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ABSTRACT

CONTEXT: Sustainable intensification is one approach to increasing food production without undermining sus-
tainability goals. In recent years new tools and indicators have been developed for broad-based assessment of
sustainable intensification. However, most of these tools have been applied at field level and assessing individual
technologies, while integrated assessments of multiple novel practices at farm-to-village level are lacking.
OBJECTIVE: In this study we develop and apply a data collection, analysis, and interpretation approach that
results in a replicable and rapid method for a multi-variate assessment of sustainable intensification.
METHODS: Drawing on a survey of 779 participant farmers, and using the Sustainable Intensification Assessment
Framework, we quantified 27 indicators grouped into five domains: agricultural production, economics, envi-
ronment, human welfare, and social. We applied an expert-led threshold setting exercise to re-scale indicators,
permitting aggregated and dis-aggregated visualisation onto a common axis. We developed a graphic evaluation
approach to communicate the multiple domain and indicator scores and applied this approach to quantify trade-
offs and synergies related to agricultural productivity in four contrasting sites in Ethiopia.

RESULTS AND CONCLUSIONS: In each site there was a notable and significant gradient of production intensity,
although average crop and livestock productivity remained well below attainable levels. Higher levels of pro-
ductivity were correlated with higher scores in the economic, social and agricultural domains, and in some sites
they were also positively correlated with the human welfare and environmental domains. In no case was
increased production intensity correlated with lower scores in any of the sustainability domains, indicating that
in these relatively low-intensity systems increases in productivity will go hand-in-hand with improvements in
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most other sustainability domains. Synergies can overrule trade-offs in these smallholder systems in Ethiopia, if

managed well.

SIGNIFICANCE: This is one of very few studies of multiple sustainable intensification technologies implemented
concurrently at the household to community level. Most studies focus on individual technologies or practices
within specific niches of the farming system. The method could be developed further for efficient application to
various large-scale development or intensification projects, and could potentially make use of existing small-

holder information databases.

1. Introduction

In order to meet the demands of present and future generations,
agriculture needs to deliver not only food and fibre, but also needs to
delivera wide range of other social goods, especially in Africa. These
include increased supply of nutritious foods; a decent income for farmers
regardless of age or gender; contribution to the growth in national and
local economies; and ideally environmental improvement, or at least no
environmental degradation (Glopan, 2020; HLPE, 2020; IPCC, 2020). If
this tall order can be met, agriculture, food supplies, ecosystem services,
and the development status of rural communities would all be improved
and more resilient than at present.

1.1. The evolution of sustainable intensification

One of the narratives operating within these broad themes is sus-
tainable intensification. Sustainable intensification essentially aims to
produce more nutritious food by using the same or less resources. Sus-
tainable intensification is defined by the objective, rather than specific
technologies, and a plethora of technical and behavioural options are
relevant, depending on local context and needs (Pretty, 2008). The
paradigm of sustainable intensification came into the mainstream
around 2010 (Godfray et al., 2010; Foley et al., 2011; FAO, 2011; Tilman
et al., 2011), but the degree to which sustainable intensification has
been achieved is still the topic of much investigation (Pretty et al., 2018;
Vang Rasmussen et al., 2018; Cassman and Grassini, 2020). Sustainable
intensification was originally formulated as relating to environmental
issues (Garnett et al., 2013; Godfray, 2015) — such as soil health, water
use, greenhouse gas emissions, and the expansion of agricultural land —
but others have argued for an expanded-scope definition of sustainable
intensification, considering economic and social sustainability goals
(Loos et al., 2014; Rockstrom et al., 2017). A recent review article
identified four main thrusts of sustainable intensification research
(Cassman and Grassini, 2020): the expanded scope definition; closing
yield gaps in lower-income countries; increasing crop diversity and the
production of nutrient dense foods; and developing metrics and mea-
surements of sustainable intensification at the field or farm level. The
importance of scale and levels in sustainable intensification research has
been established (Thomson et al., 2019), and three levels defined: plant
to field scale; farm to landscape scale; and national to regional to global
scale. A systematic review of 349 papers investigating sustainable
intensification (Weltin et al., 2018) identified that the majority focused
at the field scale and on individual technologies or practices. The review
recommended that more studies focus on higher spatial scales, assess the
simultaneous use of multiple technologies, and improve the context-
sensitivity of approaches.

