Agronomy for Sustainable Development (2022) 42:97
https://doi.org/10.1007/513593-022-00824-1

RESEARCH ARTICLE ;.)

Check for
updates

Farmer participatory assessment of soil health from Conservation
Agriculture adoption in three regions of East Africa

Martin H. Entz' @® - April Stainsby ' - Marla Riekman>> - Theresa Rempel Mulaire® - John Kimathi Kirima* -
Frew Beriso® - Deogratias Ngotio® - Michael Salomons? - Jess Nicksy? - Mueni Mutinda® - Katherine Stanley’

Accepted: 10 August 2022 /Published online: 15 September 2022
© The Author(s) 2022

Abstract

The challenges of soil degradation and low crop yield are being addressed in East Africa using a number of soil health-promoting
farming systems including Conservation Agriculture (CA). CA is based on principles of minimal soil disturbance, continuous
soil cover, and crop diversity, though implementation on farms may vary due to local circumstances. This study evaluated the
effect of CA, as practiced by farmers, and compared farmer descriptions of soil health with scientific measures. CA and non-CA
fields were compared in regions of Ethiopia (23 farms), Kenya (23 farms), and Tanzania (13 farms) with most fields repeatedly
sampled for 2 to 3 years. CA and non-CA fields were located within meters, on soils with the same texture, growing similar crops.
CA systems used precision planting, mostly with basins. Soil parameters were assessed using a participatory approach where
farmers and field technicians collected data. CA practices improved qualitative soil characteristics as sensed by farmers (e.g., hoe-
ability, crusting, smell, water infiltration), and this positive response was consistent across most fields. For qualitative data, the
logarithm of the odds ratio estimates method was used to test the probability that CA would provide soil improvement. Fields
under the CA treatment had a higher probability of rating better than non-CA fields. Quantitative measurements of pH and
microbial respiration validated farmer assessments. CA-managed soils were weakly associated with darker colour, indicating
higher soil organic matter. Sandy soils did not appear to improve with CA as dramatically as clay and loam soils, suggesting
different CA strategies may be required. We discuss both benefits and drawbacks of this type of participatory, on-farm research.
We conclude that farmer participation as citizen scientists will advance soil restoration in East Africa and increase the potential
for farmer-to-farmer knowledge exchange of soil-improving practices.
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1 Introduction production on the African continent (Vanlauwe and Giller

2006), contributing to declining per capita food production
East African agricultural soils suffer from degradation that  on smallholder farms and low climate change resilience
includes erosion, loss of organic carbon, low nutrient status, (Sennhenn et al. 2017). Scientists and farmers have considered
poor structure, and reduced water holding and transmission  many different strategies for reversing soil degradation includ-
capacity (Tully et al. 2015). This degradation is widely ac-  ing integrated soil fertility management (Chianu et al. 2012),
knowledged as the major biophysical limitation to agricultural ~ agroforestry (Mokgolodi et al. 2011), Conservation
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Agriculture (Thierfelder et al. 2015), and others (Taylor et al.
2021).

Conservation Agriculture (CA) is based on the principles
of reduced soil disturbance (no-till or minimal till), permanent
soil cover (with mulch and/or living plants), and increased
crop diversity (via intercropping, cover cropping, and/or crop
rotation) (Thierfelder et al. 2015). Scientists from the CGIAR
and other research institutions have conducted field research
on CA since the 1980s (Thierfelder et al. 2009). Results dem-
onstrate that CA 1is especially positive for yield under drier
growing conditions (Steward et al. 2018), where soil surface
mulches (“permanent soil cover”) increase water infiltration
(Stroosnijder 2009) and reduce evaporative water losses
(Mupangwa et al. 2007). Residue retention can also increase
the level of microbial biomass carbon (Limon-Ortega et al.
2006) and promote beneficial soil microflora (Govaerts et al.
2008). Increased soil carbon with CA has been observed in
several countries including Ethiopia (Lanckriet et al. 2012;
Liben et al. 2018) and Malawi (Mloza-Banda et al. 2016),
while improved water infiltration reducing ponding and sur-
face crusting was observed in Malawi (Ngwira et al. 2012)
and Zimbabwe (Thierfelder et al. 2013).

Farmers have a strong awareness of their land, a deep un-
derstanding of their challenges, and are important evaluators
of new methods through an adaptive learning process
(Sumberg et al. 2003). Tully et al. (2015) state “Clearly the
goal is to reverse degradation, and therefore farmer percep-
tions must not be overlooked, as they are a primary actor on
agricultural landscapes. Farmers provide invaluable informa-
tion on the location and type of degradation they observe on
their lands as well as describe solutions.” This is strongly
supported by Corbeels et al. (2014) though they caution that
CA techniques should be tailored to local contexts, and not be
a set of prescriptive steps. Many also point out that farmers
and scientists measure soil degradation differently with
farmers relying more on visual assessments of crop perfor-
mance and yield (qualitative measures) and scientists on
chemical analyses (quantitative measures). Studies in
Ethiopia (Karltun et al. 2011; Tesfahunegn et al. 2011)
Botswana (Stringer and Reed 2007) and Malawi (Hermans
et al. 2021) have shown a strong correlation between qualita-
tive assessments by farmers (maize yield or weeds) and quan-
titative assessments by scientists and technicians (scientific
measure of soil organic matter, SOM).

Farmer participation in agricultural research is a form of
citizen science which allows for synergies between academic
and local knowledge, it provides the opportunity for farmers’
ideas and approaches to be tested (Salomons et al. 2018), and
increases the likelihood of research results being of practical
use to farmers (Beza et al. 2017). In the Central Kenyan
Highlands, farmers used qualitative observations such as crop
growth, “ease of tillage” (analogous to the hoe test in the
present study), moisture retention, and soil colour, as
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diagnostic indicators of soil productivity (Murage et al.
2000). Karltun et al. (2011) observed a strong correlation be-
tween soil organic matter content and farmers’ ranking of soil
fertility based on colour and softness of soil samples in
Ethiopia. Adeyolanu and Ogunkunle (2016) reported similar
correlations between soil health from farmer qualitative rat-
ings and descriptions and quantitative (lab) soil quality assess-
ments in Nigeria. Based on their research with 69 farm house-
holds in Eastern Kenya where farmers’ knowledge constituted
a consistent and logical classification of soil quality, Wawire
et al. (2021) concluded that local soil knowledge should be
developed in conjunction with scientific soil methodologies to
benefit resource-poor small-holder farmers. Tesfahunegn et al.
(2011) concluded that local farmers not only correctly identi-
fied soil degradation in northern Ethiopia, they also demon-
strated their capability to suggest appropriate land manage-
ment solutions for specific problems. Hermans et al. (2021)
developed a framework for integrating local and scientific
knowledge and stress the importance of understanding if
farmers experience improvements and how they view CA
benefits in terms of overall household demands and other
social circumstances.

