Objective measurement also allows for a much more
detailed view of soil quality, reporting levels of a multitude of
individual elements and nutrients, thus increasing the scope
of application of the data. The advantages of laboratory anal-
ysis do not come without cost, however. Below, the pri-
mary options in laboratory soil analysis—conventional wet
chemistry and soil spectroscopy—are described, as are their
advantages and disadvantages.

4.2.1 CONVENTIONAL SOIL ANALYSIS

Accepted as the gold standard in soil testing, conventional
soil analysis sets the benchmark for accuracy. It does, how-
ever, come with significant costs and implementation require-
ments that limit the scale up of the method into large-scale
household surveys. Conventional soil analysis includes tra-
ditional wet chemistry methods for soil nutrient extraction,
as well as basic physical analysis such as measurement of
water-holding capacity. There are several approaches to
nutrient extraction in conventional wet chemistry; among
the most common is the Mehlich 3 extractant method. The
Mehlich 3 method estimates levels of plant-available micro-
and macronutrients (Mehlich, 1984).

Conventional analysis is widely accepted as accurate, but it
is time intensive, costly, and destructive, and it is occasion-
ally difficult to get reproducible results. The wet chemistry
component involves mixing the soil sample with an extract-
ant solution, such as Mehlich 3, destroying the sample and
preventing any further analysis of it. The destructive nature
of conventional soil testing, therefore, eliminates the repeat-
ability of analysis. This weakness is addressed in the following
section on spectral analysis.

The conventional soil analysis methods require intense
manual intervention and therefore take a relatively long time
to complete. On average, conventional testing takes a full day

to analyze about 40 samples. Related to time requirements,
and most important for scalability, is cost. The full suite of
conventional wet chemistry testing can cost approximately
US$60 per sample.

4.2.2 SPECTRAL ANALYSIS: SOIL
SPECTROSCOPY FOR PREDICTING
SOIL PROPERTIES

Spectral soil analysis, or soil spectroscopy, offers a relatively
rapid, low-cost, nondestructive alternative to conventional
soil testing. While still relying on conventional analysis for
reference measures, soil spectroscopy minimizes costs by
predicting soil property measurements from the conven-
tional analysis results of a small subsample (10-25 percent
of the full sample) to the full sample using spectral signatures.

Soil spectroscopy uses the simplicity of light—the interac-
tion of electromagnetic radiation with matter—to character-
ize the physical and biochemical composition of a soil sample.
Light is shone on a soil sample, and the reflected light, after
interaction with the sample, is collected at different wave-
lengths by a detector. The resulting pattern of reflected or
absorbed light at different wavelengths is referred to as a
spectrum. Infrared spectral signatures (visible-near-infrared,
near infrared, or mid-infrared) detect molecular vibrations
that respond to the mineral and organic composition of soil
or plant materials. Spectral signatures thus provide both an
integrated signal of functional properties as well as the ability
to predict a number of conventionally measured soil prop-
erties (Nocita et al.,, 2015). See Figure | for an example of a
spectral signature.

Infrared spectroscopy (IR) is now routinely used for anal-
yses of a wide range of materials in laboratory and process
control applications in agriculture, food and feed technology,
geology, and biomedicine (Shepherd & Walsh, 2007). The
mid infrared (MIR, 2.5-25 pm) wavelength region was inves-
tigated for nondestructive analyses of soils and can poten-
tially be usefully applied to predict a number of important soil
physical, chemical, and biological properties, including soil
texture, mineral composition, organic carbon and water con-
tent (hydration, hygroscopic, and free pore water), iron form
and amount, carbonates, soluble salts, and aggregate and
particle size distribution (Shepherd & Walsh, 2004). Impor-
tantly, these properties also largely determine the capacity
of soils to perform various production, environmental, and
engineering functions. IR enables soil-sampling density (sam-
ples per unit area) to be greatly increased with little increase



Figure | — Example of soil spectral signatures of
four samples from the Ethiopia LASER study with
different levels of soil organic carbon.
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in analytical costs. Depending on the equipment used, up to
400 samples can be analyzed per day, with an approximate
cost of US$5 per infrared sample.

The AfSIS uses spectral diagnostics, including IR, total x-ray
fluorescence spectroscopy (TXRF), x-ray diffraction spec-
troscopy (XRD), and laser diffraction particle size analysis
(LDPSA) techniques to measure soil functional properties on
tens of thousands of georeferenced soil samples in a consis-
tent way at a continental scale. The low-cost, high-through-
put spectroscopy methods are being used both as a front-line
screening technique for development of pedotransfer func-
tions and for the direct development of indicators of soil
functional properties (Minasny & Hartemink, 2011). This has
been facilitated by recently developed analytical protocols,
including modern laboratory infrastructure at the World
Agroforestry Centre (ICRAF) Soil-Plant Spectral Diagnos-
tics Laboratory. The AfSIS approach is being adopted in Ethi-
opia (Ethiopian Soil Information Service [EthioSIS]), Ghana
(Ghana Soil Information Service [GhaSIS]), Nigeria (Nige-
ria Soil Information Service [NiSIS], Tanzania (Tanzania Soil
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Information Service [TanSIS]), and elsewhere. Large-scale
efforts commenced in Ethiopia in 2012 under the EthioSIS
project implemented by the Ethiopian Agricultural Transfor-
mation Agency (www.ata.gov.et). The national soil-mapping
project includes intensive use of soil spectrometry, among
other techniques.

Soil spectroscopy estimates of soil properties may not
be as accurate as reference soil analyses (wet chemistry),
although an examination of the predictive power of spec-
troscopy in Part Il suggests very little concern. Spectros-
copy can, however, improve soil resource assessments, as
more samples can be analyzed for a given budget (Nocita
etal.,, 2015).

In addition to offering a lower per-sample cost, the
cost-effectiveness of spectral analysis can increase as the
base of reference samples for a given area increases. That is,
although spectroscopy relies on a subsample of conventional
soil analysis results (requiring a survey to also implement a
small number of conventional tests), if these already exist for
the region from a previous study, the existing results can be
used again, bypassing the need to conduct any conventional
analysis. The library of conventional testing results is contin-
uously growing, improving future spectral prediction models
and reducing the need for new measurement efforts.

While lab-based soil analyses provide high-quality results,
some projects may find it too expensive to continually mon-
itor soil health this way at a larger scale (Aynekulu et al,,
2011). The implementation of soil analyses in the field by
means of portable spectroscopy could allow assessment of
soil health using a larger number of sampling locations com-
pared with that offered by lab-based methods. Portable spec-
troscopy is less accurate, however, than lab-based methods,
owing to environmental factors present during the in-situ
measurement, such as soil moisture, ambient light, tempera-
ture, and condition of the soil surface, which partly mask the
absorption features of some soil properties (Ji et al., 2014).

4.3 REMOTE SENSING & DIGITAL SOIL
MAPPING

National or regional digital soil maps offer a potential solution
for integrating soil characteristics with agricultural household
survey data, particularly when agricultural plots are georef-
erenced. Improvements in technology have increased both
the quantity and quality of geospatial soil data available to the
public (for free or for purchase). Digital soil mapping (DSM)



9  MEASURING THE ROLE OF LIVESTOCK IN THE HOUSEHOLD ECONOMY

Figure 2 — Soil Organic Carbon (%, left) and pH (right) Maps of Ethiopia

Soil Carbon (%)

[
24
I 4.4
I 8.3
Il 141

Source: Hengl et al,, 2015

is the creation of a geographically referenced soil database
generated at a given resolution by using field and laboratory
observation methods coupled with environmental data. One
example of the application of DSM is the mapping of soil
properties across Africa at 250-meter resolution by Hengl
et al. (2015) using the field data collected by the AfSIS proj-
ect and other covariates, including legacy data (e.g., from the
existing ISRIC-WISE and SOTER databases)?. Figure 2 shows
a sample image of the 250-m resolution maps for soil organic
carbon and pH in Ethiopia. The EthioSIS project, briefly dis-
cussed above, will result in a digital soil map of Ethiopia
that is expected to be completed imminently. The project
uses remote sensing technology, conventional wet chemis-
try methods, and soil spectroscopy to produce a grid-based,
national-level digital soil map. The project, although not yet
complete at the national level, has already shown great suc-
cess in identifying nutrient deficiencies so that farmers can
adjust fertilizing blends accordingly (Ethiopian ATA, 2017).

Digital soil maps may offer maps of individual soil prop-
erties, such as that illustrated in Figure 2, or aggregate
measures of soil health. The Harmonized World Soil Data-
base, for example, provides a global map of soil quality bro-
ken down into categorical terms according to the Global
Agro-ecological Zones Assessment for Agriculture, in addi-
tion to individual soil parameters (Fischer et al., 2008).

Soil maps derived from satellite imagery and other covari-
ates like terrain and climate, sentinel site analysis, or a com-
bination of the two vary tremendously in resolution. While

3 ISRIC-WISE: International Soil Reference and Information Centre - World
Inventory of Soil Emission Potentials; SOTER: Soil and Terrain.

using existing soil maps can potentially cut down on survey
costs compared with plot-level soil testing through spectral
or conventional methods, there are trade-offs in geographic
resolution that ought to be considered.

44 FUTURE POSSIBILITIES

The future for rapid, low-cost soil health testing is bright.
The rate of technological advancement suggests that hand-
held devices will be able to estimate key soil properties in the
field in the relatively near future. Most of the current hand-
held devices focus on a few soil parameters, like soil organic
carbon, but as of yet there is no comprehensive method like
the lab-based soil spectrometer. Aitkenhead et al. (2016), for
instance, developed a mobile phone application to estimate
soil organic matter. Additional research is underway by the
United States Department of Agriculture to design a mobile
phone application that could estimate soil properties based
on soil color read through the application (Herrick et al.,
2013). There is potential for the Alpha spectrometer, with
analytical capabilities comparable to the laboratory spec-
trometer, to be customized for in-field use, yet consistency
in soil preparation, soil moisture, ambient light, and soil sur-
face conditions pose challenges in accurately estimating soil
properties in situ (Wenijun et al., 2014). The proposed meth-
ods could significantly increase the scalability of soil testing in
household surveys but would first need to undergo extensive
validation.
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5. THE LSMS METHODOLOGICAL
VALIDATION PROGRAM

The LSMS, ICRAF, CSA, and UBOS collaborated
to carry out validation studies in Ethiopia and
Uganda, in which plot-level soil samples were ana-
lyzed through spectral soil testing alongside farmer
assessment of soil quality.

The value of collecting detailed, high-quality, spatially disag-
gregated soil data and integrating those data with household
surveys has been largely supported by the literature. The
means by which these data should be collected, however,
is less explored. Household surveys, when they do collect
soil data, often do so by subjective means. The benefits of
implementing subjective farmer assessments of soil quality
over objective methods are twofold: (I) low cost; including
questions on soil quality in an existing questionnaire instru-
ment comes with a negligible cost and time for implemen-
tation; and (2) low item nonresponse in the resulting data.
However, the value of the data collected by these subjective
means must be validated against objective measures in order
to assess the trade-offs between these benefits and potential
data quality costs.

To address the gaps in the literature on soil data collection
methods and integration in household surveys, the LSMS has
prioritized soil health measurement in its research agenda.
The remainder of this Guidebook is based on methodological
validation studies in Ethiopia and Uganda. These studies set
out to test the traditionally relied-upon farmer assessments
of soil quality against the gold-standard method (conventional
analysis) and the more plausible alternative in objective mea-
surement, spectral soil analysis. The methods are reviewed
with an eye not only to accuracy and cost, but also to ease of
implementation and potential for scale-up. The questions on
subjective assessment were selected from national LSMS-ISA

surveys and supplemented by enumerator observation of
specific properties. Farmer assessments were made at the
dwelling rather than upon direct observation of the plot, in
order to gauge the value of the questions in large-scale sur-
veys where plot visitation is prohibitive. Conventional and
spectral soil analyses were completed by ICRAF. The studies
are briefly described in Box 2.*

In what follows, the results of each of the soil testing meth-
ods are presented independently, and the accuracy of subjec-
tive indicators of soil quality are in turn compared with the
objective measures derived from the laboratory analysis. The
laboratory results are subsequently compared with a single
national-level soil map to potentially illustrate the value of
plot-level soil analysis over existing geospatial datasets.