1.2. Agricultural sustainability assessments

Dozens of frameworks exist for agricultural sustainability assess-
ments, these have been reviewed elsewhere (Chopin et al., 2021; Inwood
et al., 2018; de Olde et al., 2016). Rapid assessments are useful for
learning and drawing attention to sustainability outcomes, whereas full
sustainability assessments are more useful in designing detailed and
specific actions to improve sustainability (Marchand et al., 2014). Rapid
assessments make use of farmers’ subjective knowledge; data collection

typically takes a few hours per farm, is low cost and therefore applicable
over wide areas. The results are presented in a transparent and low
complexity format and are relatively easy to understand. Rapid methods
may help to achieve the buy-in required for further action. The weak-
nesses are subjectivity and lower accuracy of results, which can lead to
lower levels of trust in the findings (Marchand et al., 2014). Full sus-
tainability assessments may entail hundreds or even thousands of in-
dicators (Pollesch and Dale, 2015); findings may be complex and require
extensive calculations and are more suitable for very high-level assess-
ments (Singh et al., 2012). Various authors agree that a balance must be
struck between ease of practicability and comprehensiveness (de Olde
et al., 2016; Marchand et al., 2014); and that maintaining “meaning-
fulness” should be paramount (Gan et al., 2017; Asokan et al., 2020).
There is general agreement between agricultural sustainability assess-
ments — and sustainability assessments more broadly - regarding the
procedure when conducting an assessment. The steps are: (i) definition
of study scope, objectives and stakeholders; (ii) indicator selection; (iii)
data acquisition; (iv) index creation — which includes weighting, re-
scaling, and aggregation; (v) visualisation and communication of find-
ings; (vi) stakeholder engagement (Inwood et al., 2018; Marinus et al.,
2018; Musumba et al., 2017; Kanter et al., 2016).

1.3. A sustainable intensification assessment framework

The framework we selected to guide this investigation is the Sus-
tainable Intensification Assessment Framework (SIAF, Musumba et al.,
2017), because of the suitable approach taken as well as the support of
the USAID’s Feed the Future programme. The useful features of SIAF are:
the suitability for an expanded-scope definition of sustainable intensi-
fication; consideration of multiple spatial scales; flexibility in terms of
indicator selection and consideration of different means of data collec-
tion; feasibility for rapid application in low-income locations. Applica-
tions of this framework to date have focused on the effects of varying
options within individual technological niches of a farm system — for
example techniques for the delivery of nitrogen to maize crops in
Malawi (Snapp et al., 2018), and the introduction of forage chopping
machines to Tanzanian farms (Fischer et al., 2018). In this study, we
focus our analysis on a more aggregated level, looking at the outcomes
of uncontrolled combinations of novel farm technologies (selected by
farmers themselves), and consider these outcomes at the household to
village scale. The primary approach to visually communicate findings
from the SIAF and other frameworks has been the spider diagram,
emphasising the independence of the included domains (e.g. Domi-
nguez-Hernandez et al., 2018). However, here we demonstrate the
benefits of an alternative, using box-and-whisker and point plots. We
also further develop the efficiency of the approach by collecting the data
required for indicator calculations using the well-established RHoMIS
(Rural Household Multiple Indicator Survey) system, which includes a
standardized household survey tool (e.g. Hammond et al., 2017; van
Wijk et al., 2020) as well as associated processes for generating pro-
ductivity and livelihood indicators. A key objective of this study was to
develop an integrated data collection and data analysis approach that
results in a replicable and rapid method, allowing such multi-indicator
assessments of sustainable intensification to be implemented widely in
the developing world. To this aim, we:
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e Apply the SIAF framework within the Africa RISING Ethiopia pro-
gram using data collected with the RHoMIS tool

e Develop a graphic presentation of indicator scores across multiple
dimensions for the efficient evaluation and interpretation of the re-
sults obtained

e Apply this approach to determine the trade-offs and synergies of
different domain and indicator scores related to variations in agri-
cultural productivity

e Evaluate overall the methods used as a generalisable approach to
rapid multivariate evaluation of sustainable intensification