While citizen science can increase the sample size of re-
search, as described above, there are drawbacks. Using the
example from bird surveying, Dickinson et al. (2010) point
out that trained volunteers were not as good as professionals at
detecting low densities of specific bird and insect species. In
an example of citizens monitoring crabs, Delaney (2009)
found that older volunteers with at least 2 years of university
education were better able to correctly identify both the
species and age of crabs. These concerns may not apply to
farmers who have worked their own land for many years; they
would be considered the experts. Fitzpatrick et al. (2009)
found that volunteers performed better when accompanied
by professionals, suggesting that ongoing, personalized train-
ing is important. However, the presence of such “accompany-
ing professionals” may introduce bias by influencing the
farmers’ perceptions.

This study used a participatory model that assumed equal
importance of local indigenous and scientific knowledge. The
first objective was to determine the effect of on-farm CA on
soil health. We hypothesized that farmers’ descriptions and
assessments would be able to detect soil changes due to CA
adoption. Second, we compare farmers’ soil health descrip-
tions based on qualitative indicators with quantitative scien-
tific soil health measures (pH and respiration). Based on pre-
vious research that supported the value of farmer indigenous
knowledge to identify healthy soils (Hermans et al. 2021), we
hypothesized that both qualitative and quantitative soil health
indicators would show improvement under CA management.
The study focussed mainly on soil parameters, though a subset
of data was available to measure the effects of on-farm CA on
crop yields.
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2 Methodology
2.1 Site description/background

The East African highlands represent an important agricultural
region with about 80% of the population living in rural areas
and dependent on farming, fishing, and aquaculture for their
livelihoods. In this context, we considered three areas for our
study: the Wolaita Zone of south-central Ethiopia (elevation
1,600 to 2,100 m); the Muranga County in central Kenya
(elevation 1610 m); and the Dodoma district of Tanzania (el-
evation 1610 m). Soil health assessments were conducted on
small holder farms that had been practicing CA for up to 8
years, with assessments between 2017 and 2019 in Kenya and
Ethiopia, and between 2018 and 2020 in Tanzania. Average
annual temperatures are 19.3 °C in Wolaita Zone of Ethiopia,
20.7 °C in Muranga County, Kenya, and 22.6 °C in the
Dodoma district of Tanzania. The Wolaita region has an av-
erage annual rainfall of about 1500 mm/year, which falls
mostly in a bimodal distribution between March and
October. Wolaita is prone to drought, however, and the soils
in the region (mostly Nitisols) are highly degraded and eroded
(Bekele et al. 2018). Muranga county has a bimodal rainfall
pattern, with an average of 983 mm/year falling into two rainy
seasons (mid-March to May and mid-October to December)
(Kibunja et al. 2012). Soils in the study area are also Nitisols
and tend to be clayey and of moderate fertility. The Dodoma
region is semi-arid with sandy, infertile soils and a unimodal
rainy season with an average of 600 mm of rain falling mostly
between December and April (Shemsanga et al. 2018). Soil
texture was assessed at each field site using the Canadian
Foodgrains Bank soil testing guidelines for hand-texturing
(Soil testing guidance 2021). The most common soil textures
on the farms in Ethiopia were silty clay, silty clay loam, loamy
sand, and clay loam. In Kenya, most fields had sandy loam,
sandy clay loam, or loam textures. In Tanzania, all fields had a
high sand content (sandy or loamy sand texture). Thus, the
study was conducted across a range of soil textures from clay
and loam soils in Kenya and Ethiopia to sandy soils in
Tanzania.

2.2 Farmer selection and crop management

Farmers were selected for inclusion in the study based on their
participation in the Canadian Foodgrains Bank’s “Scaling up
CA” program. This program provided technical advice, but no
financial or other (e.g., seed, fertilizers) supports. In addition,
farmers had to have both CA and CT land under their man-
agement to allow direct comparison of their plots.

Soil health assessments were carried out on 23 farms in
Ethiopia, 23 farms in central Kenya, and 13 farms in central
Tanzania. On each farm, CA fields were paired with conven-
tional tilled (CT) fields, in close proximity (within metres),

and with identical soil texture. To qualify as a CA field, at
least two CA principles (minimal soil disturbance, soil cover,
and crop diversity [intercropping or cover cropping]) had to be
practiced on a given field. CT fields could use at most one CA
principle. Additional recommended agricultural practices, like
increased fertility inputs and improved plant spacing, were
promoted alongside CA, sometimes called “CA-Plus.”
These practices may have contributed to the positive effects
of CA, although, at least in Ethiopia, the improved practices
were used on both CA and CT plots. Fields had been under
CA management for 1-6 years in the first year, 2—7 years in
the second year, and 1-8 years in the third year of the study.
This variation is because some farms had already been prac-
ticing CA prior to the start of the study. Repeated sampling
was conducted for 3 consecutive years on all but one farm in
each Tanzania and Ethiopia. In Kenya, repeated sampling for
1,2, and 3 consecutive years was conducted on 23, 16, and 13
farms, respectively. Of the 59 farms, only 3 did not participate
for the duration of the study; these 3 farms discontinued CA
practices during the study period and were replaced with 3
other CA farms. GPS locations, elevation, soil texture, and
management practices for each farm were recorded.

Maize (Zea mays L.) was the main crop grown on both CA
and CT fields in Ethiopia and Kenya, and pearl millet
(Pennisetum glaucum (L.) R.Br.) was the main crop in
Tanzania. The most common intercrops were lablab (Lablab
purpureus (L.) Sweet), pigeon pea (Cajanus cajan (L.)
Walp.), cowpea (Vigna unguiculata L.), beans (Phaseolus
vulgaris L.), and Jackbean (Canavalia ensiformis L.).
Occasionally, alternatives to maize or millet were grown as
the main crops, such as cassava (Manihot esculenta Crantz),
groundnut (Arachis hypogea L.), sorghum (Sorghum bicolor
(L.) Moench), or phaseolus beans. All CA plots used limited
soil disturbance, usually planting stations, with occasional use
of ox-drawn rippers, whereas CT fields were ploughed or
hand hoed before seeding. The vast majority of CA fields
had mulch applied. In Tanzania, almost all CA plots were
intercropped with green manure cover crops (often lablab)
and 9 of the 13 farms had manure and wood ash applied. In
Kenya, about one-third to three-quarters of farmers
intercropped depending on the year. In Ethiopia, over half of
CA plots had intercrops in the second 2 years of the study. The
plots in Ethiopia often had compost added and occasionally
chemical fertilizer. Some CT fields in Kenya and Tanzania
also had intercrops. In Kenya, there were generally two crop
cycles per year, and thus those fields have been under twice as
many CA crops as fields in the other countries. This variation
in crops and CA practices gives a realistic sample of how CA
is being practiced by small holder farmers in these regions.
While the variation in farming practices may introduce some
confounding factors to our analysis, we believe it is
outweighed by the benefit of evaluating CA as actually prac-
ticed by farmers outside of a controlled research setting.
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Sampling occurred in late April and early May 2017-2019
in Ethiopia; May in 2017 and 2018 and late May to mid-June
in 2019 in Kenya; late May in 2018, and in March in 2019 and
2020 in Tanzania.