6. FARMERS’ SUBJECTIVE ASSESSMENT

Before the collection of physical soil samples, a series of sub-
jective plot-level questions was administered to the self-iden-
tified “best-informed” household member on each cultivated
plot.®> These questions ranged from “what is the soil quality
of your crop field?” with a categorical coded response to
questions on soil color and texture. In MAPS, respondents
were asked about the overall quality of the plot in addition
to the overall quality of the soil specifically. On 74 percent of
the plots, soil was listed as one of the top three criteria for
evaluating the quality of a plot. Box 3 elaborates on the top
three criteria respondents use to rate their plots. An excerpt
from the LASER questionnaire is available in Annex 2. It is
worth noting that the subjective questions were administered
at the dwelling, not upon direct respondent observation of
the soils, as these studies were aimed at assessing farmer

4 The analysis that follows is presented in greater analytical detail in the
companion research paper to this Guidebook, which focuses only on the Ethiopia
data (Gourlay et al., 2017).

5 In MAPS, farmers were asked subjective soil questions only about plots on
which maize was planted.
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BOX 2 - DESCRIPTION OF THE METHODOLOGICAL EXPERIMENTS IN ETHIOPIA AND UGANDA

The dataset for Ethiopia comes from the Land and Soil Experimental Research (LASER) study. The LASER
study involved methodological validation of plot area measurement, soil fertility testing,and measurement of maize production.
Soil testing was conducted on up to two randomly selected plots per household.The questionnaires were administered using
computer-assisted personal interviewing (CAPI). Professional enumerators were hired based on past performance with the
Central Statistical Agency and previous experience with CAPI (meaning some degree of familiarity with the technology). Soil
sampling was conducted from September to December 2013 (post-planting) in three zones of the Oromia region in Ethiopia
(Borena, EastVVellega,and WestArsi). In total, 85 enumeration areas (EAs) were randomly selected using the Central Statistical
Agency of Ethiopia’s Agricultural Sample Survey (AgSS) as the sampling frame.Within each EA, 12 households were randomly
selected from the AgSS household listing completed in September 2013. Partners in the study include the Central Statistical
Agency of Ethiopia, the World Agroforestry Centre (ICRAF), and the World Bank. Spectral soil analysis was conducted at
ICRAF’s Soil-Plant Spectral Diagnostics Laboratory in Nairobi, Kenya. Soil processing was completed at three locations:
Awassa Agricultural Research Center, Ambo University, and Yabello Pastoral and Dryland Agricultural Research Center.

The dataset for Uganda comes from the Methodological Experiment on Measuring Maize Productivity,
Variety, and Soil Fertility (MAPS) study. The MAPS study involved soil fertility testing, DNA fingerprinting of
maize leaf and grain samples for variety identification, and measurement of maize productivity through crop-cutting and
high-resolution satellite imagery-based remote sensing. The sample consists of maize plots only, with one plot randomly
selected per household. Plot selection was random but stratified on cropping pattern (pure stand versus intercropped).
The questionnaires were administered using CAP| and Survey Solutions software. Professional enumerators were
hired based on past performance with the Uganda Bureau of Statistics. Soil sampling was conducted from April to June
2015 (post-planting) in four districts of Uganda’s Eastern region, known for maize production (Serere, Sironko, lganga,
and Mayuge). In total, 75 EAs were randomly selected using the 2014 Census frame. Sironko and Serere each include
I5 EAs, while Iganga and Mayuge have 45 EAs total. Within each EA, 12 households were randomly selected (with
6 pure stand and 6 intercropped maize-growing households where possible). Partners in the study include the Uganda
Bureau of Statistics (UBOS), ICRAF, and the World Bank. Spectral soil analysis was conducted at ICRAFs Soil-Plant
Spectral Diagnostics Laboratory in Nairobi, Kenya. Soil processing was conducted by laboratory technicians from the
National Agricultural Research Organization (NARO) at the National Forest Research Institute of Uganda in Kampala.

In both studies, subjective plot-level soil assessment was conducted at the dwelling before visiting the selected plots for
soil sample collection. The respondent was the self-identified most-knowledgeable household member for that particular
plot (usually the plot manager). Enumerators were instructed not to influence the farmer’s assessment. Fieldwork protocols
required that soil samples were delivered to soil-processing labs within five to seven days of collection in order to prevent
decomposition of organic matter (which can occur when soils are wet or damp). Subsamples of the soils collected in the
LASER and MAPS studies are stored at ICRAF for future use.

knowledge for larger-scale surveys that may not allow for
visitation of each plot.

While subjective assessments of soil quality are both cost-
and time-efficient, the quality of the data has not been vali-
dated. Also of concern is the ability of subjective questions
to capture the necessary level of detail and intrahouse-
hold variation. Summary statistics of the subjective ques-
tions included in the LASER and MAPS studies are found in
Table 1. In each study, very few plots reportedly had “poor”
soil quality (5 percent in LASER, 8 percent in MAPS), and

the remainder of plots were allocated nearly evenly across
“good” and “fair” quality categories. Figure 3 suggests that
farmers use soil color and texture as key indicators of soil
quality. Dark and fine-textured soils were often categorized
as good, while red and course-textured soils were often cat-
egorized as poor. This result agrees with Karltun et al. (2013),
who found that crop yield, indicator plants, soil softness, and
soil color were useful indicators that farmers use to judge soil
quality in Ethiopia. More specific questions, such as those on
soil color and texture, appear to capture more variation, at
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BOX 3 — HOW DO FARMERS JUDGE PLOT QUALITY?

Learning from the lessons of LASER, the MAPS study introduced a question geared towards understanding how respondents
rate the quality of their plots.What criteria do they use? The pie charts below break down the top three criteria used by
respondents when rating the quality of their plots as “good”, “fair”, or “poor”. Soil was indicated as one of the top three
criteria on over 74% of plots.

MAPS: Criteria for Plot Quality

1st Criterion 2nd Criterion 3rd Criterion

BN soil B crop yield
B topographic location (hillside, valley, etc.) [ moisture availability
[ surrounding vegetation B other

none reported

least across the full sample.® The data from the surveys sup-
ported by the LSMS-ISA also suggest that at a national scale,
soil texture often offers more variation than overall soil qual-
ity estimates (see Figure 4, panels A and B).

6  Evidence from both studies suggests that some respondents may not be able
to differentiate between soil type and color. In those observations in which soil
type was indicated as “other, specify,” the respondent indicated a color as the
other type.
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Table | — Subjective Soil Assessment Summary

Number *

Soil Quality

Good 708 42% 399 45%
Fair 886 53% 423 47%
Poor 83 5% 70 8%
Soil Color

Black 638 38% 426 48%
Red 760 45% 62 7%
White/Light Grey 264 16% 98 1%
Yellow 15 1% ° °
Brown ° ° 299 34%
Other ° ° 7 1%
Soil Type

Sandy 359 21% 233 26%
Clay 901 54% 80 9%
Loam/Mix of Sand and Clay 351 21% 559 63%
Other 66 4% 20 2%

Soil Texture

Very Fine 56 3% 41 5%
Fine 869 52% 468 52%
Between Coarse and Fine 586 35% 307 34%
Coarse 158 9% 72 8%
Very Coarse 8 0.5% 4 0.4%
Incidence of:

Erosion 266 16% 304 34%
Erosion Controls 654 39% 248 28%
Crop Rotation 1127 67% 630 71%
Zero Till 93 6% 15 2%
Organic Fertilizer ° 297 18% 85 10%
Inorganic Fertilizer 425 25% 138 15.5%

* Includes households with at least one soil sample.
° Organic fertilizer includes manure and compost for MAPS

o Category not applicable for respective study; question response categories altered across studies based on
discussion with local field staff

Source: Authors’ calculations.
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Figure 3

LASER: Farmer Identified Soil Color & Quality

LASER: Farmer Identified Soil Texture & Quality
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Figure 4 B

Self-Reported Soil Type: LSMS-ISA Surveys
Nigeria 2015/16

Ethiopia 2013/14* Malawi 2013

Percent (%)

* Ethiopia and Uganda reported at the parcel level, not plot level

Descriptive analysis on intrahousehold variation, however,
reveals a slightly different story. Table 2 attempts to describe
the intrahousehold variation captured by each subjective
indicator by reporting the percentage of households report-
ing the same indicator for all cultivated plots (excluding those
that cultivate only one plot). Based on this approach, the
overall soil quality variable has the most intrahousehold
variation. This is not a particularly surprising result as this
variable could be thought of as a relative measure by respon-
dents (for example, plot | is better than plot 2). Conceivably,
it is less likely that respondents would consider an indicator
like color to be a relative indicator.

Table 2 — Intrahousehold Variation (% of households
with more than one cultivated plot reporting the same
indicator across all plots)

LASER MAPS

% Std. Dev. % Std. Dev.
Overall Quality 63% 0.48 64% 0.48
Type 71% 0.45 68% 0.47
Color 73% 0.45 67% 0.47
Texture 68% 0.47 64% 0.48
Mean Plot Count 4.98 2.6l
N 788 488

Source: Authors' calculations.

Note: MAPS includes only maize plots.

Uganda 2013/14*

The results reported in Table 2 are useful for comparing
variation across subjective questions but must be taken with
a grain of salt when making conclusions about levels of intra-
household variation as the number of plots cultivated are
not accounted for here. Figure 5 disaggregates the data from
Table 2 into the number of plots cultivated per household
and illustrates the lack of intrahousehold variation in over-
all soil quality and color. In both MAPS and LASER, about
80 percent of households that cultivated two plots reported
the same overall quality for both plots. MAPS data exhibit
more variation, with about 40 percent of households that
cultivate four plots reporting the same quality on all plots,
compared with approximately 70 percent in LASER. The
results for variation in soil color are similar (see Figure 5).
While the lack of variation may partially reflect true homo-
geneity of soils within household, the rough granularity of the
categorical subjective questions leaves much to be desired.
Besides the improvements in accuracy, an advantage of the
objective soil measurements is the refined scale on which
soil is measured, allowing for distinction between seemingly
similar soils.
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Figure 5

Households Reporting No Variation in Overall Soil Quality

[N LASER 1 MAPS |

Percent (%)
6

4

4 5 6 7
Number of Cultivated Plots

Note: Limited to households with <= 10 plots for LASER and <=5 plots for MAPS.

MAPS data includes only maize plots.

In addition to the subjective questions asked to respon-
dents, enumerators were asked to record their own obser-
vations while on the plot. Enumerator observations were
sought only for plots from which soils were sampled for lab-
oratory testing and are therefore not available for all culti-
vated plots within the household. Enumerators recorded the
soil color using the same color categories as the household
respondents. Their assessment of soil texture was slightly
different, however. Rather than assess texture on the basis
of “fine,” “coarse,” etc., they recorded (I) the percentage of
rock or gravel coverage (in a categorical manner), and (2)
whether the soil was “smooth,” “gritty,” or “neither” upon
completion of the ribbon test and in-field texture analysis
(detailed in Section 11.2.2 below).

One might expect respondent- and enumerator-reported
soil color to align closely. While the color is the same
more often than not, there are some notable discrepancies
between the color reported by the farmer and that reported
by the enumerator.” Table 3 presents a matrix of respondent-
and enumerator-reported soil colors. Particularly concerning
is the discrepancy on soils that the enumerator has reported
as “white/light,” as 45 percent and 24 percent of respon-
dents reported these as black soils in MAPS and LASER,

7 ltis possible that differences in moisture content contributed to observed
differences in the color reported by farmers and enumerators. That is,
enumerators were instructed to wet a handful of soil as part of their texture
analysis procedure and could have reported the color of the wet soil. However,
this is not likely to explain contradictions observed in very different soil

color categories.

Households Reporting No Variation in Soil Color

N LASER [T MAPS

Percent (%)
6

4

5 6 7
Number of Cultivated Plots

Note: Limited to househods with <=10 plots for LASER and <=5 plots for MAPS.