2. Materials and methods
2.1. Description of the Africa RISING program

The stated goal of the Africa RISING program is to provide pathways
out of hunger and poverty for smallholder farm families through sus-
tainably intensified farming systems that sufficiently improve food,
nutrition, and income security, particularly for women and children, and
conserve or enhance the natural resource base (Africa RISING, 2019).
The program was initiated in late 2011, continues until at least 2021,
and is funded by the USAID’s Feed the Future Initiative. It operates in
three African regions. In this manuscript we refer only to implementa-
tion of the program in the Ethiopian highlands. The program in Ethiopia
operated in four woredas (districts) of the four main highland regions:
Basona Worena in the Amhara region; Endamehonei in Tigray, Lemo in
the Southern Nations, Nationalities, and People’s Region (SNNPR), and
Sinana in Oromia. In each woreda, the program engaged deeply in two
kebeles (villages), which are shown in Fig. 1. The findings of this study
are representative of project participants within these kebeles; however
to facilitate recognition of the study areas, the woreda names have been
used.
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A wide range of technologies were promoted by the program from
2014 onwards, to all interested farmers living within the research sites.
Participants were enrolled in the program via existing networks, namely
the kebele (village) administrative offices and department of agriculture
offices. Efforts were made to include farmers from the full range of
economic and demographic background present within the kebeles, but
the risk of unrepresented and excluded groups remains, either because
they were not contacted or chose not to participate. Participant farmers
were free to select whichever technologies they were interested in and
received support in the form of training and materials. About one third
of farmers adopting the innovations trialled only one technology, and
two-thirds trialled two or more technologies. Around 10% of farmers
trailed five or more technologies. The continuation rates were high — on
average, 80% of the technologies trialled were still in use by 2018. There
were four main themes amongst the promoted technical interventions:
livestock feeding, crop production, soil and water management, and
mechanisation (Lunt et al., 2018). The livestock feeding technologies
were: cultivated forage crops and crop mixtures (oat-vetch, desho grass,
phallaris grass, alfalfa, fodder beet, sweet lupin, napier grass, faba bean
intercropping); fodder trees (tree lucerne); improved feeding troughs;
improved feed storage facilities; and sheep fattening linked to markets.
The crop production technologies were: participatory selection of
improved varieties (bread wheat, faba bean, potato, durum wheat, malt
barley, food barley, chickpea, enset, lentil); tree crops (apple, avocado);
and seed production systems (potato seed production and storage, wheat
seed production, faba bean seed production). The soil and water man-
agement technologies were: soil fertility (manure trials, fertiliser trials,
soil testing); soil movement (raised beds, ridge and furrow planting);
ponds; water pumps (rope and washer pump, solar pump). The mech-
anisation technologies were tractor seeding, tractor transport, and
tractor-powered pumping of water. Only a small number of tractors
were available.

Project Research Kebeles in Basona

Project Research Kebeles in Endamehoni
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Fig. 1. Map showing the locations of the four study sites in the Africa RISING program, Ethiopia.
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2.2. Site descriptions

The four study sites differed considerably in terms of climate and
biophysical environment, the agricultural system configurations, and
local culture, religion, and demographics (see Table 1). Due to these
differences the findings are more meaningful when understood within
each study site, rather than comparing between sites.

The Basona Worena site in Amhara was characterised by degraded
soils and watersheds with low crop and livestock productivity, and low
feed availability, and mixed crop-livestock farming (ILRI, 2015a). The
elevation range was 2000-3800 m above sea level (masl), mean annual
rainfall of between 900 and 2000 mm per year, mean minimum
temperate of 6 °C and mean maximum temperature of 22 °C. The pri-
mary crops were wheat, faba bean, barley, potato, with mean farm size
1.3 ha. The main livestock species were cattle, donkeys, sheep, and
chicken, and households on average owned 1.9 TLU of livestock
(Tropical Livestock Unit, where 1 unit is the mass equivalent of 1 adult
cow; Njuki et al., 2011). In a participatory assessment at the start of the
project (Ellis-Jones et al., 2013) 33 relevant institutions were identified
within the research kebeles. The most important were the kebele
administrative offices, which facilitated almost all activities; the kebele
agricultural office, which delivered agricultural training and extension,
and agricultural cooperatives which delivered inputs. Also important
were credit and savings associations and small religious NGOs delivering
humanitarian support. The two research kebeles (villages) were Gudo
Beret and Goshe Bado.

The Endamehonei site in Tigray was characterised by water scarcity,
degraded soils, low crop yields, a shortage of protein-rich fodder, few
opportunities for income diversification, and small farm sizes (ILRI,
2015b). Mixed crop-livestock farming was practiced, although with an
emphasis on crops. The elevation range is 2800-3000 masl, mean
annual rainfall between 600 and 800 mm per year, mean minimum
temperate of 2 °C and mean maximum temperature of 15 °C. The pri-
mary crops were wheat, barley, faba bean, potato, with mean farm size
0.8 ha. The main livestock species were cattle, sheep, chicken, and
donkeys, and households on average owned 1.3 TLU of livestock. Thirty-
eight relevant institutions were identified within the research kebeles
(Ellis-Jones et al., 2013). The most important were the kebele admin-
istrative offices; the department of agriculture extension officers and the
farmer training center, and agricultural cooperatives which delivered
inputs. Also important were credit and savings associations, religious
institutions, and small religious NGOs delivering humanitarian support.
The two research kebeles were Emba-Hazti and Tsibet.

