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Food security and livelihoods among smallholder farmers in sub-Saharan Africa are

often constrained by limited farm resource endowment. It can be difficult to improve

resource endowment given barriers such as low land availability and the unaffordability

of agricultural inputs, so here we ask whether farmers can gain a better return on their

resources through optimizing their farm strategy in terms of the composition and/or

diversity of crop and livestock species raised. Our survey of 1,133 smallholder farmers in

western Kenya and northern Nigeria, using a modified version of RHoMIS, indicated that

different farm strategies were related to differences in food security and farm incomes.

In particular, we found that it was possible for farms with a high species richness

but low resource endowment to achieve similar or better food security and income

outcomes than farms with low species richness and high resource endowment. This

indicates strong potential for diversification to improve food security and livelihoods

among smallholder farmers. However, further research will be required to prove a causal

relationship. We also noted some exceptions to this trend that require investigation:

increasing species richness was not beneficial for low-resourced, livestock-focused

farmers in western Kenya, and increasing species richness was associated with a decline

in dietary diversity in northern Nigeria (due to declines in purchased dietary diversity that

outweighed increases in on-farm and other sources of dietary diversity). Similar analyses

could be applied to a wider RHoMIS dataset covering a greater diversity of countries and

agro-ecological zones to help identify where, and why, different farm strategies result in

better or worse outcomes for smallholder farmers.

Keywords: farm diversity, crop diversity, farm composition, resource endowment, food security, dietary diversity,

RHoMIS

INTRODUCTION

Achieving food and nutrition security in Africa remains a critical and complex challenge (Van
Ittersum et al., 2016; Giller, 2020). In 2019, 19.1% of the population were unable to meet their
calorific needs, and this is predicted to rise to 25.7% (or 443million people) by 2030 if current trends
continue. Meanwhile, nearly a billion people in Africa are currently unable to afford a healthy diet,
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and the effects of the ongoing COVID-19 pandemic are expected
to further worsen the situation (FAO, 2020). Resolving food
security and nutrition will not be easy, and will require a
combination ofmultiple global and local interdisciplinary actions
to address challenges including international and domestic policy
barriers, unequal food distribution, low soil fertility, and limited
access to farm resources (Foley et al., 2011; Springmann et al.,
2018; Giller, 2020).

At the farm scale, interventions to improve food security
can target both the resources available to farmers, and how
farmers make use of those resources to meet their nutritional
needs and generate a livelihood. Previous studies indicate that
farm resource endowment, in terms of land and livestock assets
and inputs of labor and nutrients to manage these, impose a
strong limitation on farm production and consequently food
security (Tittonell et al., 2005, 2010). However, access to assets
and inputs can be challenging to improve, particularly given
intractable factors such as limited land availability (Giller,
2020) and the costs of fertilizers and crop protection products
(Pingali, 2012). This raises the question of whether, given
a certain level of resource endowment, farmers can achieve
better outcomes through different strategies to make use of
those resources.

One possibility to improve food security may lie in optimizing
the composition and diversity of crop and livestock species
raised. In particular, there is substantial agronomic and ecological
evidence that increased diversification can positively affect farm
productivity, food security, and livelihoods. More diverse on-
farm production is often linked to more diverse diets (Jones,
2017; Sibhatu and Qaim, 2018) and increased food security
(Waha et al., 2018). Farmed species diversity can also benefit
productivity, as different plant species occupy different niches
in the agroecosystem, leading to complementarity in space and
time. This can increase productivity from a given land area and
resource input (Isbell et al., 2017). In particular, legumes can
increase the nitrogen and phosphorous availability to cereals,
with cereal-legume rotations found to increase cereal yields in
sub-Saharan Africa by 41% on average (Franke et al., 2018),
while a global meta-analysis by Li et al. (2020) indicated that
intercropping could save 16–29% of land and 19–36% of fertilizer
compared with monocultures.

Farm species diversity can also suppress weed, pest and disease
populations (Storkey et al., 2019). For example, rotating soybean
and maize reduced Striga damage by 12–15% and increased
maize grain yield by 16% in Nigeria (Kamara et al., 2020).
Crop diversity has also been found to improve yield stability
in warmer, drier climates (Steward et al., 2018), and many
minor crops, cultivars and livestock breeds are more resilient
to extreme weather than dominant, mainstream commodity
crops and livestock (Massawe et al., 2016). Manda et al.
(2021) found that participation in both single– and multiple–
commodity markets was positively and significantly associated
with household income and food security, but the greatest
benefits were obtained when farmers participated in multiple-
commodity markets by diversifying their crops (mainly maize-
legume combinations). Crop diversity at the national scale may

also increase employment opportunities (Garibaldi and Pérez-
Méndez, 2019).

We hypothesize, therefore, that different farm strategies, in
terms of the compositions and diversities of crop and livestock
species farmed, may lead to different food security outcomes.
However, it is important to consider that farm strategy may
also be constrained by economic and environmental pressures.
For example, livestock may be prioritized over crops where
they confer cultural status, or as a more reliable food source
in marginal climates, while mixed farming systems may be
preferred where livestock enhance crop production through
manure and traction for tillage (Moll, 2005). Resources allocated
to crop rather than livestock production can increase where
environmental conditions (e.g., length of growing season)
are more favorable (Cecchi et al., 2010), or where livestock
production is hindered by parasites such as the tsetse fly.

Resource endowment has also been shown to influence farm
strategy, both negatively and positively; on one hand, greater
resources may facilitate specialization, whilst on the other hand,
too few resources may limit farmers to relying on just a few
crops. For example, Mellisse et al. (2018) describe an increased
preference for annual cash crops on small farms in Ethiopia,
where selling higher-value cash crops and purchasing lower-value
staples is a more viable route to food sufficiency than producing
for on-farm consumption. Wiggins et al. (2011) noted that it
was common for farmers across Africa to focus on securing
sufficient production of a staple crop before expanding into cash
cropping, and Snapp and Fisher (2015) observed that this need to
first “fill the maize basket” meant that farmers were more likely
to diversify their crops only after achieving a certain level of
maize production. In contrast, some poorer farming households
retain diversity to meet needs they cannot meet through markets.
For example, poorer households in western Kenya retained a
higher diversity of tree crops, apparently to meet their own
medicinal, nutritional and construction needs, whilst wealthier
farmers found it easier to meet these needs through purchased
goods (Kindt et al., 2004).

In this study, we explored the relationships between resource
endowment, farm strategy and food security outcomes among
smallholder farmers in western Kenya and northern Nigeria.
Little previous comprehensive research on farm composition
and diversity has taken place in these regions. The Atlas
of African Agriculture Research and Development describes
the selected counties in western Kenya as a combination of
“maize mixed” and “highland perennial”, and Kano and Kaduna
states in Nigeria as “agropastoral,” “irrigated,” and “cereal-root
crop mixed” (Auricht et al., 2014)—useful classifications, but
describing broad groups of farms at a coarse resolution. Cecchi
et al. (2010) classified all of the study area in Kenya as “mixed
farming” (albeit their study had a wider geographic scope and a
focus on livestock), again leaving a knowledge gap with regard
to a more specific characterization of farm composition and
diversity within the region.