MAPS includes only maize plots.

respectively. The following section will illustrate the impor-
tance of the soil color indicator.

A comparison of respondent-reported soil texture and
enumerator indication of rock/gravel percentage and in-field
texture yields the expected results, even if not entirely pre-
cise. Looking at Table 4, increased gravel percentage should
indicate a coarser texture and vice versa. This is indeed
reflected in the greater concentration of “fine” soils in the
lower-gravel-percentage categories. Similarly, there is a
greater concentration of “fine” soils in the enumerator-re-
ported “smooth” category. Although the majority of the data
move in the expected direction, with enumerator observa-
tion reflecting respondent assessment, the presence of dis-
crepancies illustrates the noisy nature of subjective data.
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Table 3 — Enumerator Observation versus Respondent Assessment: Soil Color

Respondent Reported Soil Color

Black Red White/Light Yellow Brown Other Total
LASER
. Black 72% 22% 7% 0% ° ° 100%
§ Red 13% 77% 9% 0% ° ° 100%
E White/Light 24% 25% 50% 1% ° ° 100%
g Yellow 18% 18% 35% 29% ° ° 100%
5’? MAPS
5 Black 73% 4% 8% ° 15% 0% 100%
£ | Red 48% 37% 4% . 9% 2% 100%
E White/Light 45% 1% 43% ° 10% 1% 100%
Brown 21% 7% 8% ° 63% 1% 100%
Other* 50% 25% 25% ° 0% 0% 100%

Note: Row percentages reported.
* <= 20 observations (row-wise)
o Category not applicable for respective study

Source: Authors’ calculations.

Table 4 — Enumerator Observation versus Respondent Assessment: Soil Texture

Respondent Reported Soil Texture

Very Fine Fine Between Coarse Very Coarse Total
o LASER
E <5% 4% 54% 35% 7% 0% 100%
3 g 5-40% 1% 40% 36% 22% 2% 100%
g_ § > 40% 0% 13% 38% 38% 13% 100%
€3 MAPS
g 3 <5% 5% 57% 30% 8% 0% 100%
§ 5-40% 1% 34% 55% 9% 1% 100%
e > 40%* 0% 13% 63% 25% 0% 100%
0 LASER
3
g Smooth 4% 60% 31% 4% 0% 100%
E Gritty 2% 35% 39% 23% 1% 100%
§_ Neither 2% 46% 41% 9% 1% 100%
% MAPS
3
g Smooth 6% 67% 23% 4% 0% 100%
é Gritty 2% 33% 51% 13% 1% 100%
- Neither* 10% 40% 40% 10% 0% 100%

Note: Row percentages reported.
* <= 20 observations (row-wise)
o Category not applicable for respective study

Source: Authors’ calculations.
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7. LABORATORY ANALYSIS

Laboratory analysis consisted of conventional soil analysis
via wet chemistry methods and a series of spectral soil anal-
yses. The suite of spectral analyses included the following
tests: mid-infrared diffuse reflectance spectroscopy (MIR),
laser diffraction particle size distribution analysis (LDPSA),
x-ray methods for soil mineralogy (XRD), and total element
analysis (TXRF). MIR and LDPSA spectral tests were con-
ducted on all top- and subsoil samples (n = 3,611), while the
x-ray tests, XRD and TXRF, were conducted on the same
10 percent on which conventional testing was executed. Ulti-
mately, approximately 50 variables were predicted for each
top- and subsoil sample, containing both chemical and phys-
ical soil properties. For details on the prediction methods,
refer to Shepherd and Walsh (2002).% To lend confidence to
the method, the predictive power is first illustrated, followed
by summary statistics of the predicted data.

7.1 PREDICTIONS FROM SOIL SPECTRA

Figure 6 illustrates the predictive power of the mid-infrared
spectroscopy on key soil properties, while Table 5 summa-
rizes select predicted properties, disaggregated by top-
and subsoil. The predictive models are successful in that,
of the variables predicted, the lowest correlation between
predicted value and actual value (using the reference sam-
ple upon which CSA was conducted) was 0.942 (prediction
of phosphorous concentration using Mehlich 3 method, in
MAPS). The highest correlation was in the prediction of total
carbon concentration in MAPS by TXRF, with a rho of 0.994.
Key soil properties such as organic carbon (%), total nitrogen
(%), clay (%), and pH were strongly predicted with correla-
tion coefficients of 0.98 or greater.

7.2 SUMMARY STATISTICS

Mean values of key soil properties are reported in Table 6, by
soil depth. LASER data exhibit a higher level of organic car-
bon content, with greater variation, than the MAPS samples.
Significant differences are observed between the top- and
subsoil samples. In addition to the means, the t-test signif-
icance level for the difference in means between top- and

8 The data presented in this Guidebook was predicted using a Random Forest
model. Since writing of this Guidebook, ICRAF has begun using an improved
prediction method, namely, an ensemble method. This revised method combines
the Random Forest model with other approaches, in an effort to limit overfitting.
The data released for LASER and MAPS, therefore, may differ slightly in that the
data predicted via the ensemble approach will be made public.

subsoil are also reported in Table 6. Levels of all presented
properties are significantly different between top- and sub-
soil, with the exception of exchangeable magnesium in MAPS,
which is not significantly different. The significant difference
in values validates the need to collect and analyze both a
top- and subsoil sample, but the magnitude of the difference
may not warrant the added cost depending on particular
study objectives. The rooting depth of the crop(s) of inter-
est should be considered when determining if top- and/or
subsoils should be tested, as it is preferable to test the soil
properties at the level at which the plant absorbs the major-
ity of its nutrients (Lorenz and Lal, 2005).

In addition to variation across soil depths, the levels of key
soil properties vary across administrative zones and districts.
Figure 7 illustrates the distribution of organic carbon and pH
by administrative zone for LASER and by district for MAPS.
While variation across a large administrative area such as a
zone or district may be expected, variation is also present
within enumeration areas. This explored in Section 9.| below
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Table 5 — Predictive Power of Random Forest

Model

(Predict, Reference)
Variable LASER MAPS
acidified carbon 0.985 0.993
acidified nitrogen 0.983 0.984
cec - 0.986
clay 0.988 0.980
ecd 0.976 0.974
exac 0.963 0.947
exbas 0.985 0.988
m3al 0.985 0.981
m3b 0.967 0.956
m3ca 0.985 0.987
m3cu 0.982 0.973
m3fe 0.987 0.966
m3k 0.976 0.945
m3mg 0.983 0.987
m3mn 0.977 0.975
m3na 0.978 0.950
m3p 0.958 0.942
m3s 0.961 0.960
m3zn 0.946 0.944
ph 0.985 0.985
psi 0.983 0.990
sand 0.984 0.980
silt 0.986 0.969
total carbon 0.984 0.994
total nitrogen 0.983 0.984
N 355 180

Note: “m3" prefix indicates measure using Mehlich 3 method.

Source: Authors’ calculations.
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Table 6 — Spectral Soil Analysis Summary Statistics

LASER MAPS

Topsoil Subsoil Difference in Topsoil Subsoil Difference in

(0-20 cm) (20-50 cm) eans (0-20 cm) (20-50 cm) T
Select Soil Properties Mean Mean Mean Mean
Physical
% Sand 12.2 11.8 * 226 20.1 ok
% Clay 65.0 67.3 ok 56.7 632 ok
% Silt 226 20.8 ok 20.2 17.1 ok
Chemical
pH 6.3 6.3 ok 6.4 6.3 ok
Cation Exchange Capacity (CEC) - - - 13.9 13.1 ok
Macronutrients:
Acidified (Organic) Carbon (%) 33 2.8 ok 1.5 1.2 ok
Total Nitrogen (%) 0.28 0.24 ok 0.12 0.10 ok
Exchangeable Calcium (mg kgh-1) + ° 3445 3193 ok 1736 1588 ok
Exchangeable Potassium (mg kgh-1)+° 742 663 ok 240 224 ok
Exchangeable Magnesium (mg kg/-1)*° 540 510 ok 277 272 -
Micronutrients:
Iron (mg kg-1)+ 160 148 ok 142.3 138.6 *
Zinc (mg kg-1)+ 5.6 5.1 oK 4.8 4.5 o
Exchangeable Manganese (mg kg"-1)+ 182 173 ok 2189 236.1 ok
N 1599 872

Note: Data limited to plots with both top- and subsoil samples.

+ Extracted with Mehlich 3 method
* Extracted with wet method

#k p<0,01, #* p<0.05, * p<0. |

°Units for MAPS converted from cmol/kg using conversion factors found here: http://www.aora.org.au/pdf/Interpreting_soil_tests_DHall.pdf; 200:1 for
calcium, 120:1 for magnesium, 390:1 for potassium.

Source: Authors' calculations.
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Figure 7 — Distribution of Organic Carbon (%) and pH, by Administrative Area: Top-Soils
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8 GEOSPATIAL DATA

In order to provide a brief comparison of the plot-level soil
analysis results of this project with publicly available geospa-
tial data, soil organic carbon content was extracted from
soil property maps of Africa (Hengl et al., 2015). The AfSoil-
Grids250m dataset is the result of a careful combination of
the Africa Soil Profiles point database, the AfSIS Sentinel Site
point datasets, and remote sensing imagery. Using these two
point datasets, with more than 28,000 sample points in total,
and an additional set of covariates, spatial predictions were
made using a random forests model (Hengl et al., 2015). The
AfSoilGrids250m spatial data contains predictions of sev-
eral soil functional properties critical to agriculture including
organic carbon, total nitrogen, pH, cation exchange capacity,
bulk density, and sand, silt, and clay fractions, among others
(Hengl et al., 2015).

While comparison ought to be made to more than one
source of geospatial data, AfSIS data is among the high-
est-resolution geospatial soil data currently available in pub-
lic datasets (250-meter resolution) for Ethiopia and Uganda
(http://africasoils.net). It also may be the most comparable
to the methodological studies presented here, as both are
conducted following similar methods. For these reasons, the
comparisons made here may present an upper bound of com-
parability, at least in this particular context. Values were
extracted from the AfSIS geospatial dataset using the GPS
coordinates of the specific plots. In the following section,
comparison is made between organic carbon content (%) as
measured by plot-level spectral testing and that indicated in
the AfSIS map.

9. COMPARISON OF METHODS

Given the complexity of soil and the varying needs of dif-
ferent crops and agricultural systems, assessing the overall
quality of soil at an objective level is difficult. Comparing cat-
egorical subjective questions to the array of objective mea-
surements and evaluating how well those subjective data
assess the true soil quality is even more challenging. This
is necessary, however, to motivate and validate the need to
conduct objective analysis instead of, or in addition to, sub-
jective assessment. If subjective soil quality assessment suffi-
ciently captures the information attained through laboratory
analysis, this costly analysis can be forgone. Additionally, if
soil maps generated through remote sensing and other geo-
spatial data accurately reflect plot-level soil analysis, national

soil maps, which are becoming increasingly available, could
be used rather than conducting detailed laboratory analysis.

This section first analyzes the correlation between labo-
ratory results and two national-level soil map sources and
then attempts to explain which subjective questions most
accurately reflect laboratory results and how well they do so.