The Lemo site in SNNPR was characterised by population pressure,
land fragmentation, out-migration, feed shortage, soil acidity, high crop
diversity with trees, fruits, horticulture, and field crops, and enset dis-
ease (ILRI, 2015c). Mixed crop-livestock farming was practiced,
although with an emphasis on crops and fruit. The elevation range is
2000-2500 masl, mean annual rainfall between 900 and 1400 mm per
year, mean minimum temperate of 18 °C and mean maximum temper-
ature of 23 °C. The primary crops were wheat, faba bean, teff, and enset,
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with mean farm size 1.3 ha. The main livestock species were cattle,
donkeys, chicken, and goats, and households on average owned 0.7 TLU
of livestock. Eighteen relevant institutions were identified within the
research kebeles (Ellis-Jones et al., 2013). The most important were the
department of agriculture extension officers and the farmer training
center, agricultural cooperatives which delivered inputs, the grain mill,
and religious institutions. Also important were the kebele administrative
offices, credit and savings associations, and small religious NGOs
delivering humanitarian support. The two research kebeles were Jawe
and Upper-Ghana.

The Sinana site in Oromia was characterised by productive and often
mechanised cereal mono-cropping, larger farms, crop diseases, poor
livestock nutrition, and poor human nutrition. Livestock were kept
although the main focus was on cereal mono-crops (ILRI, 2015d). The
elevation range is 2000-2800 masl, mean annual rainfall between 900
and 1400 mm per year, mean minimum temperate of 6 °C and mean
maximum temperature of 20 °C. The primary crops were wheat, emmer
wheat, and faba bean, with mean farm size of 3.6 ha. The main livestock
species were cattle, horses, donkeys, sheep, and chicken, and households
on average owned 1.4 TLU of livestock. Twenty-four relevant in-
stitutions were identified within the research kebeles (Ellis-Jones et al.,
2013). The most important were the department of agriculture extension
offices and farmer training center, agricultural cooperatives which
delivered inputs, and animal health clinic. Also important were credit
and savings associations, the church, and small religious NGOs. The two
research kebeles were Salka and Ilu-Sanbitu.

2.3. Survey description and sampling

The data reported in this manuscript were collected via a survey of
participant farmers during April and May 2018, carried out by trained
Ethiopian enumerators. The questionnaire was a locally adapted version
of the Rural Household Multi-Indicator Survey (RHoMIS, Hammond
et al., 2017; van Wijk et al., 2020), which is built on Open Data Kit
(ODK) technology (Hartung et al., 2010). The questionnaire covered
household demographics; crop and livestock production, management,
consumption, and sales; land and natural resource management; off-
farm incomes; food security indicators; and gendered control of in-
come and foodstuffs. Unless otherwise specified, all questions related to
the entire farm-household and the previous 12 months form the date of
the survey. The vast majority of interviews took between 45 and 60 min
to complete. Of all respondents, 86% were male and 92% considered
themselves to be the head of the household.

The sample was randomly drawn from the complete list of farmer
participants in each of the kebeles. The sample size was calculated to
allow significant differences of 20% of the mean to be identified within
sites, comparing any two groups within the woreda. The sample size
calculations were based on program records, population size of the
kebeles (with a finite population correction applied), and the mean and
variance of indicators of interest gathered in similar studies using the
same survey tool. Random sampling was then performed from the

Table 1
Contextual information for the four study sites.
Woreda Region Altitude Climate Market infrastructure Farming
Basona Amhara 2000-3800 900-2000 mm Good roads and market access. Mixed, land degraded, watershed management, feed scarce,
Worena m rain cattle and dairy.
6-22 °C.
Endamehoni Tigray 2800-3000 600-800 mm Markets quite accessible. Mixed, with crop focus, small farms. Dry with water and feed
m rain scarcity.
2-15°C
Lemo SNNPR 2100-2400 900-1400 mm Good roads and markets, but other Population pressure and outmigration; fruit orchards, crops
m rain infrastructure poor. and livestock.
18-23°C
Sinana Oromia 2000-2500 750-1000 mm Poor roads, but sales for grains were well Cereal mono-cropping, larger farms.
m rain organised.

6-22°C
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household lists to meet the required sample size. In total, 779 interviews
were conducted: 148 in Basona Worena, 213 in Endamehonei, 254 in
Lemo, and 164 in Sinana.