2.3 Soil health survey

Our soil health assessment followed the Cornell protocol
(Moebius-Clune et al. 2016). However, it focused on practical
hands-on assessment methods that could be done in the field
with input from farmers, and with minimal specialized equip-
ment. This interaction between field staff and farmers en-
hances soil quality measurements with on-farm knowledge
(Adeyolanu and Ogunkunle 2016) and includes farmers’
observations of their soil and crops, which they routinely
monitor (Murage et al. 2000). Farmers commonly use soil
indicators that they can directly sense (e.g., see, feel, or
smell) including crop characteristics and soil colour, and
these can be accurate indicators of soil health (Mairura
et al. 2007). A review of the literature found that the most
common soil recognition identified by farmers was related
to topsoil characteristics, especially soil colour and texture
(Huynh et al. 2020).

Most of the soil health indicators used in the survey were
qualitative and evaluated based on ratings from one to five,
with five being the most desirable and one being the lowest
(worst) level of soil health. The protocol was developed with
input from the Conservation Agriculture Technical Staff of the
Canadian Foodgrains Bank to ensure it was practical and ap-
propriate for the local conditions and farming community.
Training in the soil assessment method was provided to local
partners and shared with the farmers during the interactive soil
health surveys. Special emphasis was placed on honest
reporting so as not to bias towards the CA practice. Farmers
received no remuneration for either the CA project or con-
ducting field assessments.

2.3.1 Qualitative assessment

Qualitative soil health assessments were done by farmers
working together with Foodgrains Bank field staff and partner
organization staff in the field. Four assessments were done for
soil physical characteristics (Table 1). The “hoe test” describes
the ease of digging in the soil and was conducted by hoeing
ten planting stations in each plot. “Soil structure” was assessed
by digging up a spade of soil and observing the presence and
size of aggregates and clods. “Soil compaction” was assessed
by digging and consulting with the farmer about the presence
of hard pans and evidence of restricted root growth. Ten sam-
pling points per field were used. The level of “soil crusting”
was determined via farmer consultation, as well as inspection
when possible: farmers were asked whether the soil tended to
seal and form a crust in a dry period after a heavy rain, and
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how this affected seedling emergence. The data was recorded
by project staff directly in the field.

Closely related to the soil’s physical characteristics, soil
water movement and holding capacity were also assessed on
a 1-5 rating scale. “Water movement” was rated by observa-
tion and asking farmers to describe how water moved over the
land after rainfall; for example, if there was runoft or ponding.
“Water holding capacity” was evaluated by considering the
depth and texture of the topsoil and consulting with the farmer
to learn how long the soil would hold water during a dry spell
following a rain event. “Soil smell” was determined by taking
a handful of soil, smelling it, and characterizing the smell as a
fresh earthy smell (rating of 3) to no smell (1). Soil smell was
rated out of 3 instead of 5.

Crop health is an important indicator of soil health, and as
such both above-ground and below-ground plant growth were
assessed. “Growth and colour” of crops were rated based on a
visual assessment of plants, looking for stand uniformity and
signs of stress and nutrient deficiency. “Root systems” were
evaluated by digging around several plants to observe the
roots, particularly looking for fine roots and evidence of re-
stricted growth. As these crops were important to the farmer’s
livelihoods, plants could not be pulled up and care was taken
not to destroy them. If a direct assessment of the crop was not
possible at the time of sampling, either because the crops had
just been seeded or were dry and ready for harvest, crop colour
and growth ratings were determined by consultation with the
farmer.

2.3.2 Quantitative (validation) assessment

Quantitative measurements of pH and microbial respiration
were taken at the same time as the qualitative assessment as
a way to validate farmer information with scientific data. Five
to ten cores were taken from each CA and CT field by
Foodgrains Bank field staff in a random, zig-zag pattern and
then bulked for pH and microbial respiration analysis. Soil pH
was determined using a calibrated Spectrum SoilStik (https:/
www.specmeters.com/nutrient-management/ph-and-ec-
meters/ph/) at both 0—15cm and 15-30cm depths, with well-
wetted soil. Microbial respiration in the top 0—15cm of soil
was measured using Solvita Field Test Kits (https://solvita.
com/fieldtest/). Subsamples were wetted and incubated with
a Solvita gel paddle for 24h and then read with a Solvita gel
digital colour reader.

Soil colour was also determined from the damp soil sam-
ples (0—15 cm) using the Munsell Soil Colour Chart (Munsell
Color (Firm) 2010). The single colour attribute “value” from
the Munsell colour system was used for statistical ana-
lysis. The value ranges from dark to light (0 being black,
and 10 being white), with a lower value (darker) soils
tending to have higher organic matter content (Schulze
et al. 1993; Spielvogel et al. 2004). The colour charts
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Table 1

which indicates the most desirable conditions for soil health.

Qualitative soil health assessment ratings guide. Assessment scores range from one, which indicates the poorest level of soil health, up to five,

Assessment

Score 1 2 3 4 5
Soil Hoe Test Soilis hard, very difficult to Soil is moderately hard, able tohoe  Soil is firm, able to hoe to Soilis relatively easy to hoe, Soil is soft and easy to hoe, no
Structure hoe to a proper depth to proper depth, soil comes up as proper depth, some chunks of  some chunks of soil may be  chunks of soil are observed, soil
Assessment (evidence of a hard large chunks that are difficult to soil, chunks break up under observed, chunks break up  has good crumb structure.

Soil Structure

pan/restrictive layer), soil
comes up as large chunks.

Soil is hard, inserting the spade
to dig up the soil was difficult,
hard clods were removed that
do not break apart OR soil
breaks down into fine particles
(no aggregates or aggregates
are all under 1mm in size).

break up.

Soil is hard, many clods were
observed, soil breaks apart with
considerable pressure.

moderate pressure. with ease.

Soil has moderate crumb
structure, aggregates are
smallin size (under 3mm),
soil breaks up easily.

Soil has moderate crumb
structure, aggregates are small
in size (under 2mm), some
clods were observed, soil
breaks apart with some
pressure.

Good crumb structure, 50% of
aggregates are between 3mm
and Smm in size, soil breaks up
easily leaving no clods.