9. LABORATORY ANALYSIS AND
GEOSPATIAL DATA

A brief comparison of the AfSIS AfSoilGRids250m data and
plot-level spectral soil testing results from LASER and MAPS
is conducted to demonstrate the value added in conducting
such plot-level tests. Table 7 summarizes the mean organic
carbon content observed in LASER, MAPS, and AfSIS.
Organic carbon is used here as a proxy for overall soil health.
The difference in means between both methodological data-
sets and the respective AfSIS data is statistically different
from zero at the | percent level. Although the magnitude of
the difference may be immaterial depending on the research
question of interest, it is important to note that the cor-
relation between the two measures is only 0.59 and 0.56 in

Table 7 — Organic Carbon Levels in LASER, MAPS,
and AfSIS Geospatial Data

Mean Cor-

Study ‘ AFSIS | relation N
LASER
Total 335 3.48 0.586 1674
Borena Zone 2.83 2.65 0.636 494
West Arsi Zone 3.83 3.80 0417 591
East Wellega Zone 3.66 3.49 0.403 589
EAs with lowest 25% variance 2.78 2.88 0.715 412
EAs with highest 25% variance 3.74 3.77 0.387 429
MAPS
Total 1.51 2.12 0.559 879
Iganga District 1.27 1.74 -0.001 327
Mayuge District 1.29 2.07 0.305 200
Serere District 1.32 1.49 0.321 180
Sironko District 2.42 3.56 0.330 172
EAs with lowest 25% variance 1.55 221 0.482 208
EAs with highest 25% variance 1.56 1.95 0.450 224

Source: Authors' calculations.
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Figure 8 — Overall Scatter Plots

Organic Carbon Content (%): LASER vs. AfSIS

LASER

— — — line of equality line of best fit

LASER and MAPS, respectively. In both LASER and MAPS,
the mean carbon content is lower than that measured by
AfSIS. Drilling down to the zone and district level in LASER
and MAPS, respectively, reveals inconsistency in the concor-
dance of plot-level and AfSIS results. A notable deviation is
found in the Iganga district of Uganda, where the correlation
between the two measures is negative and not statistically
different from zero.

Concerns about the use of geospatial data are often
related to its ability to capture variation in soil properties
within small areas. Indeed, a closer look at the correlation
between the spectral analysis and the geospatial data reveals
that the correlation falls when limiting the sample to the EAs
with the highest quartile of variance in carbon content (as
measured by spectral analysis). In EAs with the highest vari-
ance, correlation is only 0.39 and 0.45, while in EAs with the
lowest variance, the correlation is 0.72 and 0.48 in LASER
and MAPS, respectively (refer to Table 7). Surprisingly, in EAs
with the highest variance there is no significant difference
between the mean in LASER and AfSIS (although the differ-
ence in means is significantly different in MAPS).

Figure 8 presents scatter plots of the organic carbon levels
as levels as measured by the geospatial data and plot-level
results. The two sources of data are positively correlated,
but not without error, suggesting that geospatial data may
be sufficient for certain types of analysis. Further validation,
against various sources of geospatial data, is necessary to
draw stronger conclusions.

Organic Carbon Content (%): MAPS vs. AfSIS

AfSIS

MAPS

— — — line of equality line of best fit

9.2 SUBJECTIVE ASSESSMENT AND
LABORATORY ANALYSIS

Itis critical to explore how subjective questions on soil health
correlate with plot-level laboratory measures. Understand-
ing the relationship between specific questions and their
ability to explain true soil properties is important for both
questionnaire design, to ensure the most appropriate ques-
tions are included, and for data analysis. We first analyze the
ability of subjective questions to predict soil carbon levels, a
proxy for overall soil health. Subsequently, in order to incor-
porate more of the rich laboratory data and better capture
the dynamic nature of the soil, we construct three variations
of soil quality indices. Descriptive analysis and basic ordinary
least squares (OLS) regressions are used to identify which
subjective questions, if any, significantly predict changes in
the soil quality indicators. All analyses are conducted using
topsoil (at a depth of 0—20 centimeters [cm]) measurements
unless otherwise specified.

9.2.1 ORGANIC CARBON AS A PROXY

Organic carbon is often argued to be the best single property
to serve as a proxy for overall soil quality. It is highly cor-
related with other key soil health indicators (chemical, physi-
cal, and biological), such as total nitrogen (with a correlation
coefficient greater than 0.95 in both LASER and MAPS, in
the top- and subsoils; refer to Annex 3). Organic carbon is
generally correlated positively with crop yield (Bennett et
al., 2010). It affects important functional processes in soil
like the storage of nutrients (mainly nitrogen), water-holding
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Figure 9 — Distribution of Organic Carbon by SR Soil Quality
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capacity, and microbial activities (Lal, 2016). This section
explores the question of how well subjective assessments
of soil quality reflect objectively measured organic carbon
levels.

Figure 9, panels A and B, illustrates the distribution of
soil organic carbon by soils reported as “good,” “fair,” and
“poor” by respondents in LASER and MAPS, respectively. If
a farmer’s overall assessment of soil quality clearly reflects
carbon levels, we would expect to see the carbon distribu-
tions shifted with the distribution for “good” soil furthest
to the right and “poor” furthest left. On the contrary, the
distributions appear very similar to one another.

Descriptive analysis suggests that the relationship between
subjective overall soil quality and organic carbon levels is
highly variable across study regions, implying a lack of reli-
ability in subjective estimates. The results for LASER and
MAPS differ in a number of ways. First and foremost, in the
LASER data, the mean carbon content in “fair” soils is slightly
greater than that in “good” soils, although the difference is
not statistically significant. In MAPS, however, the mean car-
bon content by subjective soil quality is as expected, with
higher carbon content in good soils. The carbon content in
“good” soils is greater than that in “fair” soils (with statis-
tical significance), and the content in “fair” soils is greater
than that in “poor” soils (also with statistical significance). In
terms of distribution, Kolmogorov-Smirnov tests of equality
of distribution suggest that in LASER topsoil, the distribu-
tion of carbon content is only significantly different between
soils reported as “good” and “poor,” and “fair” and “poor,”

MAPS: Organic Carbon & SR Quality
(Top-Soil)

6
L

kdensity acidifiedcarbon
2 4
1 1

SR Good Quality
————— SR Poor Quality

but not between “good” and “fair.” None of the carbon dis-
tributions is significantly different in LASER subsoil across
soils reported as “good,” “fair,” and “poor.” In MAPS, the
only carbon distributions that are not statistically different
are between “fair” and “poor” (in both the top- and subsoil).
Table 8 summarizes these findings.

To incorporate the other subjective questions on soil
health and their relationship with organic carbon levels, an
ordinary OLS regression is executed with organic carbon
on the left-hand side and subjective soil quality, color, and
texture on the right. Table 9 presents the results. As seen
above, the value of the subjective assessment of overall soil
quality varies by study, with results from LASER contrary
to expectations (“fair” soil has higher carbon content than
“good” soil) and with limited statistical significance. In MAPS,
however, the coefficients on overall soil quality are in the
expected direction and hold greater statistical significance.
The results from both studies suggest that subjective soil
color and texture are more consistent predictors of organic
carbon content, as black and fine soils have a higher carbon
content than the other respective comparative categories
(as expected). The analysis was repeated while controlling
for manager characteristics such as education and sex, and
results are consistent with those reported in Table 9. Other
controls that might explain levels of soil carbon, such as crop
rotation and input use, are not included here as the objective
is not to assess the determinants of carbon levels, but rather
to determine the relationship between subjective questions
and objectively measured carbon content.
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Table 8 — Distribution of Organic Carbon Content Across Subjective Quality Category

LASER
e Gt Difference of Means Difference of Distribution
Carbon (%) Good ‘ Fair ‘ Poor Good ‘ Fair ‘ Poor

Topsoil

Good 3.36 - * . ok
Fair 3.37 - * - ok
Poor 3.10 * * ok ok

Subsoil

Good 2.82 - - - -
Fair 2.84 - - - _
Poor 2.74 - - R R

Mean Organic Difference of Means

MAPS

Difference of Distribution

Carbon (%) Good Fair Poor Good Fair Poor
Topsoil
Good 1.60 ok Hokok * ok
Fair 1.47 ok ok * _
Poor 1.24 ok *k *ox N
Subsoil
Good 1.34 bk ook ok ook
Fair 1.20 ok ook sokok R
Poor 1.00 ok ok otk B

% p<0.01, ** p<0.05, * p<0.1
Difference in means:T-test
Difference in distribution: K-Smirnov test

Source: Authors’ calculations.

9.2.2 SOIL QUALITY INDICES

While carbon is commonly used as a proxy for soil health, it
may not be the primary limiting factor of soils in the sample.
To achieve a more dynamic measure of soil quality, multiple
indices are created and modeled against subjective soil quality
indicators. From the existing literature, it appears a consen-
sus does not exist on the optimal soil quality index construc-
tion. For the purposes of this Guidebook, two approaches to
soil quality indices were implemented following the guidance
set forth by Mukherjee and Lal (2014) in their comparison
of three approaches to soil quality indices. For additional
detail on the construction of these selected indices as well
as additional approaches using the same LASER data, refer
to Gourlay et al. (2017).

A simple additive and a weighted additive approach were
adapted from Mukherjee and Lal (2014). The indices pro-
posed by Mukherjee and Lal include three components: root
development capacity, water storage capacity, and nutrient
storage capacity. Data are available only for the construc-
tion of the nutrient storage component, which is 40 percent
of the weight of the complete weighted additive soil quality
index. Therefore, results presented here only indicate con-
straints related to nutrient storage capacity.

Mukherjee and Lal (2014) used their expertise and exist-
ing literature to assign linear scores to relevant soil proper-
ties ranging from O to 3 based on the constraint posed by
the level of the specific property. These linear scores are
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Table 9 — Soil Organic Carbon and Subjective Indicators: Regression Analysis

Topsoil Subsoil Topsoil Subsoil
Dependent Variable: Organic Carbon (%)
Self-Reported Soil Quality
Fair 0.003 0.143%* 0.017 0.107* -0.134%* -0.075 -0. 1 35%** -0.078*
Poor -0.265** 0.023 -0.085 0.124 -0.355%** -0.168** -0.338%** -0. 72
Self-Reported Color (Collapsed, ‘Black’ Omitted)
Red -0.588%** -0.355%¥* -0.203*¥* -0.197%%*
White/Light -0.586%** -0.496%** -0.45 | -0.354%%*
Brown N/A N/A 0.053 -0.018
Self-Reported Soil Texture (Collapsed, ‘Fine’ Omitted)
Between Coarse and Fine -0.022 0.017 -0.44 | -0.348%**
Coarse -0.265%* -0.202°* 0.5 [ -0.405%**
Constant 3.364%FF 3.674%¢ 2.825%#* 3.023%F |.6027%%* 1.800%+* |.34 %% 1.5 14wk
N 1677 1677 1665 1665 872 872 878 878
R? 0.002 0.060 0.000 0.037 0.018 0.157 0.022 0.132

% p<0.01, ** p<0.05, * p<0.1
Robust standard errors.

Source: Authors’ calculations.

summed to create the simple additive soil quality index (SA
SQI). While Mukherjee and Lal assign scores for a multitude
of soil properties, data in the LASER study allow for the
inclusion of pH, organic carbon content (%), total nitrogen
content (%), and electrical conductivity, the properties that
together make up the nutrient storage capacity component.
Unlike the weighted additive index (discussed below), the SA
SQIl is not normalized on the sample and therefore provides
an indicator of overall soil quality that is not relative to the
study sample.

The weighted additive index, referred to henceforth as
the WA SQI, was constructed by assigning linear scores to
the relevant soil properties (pH, soil electrical conductiv-
ity, organic carbon [%], and total nitrogen [%]), normalizing
the scores for each individual property over the sample and
then applying the indicated weights and summing the scores.’
The linear scores for each included property ranged from
0 to | and were determined by dividing all observations by
the highest value in the sample for soil properties in which
a higher value is more beneficial (carbon and nitrogen) and

dividing all observations by the lowest value in the sample
for properties in which a lower value is preferred. Soil elec-
trical conductivity and pH have an optimal range, and these
were treated as such.'® This method follows Mukherjee and
Lal (2014), who learn from Karlen and Stott (1994) and Fer-
nandes et al. (2011).

To understand the relationship between the subjective
questions and soil quality as measured by the above indices,
simple OLS regression was conducted. Table 10 presents
the results for both LASER and MAPS. The first specifica-
tion includes only the overall soil quality as reported by the
farmer. Then soil color and texture are included individually.
The fourth specification includes all three subjective indica-
tors: soil color, texture, and overall soil quality. Similar to the
results found when using carbon as a proxy for soil quality,
soil color comes through as a strong predictor of soil qual-
ity, with red and light soils having a lower index score, and
therefore a lower nutrient storage capacity, than black soils.
In MAPS, subjective soil texture also comes through with the
expected sign and statistical significance, with coarser soils

9  Scores for each of the four soil properties were normalized as (observation
score — sample min)/(sample max — sample min). Weights were applied as follows:
pH (0.3); electrical conductivity (0.3); organic carbon (0.2); total nitrogen (0.2).
Scores and weights taken from Mukherjee and Lal (2014).