2.4. Sustainable intensification assessment procedure

2.4.1. Indicator selection

We followed the approach described in the Sustainable Intensifica-
tion Assessment Framework (SIAF, Musumba et al., 2017), whereby the
selection of indicators should be in relation to the expected outcomes of
the innovation under scrutiny. Here we assessed not a single innovation
but the net outcome of many technical innovations and the enabling
environment established by the Africa RISING program. Accordingly,
the selection of indicators was pitched at the household-to-community
level, which is where the program outcomes were expected. The SIAF
defines five sustainability domains: agricultural production; the eco-
nomic; the environmental; human welfare; and the social. A long list of
indicators are proposed for each domain, with associated methods for
measurement and the scale at which the findings are meaningful. This,
and the assessment of Smith et al. (2017), guided the selection of in-
dicators for our application of the framework. A further parameter in
selection was that the data requirements for each indicator should be
achievable through rapid and robust collection by household survey.
The indicators selected are listed, and where necessary, explained
below:

(i) Agricultural production

The intensity of agricultural production was measured with 6 in-
dicators. Crop productivity is assessed with the yield of the primary
staple crop, measured in tons per hectare per year (t ha™!); and total
farm crop productivity, measured in terms of energy content (kilo-cal-
ories per hectare per year, kCal ha™1). In this case, the primary staple
crop was either wheat, barley, fava bean, teff, or maize depending on
which was produced in the highest quantity on an individual farm.
Through re-scaling the crop yields achieved against potential yields (see
section 3.4.2) it was possible to compare the yields of differing staple
crops. Livestock productivity was assessed with two indicators: the yield
of milk per cow, measured in litres per day; and the total livestock
productivity, measured in terms of energy produced per unit of livestock
owned (kCal/TLU). This included the calorie equivalent value of all
livestock products (meat, milk, eggs, and wholesale of animals) which
were either sold or consumed by the household within one year previous
to the survey. Agricultural diversity was assessed using the count of
plant species cultivated and the count of livestock species kept.

(ii) Economic

Sustainable economic success was assessed with 5 indicators. The
cash value of farm produce at local market conditions, plus any non-
farm income, was represented by the “total value of activities” indica-
tor, measured in USD PPP (US dollars adjusted to 2015 purchasing
parity power, World Bank, 2021) per household member per day. The
number of independent sources of cash income provided an indication of
income resilience. Off-farm income, measured in USD PPP per house-
hold per year, was used to indicate income resilience and ability to
invest. Market orientation was used to indicate market connectivity and
was measured as the percentage of farm produce being sold out of the
total value of farm produce. The poverty probability index (PPI) for
Ethiopia was used, which provides estimate of the likelihood (0-100%)
that a household was below the 1.90 USD per day poverty line, based on
observable traits such as asset ownership (Schreiner and Chen, 2009).

(iii) Environment

Environmental impact of farming activities was represented by 4
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indicators. The total warming potential of greenhouse gas emissions per
household member per year were expressed as tons of carbon dioxide
equivalent (tCOyq), calculated from the survey data using Tier 1 pro-
tocols (IPCC, 2006). The number of land conservation practices applied
per household was used as an indicator of good natural resource man-
agement. Practices included incorporation of manure and crop residues
in soil, the intentional use of tree or legume species for soil and water
benefits, and various physical measures to control water flow and
erosion, such as terracing, check dams or bunds. Soil quality was
assessed with three basic questions regarding the farmers’ perception of
soil fertility, erosion and water holding capacity of their land. “Months
per year of irrigation use” was used to indicate water consumption.

(iv) Human welfare

Human welfare was conceptualised as relating to the individual
level, as opposed to the higher-level social domain, and was determined
through 5 indicators. Food security is a major component of human
welfare and was assessed using the household food insecurity of access
scale (HFIAS, Coates et al., 2007) which indicates experience of hunger,
the household dietary diversity score (HDDS, adapted from FAO and
FHI360, 2016; see Fraval et al., 2019) which indicates the nutritional
quality of the diet, and the number of months during which food access
was perceived to be difficult. Innovation capacity was assessed by the
education level of the household head, and by the number of novel
farming practices the household had trialled during the previous four
years.

(v) Social

Within the social domain, 7 indicators were considered. Gender eq-
uity was assessed using two indicators: first the number of household
assets over which female control was reported, where the assets were
land, livestock, crop planning, and access to credit. Second the propor-
tion of the total value of household activities over which females exerted
decision-making power (see Tavenner et al., 2019). The conditions for
knowledge exchange and information flow were assessed by the number
of support groups households participated in; an aggregation of the
frequency and quality of extension support received by the household;
and the number of peers to whom respondents had shared information
about novel agricultural practices. Social reciprocity was assessed by a
count of notable gifts and exchanges given and received by households.
Labour availability was assessed using the dependency ratio, defined as
the ratio of working age adults to non-working age adults and children
(above 65 years of age or below 14).