A handful of previous studies have explored the relationships
between the diversity of farmed species and dietary diversity in
western Kenya, but with inconsistent findings. Ng’endo et al.
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(2016) found no link between food plant diversity and food
security or dietary diversity, while Muthini et al. (2020) found
that farmed species diversity did increase dietary diversity,
although the number of livestock species was the strongest
predictor of dietary diversity. Boedecker et al. (2019) also found
in a participatory project that increasing homegardens, poultry-
raising and nutrition education did increase dietary diversity
in women and children. As noted above, Kindt et al. (2004)
suggested tree crop diversity was higher on poorer farms, but
as a response to, rather than a cause of, food insecurity and low
incomes. To our knowledge, no previous studies explored farmed
species diversity and dietary diversity in either Kano or Kaduna
in Nigeria.

Given this rather sparse state of knowledge in the current
literature, the aim of this study was to characterize different
farm strategies in western Kenya and northern Nigeria, and
understand whether farm strategy is associated with different
food security outcomes within the constraints of the resources
available to a farm household (Figure 1). Specifically, we ask
(i) is farm resource endowment related to farm strategy in
terms of the composition and/or species richness of crops
and livestock within a farm, and (ii) within the constraints
of resource endowment, is farm composition and/or species
richness associated with different food security, dietary diversity,
and farm incomes? To investigate these relationships, we used
the Rural Household Multi-Indicator Survey (RHoMIS) to
characterize 1,133 smallholder farms across both countries.
RHoMIS allows the acquisition of a set of standardized indicators
across diverse agricultural contexts, making it a useful tool to
compare results between countries and in the context of the wider
literature (Hammond et al., 2017). It is also readily modifiable to
address additional study-specific questions.

METHODS

Data Collection
Survey Regions and Household Selection
Household surveys were undertaken in eight counties across two
provinces (Western Kenya and Nyanza) of Kenya, and in 14 local
government areas (LGA) across two states (Kano and Kaduna) of
Nigeria (Figure 2). These regions were selected for comparison
because of their similarities including the widespread presence
of maize as a staple crop (Dixon et al., 2001), and comparable
ranges of human population densities (Linard et al., 2012) and
livestock densities (Robinson et al., 2014). The exact selection
of LGAs in Nigeria was modified in response to logistical and
security concerns for the enumerator teams.

Households were selected from a hierarchical sampling frame
by first randomly selecting eight electoral wards within each
county or five electoral wards within each LGA, and then
randomly selecting three villages within each selected ward
(where wards contained fewer than three villages, they were
omitted from the sampling pool in Kenya, or combined with a
neighboring ward in Nigeria). Lists of villages within wards were
acquired from local government sources and/or Open Street Map
Contributors (2015), and the existence of villages confirmed via
local contacts. Wards were randomly allocated to enumerator

teams following incomplete block designs, with each county
(Kenya) surveyed by three different enumerator teams and each
LGA (Nigeria) being surveyed by two different enumerator
teams, so that each team surveyed three villages within one ward
in each day.

When enumerators arrived in the village they asked to be
directed toward one “small farm”, one “medium farm” and one
“large farm” to interview. This stratification strategy ensured a
breadth of resource endowment was included in the sampled
households, given that farm size is a key indicator of resource
endowment, and also avoided biasing the selection toward
any notions of diversity or lack thereof. Enumerators rotated
small/medium/large farms amongst themselves in each village
so that each enumerator visited one farm of each size in each
ward, to avoid any biases associated with differences between
the enumerators.

Surveys
Surveys were undertaken in the main cropping season in
each region in 2019, i.e., in June during the long rains in
Kenya and in November during the harvest season in northern
Nigeria. Five hundred and seventy-four surveys were completed
in Kenya and 559 in Nigeria. We used the Rural Household
Multiple Indicator Survey (RHoMIS) tool installed on handheld
electronic tablets (Hammond et al., 2017). RHoMIS is a
modular, standardized survey designed to collect information
on agricultural production, nutrition and poverty among rural
households and was chosen for this study due to the possibility to
collect data specific to our research questions within the context
of internationally recognized and comparable indicators. Careful
consideration was made as to the inclusion of questions in the
survey in order to collect the evidence required to challenge our
hypothesis while ensuring the survey could be completed in a
reasonable time with each farmer. The modularity of RHoMIS
allowed us to expand the crop section in order to have enough
information to fully characterize farm composition and farmed
species richness, while retaining other sections to allow us to
obtain standardized indicators of a wide range of livelihood
indicators to embed our results within the wider literature, such
as the Food Insecurity Experience Scale, FIES, and the Household
Dietary Diversity Score, HDDS. We did however shorten or
exclude some other modules in order to keep the survey duration
under 1 h to avoid respondent fatigue. Information on additions
and deletions to the standard RHoMIS variables can be found
in Section 1 Modifications to RHoMIS for the Purposes of This
Study, of the Supplementary Material.

Data Analysis
Overview
In this study, we took a typology approach to cluster farms
into groups with similar resource endowment (RE) and farm
composition (FC). Creating typologies is useful to partition
out variation in multiple variables to gain better insight into
relationships of interest, and typologies have been widely used
in research on smallholder farms, with the specific method of
typology generation chosen according to each study’s distinct
aims (Alvarez et al., 2018; Hammond et al., 2020). Typologies
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FIGURE 1 | A conceptual framework showing how the different variables considered in this study are related.

FIGURE 2 | The locations of the counties in Kenya and LGAs in Nigeria in which surveys were undertaken. Different map images are not to scale.

allow multiple potentially correlated variables to be represented
as a single variable; for example, wealthier farms are likely to have
multiple markers of wealth (more land area, greater livestock
holdings, and higher input use), so grouping farms together
based on these multiple variables provides an informative
indicator of a farm’s overall resource endowment. Similarly, a

farm that grows a greater proportion of one type of crop is likely
to grow smaller proportions of other types of crops, so a typology
approach is also useful to classify different farm compositions.

To classify households into different resource endowment
typologies we used a hierarchical cluster analysis of variables
relevant to resource endowment within our RHoMIS datasets.
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The resulting RE classes provided a categorical variable to
partition out the variance relating to resource endowment rather
than farm strategy in subsequent analyses. Next, we described
households’ farm strategy according to their farm composition
(FC) and farmed species richness (SR). We classified farms
into different FC groups using another independent hierarchical
cluster analysis of the proportions of different types of crops
cultivated and livestock raised on each farm. RE and FC are
distinct, independent variables: RE describes total resources
available to the household, while FC describes how resources
are proportionally distributed among different crop and livestock
types. SR is the total number of crop, livestock, and fruit and
vegetable species grown on a farm (and is also independent
from both RE and FC). We used regression models to explore
the effects of RE, FC and SR on outcome variables measuring
food security, nutrition, and income (Figure 1). All analyses were
undertaken in R, version 4.0.3 (R Core Team, 2020).