10 For properties that have an optimal range, the observations were split into
those above and below the critical thresholds (as defined by Mukherjee and Lal,
2014), with those below the threshold treated as though a higher value is preferred
and those above the threshold treated as though a lower value is preferred.
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(corresponding to greater sand and gravel percentage) having
a lower nutrient storage capacity. The coefficients on overall
subjective soil quality are mixed. In the models with the WA
SQI, which is normalized on the individual country sample,
subjective overall soil quality is significant only when other
subjective questions are excluded in LASER, while it is signif-
icant in MAPS even when additional questions are included.
This is consistent with the results observed in the previous
section on carbon content. In the model with the SA SQI,
which is not normalized on the sample, subjective overall
quality explains very little in LASER, while distinguishing only
the “poor” soils from “good” soils in MAPS. In LASER, sub-
jective soil color has the most explanatory power, while in
MAPS, soil texture has the most explanatory power.

The results presented above do not control for inter-
household differences. Because the LASER study included
soil analysis on up to two plots per household, it is possi-
ble to look strictly at intrahousehold variation by including
household fixed effects. Unfortunately, this analysis is not
possible with MAPS data because only one plot was mea-
sured per household. Within the full LASER sample, and not
controlling for differences across households, the subjective
indicators of soil quality do not exhibit strong predictive
power of the objective soil quality indices, but there is some
relationship. Looking strictly at intrahousehold effects by
including household fixed effects (and limiting the sample to
households that had topsoil samples for two plots), suggests

that within households, subjective indicators have even less
relationship with soil quality indices. Rather, the rank of plots
within households in terms of overall quality is insignificant at
the 5 percent level when the full spectrum of subjective indi-
cators is included, as are the variables on color and texture
(in the specification on the SA SQI). Table || presents the
results with the inclusion of household fixed effects in the
LASER data. Once household fixed effects are included, sub-
jective soil color is insignificant in both the weighted additive
and simple additive models, which may be largely attributable
to the low intrahousehold variation observed in these indi-
cators (refer to Figure 5). Subjective assessment of overall
soil quality is a significant predictor of the WA SQI when no
other covariates are included, suggesting that plots may be
ranked appropriately within households, yet the fit of the
model was extremely poor (R? = 0.01).

On the whole, the analysis suggests that subjective indi-
cators of soil quality better reflect objective measures in
the MAPS study. This may be attributable to the lower vari-
ation in soil properties in the sample, the smaller sample
size, the study area, or differences in farmers’ understand-
ing of soil quality and assessment. The strength of the rela-
tionship between subjective overall soil quality and objective
measures of soil quality differ across study, with very little
relationship in LASER and a weak but statistically significant
relationship in MAPS. Subjective soil color appears to be the
most consistent indicator of soil quality across studies, but
low intrahousehold variation in reported soil color may limit
the value of this question in terms of ranking the quality of
plots within households.
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Table |11 — Soil Quality Indices and Subjective Indicators: Regression Analysis, with Household Fixed Effects

Dependent Variable: Simple Additive SQI Weighted Additive SQI (normalized over sample)

Self-Reported Soil Quality

Fair -0.188 -0.172 -0.015%* -0.012*

Poor -0.109 -0.096 -0.033%%* -0.030%*

Self-Reported Color (Collapsed, Black’ Omitted)

Red -0.049 -0.041 -0.014 -0.013
White/Light 0.165 0.191 0.004 0.006
Brown N/A N/A N/A N/A

Self-Reported Soil Texture (Collapsed, ‘Fine’ Omitted)

Between Coarse and Fine -0.252* -0.238 -0.02 | #* -0.020%**
Coarse 0.047 0.096 -0.027* -0.023
Constant ‘ 4.84 |k 4,732k 4,822k ‘ 4,899k 0.467%%w¢ ‘ 0.463%%* ‘ 0.467%%w* ‘ 0.47 9%
N 1384 1384 1384 1384 1384 1384 1384 1384
R2 0.003 0.002 0.006 0.011 0.010 0.005 0.010 0.023
ok 5<0.01, #* p<0.05, * p<0. |

Household fixed effects, robust standard errors.
Note: Topsoils only.

Source: Authors’ calculations.



Part lll — Implementing
Spectral Soil Analysis in
Household Surveys:

A Step-By-Step Guide

10. CONSIDERATIONS FOR SAMPLE
DESIGN

The approach to sampling will vary with the objec-
tive of the survey, the sampling frame, and resource
availability, among other factors. The sample design
must be such that it leads to an unbiased sample of
households and their agricultural lands. Depending
on the scope of the study and/or the homogeneity
of soils in the study region, one may elect to sample
soils from one or more agricultural plots per house-
hold. Similarly, the degree of clustering may vary
(i.e., number of households selected per enumera-
tion area). Survey practitioners are encouraged to
engage with a sampling expert in the survey design
phase.

Sampling frameworks, the strategies by which households
and agricultural lands are selected, are designed to reduce
sampling error, avoid biased selection of sampling sites, and
guide where and how many samples to include in a given
study. It is vital to be clear on the decision or sets of deci-
sions that the measurement will support before designing the
sampling framework, bearing in mind that the main purpose
of measurement is to reduce decision uncertainty. Because
this Guidebook is focused on implementing soil testing in
household surveys, it is working under the assumption that the
household is the primary sampling unit and that the study has
its own predetermined household sample selection protocol.
This chapter therefore focuses primarily on additional factors
that need to be taken into consideration when integrating soil
testing with the household survey.

Randomizing soil collection sites within the target area or
sampling strata is important to provide unbiased estimates

31

of carbon stocks and other land health indicators within a
stratum and allow inference to be made to the whole area.
Providing unbiased data on the statistical distribution of vari-
ables not only is useful for reporting the prevalence of land
health problems (e.g., low soil carbon content), but also pro-
vides a means of setting local reference values (defining what
is low, moderate, or high), which can in turn be conditioned
on various factors (e.g., soil texture). A small probability sam-
ple generally provides much more useful information than a
large biased sample.

The sampling design should be driven by the objectives
of the study. Before designing the sample, it must be clear
what level of representativeness is desired (if any) and the
geographic area of interest. If the study is targeting specific
crops and/or populations, that too must be made explicit.

Once the objectives are clear, the following questions must
be addressed:

I. How many households will be included in
the sample?

2. How many agricultural plots from each
household will be subject to soil testing?

3. How many soil samples will be collected
from each plot?

4. Where will the soil samples be collected
within the plot?

Questions | and 2 are study-specific decisions and must be
made with the objectives in mind. It may be the case that the
aim is to integrate soil sampling into an existing household
survey, in which case the household selection is completed
without regard for the soil component.
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Questions 3 and 4 are more generalizable. Depending on
the expected variation in the soils, the average size of the
agricultural plots in the study area, and the method through
which the sample collection sites are identified, it is likely
sufficient to test a single topsoil sample and a single subsoil
sample from each selected plot. Soils provide different types
of support to crops at different depths, and crops vary in
their soil depth requirements. Maize, for instance, requires
deeper soil than teff (Calvino et al. 2003; Evert et al., 2009).
Thus, it is generally advisable to test both top- and subsoil
samples, but this should be reviewed in light of the crop of
interest and overall study objectives.

BOX 4 — SAMPLING STRATEGY FOR LASER

Question 4, the location of sample collection points within
the plot, is critical, and fortunately the most straightforward
to implement. If the aim is to assess the soil quality of the
plot as a whole (and not a specific point within the plot), the
soil sample collection points must make up a representative
sample. Therefore, it is strongly recommended to use com-
posite samples. The process of physically collecting the soil
samples, as well as the identification of where the samples
should be collected, question 4, are discussed in detail in
the following section. For an example of a sampling strategy,
refer to Box 4, which describes the sampling strategy for the
Ethiopia LASER study.

The objectives of the LASER study were multifaceted and included indicators related to soil properties, crop type, and socioeco-

nomic characteristics, among others. Additionally, the focus was on methodological validation rather than producing nationally

representative statistics. Because there were multiple indicators, calculating the sample size based on the variance of a single

indicator was not the preferred approach. Instead, a multistage nested approach using a practical allocation of enumeration

areas (EAs) across agroecological zones was used.

Given the methodological focus of the study, it was preferable to implement a smaller-scale survey operation that could be

closely supervised. Yet it was also imperative that the study area include substantial variation in soil properties so that soil

quality measurement methods could be compared in different contexts. Therefore, the study was limited to a single adminis-

trative region. Oromia was selected because it represents a large area of Ethiopia and encompasses areas with great variation

in rainfall, elevation, and agroecological zone.

The sample was restricted further to three administrative zones of the Oromia region, which were selected based primarily on

agroecology and geographic diversity. Secondary consideration was made for the availability of local soil research centers that

could be used for soil processing. The three selected zones are East Wellega, West Arsi, and Borena. Using the Agricultural
Sample Survey (AgSS) of the Central Statistical Agency of Ethiopia (CSA) as the sampling frame, a total of 85 EAs were selected
using a practical allocation and implicit stratification of EAs across agroecological zones. Finally, within each EA, 12 agricultural
households were randomly selected from the AgSS household listing completed in September 2013.

The decision-making process for the number of plots subject to soil testing per household was driven by not only the desire

to allow for a comparison of subjective and objective measures of soil quality while controlling for household characteristics

(therefore, requiring more than one plot to be selected per household), but also the low expected variation of soil properties

across plots cultivated by the same household (assuming geographic proximity). Up to two plots were measured per household.

First, if any plots contained pure-stand maize, one was randomly selected. Then, a second plot was randomly selected from the

remaining cultivated plots irrespective of crop type. If no plots contained pure-stand maize, two plots were randomly selected.

The preference for maize in the first plot selection was purely to satisfy the maize crop-cutting component of the study. The ran-

dom plot selection was completed by the computer assisted personal interviewing (CAPI) application to prevent selection bias.

The determination of the number of samples per plot was based on the existing AfSIS Land Degradation Surveillance Frame-

work (LDSF). From each crop field, one composite sample was collected from the topsoil (0—20 cm depth) from four points and

one central sample from the subsoil (20—50cm depth). Ideally, composite samples would be collected for the top- and subsoils

rather than a single central subsoil sample. If resources allow, a composite sample at each depth is recommended. The guide-

lines presented here will reflect this recommendation.
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BOX 5 - COMPUTER ASSISTED PERSONAL INTERVIEWING (CAPI)

With the expansion of computer assisted personal interviewing (CAPI) opportunities, georeferencing and barcode scanning
offer useful features for implementing soil sample collection in household surveys. Capturing plot coordinates directly prevents
data entry errors and cuts down on the need to procure separate GPS devices.

Similarly, barcode scanning can significantly reduce mislabeled soil samples and minimize loss of data as samples move through
the hands of enumerators, soil processing technicians, and ultimately laboratory analysts. Depending on the structure of the
study, soil sample identification labels may be lengthy and complex, as they may include a household identifier, a parcel identifier,
and a plot identifier, as well as the depth of the soil sample. Scanning a barcode directly with the CAPI tablet will simplify the
process while increasing efficiency and minimizing data entry problems. Be sure to test the barcode scanner with the particular
type of barcode before procuring the labels, as not all barcode formats are readable by all hardware and software combinations.

Conducting a survey using CAPI not only facilitates barcode scanning and georeferencing, but also allows rapid, near-real-time
data receipt. This can aid in catching fieldwork problems before they infiltrate the entire operation and focus supervisor atten-
tion on enumerators who need it most.

If using CAPI, consider procuring protective cases for the tablets as the nature of soil sampling is, well, dirty. Hardware should

be as durable as possible and resistant to dirt and water.

[1. IN THE FIELD: SOIL SAMPLE
COLLECTION ON AGRICULTURAL
PLOTS

The importance of having a consistent in-field protocol that
can be applied under all expected conditions cannot be over-
emphasized. After the sampling strategy has been identified
and it is clear how many households will be visited, how many
parcels or plots will be selected for soil sampling, and how
many soil samples will be collected from each selected par-
cel or plot, you can prepare for fieldwork implementation.