Soil Hard layers, tight soil, severely Soilis firm, root penetration is Soil is firm, root penetration Soilis firm, noimpact on root  Soil is loose and soft,
Compaction restricted root penetration. restricted. somewhat restricted. penetration. unrestricted root penetration.
Soil Crusting Soil surface seals easily after  Soil surface seals easily after rain Some surface sealing, minimal Some surface sealing, no Soil maintains open/porous
rain events, inhibits seedling  events, minimal effect on seedling effect on seedling emergence. noticeable effect on seedling surface all growing season,
emergence emergence. emergence. seedling emergence not
affected.
Soil Airand  Water Absorbs water very slowly, lots Absorbs water slowly, some runoff Absorbs water slowly, some Absorbs water quickly, very  Rainfall soaks in quickly, no
Water Movement of runoff and erosion, ponding and erosion, ponding happens after  runoff and erosion, ponding little runoff or erosion, runoff or erosion, water does
Assessment happens after light rains. moderate rains happens after heavy rains. ponding happens only after  not pond
very heavy rains
Water Holding  Soil has almost no capacity to ~ Soil has limited capacity to hold Soil has moderate capacity to  Soil holds water, shallow Soil holds water, deep topsoil
hold water, crops suffer water, crops sufferin moderate dry  hold water, crops are not the topsoil (less than 10cm) for ~ (over 10cm) for water storage,
severely in moderate dry spells. first to suffer from dry weather water storage, crops crops seldom suffer from
spells. sometimes suffer from moderate dry spells.
moderate dry spells.
Crop Growth and Extremely uneven crop colour, Uneven crop colour, variable height Some variation in colour, Uniform green colour, good  Uniform deep -green colour,
Assessment Colour height and population, plants  and population, plants are somewhat height, population, moderate  crop growth, stress is limited rapid growth, even stand (height
are stunted and stressed, show stunted and stressed, crop growth, mild stress. to only a patch here and and population), no visible signs
severe nutrient deficiency there in the field of stress
symptoms.
Root Systems  Restricted root growth Restricted root growth observed, very Root growth somewhat Very little restriction toroot  Healthy, uninhibited root

observed, roots do not seem
to penetrate below 15 -20cm,

little root growth below 15 -20cm,
very few fine roots.

were created by converting Munsell colour system colours
to RGB (Red Green Blue) colour codes, and then
selecting these colours in Microsoft Power Point. Only
the data from the most recent soil assessment was used,
which was 2019 from Ethiopia and Kenya, and 2020 from
Tanzania. These charts give a visual sense of colour
changes and complement the statistical analysis.

2.4 Data analysis

Not all soil health measurements were conducted on each
farm each year for various reasons, including equipment
malfunction and stage of plant growth (too young or too
mature for assessment). In these cases, the farm was re-
moved from the analysis of that metric for that year. If only
one field in a pair of CA and CT fields had an analysis
performed, both fields from the pair were removed for that
metric that year.

2.4.1 Qualitative data

The data from the qualitative soil health indicators is on a
rating scale; specifically, it is a “fully anchored rating scale”
(Harpe 2015). When working with rating scales, Harpe (2015)
recommends using non-parametric tests when the rating data
consist of individual rating items, have numerical response

restricted, some root growth
below 15-20cm, some fine

growth, many fine roots growth, lots of fine roots

formats, and have four or fewer categories. Although most
rating scales in the present study had 5 categories, often not
all 5 categories would be selected for a given soil measure-
ment/year/place combination. The logarithm of the odds ratio
estimates method was selected because it allows for the inclu-
sion of random effects when modeling categorical data. This
means that the farms can be treated as a block and accounted
for as a random effect in the model. This test gives an odds
ratio estimate, which shows the relative difference between
the two treatments. It shows the probability that one treatment
will rank better on the rating scale than the other. This type of
data and analysis is more common in academic disciplines that
regularly use surveys, such as medicine (e.g., pain ratings) and
psychology.

Rating data were analyzed using PROC GLIMMIX in SAS
version 9.4 (SAS Institute Inc. 2016) using a multinomial
response model with random effects (Kiernan 2018). A cumu-
lative logit proportional-odds model was fit to the data, to
assess treatment effects in terms of cumulative odds ratios.
Treatment (CA or CT) was the fixed effect, and the farm
was treated as a block, which was the random effect. The
multinomial response model of the rating data only included
categories (ratings 1-5) that had scores in the given soil health
measure. If one or more rating scores did not occur in either
treatment in a given soil health test, it/they would be excluded
from the model.
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Countries were analyzed separately because the purpose of
the study was to determine whether CA improved soil health
specifically in each of the three regions. The purpose was not
to see if CA improved soil health generally on a larger scale.
For example, weather conditions (like drought) vary between
years and we wanted to know each year if there was an effect
of CA. The effect of CA relative to CT is known to be affected
by temperature and precipitation events (Steward et al. 2018).
A preliminary analysis combining years and including years
as a factor in the model showed that years had a significant
effect on some of the soil health tests in some regions, which
further supported the analysis of years individually.

2.4.2 Quantitative (validation) data

Data from quantitative soil health tests were analyzed used
PROC MIXED in SAS version 9.4 (SAS Institute Inc.
2016), with treatment (CA or CT) as a fixed effect and farm
as a random factor. The repeated / group= statement was used
to find the lowest Akaike information criterion value, which is
the model that minimizes heterogeneity of variance. If resid-
uals were not normally distributed (according to the Shapiro-
Wilk test in the univariate procedure), in the microbial respi-
ration or colour data, the data was log10 transformed. In four
cases the residuals for the colour value data remained non-
normally distributed after transformation, and this is noted in
the results. In two cases the residuals for the pH data were not
normally distributed (Shapiro-Wilk W statistics of .84 and
.87), and the data was not transformed because it was already
on a log scale.

Linear regression was used to understand the relationship
between microbial respiration and pH (0—15cm depth only)
and the number of years in CA (Data Analysis tool in
Microsoft Excel 365). The number of years in CA was the
predictor (x) variable, and the difference in microbial respira-
tion and pH between CA and CT pairs (CA — CT) was the
response (y) variables.

2.4.3 Radar charts

Radar charts were used to display results from all the tests that
comprise the soil health assessment. Values shown are all
relative to CT (=100%). The median was used for qualitative
soil tests and the mean for the quantitative tests. The colour
value scale was reversed to make 10 the darkest and O the
lightest to fit with the other variables, where higher numbers
indicated better soil health. Several of the tests use different
scales, so individual tests need to be considered when observ-
ing the relative differences in the diagrams. For example, mi-
crobial respiration, measured in kg CO, ha!, is on a much
larger scale with large differences, whereas pH changes, al-
though very slight, could still be important.
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The qualitative soil assessments were done initially with
the ratings reversed (i.e., 1 being the best and 5 being the least
desirable conditions for soil health) as this is how the raw data
were reported. For the figures and text of this report, the rating
scale has been reversed, because it seems more intuitive to
have the highest number as the best rating.