Resource Endowment Classification
The variables chosen to define resource endowment were land
area cultivated (hectares per person), livestock holdings (tropical
livestock units, TLUs, per person), off-farm income (Purchasing
Power Parity Dollars, USD PPP, per person), N fertilizer (kg
ha−1 year−1) and labor (person-days ha−1 year−1, including
both household labor and hired labor). These variables represent
the land and animals available to produce food and income for
the household, and the fertilizer, labor, and additional income
available to improve their per unit productivity (Figure 1).
Including the productive assets (land and animals) as well as
the means for intensification (fertilizer, labor, off-farm income) is
important given that previous studies have identified differences
between farms that are constrained by either land or by labor
(Tittonell et al., 2010). Our RE variables are similar to variables
used in previous research to identify resource endowment groups
(e.g., Tittonell et al., 2005, 2010), but are not identical—we
excluded variables considered to be food security outcomes for
the purpose of this study (see below) and variables for which we
did not have suitable data from our survey. Distributions of each
variable included are shown in Supplementary Figure S1.

Improbable outliers were detected using a combination of the
quantile method (where values that are more than two standard
deviations away from the mean are identified) and visually
inspecting plots of the data (scatter plots and histograms of the
data). We identified that many farms in Nigeria had reported
unusually high incomes, which was concluded to be a result of
the low value of the naira and enumerators accidentally adding
extra zeroes (e.g., entering the income from the sale of a cow
at 2,000,000 naira rather than 200,000 naira). To address this,
incomes were adjusted if the income per unit (head of livestock
for each type of animal, liter of milk per animal per day, kilogram
of each type of crop yield or annual income per hectare of each
type of crop) was unusually high: if over five times the median
value for that unit, the income per unit was divided by 10, if
over fifty times it was divided by 100 and if over 500 times it
was divided by 1,000. This means the value was never reduced to
below half the median, but values nearing an order of magnitude
(ormore) higher than themedian were reduced to the same order

of magnitude as the median. For example, if the median price for
a chicken is 1,000 naira, then entries of 8,000, 80,000, or 800,000
naira were all reduced to 800 naira, while anything up to 5,000
naira was not modified. This adjustment affected the total income
estimate for 174 (31%) farms in Nigeria, i.e., the income reported
for at least one crop or livestock product on each of these farms
was adjusted.

Inexplicable outliers (e.g., a farm reporting 600,000 kg
nitrogen fertilizer ha−1) were replaced with “NA” (missing
values), and farms were excluded from the cluster analysis if
they contained more than one missing value for the resource
endowment variables. Thirty-one farms across both countries
were excluded for lacking sufficient information.

Farms were classified into different resource endowment
(RE) groups according to their relative values of each resource
endowment variable using hierarchical cluster analysis, with the
Bray-Curtis dissimilarity measure andWard’s clustering method,
using R functions vegan::vegdist with method= “bray” (Oksanen
et al., 2020) and stats::hclust with method = “ward.d2” (R Core
Team, 2020). Resource endowment variables were scaled prior
to the analysis to give them equal weighting in the clustering:
each value of the variable was divided by the variable’s standard
deviation, so that all scaled variables had the same variance (equal
to 1). The number of clusters were selected by visually inspecting
the dendrogram and assessing the distinctions in crop/livestock
proportions at various levels of cluster similarity. This cluster
analysis was performed for the farms for each country separately.

Farm Composition Classification and Farmed

Species Richness
The survey collected data on the area of land cultivated with
each crop and the number of TLUs for different livestock species.
Respondents also listed all fruit and vegetables grown, although
areas for these were not requested, as fruits and vegetables tend
to be grown in homegardens rather than taking up substantial
areas of the farm. Participants who grew large areas of a fruit
or vegetable, such as bananas or tomatoes, generally reported
these as crops. We characterized “farm composition” (FC) by the
area dedicated to different types of crops and by the numbers of
different livestock species held, while “farmed species richness”
(SR) consisted of the total number of all fruit and vegetable, crop,
and livestock species grown for home use or sale on the farm.
We also considered the number of species in each category on
different farms, i.e., the species richness of crops, of livestock, and
of fruit and vegetables.

To assign farms to different FC categories, crops were first
classified according to their product type or functional group,
defined here as: starches (grains and tubers), pulses (legumes),
seeds/oils, fruits/vegetables, forage crops (for livestock) and value
crops (low in useful calories but higher in income potential:
tea, coffee, cotton, sugarcane, chillies etc.). In both Kenya and
Nigeria, the occurrence of seeds/oil crops was very low (<3%
farmers) and these crops were primarily sesame, so this category
was combined into “value crops” for the purpose of the cluster
analysis. Livestock were classified into large animals (ruminants,
pigs, equines) and small animals (poultry, rabbits).
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To classify farms on the basis of crop and livestock
composition, we calculated the proportions of the cultivated
land on which each crop was grown, and the proportions of
TLUs belonging to either small or large animal species. In order
to compare the relative importance of crops and livestock on
each farm, the crop and livestock proportions were weighted
so that 2 TLUs were equivalent to 1 hectare of cultivated land.
2 TLUs/ha is within the range of the ratios of livestock to
cultivated land in the surveyed regions of both countries, lower
than the Kenyan median of 2.9 TLUs/ha but higher than the
Nigeria median of 0.5 TLUs/ha. This weighting provided an
appropriate balance between the contributions of the four crop
types and two livestock types in this study; if TLUs/ha was
increased (making more animals equivalent to less cropland)
then livestock had very little influence on the clustering, and
if TLUs/ha was decreased then livestock had an over-large
influence on the clustering. Assuming a balanced ratio of crops
and livestock was appropriate in this study for testing the
hypothesis that overall farm diversity is related to food security
and livelihoods. However, the effect of adjusting these ratios
could be explored in future analyses focused specifically on
the role of livestock or incorporating additional data on their
value. The formula for the weighted proportion of a given
crop X was thus the proportion of cultivated land planted
to the crop (left-hand part of the formula) multiplied by the
proportional contribution of cultivated land to the sum of the
cultivated land and livestock production asset (right-hand part
of the formula):

land area planted to X

total land area cultivated
×

total land area cultivated

(total TLUs/2)+ total land area cultivated

And similarly the formula for the weighted proportion of either
small or large TLUs was:

number of small or large TLUs

total TLUs
×

(total TLUs/2)

(total TLUs/2)+ total land area cultivated

The same hierarchical clustering procedure, as described above
for resource endowment groups, was used to classify farms
into different farm composition (FC) types. Some clusters were
manually combined where the clustering algorithm split two
groups that were conceptually very similar. For example, if
two groups were produced that were distinguished by different
amounts of one crop type, yet both groups had more of
that crop type than any other group, these two groups would
be combined.