II.I PREPARATION FOR FIELDWORK

Proper preparation is critical to ensure a success-
ful soil sampling campaign and for the well-being
of the field team. Before fieldwork, it is import-
ant to have a good understanding of the area to
be surveyed, including its topography, climate and
vegetation characteristics, accessibility, and secu-
rity situation.

It is important to consider the following points before com-
mencing fieldwork:

* Collate existing information about the area to be sur-
veyed including maps (topographical, geological, soils,
and/or vegetation), satellite images, and historical aerial
photographs.

Confirm that you have the necessary tools required for
soil sample collection (see below).

e Train the field teams (enumerators and supervisors), and
pilot all procedures.

* Prepare logistics in terms of transport, local guides, inter-
preters, and accommodation (if needed).

* Inform local government officers and community leaders
about your activities, and obtain permission from the
land owner(s) to sample a given area, making sure that all
parties understand what you are doing.

For most enumerators, soil sampling will be a new con-
cept. It also requires much more physical exertion than enu-
merating a typical household survey. This fact should not be
underestimated when planning fieldwork timelines as teams
may not be able to complete as many households in a single
day as they would in standard household survey operations.
Extra days should also be planned for training. On average,
LASER enumerators spent approximately 40 minutes per
field collecting soil samples. In MAPS, the average was 24
minutes. The efficiency gains observed in MAPS are likely
attributable to lessons learned in LASER, including the ben-
efit of using barcoded soil sample labels. Additionally, maize
plots, which made up the entire MAPS sample, are somewhat
easier to navigate than some crops (such as teff) because
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enumerators can walk between plants without worrying
about crop damage.

Enumerator training must be thorough and convey the seri-
ousness of sampling and handling soils with great care. Soil
samples are quite fragile; testing results can be biased if the
samples are not handled properly. Contamination of soil sam-
ples (as a result of inadequately cleaned equipment, for exam-
ple) or failure to dry wet soil samples within 5-10 days of
collection can lead to misrepresented results. Training should
include a theoretical overview of the motivation for the study
(field teams will need to explain this to respondents), review
of key concepts and terminology, review of the enumerator
manual (which can be based on this Guidebook), and group
and individual hands-on training.

In each study, 2—-3 days were dedicated to soil training,
and |-3 days were devoted to field practice. Training for
the soil components of LASER and MAPS was conducted
by an expert from ICRAF to ensure the use of best prac-
tices. While hands-on training was the most effective, it was
imperative that the strategy, terminology, and importance of
each step were reviewed in a classroom setting before the
distribution of equipment and the outdoor demonstration.

All equipment must be procured before enumerator train-
ing, for use in plot practice. The list of equipment appears
in Box 6, and cost estimates for key equipment appear in
Annex 4.

34
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BOX 6 — EQUIPMENT REQUIRED FOR SOIL SAMPLE COLLECTION

Below is a list of the basic tools and materials necessary for soil sample collection from agricultural plots. Unless otherwise

noted, it is recommended to have one unit per enumerator. Cost estimates for key equipment are provided in Annex 4.

2)
b)

GPS device, preferably with ability to store coordinates (and land area, if desired by study)
Soil auger marked at 20 cm and 50 cm from tip

Note:Auger heads are designed differently for different types of soil. That is, sandy soils require a different auger head than
clay soils. Distribute materials to field teams accordingly.

Measuring tape

Plastic sample bags (at least 400-gram capacity): 4 bags per parcel/plot subject to soil sampling
Buckets: 2 per enumerator, preferably of different colors so as to easily distinguish top- and subsoils.
Mixing trowel or spade

Water bottle filled with water (with hose, or punch a small hole in the cap)

A board, tray, or plastic sheet for coning and quartering; a clean plastic bag can also suffice

Labels or barcodes

Permanent marker pens

Stationery like pencils and a field notebook.

Texture chart for hand classification (see Figure 14)

a) b) e), f)
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Figure 10 — Sample plot layout in a crop plot, with four points (dotted circles). The distance between the center

point and the other three points is 12.2 meters, which represents a 1,000-square-meter sampling plot.

Agricultural plot _

1.2 SOIL SAMPLE COLLECTION
PROTOCOL

This section presents a step-by-step protocol for
ensuring that a representative soil sample is col-
lected from each field. Composite samples, those
collected from multiple points in the plot, are sug-
gested to increase representativeness.

Soil sampling on agricultural plots requires that enumerators
enter and use an auger in the plot. Thus, there is a risk of a
small area of crop damage in the area of sampling."" Stable
soil properties will not be affected by the time of sample
collection. For some crops, such as maize, sampling is possi-
ble earlier in the agricultural season because samples can be
taken from between the plants. For other crops such as teff,
it may be necessary to wait until the harvest is completed to
avoid excessive crop damage. If possible, try to collect sail
samples without causing much damage to the crop by timing
the sample collection appropriately. It is also advisable to
avoid soil sampling when the soil is too wet because it will
be difficult and may require a lot of time to collect and dry.

Area = 1000 m?

11.2.1 PLOT LAYOUT

As mentioned above, the location of the soil sample collec-
tion points are derived from the AfSIS LDSF 1,000-m? design
(Figure 10), placed over the center of the crop plot. The AfSIS
LDSF design serves as an initial template for soil sampling but
may need to be modified to accommodate agricultural plots
that are too small or irregularly shaped to contain a 1,000-m?
soil sample plot (see Figure |l). The protocol implemented
in LASER and MAPS and recommended for future studies is
as follows:"

Step I: Define the field center point by measuring halfway
along the longest side and halfway along the
shortest side of the field (Figure 10). Record the
GPS coordinates of the plot center, or save the
waypoints in the GPS unit with the appropriate
label. The coordinates may also be saved in the
GPS device.

Step 2: Using a measuring tape, measure out the distance
(12.2 m) from the center point (point |; Figure 10)
directly uphill (where applicable) to the second
point (point 2).

Il Originally, the intention was to conduct bulk density analysis as well as the
conventional and spectral soil testing as part of LASER. However, the bulk density
test requires a metal plate (approximately 40 cm x 40 cm) to be laid in the plot.
During fieldwork training it was determined that the bulk density plate caused
undue damage to the crop, and therefore it was excluded from the study.

12 In both MAPS and LASER, a composite sample was collected from the topsoil,
but only a single subsoil sample was collected from the center point. However,

if resources allow, a composite sample is recommended for both the top- and
subsoils. Therefore, this Guidebook describes a protocol in which composite
samples are collected at both depths.
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Step 3: Mark points 3 and 4 at 120 and 240 degrees from
the up-point (point 2), respectively, and 12.2
meters from the center point. The angles can be
measured using a compass or estimated once the
field team develops experience in plot layout.

The distance should be corrected when plots fall on steep
terrain (slope > |0 degrees). Use the following formula to
calculate the distance from the center point to the other
point (for slope > 10 degrees):

] horizontal distance
Slope distance =

cos (slope)

Take the cosine values from the backside of your clinom-
eter if you have one, or you may prepare and print a
cosine table to carry in the field. You can also get cosine
values from the Internet if you have Internet connectiv-
ity in the field. For instance, for a field with a |15-degree
slope, the slope distance will be 12.2 m/0.9659 = 12.6
m.

In many contexts, agricultural plots can be quite small and/or
irregularly shaped. In these circumstances, the AfSIS LDSF
design may not fit within the plot boundaries. If the plot is

too small, the point should be placed 2 meters inside the
boundary in order to limit border/edge effects. It may also be
the case that plots are irregularly shaped and cannot accom-
modate the LDSF format. Figure || provides examples of
alternative sample collection points aimed at achieving soil
samples representative of the full plot.

11.2.2 SOIL SAMPLING

In general, it is advisable to test both a top- and subsoil
sample in order to capture variation in key soil properties
at different depths, which in turn affect crops differently.
The decision to analyze top- and subsoil samples should be
reviewed in light of the crop of interest and overall study
objectives. This Guidebook describes the scenario in which
samples are collected from two depth ranges (0—20 cm and
20-50 cm). Every plot selected for soil sampling is subject
to the following:

*  One composite topsoil sample collected at 0-20 cm.
This sample is collected from four points within the plot
(points 1—4 in Figure 10).

One composite subsoil sample collected at 20-50 cm.
This sample is collected from four points within the field
(points 14 in Figure 10). If necessary, subsoil may be

Figure I1— Layout of soil sample collection for plots of different shapes and sizes

Source: Authors.
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Note: Agricultural plots have different shapes and sizes that may require the sample collection layout to be modified. Examples: (a) shape and size of the crop
plot allow a 1,000-m? sampling layout; take a composite sample from four points; (b) crop plot is less than 100 m? take sample from one point only; (c) shape of
the crop plot does not allow an LDSF type of layout; take a composite sample from three points, (d) one side of the crop plot does not allow a full LDSF type
of layout; leave a 2-m buffer from the boundary for point 2 (place it closer to center point) and take a composite sample from four points.
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collected from a single central point for cost-savings, but
a composite sample is recommended.

11.2.2.1 IN-FIELD SAMPLING
PROCEDURE

The in-field sampling procedure is as follows:

Step I: Mark the auger at 20 and 50 cm (e.g.,, using a
permanent marker).

Step 2: Place the auger in the center sampling point, and
begin to auger straight down.You will use the
same auger for all depths. If augering becomes
crooked, stop and start a new hole, otherwise you
will get an inaccurate measurement of the depth.

Step 3: Auger down to a depth of 20 cm, and transfer
all of the soil from the auger into the bucket
designated for topsoil.

Step 4: The next sample is from 20-50 cm. Continue
augering (in the same 0—20-cm hole) until you
reach the 50-cm mark on the auger. Empty the
soil from the auger into the separate bucket
designated for subsoil.

Step 5: Repeat step 3 for the remaining collection points
on the field (points 2—4 on Figures 10 and 11). Place
all top- and subsoils collected into the bucket des-
ignated for each depth. Now you will have two
buckets that contain composite samples from all
four collections points for the top- and subsoils.
Mix each bucket with a trowel, cleaning the trowel
between buckets.

Step 6: If the auger was not able to reach the desired
depth (due to depth restrictions from a rock layer,
for example), record the auger depth restriction
(the maximum depth attainable).

Step 7: Conduct the in-field soil texture analysis (see
Figures 13 and 14).

Step 8: Conduct the coning and quartering procedure
for the topsoil and subsoil separately. The end
result should be approximately 400 grams (g) of
topsoil and 400 g of subsoil. Instructions for the
procedure are found in the section below (Figure
12).

Step 9: Bag and label the samples with the household

identification, plot identification, depth of the soil
sample, and auger depth restriction (if applicable).

If the soil is very dry, it may be difficult to auger and collect
all of the soil from the depth increment; in this case prewet-
ting the soil before augering each increment may be helpful.

11.2.2.2 SUB-SAMPLING VIA “CONING
AND QUARTERING”

Normally, soil-sampling procedures lead to collection of
more soil than necessary for analysis. To get a representa-
tive sample of the appropriate volume, a standardized and
consistent procedure must be followed. For this purpose,
it is necessary to use the method of coning and quarter-
ing described below (and seen in Figure 12b). Continue the
coning and quartering technique on the topsoil and subsoil
samples to obtain a representative 400-g subsample of soil
for processing and analysis. The process for coning and quar-
tering is as follows:

Step I: Place the sample on a strong, clean plastic sheet
or similar material (Figure 12b).

Step 2: Thoroughly mix the soil sample, and spread the
samples into a conical pile.

Step 3: Further mix the soil by circumventing the cone
symmetrically, repeatedly taking a spatula full of
soil from the base and transferring the soil to the
apex of the cone.

Step 4: Ensure the spatula is large enough to reach center
of the cone. Circumvent the cone twice.

Step 5: Flatten the cone to a height of about | cm (Figure
12b).

Step 6: Use a flat spatula or ruler to divide the pile into
quarters with two perpendicular lines (Figure
12b).

Step 7: Select one pair of opposite quarters as the sample
to be retained.

Step 8: If the sample is still too large, then repeat the
procedure from the beginning.