2.4.2. Index creation

In order to permit the meaningful comparison of indicators and ag-
gregation into domains, we applied a novel method of re-scaling the
indicator scores. For each indicator, threshold values were selected by
which the score could be judged to be “good”, “moderate”, or “bad”.
Maximum and minimum scores were also defined for each indicator and
used to identify outliers. Credible outlier values were re-scored to the
maximum or minimum, and non-credible outliers were excluded. The
indicator scores were then re-scaled to a new value between —1 and +1,
where —1 represented the minimum, +1 represented the maximum,
—0.33 represented the lower threshold (below which was “bad”) and
+0.33 represented the upper threshold (above which was “good”). Be-
tween each threshold, the scores were re-scaled in a linear manner, but
when judged on the complete scale of —1 to +1 the scaling was not
linear. To illustrate: if an indicator score below 5 out of 10 was
considered “bad”, and a score above 8 out of 10 was considered “good”,
then the original values between 0 and 5 would be re-scaled between —1
and —0.33, values above 5 and below 8 would be re-scaled between
—0.33 and +0.33, and values of 8 or above would be re-scaled between
+0.33 and +1. The selection of reference values is therefore key in
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determining the results (as is true for other assessments methods — see
Gan et al., 2017 or Acosta-Alba and Van der Werf, 2011). We address
this by clearly expressing the thresholds chosen and rational for each
(Table 2), and we also present the original indicator scores in Table 6.
The re-scaled scores are used for visual representation and aggregation
to domain level. The use of subjective language such as “good” and
“bad” is intentional in that it conveys the fact that subjective judgements
were made, inviting the reader to assess whether they agree with the
criteria for that judgement and creating are more meaningful framework
for interpreting indicator scores which have been normalised to a
unitless common scale (Ebert and Welsch, 2004).

The threshold values identified were normative where possible;
otherwise relative values were used (Acosta-Alba and Van der Werf,
2011). Normative reference values are non-site specific and established
in scientific or policy literature — examples in this case are the crop yield
thresholds for Ethiopian conditions, taken from various scientific liter-
ature sources (Cochrane and Bekele, 2018; Lee, 2018; Minten et al.,
2018; van Loon et al., 2018), milk yield thresholds (Yilma et al., 2011),
or references to international poverty lines. Where values were not
available in the literature, we consulted Ethiopian scientists working in
agricultural development and familiar with the study sites to suggest
appropriate threshold values. Where this was not possible, relative
reference values were constructed according to terciles of the study
population indicator scores. For indicators where relative threshold
values were used, the correct interpretation is that households (or sites)
scored “better” or “worse” compared to others in the study, not that the
scores are “good” or “bad” within a broader context. However, due to
the need to present a large number of indicators visually in a compact
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manner, we have used the terms “good” and “bad” for all indicator re-
sults as these apply to the majority of the indicators.

Each indicator was calculated for each household, and then aggre-
gated up to groupings for analysis: either terciles of agricultural pro-
ductivity, or site-level groupings. The median and the inter-quartile
range was taken per grouping. Domain scores were then calculated by
determining the median and inter-quartile ranges of the of the indicator
averages (a so-called “multi-level aggregation” Pollesch and Dale,
2015). In this approach, indicators were weighted equally, and
compensation between indicators was permitted (a weak sustainability
approach, see Pearce et al., 1994). The presentation of both the aggre-
gated and disaggregated values, presentation of the variation, and
transparency in the subjective decisions of normalisation (re-scaling) all
follow the recommendations of best practices (Inwood et al., 2018; Gan
et al., 2017; Bezlepkina et al., 2011; Singh et al., 2012).

2.4.3. Quantifying agricultural intensity

Definitions of intensity usually relate outputs to inputs, but exactly
what constitutes outputs and inputs, and how to measure them, differs
widely (Smith et al., 2017). Here we quantify agricultural productivity
as the key variable to be evaluated, so an output-input-ratio of the
agricultural system was used rather than a series of input variables (i.e.
production per unit of landand per unit of livestock). We assessed re-
lationships between the intensity variable s and other indicators in the
SIAF framework, and we also tested whether the uptake of interventions
promoted by the Africa RISING program showed any relationship with
farm intensity. As such this study is therefore not meant to be a detailed
evaluation of the effectiveness of the Africa RISING program, but rather