Chi-square tests were used to investigate whether there
was an association between RE group and FC group within
each country, in particular whether farms classified to a
particular RE group were more or less likely to be allocated
to a particular FC group. ANOVA with type III F-tests were
used to investigate whether mean SR differed in response
to the combination of RE and FC groups to which a
farm belonged.

Food Security and Livelihoods
Food security and livelihoods for each household were
characterized using the Food Insecurity Experience Scale
(FIES) (Cafiero et al., 2018), the number of months that a
household was food insecure, the household dietary diversity
score (HDDS) (WFP, 2009) in the worst season, and farm
income per person per year (Figure 1). Distributions of each
variable are shown in Supplementary Figure S2. For each,
a regression model was created for the effects of RE and
FC groups, and richness of species farmed (SR). Generalized
linear models with a binomial distribution and logit link
function were used for bounded outcome variables (i.e., FIES
from 0 to 8, HDDS from 0 to 10, and number of food
insecure months from 0 to 12) with the response variable
specified as counts of “successes” and “failures” (e.g., for
HDDS, the number of dietary groups consumed, and the
number of dietary groups not consumed). For farm income
per person, a linear model with a Normal distribution was
used, although income was log transformed to meet assumptions
regarding homoscedasticity andNormality in themodel residuals
(a constant of 1 was added to all income values before
transformation to allow inclusion of farms with zero values in
the analysis).

For each outcome variable, the full model (all main effects and
interactions of RE, FC and SR) was initially fitted. A backward
stepwise selection procedure with an AIC selection criterion
was then applied to identify an adequate reduced model, with
terms dropped from the full model, following the principle of
marginality, that most improved the AIC criterion at each step.
The statistical significance of all terms remaining in the reduced
models, as well as all terms in the full models, were tested
using Type III F- or chi-squared tests, as appropriate. Results
from both the reduced and full models are presented, as the
reduced model enables the correct visual interpretation of the
combined effects of the statistically significant terms, while the
full models provide an assessment of the relative importance of
non-significant terms.

The source of each household’s dietary diversity was also
explored in terms of the number of food groups produced
on farm (farm-based), purchased, and from “free” sources
(gathered, exchanged, or gifted). These separate HDDS scores
were investigated using the same generalized linear model and
variable selection approach as described above.

To assess the robustness of our models, we performed
some additional tests. First, we assessed whether there were
any correlations between SR and the variables used to create
the RE groups, to assess whether any apparent effects of SR
could have been driven by intra-cluster correlation between,
e.g., land area per person and SR. These correlations are
addressed in the results. We also visually assessed plots of
model residuals to ensure the models adhered to assumptions
of homoscedasticity and Normally-distributed residuals, and
Cook’s Distance was used to check for outliers exerting
undue leverage on the regression (values >1 indicate a
problematic point). No issues were detected for either residuals
or outliers.
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TABLE 1 | Median resources available to farms in each RE group.

Country RE group Land cultivated,

ha pp*

Labor/land ratio

(person-days

ha−1)

Livestock TLUs

pp*

N fertilizer (N kg

ha−1)

Off-farm income,

USD PPP pp*

Kenya Low 0.10 121.25 0.41 21.50 5.81

Med 0.18 29.79 0.45 26.88 7.24

High 0.60 30.36 2.09 7.17 60.96

Nigeria Low 0.51 12.00 0.25 67.50 82.14

Med 0.64 17.50 0.41 152.50 34.29

High 1.37 7.95 0.52 50.73 197.99

*pp, per person, USD PPP pp, international purchasing power parity dollars, per person.

FIGURE 3 | Proportion of farms in each country belonging to each resource

endowment (RE) group identified by the cluster analysis.

RESULTS

Resource Endowment
Farms were classified into three resource endowment
(RE) groups in each country: “low,” “med,” and “high”
(Supplementary Figure S3). Average resource levels and
distributions differed between countries (Table 1), with Nigerian
farms typically larger, receiving more off-farm income, and using
more fertilizer, while Kenyan farms had higher labor availability
(particularly in the “low” group) and more livestock. In Kenya,
more farms belonged to the “med” group, while in Nigeria farms
were more likely to be in either the “low” or “high” groups
(Figure 3).

Farm Composition
Four farm composition groups (FC) were identified for
each of Kenya and Nigeria independently using hierarchical

cluster analysis (Supplementary Figure S4). Groups were named
according to the dominant product types. The two countries
shared three similar FC groups, described as “cash cropping,”
“diverse cropping,” and “mixed farming”, although the median
composition in each of these groups did differ somewhat between
countries: farms in Nigeria tended to have a greater focus
on fewer crop types than in Kenya (Figure 5). In Kenya, an
additional “livestock dominated” group was identified, and in
Nigeria, where maize was dominant in all systems, an additional
“starch-cropping” group was identified. In Kenya, the most
common FC group was “mixed farming,” while in Nigeria it was
“starch cropping” (Figure 4).

Farms in the livestock dominated group were characterized
by a much greater number of livestock compared to the area
cultivated than other strategies, while farms in the starch
cropping group had a large amount of land dedicated to
grains and tubers, with few other crops grown and relatively
few livestock raised (Figure 5). The cash cropping group
comprised farms with a larger than usual proportion of “value”
crops, while the diverse cropping and mixed farming strategies
were distinguished by relatively lower and higher numbers of
livestock, respectively.

The RE group to which a farm belonged did not strongly
influence which FC they were allocated to Table 2. A chi-square
test for Nigeria indicated that similar proportions of each FC
group were found in each RE group (x2 = 9.15, d.f. = 6, P-value
= 0.165). For Kenya, a chi-square test suggest farming strategies
were not evenly distributed among RE groups (x2 = 38.01, d.f.
= 6, P-value ≤ 0.001), but Table 2 indicates that this is largely
driven by the “med” RE group having relatively fewer livestock
dominated farms and more mixed farming farms compared to
both the “low” and “high” RE groups.

Farmed Species Richness
Total species richness (SR) tended to vary more between
countries than between FC and RE groups within each country,
with a higher mean SR (and greater variance in SR) in Kenya
than in Nigeria (Figure 6). Supplementary Figure S5 indicates
that the main difference between the two countries was in
fruit and vegetable richness, with only small contributions from
differences in crop and livestock richness. Median fruit/vegetable
richness was 9 in Kenya and 2 in Nigeria, while median crop
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FIGURE 4 | Proportion of farms in each country belonging to each farm FC group, as identified by the hierarchical cluster analysis.

FIGURE 5 | Crop and livestock compositions of each FC group identified in the hierarchical cluster analysis. The y axis shows the weighted proportion of each crop

and livestock type, the variables that were used in the cluster analysis, defined such that two TLUs are equivalent to one hectare of cropped land (see Section

Methods). Thick bars indicate medians, boxes show interquartile ranges, whiskers show points up to 1.5 times the interquartile range (above and below the quartiles)

and points indicate individual observations outside of this range.
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TABLE 2 | The proportion of farms within each FC (rows) for each RE group (columns), in each country.