2.5 Yield survey

Yield was not systematically measured in the soil health sur-
vey. However, yield can be considered an indication of overall
soil health and, in addition, is extremely important to farmer
perceptions of CA’s effectiveness. For this reason, we include
a subset of data collected by the Canadian Foodgrains Bank in
a separate yield survey of CA farmers which included the
three regions in the soil health survey. There was some, but
not complete overlap between farmers participating in the
yield survey and farmers participating in the soil health sur-
vey. Unfortunately, due to issues with data collection in
Ethiopia, only data from the Muranga region in Kenya and
the Dodoma region in Tanzania were available. Farmers with
a minimum of 0.25 ha of land in both CA and CT participated
in the yield survey. Yields were measured from the 0.25 ha
plots using 100 kg harvest bags. Crops grown, and whether
crops were intercropped or monocropped, varied between
farmers and between regions. In Muranga, 3 farmers
monocropped maize in both CA and CT; 8 farmers
intercropped maize and beans in both CA and CT; 1 farm-
er intercropped maize and cowpea in both CA and CT;
and | farmer intercropped maize and Irish potato in both
CA and CT (total 14 farms). In Dodoma, 9 farmers
intercropped pearl millet and cowpea in CA and
monocropped millet in non-CA; 8 farmers intercropped
sorghum and lablab in CA and monocropped sorghum
in non-CA (total 17 farms). District average yield data
was not available for lablab in Dodoma, so groups were
analysed separately. Millet-cowpea CA versus millet non-
CA yields is compared using the “composite yield” meth-
od, while sorghum-lablab yields are summed and com-
pared directly with sorghum CT yields.

Data from Muranga and Dodoma were analysed separate-
ly. In order to compare different crops grown within and be-
tween fields, a “composite yield” approach was taken where
yields of each crop were normalized to county average yields
for that crop (Eq. 1), such that a “composite yield” of 1 indi-
cates that the field is roughly as productive as the county
average. In the Dodoma district, yield data was not available
for lab-lab, so intercrop yields including lab-lab were simply
summed and compared in kg ha'. Statistical analysis was
performed using PROC GLIMMIX in SAS 9.4, with farmer
included as a random variable, with statistical significance
determined at p<0.05.
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intercrop yield of crop 1

C ite yield =
omposite yie county average yield of crop 1

intercrop yield of crop 2

county average yield of crop 2

3 Results and discussion
3.1 Qualitative data

Data for each qualitative parameter in each country and year
showed that in most cases, CA fields received a higher rating
than CT fields (data not shown). In order to assess the differ-
ences statistically, the odds ratio was calculated for each pa-
rameter in each year (Table 2).

In Wolaita zone Ethiopia, the hoe test, soil structure, soil
compaction, and water movement had significant log odds
ratios for all 3 years. This indicates that fields under CA had
a higher probability of rating better (higher on the 5-point
scale) than CT fields in all of these categories each year. The
exponentiated estimate or odds ratio shows the relative differ-
ence between the two treatments (Table 2). For example, the

Table 2 Odds ratio estimates and p values for soil health tests over
3years at farms in Wolaita Zone, Ethiopia, Muranga County, Kenya,
and Dodoma District, Tanzania. The odds ratio estimate or
exponentiated estimate indicates the relative differences for the
Conservation Agriculture (CA) compared to conventional tilled (CT)

odds of CA being in the higher (better) soil structure category
compared to CT fields in 2018 were 41.6:1. The odds ratios
show that, with CA practices, the probability of improvements
in these soil health measures ranged from 18.6:1 to 157:1
relative to CT. Soil crusting, water holding, and crop growth
and colour had a higher probability of rating better under CA
management in Ethiopia in 2018 and 2019 but not in 2017.
This may suggest improvement in soil health indicators relat-
ed to the number of years under CA. Root system health had a
significant odds ratio in 2018 only, and soil smell in 2019
only. In summary, each soil health measure was improved
with CA in at least 1 year in Ethiopia, indicating that the soil
health measures can all be responsive to CA practices.

In Muranga county Kenya, the four soil physical character-
istics and the two crop characteristics (crop growth and colour
and root systems) all had significant odds ratios in 2018 and
2019 but not in 2017 (Table 2). The odds ratios show a range
of 35:1 to 6,894:1 likelihood of improvement in soil health
measures with CA practices relative to CT. Water movement
had a significant odds ratio in 2018, and soil smell in 2017 and
2018. Water holding was the only soil health test to not show a
relative difference between CA and CT fields in any year. The
year 2018 was the year with improvement seen in most soil
health measures with CA (7 out of 9 indicators). Soil smell
was the only odds ratio that was significant in 2017.

treatment groups. They show the odds of the CA treatment group being
rated higher (i.e., better) in the soil health categories relative to the CT
treatment. The p values show the significance of the logarithm of the odds
ratio that is obtained from comparing the CA vs. CT treatment group.
p values lower than 0.05 are italicized.

0Odds ratio estimate 0dds ratio estimate 0Odds ratio estimate
Soil Health Test Year ( tiated esti ) _p value (E» tiated esti ) p value (E> tiated estil ) pvalue
Wolaita Zone Muranga County Dodoma District

Hoe Test 2020 - - - - 3.5756 0.2889
2019 24.4284 0.0006 19457 0.0035 11.089 0.11
2018 455169 0.0015 6894.44 0.0179 6.3439 0.1419
2017 150.08 0.005 5.5011 0.2732 - -

Soil Structure 2020 - - - - 65.2144 0.0878
2019 81.3837 0.0003 353772 0.0494 38.9654 0.0249
2018 415574 0.001 86.9568 0.0392 10.2256 0.1642
2017 30.5296 0.0069 13.6951 0.1174 - -

Soil compaction 2020 - - - - 5.3584 0.2486
2019 21.2416 0.0004 100.95 0.0015 70139 0.0638
2018 18.2207 0.019 14596 0.019 535.84 0.1228
2017 20.86 0.0025 6.2053 0.098 - -

Soil Crusting 2020 - - - - 223281 0.0989
2019 14.2622 0.0005 223.86 0.0017 37.7143 0.0274
2018 81.5795 0.0044 51.7565 0.0109 111112 0.0393
2017 58044292 0.9769 3.4357 0.2506 - -

Water Movement 2020 - - - - 3.9499 0.2444
2019 157.22 0.004 5.86E+08 0.9854 14.846 0.064
2018 58.8427 0.0022 120.73 0.0056 982.39 0.0183
2017 786925 0.0221 9.763 0.1455 - -

Water Holding 2020 - - - - 1676 0.0587
2019 103.7 0.0025 3.64E+09 0.9888 239.07 0.0599
2018 12890 <0001 3.36E+08 0.9851 5.96E+08 0.9869
2017 5.45E+08 0.8022 7.8163 0.055 - -

Growth and Colour 2020 - - - - 13.7489 0.0588
2019 162.17 0.0291 97.2929 0.0003 945.59 0.051
2018 113124 0.0107 74.026 0.0108 14.5039 0.0777
2017 1.02E+10 0.9952 56.0312 0.1385 - -

Root Systems 2020 - - - - 6.722 0.1397
2019 2948.38 0.0987 93.357 0.001 87.1223 0.1331
2018 44.4748 0.0091 210.46 0.014 26.727 0.1672
2017 413774 0.0884 9.6043 0.0549 - -

Soil Smell 2020 - - - - 12.375 0.0574
2019 45.5934 0.0011 2.87E+09 0.983 1 1
2018 1.38E+10 0.9626 271.28 0.0461 3.0045 0.3766
2017 3.26E+10 0.8967 38.5959 0.0244 - -
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Therefore, we detected an improvement in soil health in CA
relative to CT from 2017 to 2018, though the annual differ-
ence was not tested statistically.