Table 2
The Indicators selected per Sustainability Domain, the units of measurement, and the threshold values to determine "bad", "medium", or "good" scores for each
indicator.
Domain Indicator Unit Threshold 1: less than ~ Threshold 2: greater Method for setting of thresholds
is “Bad” than is “Good”
Staple crop yield (wheat/barley/ thatye! 2.3/2.3/1.0/ 4.7/4.7/1.9/ One or two thirds of attainable
fava bean/teff/maize) y 0.9/3.4 1.8/7.0 maximum
Crop productivity kCal ha™! yr! 3E406 6E+06 Population terciles
Production Crop diversity Species grown 5 8 Population terciles
domain Milk yield (local breeds/improved/ Litres cow ! day 0.9/6.3/3.1 1.8/12.7/6.4 One 'or two thirds of attainable
both) maximum
Lstk productivity kCal TLU ! yr! 7E+04 5E+05 Population terciles
Lstk diversity Species kept 2 4 Population terciles
Total value of activities USD person~! day ™! 1 1.9 Intern’l poverty lines
Income sources Count 3 5 Population terciles
Econom-m Market orientation % produce sold <10 or >90 <25 or >75 Moderate market engagement
domain preferable
Off farm income USD household ! yr~! 500 1000 Judgement
PPI (asset-based poverty estimate) % chance above poverty line 50 75 Judgement
C d to int ti 1
GHG emissions tCO2¢q pers. ! yr~! >5000 >2000 ompare 0. H? ernationa
Environment averages emissions
domain Irrigation Months yr~! 1 >2 & <8 Judgement
Land conservation Count of practices 1 4 Judgement
Soil quality Farmer perception (0-3) 2 3 Judgement
i f
HFIAS (hunger) lii‘rllegr:rt(oli]:)e)(p erience o 3 4 Indicator guidelines
Human Months food secure Months yr~! 10 12 Judgement
F Kkl
domain Household dietary diversity (83(: (;;)roups consumed weekly 5 6 Indicator guidelines
Education Ordinal (1-7) 4 6 Primary/secondary education
Novel practices trialled Count over last 5 years 1 3 Population terciles
- b;
Female assets owned assets owned or co-owned by 2 3 Judgement
females (0-4)
o o . . .
Female control % of livelihood controlled by <20 or 590 <35 or 565 Equitable decision making
females preferable
Social Dependency ratio Ratio of non-workers:workers <45 or >150 <60 or >100 Judgement
domain Group membership Groups joined yr! 1 2 Judgement
. . Extension services frequency and
Extension services . 4 9 Judgement
quality (1-18)
Skill sharing Count of people receiving skills 3 10 Judgement
Gifts and exchange Count of substantial items given <1or>5 >3 Moderate sharing is preferable

or received yr—!
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an evaluation of the effectiveness of the SIAF framework to quantify
indicator and domain value changes (and their potential trade-offs and
synergies) along a production intensity gradient, as presented by the
Africa RISING program. For the quantification of agricultural produc-
tivity within the mixed crop-livestock systems present in the four sites,
we used a combination of crop and livestock productivity, expressed in
kCal produced per unit land area and per unit of livestock holdings. We
summed the two measures to give an overall intensity score by which to
rank the households. Comparison between intensity terciles were made
using the Wilcoxon-rank signed sum test, and correlation between in-
tensity and sustainability indicator or domain scores was assessed using
Spearman’s rank correlation coefficient. Before assessing the correlation
of crop and livestock productivity with sustainability indicators in the
agricultural production domain, we removed these from the domain
scores. However, we acknowledge that some level of auto-correlation
between the production domain indicators and our measure of pro-
ductivity is likely.

2.4.4. Communicating sustainability

Many sustainability assessments visualise findings using spider dia-
grams (also known as radar charts or amoeba charts), as they allow
concurrent visualisation of a large number of indicators and comparison
of multiple scenarios (Kanter et al., 2016). However, spider diagrams
have also been criticised because the circular layout hampers intuitive

Good Good
Box-and-whisker plots show the

vea| averaged indicator scores per domain. .4
Useful for a general overview.
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comparison between indicators and they do not permit illustration of
uncertainty (Miettinen, 2014). Also common are radial diagrams and
petal diagrams which are prone to some of the same critiques. Spatially
explicit maps (heat maps) show promise for communication of sus-
tainability assessments, but require a spatially explicit sampling strategy
and interpretation (Goldstein et al., 2012). We selected box-and-whisker
plots to show aggregated domain scores and point plots to show indi-
cator scores, both with error bars to show the variation in scores. The
general layout of the analyses follows the setup shown in Fig. 2. The
purpose of showing both the aggregated domain scores and the indicator
scores is to facilitate comprehension by the reader — the domain scores
give a quick but superficial understanding of the situation, and provide a
“way in” to the more complex but deeper description provided by the
indicator scores.