Kenya Nigeria

FC RE Low Med High Low Med High

Starch-dominated cropping 0.64 0.58 0.53

Cash cropping 0.03 0.08 0.09 0.07 0.14 0.11

Diverse cropping 0.18 0.18 0.15 0.17 0.14 0.21

Mixed farming 0.47 0.61 0.42 0.12 0.14 0.15

Livestock-dominated farming 0.32 0.13 0.34

FIGURE 6 | Total farm species richness in different FC (x axis) and RE (panel columns) groups in Kenya and Nigeria (panel rows). Solid lines indicate medians, boxes

indicate interquartile ranges, whiskers indicate points up to 1.5× the interquartile range while dots indicate outliers beyond that. Pale dots show the raw data (each

point represents a farm).

richness was 6 and 4, respectively. Median livestock richness was
3 in Kenya and 2 in Nigeria.

Small differences in the mean farm species richness were
observed between RE and FC groups in Kenya (Table 3), with
typically higher diversity in the mid and high RE groups and
in the cash-cropping and diverse cropping FC groups (Table 4).
This pattern in Kenya was driven more by differences in fruit
and vegetable species richness, and in crop richness, than by
livestock richness (Supplementary Figure S5). In Nigeria, mean
farm species richness only differed significantly among RE groups
(Table 3), with the lowest richness in the low RE group. There
was also substantial overlap in range among all groups in
each country, indicating some equivalence in the opportunity
space for system diversification across RE groups (Figure 6). In
Kenya, the mixed farming and livestock dominated groups were,
on average, more diverse than the cash cropping and diverse

cropping groups in the low RE group, with the reverse pattern
in the high RE group.

Food Security and Farm Income
The fitted models for each of the four food security and
livelihood variables, modeled separately for the data for Kenya
and Nigeria, are summarized in Table 5 (for the reduced models)
and Supplementary Table S2 (for the full models). Model terms
only involving RE and FC are concerned with how the mean
response changes between the groups of farms defined by these
characteristics, the combined (interaction) term indicating that
the impact of FC on the mean response varied between the levels
of RE (and vice versa). The main effect of SR indicates whether
there was a consistent response to changes in this variable,
with combined terms involving SR indicating that the effect of
SR changes between the levels of RE or FC, or both, and the
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three-factor term indicating that the effect of SR changes in an
inconsistent way across the combinations of RE and FC.

The four response variables in each country all have different
forms of reduced models (Table 5). Figures 7, 8 show the fitted
response patterns for each of the reduced models. In general,
across both countries, higher RE was associated with lower food
insecurity, more diverse diets, and higher incomes; however
this relationship was modified by farm composition and farmed
species richness, and their interactions. Farm composition tended
not to have a strong overall effect, but did influence the effects
of RE and SR for some response variables (Table 5), and in
Kenya there appeared to be an association between FC and
both dietary diversity and income, with cash cropping farms
outperforming diverse cropping and mixed farming farms, and
livestock dominated farms having the lowest values for these
variables on average (Figure 7).

Increased species richness was associated with lower food
insecurity (both FIES score and number of hungry months),
higher dietary diversity and higher incomes within a given RE
group. In Kenya (Figure 7), farms with a high species diversity
in a low RE group could have better outcomes than those with
a low species diversity in a high RE group. The main exception
to this was for livestock dominated farms, where increased
species richness was associated with a higher FIES score (higher
insecurity) and lower dietary diversity—although the number of
hungrymonths was still reduced, and incomes were higher. There
were often too few datapoints within each RE group for cash

TABLE 3 | Analysis of the impacts of the RE and FC classifications on SR in each

country, with F-test statistics for Type III tests from ANOVA for marginal

contributions respecting the marginality of model terms.

Country Variable F df P

Kenya RE 2.359 2 0.095

FC 1.790 3 0.148

RE:FC 2.754 6 0.012

Residual 554

Nigeria RE 3.158 2 0.043

FC 0.351 3 0.788

RE:FC 0.319 6 0.927

Residual 522

Bold type highlights significance at the 5% level.

cropping farms for the model fitting to give a clear idea of the
effects of species richness in this farm composition type in Kenya.

In Nigeria (Figure 8), species richness had a consistently
positive association with incomes, where again, on average, a low
RE farm with high species diversity could outperform a high RE
farm with low species diversity (Figure 8D). In contrast however,
it appeared that higher SR was associated with increased food
insecurity and reduced dietary diversity in most RE and FC
groups, although the wider confidence intervals compared with
Kenya suggest this conclusion should be drawn with caution.
No association with species richness and the number of hungry
months was observed in Nigeria.

A further analysis of the sources of dietary diversity (Table 6)
showed that farmed species richness was associated with higher
dietary diversity from on-farm food sources in both countries but
had a stronger positive relationship with “other” food sources.
In contrast, higher farmed species richness was associated
with a decline in purchased dietary diversity. The estimated
relationships between species richness and all three sources
of dietary diversity are shown for each RE and FC group
combination in Figure 9, to visualize the relative increases and
decreases in each category that underpin the observed results for
total HDDS in Figures 7D, 8D.

No strong correlations between SR and variables used to
create the RE clusters were found, indicating that these observed
associations between outcomes and SR are not related to
variability in resources within clusters. This indicates that our
sampling approach (selecting randomly from lists of villages
in each randomly selected ward, then including a small,
medium, and large farm in each village to establish a gradient
of RE) avoided structural bias that may have impacted the
interpretation of the results. Most correlation coefficients were
very low (between −0.2 and 0.2; Supplementary Table S3),
demonstrating that no consistent patterns in RE variables
could explain the observed effects of SR across all RE groups.
However, somewhat larger correlations occurred between
livestock holdings and SR in the low and mid RE groups in
Nigeria (R > 0.4), so for these groups it could be questioned
whether improved outcomes were in fact due to increased
livestock holdings and not increased SR. In these groups, may
be difficult to increase SR without also increasing livestock
holdings, given the very low endowments observed for this
group of <1 TLU per person and <1 ha cropland per person
(Table 1).

TABLE 4 | Mean total farmed species richness (and standard errors in parentheses) of farms in each RE × FC combination in each country.

Kenya Nigeria

FC RE Low Med High Low Med High

Starch-dominated cropping 8.3 (0.3) 9.0 (0.4) 9.4 (0.3)

Cash cropping 15.0 (2.7) 21.3 (1.1) 19.7 (1.8) 8.6 (0.9) 9.3 (0.7) 9.2 (0.7)

Diverse cropping 14.1 (1.1) 16.1 (0.7) 21.0 (1.5) 8.6 (0.6) 9.2 (0.8) 10.2 (0.5)

Mixed farming 16.8 (0.67) 18.3 (0.4) 17.5 (0.9) 9.1 (0.7) 10.8 (0.7) 11.0 (0.6)

Livestock-dominated farming 16.9 (0.8) 16.7 (0.8) 16.6 (1.0)
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TABLE 5 | Model fitting results showing the fitted effects of RE and FC groups and species richness for the four livelihood outcome indicators, for the final reduced models.