Fewer benefits of CA on qualitative soil health measures
were observed in Dodoma district Tanzania than in the other
two countries (Table 2). The odds ratios show that there was
an improvement in soil structure and soil crusting with CA
relative to CT in 2019, and improvements in soil crusting and
water movement with CA in 2018. In 2020, there was less
difference between CA and CT fields, with no significant odds
ratios. p values between 0.05 and 0.06 were observed for crop
colour and growth and water holding in 2019 and 2020, and
soil smell in 2020 with CA scoring higher than CT.

These qualitative data indicate improved soil physical and
water properties with CA as perceived by participating
farmers and appear supported by the literature. For example,
increased water infiltration rates along with reduced evapora-
tion from mulch/residue retention have been found to be im-
portant benefits of CA, which can increase soil moisture and
thus increase the resilience of the system to dry spells and heat
stress (Thierfelder et al. 2017).

The health of crops is particularly important to farmers, as
well as a sensitive indicator and integrator of soil quality. An
improvement in crop health in CA relative to CT was found in
Kenya and Ethiopia in the second 2 years of the study. This
may be related to improved soil structure and consequent wa-
ter movement as well as moisture retention and improved
nutrient cycling from mulching. It could also be impacted by
the CA-Plus technology of precision planting and manure
addition. The effect of CA on crop growth has been shown
to be variable, with CA having relatively better yields than CT
in conditions of lower moisture (Nyamangara et al. 2014) and
lower fertility (Thierfelder and Wall 2012) and in drought and
heat stress (Steward et al. 2018). Where CA tends to perform
poorly relative to CT in terms of yield is with high precipita-
tion and poorly draining soils (clays with poor aggregation or
sands with an impermeable layer not far from the surface),
leading to waterlogging (Thierfelder and Wall 2012;
Nyamangara et al. 2014). We did not correlate our results with
prevailing environmental conditions.

Soil smell has not been previously used in farmer assess-
ment of CA-managed soils. A stronger earthy smell in CA
relative to CT was found in Ethiopia and Kenya for at least
1 year of the study (Table 2). The characteristic “earthy” smell
of soil is attributed to two chemicals, geosmin, and 2-
methylisoborneol, produced by cyanobacteria and actinomy-
cetes in the soil (Wang and Cane 2008). The smell indicates an
active microbial community which is often considered a sign
of soil health because of their important role in nutrient
cycling/organic matter turnover. Soil microbial activity is
strongly related to organic matter inputs and; for example,
microbial activity has been found to generally be higher in
sites under native forest compared to reforested and
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agricultural areas, with fallow fields having the least microbial
activity (Nogueira et al. 20006).

3.2 Quantitative (validation) data
3.2.1 pH

The soils from Wolaita zone Ethiopia demonstrated the
greatest effect of CA management on pH, with CA practices
increasing pH in 2017 and 2018 at both 0-15 cm and 15—
30 cm depths, and in 2019 at 0—15cm depth (Table 3). The
higher pH represents an improvement, as it brings the pH
closer to 7, although the soil pH of farms in Ethiopia was
generally within the optimal range for most crops (5.5-7.5).
No effect of CA on pH was observed for Muranga county
Kenya, though there appeared to be a small trend towards
higher pH under CA (Table 3). In Dodoma district Tanzania,
CA practices increased pH at both depths in 2019 but not in
2020 (Table 3). The increase in pH with CA in 2019 could be
greatly beneficial, as the Dodoma soils are moderate to very
strongly acidic, with pH values ranging from 3.6 to 5.8 at the
surface and 3.5 to 6.0 in the subsurface. The pH meter
malfunctioned in 2018, so there is no data from that year.

One explanation for greater buffering (i.e., increased pH) in
CA may result from mulch additions, which can in turn in-
crease soil organic matter (SOM). SOM additions can increase
or decrease soil pH depending on the initial pH level, quantity
and quality of plant residues, and the rate of decomposition
(McCauley et al. 2009). Others have found higher pH for soils
within basin planting stations compared with soil between
basins in CA plots (Belder et al. 2007). Mloza-Banda et al.
(2016) observed higher pH in CA compared to ridge-till fields
after 2 years but not after 5 years.

3.2.2 Microbial respiration

Microbial respiration was increased with CA in the last 2 years
of the study for each of the three countries (Table 3). In
Wolaita zone Ethiopia, CA fields had 51 and 21% higher
microbial respiration than CT fields in 2018 and 2019 respec-
tively. In Muranga county Kenya, microbial respiration also
increased in CA compared to CT plots in 2018 and 2019, by
95 and 247% respectively. In Dodoma district Tanzania, soil
microbial respiration was higher with CA practices in 2019
and 2020, with increases of 202 and 36% respectively. No
significant differences in microbial respiration were observed
between CA and CT fields in 2017 in Ethiopia and Kenya, and
in 2018 in Tanzania, though mean respiration for CA was
numerically higher in both cases.

Microbial respiration is directly related to the amount of
organic matter/residue in the soil, as this stimulates microbial
activity (McDaniel et al. 2014). We speculate that the practice
of mulching in the CA fields provided a substrate for the
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Table 3  Quantitative soil health measurement results. Soil pH at 015
and 15-30cm depth, microbial respiration (kg CO, ha) at 0—15cm
depth, and soil colour value in fields under Conservation Agriculture
(CA) and conventional tillage (CT) management over 3 years in
Dodoma District, Tanzania, Muranga County, Kenya, and Wolaita
Zone, Ethiopia. Mean and standard error values from the raw data are
displayed, with different letters indicating alpha <0.05, comparing CA

and CT within 1 year and region. Microbial respiration was measured
using Solvita Field Test kits. The single attribute value from the Munsell
colour system was used to analyze colour. Value is measured on a scale of
0 -10, with 0 being black and 10 white. *Residuals very close to normal
(Shapiro-Wilk W statistics of .85 to .89). ** Residuals not normally
distributed after log transformation.