Step 9: Take the representative subsample (about 400
g), and place it in a plastic bag. Label the bag, and
place an extra label tag inside the bag.
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Figure 12 — Soil Sample Collection and Subsampling

(2) Soil sample collection (b) Soil subsampling via coning and quartering

Figure 13 — Soil Texture by Feel: Steps

TEXTURE BY FEEL ON SOIL SAMPLES

Step I: Starting with the topsoil sample, moisten a handful of soil
using water from the water bottle until the soil has a putty-
like consistency but free water does not escape when ball is
squeezed (a).

Step 2: Shape the soil into a ball. If the ball retains its shape, move to
step 3.

Step 3: Using your thumb and forefinger, form a ribbon with the soil
by smearing the ribbon with your thumb (b). Observe if the
soil is shiny or dull.

Step 4: Measure the length of the ribbon when it breaks and record
it in the questionnaire (c) The ribbon should be measured in
millimeters (mm).

Step 5: Classify the texture according to the flow chart (Figure 14)
and report in the questionnaire whether it is smooth, gritty, or
neither.
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Soil Texture By Feel Flow Chart
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11.2.2.3 IN-FIELD SOIL TEXTURE
ANALYSIS

Soil texture is the amount of sand, silt, and clay in the soil and
is important for determining many soil properties including
aggregation, structure, and water and air movement through
the soil. This section provides instruction on determining
if the soil texture is smooth, gritty, or neither smooth nor
gritty (Figures 13 and 14). Figure 13 also illustrates the soil
ribbon test, which acts as a proxy for soil structure and
texture.

11.2.2.4 SOIL SAMPLE LABELING

Labeling is critical. To ensure that results from soil analysis
are linked to the correct household and plot, several pieces
of information must be captured. The unique household iden-
tifier, the parcel and/or plot identifier, and the depth of the
soil sample must be listed on the sample bag (with a duplicate
label placed inside the bag in case of damage to the outer
label and for use by the laboratory). The labeling scheme
used in LASER is illustrated in Table 12.

For example, for a plot with Household ID 3108, parcel ID
03, and plot ID 02, you would have the following labels:

* 3108-03-02 020 cm
* 3108-03-02 20-50 cm

In case of soil depth restrictions, indicate the actual depth
in the label. For example, the subsoil label for a site where
a soil depth restriction occurred at a depth of 35 cm would
be the following:

* 3108-03-02 20-35 cm

Sample IDs should be legibly recorded with a permanent
marker on the outside of the plastic bags. A paper label con-
taining the same information (written in pen or pencil) should
also be placed inside the bags.

When possible, the use of barcoded labels is highly encour-
aged, especially for surveys administered via CAPI. Preor-
dered barcodes with serialized numbers printed on them
can greatly reduce data entry problems. A duplicate of every
barcode should be ordered such that one barcode is placed
on the outside of the bag and the second is placed inside
the bag (without the backing peeled so it is not sticky). The
duplicate bag can then be easily used by the laboratory, as
they will likely take a subsample of the soil and store it in a
separate bag. Ensure that the type of barcode you choose
can be read by the CAPI hardware and software. This proto-
col was followed in MAPS, and fieldwork time was reduced.

11.2.2.4 SOIL SAMPLING SUMMARY

The process to collect soil samples from agricultural plots is
a multistage process but is not overly technical. Enumerators
can be trained to effectively implement the modified AfSIS
LDSF sample layout, collect soils via augering, subsample the
collected subsoils via coning and quartering, test the texture
of the soils, and properly label the samples. A summary of the
steps in soil sample collection is found in Table 13.

12. IN THE LAB(S): SOIL PROCESSING
AND LABORATORY ANALYSIS

Section 12 describes the stages of soil processing and testing.
While much of the content is directly relevant to the labo-
ratories where drying, processing, and analysis take place, it
is essential for survey practitioners to fully understand the
process.

12.1 SOIL PROCESSING

Before analysis, soil samples must be processed.
This involves drying, crushing, sieving, weighing,
and subsampling the soils. The process by which
this was completed in LASER and MAPS is outlined
below.

Table 12 — Examples of Soil Sample Labels used in LASER

Label for soil samples

HHHH-PP-FF 0-20 cm |

Number of samples

Note

HHHH = household; PP = parcel; FF = plot

HHHH-PP-FF 20-50 cm |

Total 2
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Table 13 — Major Steps in Soil Sample Collection

Agricultural Plot

Top soil Sub-soil
(0-20 cm) (20 -50 cm)
Step |: Using the soil auger collect topsoil (0—20 cm) from the four points and place in a bucket (Figure |2a). *
Step 2: Using the soil auger, collect subsoil (20-50 cm) from the four points and place in a separate bucket. *

Step 3: Analyze the texture and measure the ribbon size for the top- and subsoils according to the instructions in

Figures 13 and 14. * *
Step 4: Take a representative (about 400 g) subsample of the top- and subsoils following the coning and quartering
procedure, and place them in separate plastic bags. Label the bags accordingly (as in Table 12 or as otherwise determined
by the project). Place an extra label inside the sample bag. * *
Step 5: If there are auger depth restrictions, adjust the label accordingly. For example, if the auger will only dig to 15 cm,

* *

label the sample as HHID-parcel ID — Plot ID 0-15 cm (rather than 0-20 cm).

12.1.1 SCOPE AND APPLICATION

All soil samples should be transported to a regional labora-
tory for processing using this standard operating procedure.
Soil laboratories found in various national and regional agri-
cultural research institutes and academic institutions found
closer to a study area could be used for soil processing. The
LASER study used the soil laboratory facilities and technicians
from the Awassa Agricultural Research Center (for West
Arsi), Ambo University (for Wellega), and Yabello Pastoral
and Dryland Agricultural Research Center (for Borena). In
MAPS, all soil processing was conducted at Uganda’s National
Forestry Resources Research Institute in Kampala. Soil drying
and/or processing may be conducted in-country before trans-
portation to the regional laboratories to avoid changes in soil
properties from storage of wet samples and to reduce the
cost of shipping a large volume of soils. In the case of LASER
and MAPS, samples were dried, sieved, and weighed before
being shipped to ICRAF for analysis. Note that the drying of
samples is critical and should be completed within a week of
collection in order to minimize any decomposition of organic
material, especially in wet soils.

12.1.2 PRINCIPLES

Sampling and sample processing, or pretreatment, make up
an important stage of soil analysis because conclusions about
a site are often based on the analysis of representative soil
samples collected during this stage. Because of high spatial
variation in the soil, it is important that the process followed
should lead to the collection of a sample that is truly repre-
sentative of the site. Errors in sampling and sample pretreat-
ment can influence the final results of a soil analysis.

Soil collected from an agricultural plot is a mix of gravel
(fraction of soil with a diameter of > 2 mm), sand (fraction
between 0.05 mm and 2.0 mm), silt (fraction between 0.002
mm and 0.05 mm), and clay (fraction smaller than 0.002 mm).
Since the contribution of the gravel fraction to the dynamics
of soil nutrient cycles and supply to plants is minimal, it is
excluded from the analysis and reporting of plant-available
nutrients. During the preparation of soil samples, this frac-
tion should not be crushed and pulverized, because then it
would be considered part of the fine soil and result in low
values of the analyses owing to the dilution effect. How-
ever, aggregates of > 2 mm formed by fine particles have to
be crushed in order to pass through a 2-mm sieve and be
included in the analysis. Normally, soil-sampling procedures
lead to the collection of more than the required amount of
soil, and to get a representative sample of the necessary vol-
ume, it is important to follow standardized and consistent
procedures of coning and quartering.

12.1.3 LAB PROCEDURES: SOIL
PROCESSING

Soil processing involves sample reception, drying, crushing
and sieving, and subsampling of fine particles, all while ensur-
ing the health and safety of the lab technicians. Soil process-
ing does not require technical equipment. It requires only
the items listed in Box 7 and a clean working environment
with space for drying the soil samples. The procedures for
soil processing are described here in a step-by-step fashion.

12.1.3.1 SOIL SAMPLE RECEPTION

* Lay out the samples received in order of labeling, and
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BOX 7 - EQUIPMENT REQUIRED FOR SOIL PROCESSING ACTIVITIES
Below is a list of the basic tools and materials necessary for soil processing. Soil processing involves drying the soils,
crushing and sieving them to ensure that only the fine portion of the soils is analyzed, and weighing out a smaller
subsample for laboratory analysis.
e Drying trays
*  Wooden rolling pin
*  2-mm sieve
*  Plastic sheet
*  Markers
*  Brown paper bags (size 5)
* Balance
*  Plastic zip-lock bags
*  Particulate respirator (e.g., N95 of 3M brand)
*  Nitrile gloves

e Damp cloth

*  Forced-air drying oven (optional)

check against the master list of samples received from Step 6: Drying time will depend on the condition of the
the plot. If barcoded labels are used, the lab can simply samples and ambient conditions, but the samples
scan the inventory. should be thoroughly dried.

* Make detailed notes in a laboratory record book of any

labeling discrepancies or problems due to damaged sam- 12.1.3.3 CRUSHING AND SIEVING

ple bags or lost samples. Step I: Spread the sample onto a plastic sheet on a solid

12.1.3.2 DRYING table (Figure 16).

Step I: Spread the soil out as a thin layer into shallow Step 2: Using a wooden rolling pin, crush the sample

trays or plastic or paper sheets. It is important to

Figure 15 — Drying of MAPS Soil Samples

ensure that no material from a sample is lost or

discarded (Figure 15).

Step 2: Break up clods as far as possible to aid drying. Take
care to avoid crushing gravel-sized particles.

Step 3: Great care should be taken at all stages to ensure
that sample labels remain with the samples.

Step 4: Exercise care to avoid contamination from dust,
plaster, or other potential contaminants during
drying, as soils are subjected to trace element
analysis.

Step 5: Air dry the samples in shade, not sun. Drying can
also be done in a large room, custom-made solar
dryer, or a forced-air oven at 40° C.




Step 3:

Step 4:

Step 5:

Step 6:

Step 7:
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enough to allow it to pass through a 2-mm sieve.

While crushing, remove any plant materials (e.g.,
roots) and any possible pieces of gravel (making
sure they are gravel and not soil aggregates) and
place in a separate pile (the coarse fraction).

Pass the crushed sample through the 2-mm sieve.
DO NOT use the sieve as a grinder;i.e., do not
rub or mash the soil on the sieve, but shake the
sieve gently to allow the soil to pass through. If a
large amount of soil needs to be sieved, it is easier
to do it in small batches rather than all at one
time.

Place whatever remains on the sieve back onto
the plastic sheet and crush again gently. Then pass
again through the 2-mm sieve.

Transfer anything that now remains on the sieve
into the coarse fraction pile

The whole sample should be processed, and no
material should be discarded.You will remain with
two fractions:

e The coarse fraction (> 2 mm), which cannot pass
through the sieve. Discard the coarse fraction.

* The soil fines (< 2 mm), which have passed through the

sieve.

Step 8:

Clean off the table with a damp cloth to remove

Figure 16 — Sample Crushing and Sieving
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soil dust, to prevent contamination from one
sample to another.

12.1.3.4 SUBSAMPLING OF FINE
FRACTIONS

Step I:

Step 2:

Step 3:

Step 4:

Step 5:

If the weight of the soil fines is more than 400
g, subsample the soil fines using coning and
quartering to give about 350—400 g of fine soil.

Continue the coning and quartering technique
on all samples to obtain a representative 20-g
subsample of soil fines for shipping to the
laboratory designated for specialized spectral
analysis.

Place the 20-g subsample in a zip-lock polythene
bag labeled properly.All of the 20-g samples will
be delivered to the lab conducting the spectral
analysis.

Place the remaining +/-350-g sample of soil
fines into a strong size-5 brown paper bag,
labeled properly, and store for possible

future use. Note: This is when you will need a
duplicate barcode or other label (with the same
identification information).