FIES score Nr of months food insecure Dietary diversity (bad season) Farm income per person

Country Variable x2 df P x2 df P x2 df P F df P

Kenya RE 3.061 2 0.217 8.181 2 0.017 5.523 2 0.063 18.830 2 0.088

FC 5.829 3 0.120 3.107 3 0.375 14.125 3 0.003 35.180 3 0.029

RE:FC 34.357 6 <0.001 13.931 6 0.030 18.612 6 0.005 41.720 6 0.001

SR 0.165 1 0.685 0.032 1 0.858 0.134 1 0.714 57.100 1 0.023

RE:SR 1.823 2 0.402 11.037 2 0.004 3.456 2 0.178 – - -

FC:SR 5.023 3 0.170 7.803 3 0.050 12.877 3 0.005 – - -

RE:FC:SR 29.820 6 <0.001 – – – 17.992 6 0.006 – - -

Residual 542 548 542 553

AIC 3,718.699 2,172.533 2,566.809 2,385.479

Nigeria RE 22.431 2 <0.001 11.040 2 0.004 4.181 2 0.124 76.240 2 <0.001

FC 1.634 3 0.652 6.377 3 0.095 1.044 3 0.791 – - -

RE:FC 18.282 6 0.006 – – – 11.284 6 0.080 – - -

SR 2.399 1 0.121 – – – 6.806 1 0.009 50.810 1 <0.001

RE:SR 11.445 2 0.003 – – – 10.585 2 0.005 19.980 2 0.007

FC:SR 4.919 3 0.178 – – – 1.333 3 0.721 – - -

RE:FC:SR 28.462 6 <0.001 – – – 19.034 6 0.004 – - -

Residual 509 527 509 527

AIC 2,679.444 1,430.554 2,628.334 1,893.955

Chi-square test statistics are shown for analysis of deviance summaries based on GLMs assuming binomially-distributed data and a logit link function and F-test statistics for ANOVA

based on linear regression assuming normally distributed errors. All test statistics are for Type III tests for marginal contributions respecting the marginality of model terms. AIC values

are presented for comparison of these reduced models with the corresponding full models presented in Supplementary Table S1. Variables marked with “ – ” were not included in

the final, reduced model. Bold type highlights significance at the 5% level.

DISCUSSION

Relationships Between RE, FC, and SR
The findings of our study indicate that although RE imposes a
constraint on household food security and incomes, there may
be potential for farmers to improve these outcomes through
their choices of farm strategy, as characterized by FC and SR.
The farmers in our study spanned a wide range of RE, from
very small farms with substantially fewer productivity assets
than one hectare and one TLU per person, as well as very
low off-farm incomes, to farms with much larger areas of
cultivated land and/or livestock herds per person, and much
higher off-farm incomes (Table 1; Supplementary Figure S1).
Low to intermediately resourced households tended to use higher
rates of labor and fertilizer per cultivated hectare, a pattern also
observed in western Kenya by Tittonell et al. (2005), suggesting
more pressure to make the most of their available resources to
achieve food security and adequate incomes.

There was little evidence in our study that RE influenced farm
strategy choices in terms of either FC or SR. Similar proportions
of farms in all RE groups were classified into each FC group
(Table 2), and we observed greater within-group, rather than
between-group, variation in SR across all combinations of RE
and FC groups (Figure 5). This contrasts with other studies
that found either that low RE limited farm capacity for species
diversity (Wiggins et al., 2011; Snapp and Fisher, 2015; Kuivanen
et al., 2016; Mellisse et al., 2018), or that higher RE facilitated
specialization in fewer species (Kindt et al., 2004). We did find
differences in FC groups and in both the mean and variance of SR

between western Kenya and northern Nigeria. These differences
were potentially a response to environmental constraints such as
climate and the soil types on which crop and livestock species
can be raised productively in a given region (Waha et al.,
2018), although cultural preferences may also have played a
role. However, within in each country, most FC groups were
found in most regions (counties in Kenya and LGAs in Nigeria),
and the distributions of SR values did not vary substantially
between regions within country (Supplementary Figure S6).
This suggests that even where local conditions influence which
species are grown, farmers can substitute in locally adapted
species (e.g., different types of “starch” or “value” crops) to
fulfill their preferred farm strategy. Thus, our results suggest
that opportunity exists across different levels of RE and different
environmental conditions for farmers to intensify production
through optimizing their crop and livestock choices.

Relationships Between RE, FC, SR, and
Food Security and Livelihood Outcomes
Our results suggest that different combinations of RE, FC, and
SR may result in different outcomes for food security and farm
incomes (Figures 7, 8). In general, farms from a higher RE
group had better outcomes than farms from a lower RE group,
in agreement with previous studies suggesting that higher RE
entails not only a greater production base, but also a greater
capacity to optimize the productivity of land and livestock held
(Tittonell et al., 2005, 2010; Kuivanen et al., 2016). However, a
key finding of our study is that increasing SR was associated
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FIGURE 7 | Estimated relationships between livelihood outcomes in Kenya and the combinations of RE groups, FC groups and species richness (SR) derived from

the final, reduced models for (A) FIES score, (B) number of food insecure months, (C) HDDS in the worst season, and (D) farm income per person, USD PPP. Lines

indicate the estimated mean response, while shaded ribbons indicate 95% confidence intervals for the mean response. Graphs include extrapolation of the estimated

relationships beyond the observed ranges of farmed species richness, to enable comparison of the shapes of the responses for different combinations of RE and FC

groups, but extrapolated estimates should be interpreted with caution. Estimated responses for (A–C) are back-transformed from the logit scale on which the models

were fitted. Estimated responses for (D) are shown on the log-transformed scale used for analysis (although axis labels show values on the linear scale). Points show

individual (raw) datapoints from the survey responses, jittered around the true value so points do not obscure one another.
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FIGURE 8 | Estimated relationships between livelihood outcomes in Nigeria and the combinations of RE groups, FC groups and species richness (SR) derived from

the final, reduced models (A) FIES score, (B) number of food insecure months, (C) HDDS in the worst season, and (D) farm income per person, USD PPP. For (A–D),

lines indicate the estimated mean response, while shaded ribbons indicate 95% confidence intervals for the mean response. For (B), large points indicate group

means for each RE and FC combination and error bars indicate 95% confidence intervals (SR was not included in the reduced model of food insecure months in

Nigeria). Graphs include extrapolation of the estimated relationships beyond the observed ranges of farmed species richness, to enable comparison of the shapes of

the responses for different combinations of RE and FC groups, but extrapolated estimates should be interpreted with caution. Estimated responses for (A–C) are

back-transformed from the logit scale on which the models were fitted. Estimated responses for (D) are shown on the log-transformed scale used for analysis

(although axis labels show values on the linear scale). Points show individual (raw) datapoints from the survey responses jittered around the true value so points do not

obscure one another.
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TABLE 6 | Model fitting results showing the fitted effects of RE and FC groups and species richness for the three dietary diversity sources (purchased, farm-based and

“other”), for the final reduced models.