Region Year pH, 0-15cm depth pH, 15-30cm depth Microbial respiration (kg CO 2 ha?) Colour chart value
Mean  SE Mean  SE Mean SE Mean  SE
Dodoma 2018 CA 129 3.04 388 0.18 a
2018 CcT 838 186 423 0.19 a
2019 CA 5.59 011 a 5.17 0.11 a 143 228 4.00 0.11
2019 CcT 5.03 011 b 458 0.11 b 48 228 458 011 **
2020 CA 468 0.16 a 459 0.18 a 385 6.09 392 0.18 a*
2020 CcT 473 016 a 4.75 018 a 284 932 435 032 a*
Muranga 2017 CA 5.90 016 a 5.45 0.14 a 35.55 471 339 015 a
2017 cT 5.65 016 a 533 0.14 a 25.21 287 3.54 015 a
2018 CA 5.73 016 a 5.41 0.19 a 55.21 6.51 338 0.13
2018 CcT 5.58 0.16 a 5.36 0.19 a 28.26 6.51 347 0.19
2019 CA 6.11 0.10 a 5.67 0.11 a* 65.69 9.25 352 0.18 a
2019 CcT 5.81 015 a 5.60 018 a* 1893 341 3.78 018 a
Wolaita 2017 CA 6.5 0.13 a 6.42 0.13 a 5.90 0.57 291 0.11 pad
2017 CcT 6.2 0.13 b 6.17 0.13 b 451 057 298 0.11
2018 CA 6.6 0.12 a 6.52 0.13 a 461 038 2.85 0.05 b*
2018 CcT 6.4 012 b 6.30 013 b 3.05 038 3.04 009 a*
2019 CA 6.4 008 a* 6.39 0.11 a 3.73 0.29 3.20 014 b
2019 CcT 6.1 012 b* 6.22 0.11 a 3.09 029 3.52 014 a

microbes, whereas the CT fields did not have these organic
matter additions. In summary, microbial respiration was very
consistent throughout the study, with higher levels found un-
der CA in all three regions in the last 2 years of the study.

3.2.3 Colour

In Ethiopia, soil colour was darker in CA than in CT in 2019
(Table 2). In 2018, a similar trend was seen, but the data only
marginally conformed to the assumptions of the ANOVA so it
is less certain. Colour was not affected by CA in Kenya or
Tanzania in 2018 or 2020. The 2019 data for Kenya and
Tanzania did not conform to the requirements of ANOVA
so the difference cannot be assessed with confidence. The
colour charts in Fig. 1 show the full Munsell colour system
of each soil sampled in the final year of the study. Soils under
CA management generally appear darker than their CT coun-
terparts, but there are also cases where the CT fields appear
darker and where the two are similar (Fig. 2).

3.2.4 Yield

In Maranga county Kenya, “composite yield” significantly
increased from 0.77 under CT management (indicating lower
productivity than county average) to 1.8 (greater productivity
than county average) under CA management (Fig. 3). The
composite yield of millet-cowpea in Dodoma district

Tanzania significantly increased from 0.23 under CT to 1.1
under CA management. The mean total yield from CT sor-
ghum plots in Tanzania was 380 kg ha™', while intercropped
sorghum-lablab CA plots produced 2040 kg ha™'. These yield
increases coincide with increases in both quantitative and
qualitative soil health metrics and support the role of CA as
it was practiced on the farms in improving both soil health and
yield outcomes.

3.3 Synthesis of qualitative and quantitative results

Radar charts were used to display results from all 12 soil
health measurements together. Results show a trend of im-
provement for the majority of the measurements with CA
relative to CT. Overall, our study is strongly supported by
Hermans et al. (2021) who identified that key farmers’ indi-
cators of soil health in Malawi included crop performance,
colour, and structure, and that these local indicators were con-
sistent with conventional soil health indicators.

In Ethiopia and Kenya (Fig. 4) most of the soil health
measurements were improved with CA and there appears to
be more of an effect of CA in the later 2 study years. Some
improvement in soil parameters with CA was also observed in
Tanzania, though fewer significant effects were recorded, and
year-to-year variation in CA effects was also observed. For
example, the radar charts for Tanzania show soil health mea-
sures on CA fields improving with respect to CT for several
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<« Fig. 1 Munsell colours of soils from the 0 to 15 cm soil depth in the three
study regions. In each column, the colour of Conservation Agriculture
(CA) fields is on the left and matched to paired conventional tillage (CT)
fields from the same farm on the right. Colours shown are from the last
year of the study, which was 2020 in Dodoma District (column A), and
2019 in Muranga County (column B) and Wolaita Zone (column C).

measures in 2019; however, results were inconsistent between
years (Fig. 4). In Tanzania in 2020, only microbial respiration
differed between CA and CT. Microbial respiration was inter-
estingly very consistent throughout the study, with higher
levels observed for CA in all three regions in the last 2 years
of the study.

The low response of soils to CA in Tanzania may be related
to the texture of the soils; over half of the sites were classified
as sand or loamy sand. It is more difficult to build SOM and
improve soil structure in sandy soils, due to the low potential
for aggregation (Carter and Gregorich 2010). Chivenge et al.
(2007) found that within CA systems, different management
strategies were necessary to increase and maintain SOM in
sandy as opposed to clay soils. In clay soils, the most impor-
tant practice was reducing soil disturbance (i.e., tillage) in
order to reduce the disruption of soil aggregates, which con-
tain much of the SOM in fine-textured soils. In sandy soils,
which have minimal aggregation and less fine-fraction SOM,
maintaining consistent inputs of organic residues was key to
retaining SOM (Chivenge et al. 2007; Mhlanga et al. 2021).
Thus, regular mulch additions and intercropping cereals with
legumes may be key to maintaining SOM levels in the
Tanzania soils. The Dodoma district of Tanzania is much drier
than the other two study regions (Kenya and Ethiopia), which
may have contributed to reduced residue inputs and crop

Fig. 2 Conservation Agriculture
managed soil in top hand in
photo, conventional tillage soil in
bottom hand. Fields were side-by-
side, separated by a narrow
walking path. Soils were picked
up by reaching into the field while
standing on the path
(approximately 2m from each
other). Photo credit: Marla
Riekman, 2018 Muranga county,
Kenya.

biomass. Future on-farm studies should document mulch
amounts being added to the CA fields.

Some studies report it can take several years of practicing
CA principles to detect improvements in soil properties
(Thierfelder et al. 2013, 2017). Steward et al. (2018), on the
other hand, found no correlation between years in CA and
improved CA yield when systems experienced heat and
drought stress. The farms in the present study had been in
CA for up to 8 years by the last year of the study, and CA
practices improved more soil health indicators relative to CT
in the second 2 years of the study in Ethiopia and Kenya. Our
limited dataset does not allow any cause and effect about why
multiple years of CA can result in soil improvements to be
determined. However, improved crop growth in CA systems
as indicated by the farmer observations suggests that more
organic matter was added to soils through the shoot and root
growth, and this additional organic matter may have a cumu-
lative effect over time.

3.4 Benefits and drawbacks of on-farm participatory
methodology

Our work built on the participatory action research model but
stressed indigenous farmer knowledge in the assessment of
CA practices. Consulting with farmers during the soil assess-
ment makes them active participants in the research and pro-
vides a link between scientific and on-farm knowledge
(Adeyolanu and Ogunkunle 2016). However, engaging
farmers as research partners requires certain considerations.
One involves the validation of farmer knowledge. The effec-
tiveness with which both local and scientific knowledge was
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Fig. 3 Conservation Agriculture
field on right compared with
conventional tillage field on left.
Photo credit: Jess Nicksy, 2020,
Muranga county, Kenya.

able to document soil health improvements with CA in our
study provides such validation. Knowing that farmers are ef-
fective observers of soil health should provide confidence to
scientists, government agencies, and others (e.g., NGOs) in-
volved in agronomy for sustainable development. In the life of
our project, the validation of farmer knowledge in the Wolaita
region led the Ethiopian government to take notice and in
2018 began to train its extension workers about CA principles.