A select subset of the 350-g soil fine samples
will be tested with conventional analysis. This

is typically in the range of 10-25 percent of all
samples.The exact samples will be identified
following completion of the spectral analysis on
all samples, thereby showing the variation of soil
properties present in the samples.The selected
350-g reference samples will be shipped to the
ICRAF Soil-Plant Spectral Diagnostics Lab in
Nairobi or other diagnostic lab for reference
analyses. Soil fine samples that are not shipped
should be stored at the regional laboratory in case
they are needed for future analysis.

12.1.3.5 SOIL PROCESSING: HEALTH
AND SAFETY

*  Wear nitrile gloves to reduce the incidence of skin con-
tact with potentially contaminated soil and to reduce the
risk of cross-contamination.
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*  Wear a respirator that covers the mouth and nose to
filter out harmful dust particles. Inhaling such particles
irritates the nostrils and sinuses and may lead to lung
diseases.

» Refer to the site-specific health and safety plan for other
safety concerns and applicable personal protective equip-
ment.

12.2 LABORATORY ANALYSIS:
SPECTROSCOPY

While all technical analysis will be conducted by
expert technicians, the information below regard-
ing the processes followed by the laboratory will
equip survey practitioners with the background
necessary to plan and implement a successful study.

Soils samples can be analyzed for chemical (e.g., nitrogen)
and physical properties (e.g., texture) at the Soil-Plant Spec-
tral Diagnostics Lab of the World Agroforestry Centre
(Figure 16) or other laboratory with the necessary equip-
ment and expertise. All soil samples are scanned for mid-in-
frared soil spectroscopy (IR) and laser diffraction particle size
distribution analysis (LDPSA), while 10-25 percent from the
total sample are subject to reference analysis (including con-
ventional wet chemistry, x-ray methods for soil mineralogy
[XRD], and total element analysis [ TXRF]), which is used to

calibrate and validate MIR-spectral prediction for the remain-
ing samples (75-90 percent).

Results from the conventional and spectral soil testing are
presented to the end user in the form of a dataset, complete
with all identification variables (which are necessary to merge
the data with the household survey) and soil-quality indica-
tors included in the testing. Whenever possible, make the
data publicly available, as this will increase the visibility of the
data by making them available to researchers, students, and
policy figures. However, household surveys require a degree
of confidentiality. Exact coordinates of households, agricul-
tural plots, or soil collection points must not be released.

Figure 17 — Left: MIR spectrometer. Right: a team of three from the LSMS project of the World Bank and
the Central Statistical Agency (CSA) of Ethiopia attending a three-day soil infrared spectroscopy exposure

training at ICRAF’s Soil-Plant Spectral Diagnostics Laboratory in Nairobi.




Part IV — Conclusions

This Guidebook provides a step-by-step guide to
implementing spectral soil analysis in household
surveys as well as providing results of two method-
ological studies, both of which illustrate the inabil-
ity of subjective farmer assessment to adequately
capture true soil properties.

Knowledge of soil quality indicators and overall health is
becoming increasingly important as food security issues
become more pressing and climate change threatens to
change the face of agriculture. Soil health, both perceived
and actual, can have impacts on the targeting and uptake of
improved agricultural practices, which can improve both the
quality and quantity of food produced. For instance, Marenya
and Barrett (2009) show that fertilizer effectiveness, and in
turn farmers’ demand for fertilizer, are dependent on soil
carbon content. However, results of the LASER and MAPS
studies suggest that subjective soil quality indicators fail to
effectively reflect true levels of organic carbon, limiting the
value of subjective assessments of soil quality in policymaking.

Asking a farmer to categorically rate overall soil quality has
limited benefit. This particular subjective soil quality ques-
tion does not successfully consistently distinguish between
soil carbon levels or predict soil quality index scores, at least
within these methodological research studies. Subjective
questions on soil color and texture are more effective at
predicting soil quality index scores and organic carbon con-
tent, but the low explanatory power of these variables leaves
much to be desired. Furthermore, the severe lack of varia-
tion in subjective soil quality indicators given by households
reporting on multiple plots calls the value of this approach
into question.

Evidence from the LASER and MAPS studies suggests that
subjective farmer assessments of soil quality poorly explain
objective laboratory results and lack intrahousehold vari-
ation. Spectral analysis has been proven to near-perfectly
predict key soil parameters as measured by conventional wet
chemistry methods, while also providing highly detailed data
that can be useful in policy aimed at increasing agricultural

output and nutritional value, such as fertilizer input programs,
as well as in agricultural productivity analysis.

From a fieldwork implementation standpoint, the LASER
and MAPS studies suggest that it is feasible to integrate soil
spectroscopy into socioeconomic household panel surveys.
The methodology is a relatively rapid and cost-effective soil
measurement technique that could unlock further under-
standing of the effects of farm management practices and
changes in soil health over time.

The body of research on implementing spectral soil testing
in household surveys, and validating objective measurements
against subjective assessments, is at an early stage. Given
the emerging nature of this type of research, and the com-
plexities of soil-quality measurement, we encourage further
validation of such projects, particularly under soil conditions
different from those presented here. Additional research is
also needed to validate the use of the growing number of
tools and methods for in-field soil analysis. As these meth-
ods are developed with increasing capabilities, their accuracy
must be assessed against standard methods, such as conven-
tional and spectral soil analysis, before they can be reliably
used in household surveys.
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ANNEXES

Annex |

Key Definitions Used
in the Uganda National
Panel Survey 2011/12

These definitions are from the Interviewer’s Manual of Instructions for Uganda National Panel Survey 2011/12 — Agriculture
Module, Uganda Bureau of Statistics.

Agricultural Holding

|.This is an economic unit of agricultural production under single management comprising all livestock kept
and all land used wholly or partly for agricultural production purposes, without regard to title, legal form, or size. Single man-
agement may be exercised by an individual or by a household, jointly by two or more individuals or households, by a clan or
tribe or a cooperative or government parastatal.

2.A holding may consist of one or more parcels located in one or more separate areas, provided the parcels share the same
production means utilized by the holding, such as labor, farm buildings, farm implements, and machinery or drought animals.

The requirements of sharing the same production means should be fulfilled to a great degree to justify the consideration of
various parcels as components of one economic unit.

3.In the case of a family which lives together and shares meals, all parcels cultivated by the household members will con-
stitute one holding. On the other hand, if part of land is cultivated by relatives who live separately, even though they share
work on the land, each of them will normally know which parcels/plots belong to them. In this case, the total area is not a
holding, but several holdings, depending on the number of persons having claim to the parcels in question.

4.Some of the area of the holding may be cultivated, fallow, under forest trees, belonging to the holder, or may be wholly and
partly used for grazing livestock.

5.The following points will assist in getting the concept of holding clearer:

(i) There are holdings that do not have a significant area, e.g., poultry or piggery units or hatcheries for which much
land is not absolutely necessary.

(i) There are holdings that may be operated by holders who have another occupation in addition to being holders.
(iii) There may be holdings that may be operated jointly by two or more individuals.

(iv) Land which is open to communal grazing is not considered a holding.
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Parcel

I. A parcel is a contiguous piece of land with identical (uniform) tenure and physical characteristics. It is entirely surrounded
by land with other tenure and/or physical characteristics or infrastructure e.g., water, a road, forest, etc., not forming part
of the holding. This implies that a parcel is part of a holding that is physically separate from other parts of the holding. A
holding is made up of one or more parcels.

Plot

I. A plot is defined as a contiguous piece of land within the parcel on which a specific crop or a crop mixture is grown. A
parcel may be made up of one or more plots.

Total Holding Area

I. Total holding area is the area of all parcels that are operated by the holder. Forestland and other land owned and/or used
by the holder should be included. Land rented from others and operated by the holder should be included in the holding. But
land owned by the holder but rented to others should not be included in calculating the holding area. It should be, however,
noted that information on parcels owned by the household, but rented to others (operated by others) will be collected in
this survey even if it will be excluded in computing total holding area (cultivated area) at the analysis stage.

2. The holding area includes land under crops and pastures as well as land occupied by farm buildings. Land area of the hold-
er’s house is also included in the total holding area if the house is not located outside the holding (e.g., a house for residential
purposes in a village or town) and is not used solely for residential purposes. It should be noted that data on nonagricultural
land in general and residential land in particular irrespective of the location is collected in the socioeconomic questionnaire
under Section 13: Non-Agricultural Land by All Households and Agricultural Land by Non-Agriculturalists.

3. The total area of a holding practicing shifting cultivation should include area under crops during the reference period and
areas prepared for cultivation but not sown or planted at the time of enumeration. It should exclude land abandoned prior
to the reference period. Holders having access to communal grazing land should not include their estimated share of such
land in their total land area.



Annex 2

Subjective Questions
on Soil Quality

Below is an excerpt from the Ethiopia LASER post-planting questionnaire. The questions below were administered to the
most knowledgeable household member for each cultivated field. The full questionnaire and data are available on the LSMS
website (worldbank.org/Isms).

SOIL
5. 6. 7. 8. 9.
What is the predominant soil| What is the color of the | What is the soil quality| How do you know the | What is the texture
type of this [FIELD]? soil? of this [FIELD]? soil quality of of the soil on this
READ ANSWERS READ ANSWERS READ ANSWERS [FIELD]? [FIELD]?
READ ANSWERS READ ANSWERS
PARCEL| FIELD
D D SANDY... SCIENTIFICALLY

CLAY....... 2

- TESTED.......coocco.con. |
MAINLY MIXTURE OF SAND OWN
AND CLAY.........oooirrrnnnen 3 EXPERIENCE.......2

OTHER PERSON.......3
OTHER (SPECIFY)....4

OTHER (SPECIFY).......... 4

10. . 12. 13.

Were there any problems | What is the cause of Is [FIELD]? prevented | What is the way of
with erosion on [FIELD] | these erosion from erosion? preventing erosion on
this agricultural season? | problems? [FIELD]?

TERRACING........cccooecrries
WATER CATCHMENTS......
AFFORESTATION................. 3
CULTIVATION PLOUGH ALONG THE

WHICH DOES CONTOUR

NOT COMPLY OTHER (SPECIFY).

WITH SOIL .

YES.oone | CONSERVATION...4 = - |
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Annex 4
Cost Estimates for Key
Equipment and Processes

Unit Cost
Equipment/Process (US$) Quantity Needed
Field Sampling Equipment
Buckets Piece 2.5 2 per enumerator
Sample bags Piece 0.2 4 per field selected *
Barcodes Roll of 1,000 75 2-3 barcodes per soil sample
Augers Piece 300 I-2 per enumerator ®
Spades Piece 10 | per enumerator
Handheld GPS Device Piece 100-300 | per enumerator
Soil Analysis
Spectral Analysis Per sample 3 | per soil sample collected
Reference Analysis (wet chemistry, carbon and nitrogen test, etc.) Per sample 75-135 10-25% of total sample
Expert Trainer 4 days + expenses 3,000 |
Other Considerations
Shipment of Soils Cost estimate depends on study design, quantity of samples collected,
and location of labs with respect to study area.
Fuel ©
Soil Processing (drying, sieving, weighing)

Notes:

* Assuming one topsoil sample and one subsoil sample per agricultural field.

® One auger per enumerator is sufficient unless they are covering very diverse soil types, in which case they may require one for built for sandy soils and
one built for clay.

¢ Soils must be delivered to processing labs for drying within 5-10 days of collection.This will add mileage to typical household survey estimates.
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Annex 5

Glossary

Agroecological zone

Bulk density

Field

Parcel

Plot

Waypoint

Geographic area categorized by similar climactic conditions, such as elevation,
temperature, and rainfall.

A measure of soil compaction; the weight of soil in a given volume.

A piece of land in a parcel separated from the rest of the parcel by easily recognizable
demarcation lines, such as paths, cadastral boundaries, and/or hedges. A field may con-
sist of one or more plots. Definition according to FAO (2005).

Any piece of land, of one land tenure type, entirely surrounded by other land, water,
road, forest, or other features not forming part of the holding, or forming part of the
holding under a different land tenure type. A parcel may consist of one or more fields
or plots adjacent to each other. Definition according to FAO (2005).

A part or whole of a field on which a specific crop or crop mixture is cultivated.
Definition according to FAO (2005).

Also referred to as a geographic coordinate. Waypoints, or coordinates, identify the
position of a single point in terms of a designated coordinate system.
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