Farm-based Purchased Other

Country Variable x2 df P x2 df P x2 df P

Kenya RE 9.239 2 0.010 11.588 2 0.003 3.017 2 0.221

FC 10.613 3 0.014 13.108 3 0.004 15.172 3 0.002

RE:FC 17.128 6 0.009 – – – 16.802 6 0.010

SR 6.619 1 0.010 15.147 1 0.000 5.379 1 0.020

RE:SR 6.473 2 0.039 – – – 5.760 2 0.056

FC:SR 7.681 3 0.053 12.116 3 0.007 13.874 3 0.003

RE:FC:SR – – – – – – 18.160 6 0.006

Residual 548 556 542

AIC 2,281.823 2,137.959 2,979.144

Nigeria RE 0.676 2 0.713 29.548 2 <0.001 8.597 2 0.014

FC 3.611 3 0.307 16.818 3 0.001 – – –

RE:FC 8.029 6 0.236 – – – – – –

SR 6.657 1 0.010 159.714 1 <0.001 88.811 1 <0.001

RE:SR 5.091 2 0.078 – – – – – –

FC:SR 6.221 3 0.101 – – – – – –

RE:FC:SR 13.710 6 0.033 – – – – – –

Residual 509 526 529

AIC 1,619.813 2,311.231 1,729.564

Chi-square test statistics are shown for analysis of deviance summaries based on GLMs assuming binomially-distributed data and a logit link function. All test statistics are for Type

III tests for marginal contributions respecting the marginality of model terms. AIC values are presented for comparison of these reduced models with the corresponding full models

presented in Supplementary Table S2. Variables marked with “ – ” were not included in the final, reduced model. Bold type highlights significance at the 5% level.

with improvements to most outcomes across all RE groups,
and, critically, our results show that it is possible for farms
with lower RE but higher SR to achieve similar levels of food
security, dietary diversity, and incomes as farms with lower SR
but higher RE. Although further research is required to confirm
causality, our results indicate an important potential for farmed
species diversity to contribute to improving food security and
incomes for smallholder farms. In particular, SR had a consistent
association with increased farm incomes across all RE and FC
groups in both countries (Figures 7D, 8D). In Kenya, high-SR
low-RE farms also usually matched or outperformed low-SR
high-RE farms for food security indicators across most FC groups
(Figure 7).

FC group itself also influenced outcomes, although less
consistently than changes in SR. In Kenya, the cash cropping and
diverse cropping groups generally had a higher dietary diversity
and farm income than the livestock-dominated group, and to
some extent also the mixed farming group, for a given level of
RE and SR. The effects of RE and SR were also often modified
by the choice of FC group (indicated by significant interactions
in Table 5): most notably, increasing SR in the low-RE livestock-
dominated group in Kenya was associated with negative rather
than positive outcomes, including a higher FIES score and a
reduced dietary diversity score.

Positive effects of SR have been observed in many other
studies. For example, crop diversity was found to be positively
associated with on-farm-consumption of food crops as well
as cash income from crops sold, in both northern Ghana

(Bellon et al., 2020) and Uganda (Sekabira and Nalunga, 2020).
Waha et al. (2018) found increased food security and food
availability among households with a greater crop diversity across
18 African countries, and in western Kenya, Oduor et al. (2019)
observed improvements to child nutrition as species diversity
increased, while Boedecker et al. (2019) found that diversifying
farm activities to include poultry-raising and homegardens
improved dietary diversity. Alongside our results, these studies
indicate that increasing farmed species diversity opens market
opportunities for households, while also contributing to on-farm-
consumption. This suggests that crop diversification could be
more beneficial than specialization to smallholder farmers.

Other studies have suggested that the benefits of further
diversification diminish above a certain level of diversity, and
that other factors, such as market access, then become more
important in generating further improvements to food security
and livelihoods (Koppmair et al., 2017; Waha et al., 2018). In
contrast, we observed continuing benefits across the observed
range of SR formost of our outcomes inmost combinations of RE
and FC groups.We also observed smaller benefits of increased SR
in northernNigeria than in western Kenya, and farms in northern
Nigeria typically had lower farmed species diversity than those in
western Kenya—suggesting that already being at the higher end
of the range of SR may have contributed to the stronger positive
associations between SR and outcomes observed in western
Kenya. These higher values of SR observed in western Kenya were
largely driven by a greater number of fruit and vegetable species
grown than in northern Nigeria (Supplementary Figure S5),
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FIGURE 9 | Estimated relationships between diet diversity scores from different sources in Kenya (A) and Nigeria (B) and the combinations of RE groups, FC groups

and species richness (SR) derived from the final, reduced models. Lines indicate the estimated mean response, while shaded ribbons indicate 95% confidence

intervals for the mean response. Graphs include extrapolation of the estimated relationships beyond the observed ranges of farmed species richness, to enable

comparison of the shapes of the responses for different combinations of RE and FC groups, but extrapolated estimates should be interpreted with caution. Estimates

are back-transformed from the logit scale on which the models were fitted. Raw datapoints are not shown as there would be three per response (one for each source)

leading to an uninterpretable plot; however the distribution of total HDDS can be seen in Figures 6C, 7C.

suggesting that some benefits of increased SR may derive from
the growing of diverse species in addition to the main crop and

livestock activities, such as in diverse homegardens or integration
of fruit trees in agroforestry layouts. This effect may not be
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captured by studies focusing only on crop and livestock diversity,
rather than total farmed species richness, such as Waha et al.
(2018). Kindt et al. (2004) and Degrande et al. (2006) both show
that tree crops in particular can contribute to increased on-farm
food consumption and incomes, while Boedecker et al. (2019)
found that homegardens contributed positively to improved
dietary diversity.

There were two important exceptions to the generally positive
associations between increased SR and outcomes observed in
our study. Firstly, increased SR was associated with increased
food insecurity and reduced dietary diversity in livestock-
dominated farms with low RE in Kenya, suggesting that it
may be more beneficial for this group of farmers to focus on
fewer species than to diversify. In general in Kenya, livestock-
dominated farms, and to some extent mixed farms, tended to
have poorer outcomes on average than diverse cropping and
cash cropping farms (Figure 7). This observed negative effect
of higher livestock holdings on outcomes, either directly or
indirectly via modifying the effect of SR, is surprising given
that many other studies indicate that higher livestock levels
have a generally positive role in smallholder farms (Moll, 2005),
including in western Kenya (Fuchs et al., 2019). Our result
may reflect the “one-off” nature of our survey; perhaps it was
undertaken during a period of relatively high crop product prices,
favoring crop producers over livestock farmers, for example.
The influence of current conditions on respondents’ recall of
food security and earnings is a known limitation of household
surveys (Bell et al., 2016). Thus, we would urge caution in
making strong inferences from the apparent negative effect of
increasing livestock levels in our study, given its inconsistency
with other literature.