A potential benefit of on-farm participatory knowledge
generation regards spreading the word to non-practicing
farmers. There is a growing body of literature that demon-
strates the potential of farmer-to-farmer knowledge exchange
to improve the uptake and maintenance of soil-improving
technologies (Kansanga et al. 2021). When farmers can assess
the effectiveness of soil improving technologies such as CA
on their own, they would be effective and credible ambassa-
dors of soil health knowledge. This is important in the context
of low agricultural extension in sub-Saharan Africa. The on-
farm data may also reduce the monitoring and evaluation (“M
and E”) budget requirements of NGO and government pro-
grams. On-farm monitoring research could become even more
efficient if some farmers within communities were trained to

use scientific tools such as pH meters and respiration soil test
kits.

Drawbacks of our approach involve subjectivity and bias.
In our case, both technicians and farmers could be influenced
by their interest in promoting CA. Some of this bias can be
overcome by comparing farmer perceptions with scientific
measurements. In our case, the subjective measurements were
verified by concurrent improvements in pH, soil respiration,
and yield which are quantitative parameters less subject to
(though not entirely free from) bias. Similar results from par-
allel qualitative (using soil health cards) and quantitative (lab)
assessments were documented by Islam et al. (2017), while
Kelly and Anderson (2016) found a strong mismatch between
farmer perceptions and lab assessments of soil quality. As the
use of on-farm knowledge generation increases, a clearer
methodology may be required. Hermans et al. (2021) provide
an integrated approach that improves understanding of
farmers’ land management decision-making and the role of
soil health in the process.

The variation in the ways that CA and CT were practiced in
this study, as well as the use of CA Plus technologies, make it
hard to extract which particular practices might have caused
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Fig. 4 Radar charts showing all 12 soil health indicators over 3 years in
each region, with chart A showing soil health results from Dodoma
District, Tanzania, B, from Muranga County, Kenya, and C, from
Wolaita Zone, Ethiopia. The coloured lines indicate soil properties for
Conservation Agriculture (CA) fields relative to paired conventional
tillage (CT) fields from the same year. The data was converted to
relative values, so CA is relative to CT in each year (CT=100%,
indicated by black line). The rating data was on a scale of one to five or
one to three, with higher values indicating better soil health. The colour
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value scale was reversed to make 10 the darkest and 0 the lightest colour
so that it would align with the rest of the indicators, which indicate better
soil health with higher values. Median values were used for the ratings
(qualitative) indicators and means for the quantitative indicators. Soil pH
is 0—15cm depth. Microbial respiration is in kg CO, ha™'. *Indicates that
the odds ratio estimate (qualitative indicators) was significant or the
means (quantitative indicators) significantly different between CA and
CT fields at alpha=0.05 in 1 year, ** indicates significant difference in
2 years and *** in 3 years.
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the observed changes. However, one benefit of this dataset is
that it represents how CA is being practised by small holder
farmers, which is immensely valuable, particularly since these
same regions and types of farms are being targeted for addi-
tional uptake of soil health practices. By contrast, studies on
research farms are valuable for contributing data on specific
aspects of CA in tightly controlled conditions, but may not
accurately reflect the ways that farmers practice CA in their
own fields. Our results support the important role of on-farm,
participatory research which includes farmer knowledge and
perceptions, not as a replacement for controlled experiments,
but as a complement to them. On-farm results have the poten-
tial to accurately reflect the impact of future uptake of CA on
soil quality could be in these regions.

4 Conclusions

This study used a participatory research approach to test the
effects of CA on soil health, monitoring 59 farms in three
distinct regions of Eastern Africa for up to 3 years. Four of
the 12 soil health indicators (soil crusting, water movement,
soil structure, and microbial respiration) stood out as being
significantly higher in CA compared to business-as-usual
CT fields in at least 1 year in all three study districts. Three
of these four were farmer indicators, demonstrating that farm-
er soil health knowledge appeared to be as consistent as one of
our scientific measures (microbial respiration) in identifying
soil health improvement. This work adds to the growing body
of literature that CA has the potential to improve soil health
(e.g., Thierfelder et al. 2009) and crop production (Salomons
et al. 2018), and importantly, supports our hypothesis that
small-holder farmers can identify soil health benefits arising
from improved soil management practices. We therefore con-
clude that future soil improvement efforts should emphasize a
participatory approach that includes experienced farmers
working as citizen scientists alongside other scientists and
technicians. Hermans et al. (2021), working in Malawi,
reached a similar conclusion, though they also stressed the
value of the scientific measures to guide and grow farmers
understanding of soil processes. The implications of our col-
lective conclusions for future agronomic research are pro-
found. More effort should be invested in local initiatives
where farmers operate as citizen scientists to document the
progress of their site-specific soil improvement efforts, and
where scientists help verify farmer observations and provide
deeper insights into the processes (e.g., mineralization, pH
modification) that farmers are managing.

Soil health assessments often seek to establish a minimum
dataset of indicators. From a farmer’s perspective, the most
relevant indicators may vary with site-specific conditions. For
example, under the hotter, dryer, and lower pH conditions in
Tanzania, indicators that provide water conservation

(infiltration, water movement, crusting) and pH modification
(use of ash) may be deemed more important by farmers than in
hilly land where erosion protection may be seen as more rel-
evant. Indeed, it was the water-related indicators that scored
highest for CA in Tanzania. The lesson for future research
may be to work with farmers in identifying the most relevant
soil health indicators for their biophysical (and perhaps also
social) circumstances. The role of scientists in these situations
can be to unravel the processes operating within the farmer’s
practice more thoroughly. The scientific forms of knowledge
can add to overall understanding to explain “why does it work
here?” (Hermans et al. 2021). Furthermore, this feedback from
scientists can inform how soil improving techniques can
evolve to be better tailored to local contexts (Corbeels et al.
2014).

One site-specific condition that varied among study dis-
tricts was soil texture. Sandy soils in Tanzania did not appear
to improve with CA as dramatically as clay and loam soils in
Ethiopia and Kenya, suggesting different CA strategies may
be required. Given the importance of the organic matter in soil
health, the emerging new knowledge of carbon fixation in
soils (Cotrufo et al. 2015), and possible differences in carbon
fixation in sandy vs. clay soils (Carter and Gregorich 2010),
future on-farm soil improvement research should be especially
attuned to soil textural class.

In conclusion, African farmers were shown to be effective
“citizen scientists” as they were able to discern soil health
benefits from CA practices on their farms. These citizen sci-
entists can be especially effective in the extension of CA and
other soil-improving technologies. Farmer participation and
on-farm assessments merit incorporation into evaluation
schemes aimed at soil restoration agronomy in East Africa.
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