The second case in which we observed SR to have a
negative association with outcomes was with regard to HDDS
across many RE and FC groups in Nigeria (Figure 8C). It
is possible that dietary group richness is not directly related
to farmed species richness, as multiple species belong to the
same dietary group and so farmed species richness can be
increased without then increasing the number of dietary groups.
However, a closer investigation into the different sources of
dietary diversity suggested a more complex relationship between
SR and HDDS (Figure 9). Across both countries in our study,
although more so in Nigeria, farm-based and “other” dietary
diversity tended to increase with increased SR while purchased
dietary diversity decreased. In Nigeria, the decrease in purchased
dietary diversity outweighed increases in farm-based and “other”
dietary diversity, resulting in an overall decline in HDDS as
SR increased.

Previous studies have indicated that the relationship between
farmed species diversity and dietary diversity varies with the
importance of markets and the availability of wild foods
(Ickowitz et al., 2019). In our study, “other” dietary diversity is
predominantly made up of gathered, gifted, or exchanged foods,
so the increase in “other” dietary diversity with increasing SR
suggests that households with a higher SR may be embedded
in more diverse neighborhoods where more food sources are
available outside the formal economy. It is possible that such

diverse, food-gathering and food-exchanging neighborhoods
could exist as a result of poor market access motivating both
an increase in SR for self-sufficiency and an increase in wild
food gathering or informal food exchanges. Other studies have
observed greater benefits of increased SR (Kissoly et al., 2020)
as well as an increased reliance on forest resources (Degrande
et al., 2006) when market access is lower. Despite the plausibility
of this explanation, however, it seems unlikely to be the case
in our study, given that both “other” dietary diversity and farm
incomes per capita (a function of market access) increased with
increasing SR, across all combinations of RE and FC groups in
both countries. It remains unclear why farmers in Nigeria with a
higher SR would purchase sufficiently fewer different food groups
so that their overall dietary diversity drops below that of farmers
with a low SR.

Implications and Future Research
Our study presents evidence that farms with high SR but
low RE can achieve the same or better food security and
income outcomes than farms with low SR and high RE,
suggesting diversification could be a promising component of
intensification for smallholders. These findings question the
widespread perception that low-resourced smallholder farming
systems are inherently inefficient and that Green Revolution
technologies (i.e., crop breeding and accessible agrochemical
inputs) are the best route toward improving both agricultural
production and rural livelihoods (Pingali, 2012). Although
accredited with widespread increases in calorie availability,
the yield gains of the Green Revolution have been associated
with the homogenization and up-scaling of farming systems,
with increased costs to the environment (pollution, declining
biodiversity and soil erosion) as well as threats to agriculture
itself though declines in the nutritional value of staple crops
(Fan et al., 2008; Gashu et al., 2021), the evolution of pesticide
resistance (Hawkins et al., 2019), and declining soil health
(Kopittke et al., 2019). In contrast, farming systems intensified
via increasing crop and livestock richness, in combination
with diverse homegardens and agroforestry, could mitigate
these negative trends of homogenization whilst also offering
substantial improvements to food security and nutrition.

However, further research is required to identify whether the
relationship observed between SR and food security and incomes
is truly causal, as other studies have found that increased SR may
be as much a reflection of overall better farming capacity than
a cause of increased productivity in its own right. For example,
Mwololo et al. (2019) observed that crop diversity increases with
access to agricultural extension services, so observed increases in
food security and incomes may be due to an overall improvement
in agronomic practices, while Nyberg et al. (2020) suggest that
increased labor per hectare leads to higher crop diversity, and
thus benefits may arise from this combination of increased
labor intensity and increased crop diversity. Mechanisms by
which increasing SR can improve food security and livelihood
outcomes have been demonstrated, such as a higher SR increasing
the diversity of foods available (Jones, 2017) and increasing
productivity via nutrient complementarity and weed, pest and
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disease suppression (Isbell et al., 2017; Storkey et al., 2019).
However, it is not certain that these mechanisms and anticipated
benefits will occur in any given situation—for example, we note
the negative impact of increased farmed species diversity on two
outcomes for the low-RE livestock-dominated farms in western
Kenya, and the negative relationship observed with purchased
dietary diversity in northern Nigeria.

The substantial variation in outcomes observed in our study
(Figures 7, 8) indicates that additional variables must also
moderate the relationship between SR and food security and
incomes. Increasing SR may be just one of many farm practices
that could improve food security and incomes within a given set
of resource constraints. In addition, our investigation of dietary
diversity sources suggests that the context around the farm—
in terms of land-use and species diversity at the landscape or
neighborhood level—may affect both the within-farm SR and the
dietary diversity outcomes. Future research could address these
knowledge gaps through taking a landscape-scale perspective
of FC and SR, and/or through considering a wider range
of explanatory variables, measuring factors such as access to
markets, extension services, wild food resources, and community
support networks, than we have in this survey.

The benefits of smallholder farm diversification must also be
considered in a wider political and socioeconomic context, and
our results here do not diminish the need for other actions to
be taken to challenge food insecurity and poverty. Other authors
have observed that although diverse farms can be much more
productive, there is still a limit to the number of people that can
be fed from a given land area (Conelly and Chaiken, 2000; Giller,
2020). Initiatives to improve land tenure and land availability,
and to diversify rural economies, are therefore also important
to increase food security, livelihoods, and wellbeing amongst
rural communities.

Further insight into the roles of farm strategies in food security
and livelihoods could be gained by performing similar analyses to
those used in this study across a greater number and diversity
of regions and countries across Africa and around the world.
As noted previously, some differences in the observed effects
of farm diversity between studies may relate to whether they
consider just those plants and animals deemed to be “farmed
crops and livestock” or whether they also include additional
cultivated diversity such as fruits and vegetables in homegardens
or as scattered trees. Here, our use of the RHoMIS platform
can facilitate further research, given that other studies using the
platform and contributing to the open database have collected
data on crop, livestock and fruit and vegetable richness in
the same way, as well as collecting the same indicators of
resource endowment, food security and farm incomes. In our
study, we did modify the data collected on areas cultivated
under different crops in order to develop our FC classifications,
so the FC groups would not be directly transferable to other
RHoMIS datasets. However, we anticipate that key aspects of FC
groups—for example the relative importance of livestock and of
“value” crops—can be derived from the standard questionnaire.
In addition, information is collected on whether farms have
homegardens and practice agroforestry, and whether they use

various synthetic and organic inputs and different soil and water
conservation practices, so our typology of farms via RE and
FC could be expanded to include other farm characteristics.
The wider RHoMIS dataset therefore offers a rich resource
to address many of the questions raised in this study about
the role of different types of farmed species richness in
improving food security and incomes, with regards to other
agronomic practices and in the context of different levels of
resource endowment.
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