The analysis results show the scores of each sustainable intensifica-
tion domain (coloured boxplots) as well as the median and inter-quartile
range of each indicator (the point plots using coloured symbols). Two
measures were used: i) the average value of domain and indicator scores
to summarise which indicators scores are considered to be in “good”,
“medium”, or “bad” condition for a site, and ii) the degree of variation
observed, as an indication of the potential of a domain and indicator
score to be improved within current site conditions. These populate the
prioritisation framework in the lower panel of the figure. Figures were
made using the package ggplot2 (Wickham, 2016) in the R software

Symbols show the median indicator
scores. Error bars show the IQR.
Useful for identification of specific

issues.
Bad Bad
Prod Econ Env Hum Soc Prod Econ Env Hum Soc
Variation A

. -

Low Med High (=

Q
2

Gooid Sturdy Risk of backsliding or inequalities - establish resilience - safety =
(resilient?) net approach %]

c (%]
o Q
S —

g !

S ; G ) P

S Med Steady May be precarious or volatile . watch for trade-offs or tipping =
g points O
© &
% =)
Bad Stubborn Prime opportunity for improvement - look to positive deviants o

(lock-in?) - cargo net approach §

Easier to precipitate change

Fig. 2. A guide for how to interpret the sustainable intensification assessments presented below. The boxplot in the upper left of the figure shows the condition of five
“sustainability domains”, which are: agricultural production, economic, environment, human welfare, and social. The point plot in the upper right of the figure shows
the median and inter-quartile range of each of the indicators monitored. The table in the lower part of the figure provides framework for prioritisation of the issues
covered by the indicators. Indicators with worse overall status may be considered more urgent, and indicators with low variation within the site may be considered
more challenging to influence. This can be “good” in the case of high-scoring indicators, implying resilience, but “bad” in the case of low-scoring indicators, implying
lock-in or intractable issues. A “safety net approach” means protecting the gains made, and would be more suitable for issues where many households are doing well;
whereas a “cargo net approach” means lifting up the population on issues where many households fare poorly.
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environment (R Core Team, 2021).
3. Results

3.1. Agricultural productivity and sustainability indicators in the study
sites

3.1.1. Agricultural productivity

An approximately linear productivity gradient was observed in each
site. In Basona Worena the difference between the 10th and 90th per-
centiles was four-fold, in Endamehonei the difference was five-fold, in
Lemo it was four-fold, and in Sinana it was three-fold. The calorie-
productivity metric was of the same order of magnitude in each site,
although it was highest on average in Sinana and lowest on average in
Lemo. The productivity metric for crops was substantially greater than
the livestock metric, due to the denominators used (one hectare of land
can produce more calories than one large animal). These data and farm-
household characteristics are summarised per site and per intensifica-
tion tercile in Table 3.

As expected, there were large differences between the study sites.
Comparisons were made between productivity terciles within each site.
There were small but significant differences in land area, and larger
significant differences in gross farm income. The more productive farms
had slightly smaller land area compared to the less productive farms.
There was a general pattern, significant in two of the sites, that more
productive farms adopted more of the promoted technologies. The asset
base (including off farm income) was similar between the terciles, which
implies that the households in the upper terciles produced more with a
similar quantity of productive resources, thus indicating intensification.

Table 3
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3.1.2. Productivity and the aggregated sustainability domains

Correlation tests between productivity metrics and the sustainability
domain scores revealed significant positive correlations (Table 4). For
all sites combined, there were significant positive correlations between
productivity and each of the sustainability domains. These were stron-
gest for the economic domain, and weakest for the environmental and
production domains. Per study site, the findings were similar, although
no significant correlations were found for the environmental domain,
while the production domain showed stronger correlations per site than
overall (perhaps influenced by the very different agro-ecologies in each
site). In Basona Worena the production, economic, human, and social
domains were all significantly correlated with productivity (with the
strength of correlation in the order listed). In Endamehonei, the pro-
duction, economic, and human domains were significantly correlated
with productivity. In Lemo the correlations were weaker, but still sig-
nificant for the production, economic, and human domains. In Sinana
the correlations were significant for the production, human, economic,
and social domains. The domain scores per site and intensification

Table 4

Correlation between farm productivity and aggregated sustainability domain
scores. Statistically significant correlations are indicated by bold text (p < 0.05).
Note that productivity metrics were excluded from the production domain for
these tests.

Production  Economic  Environmental Human  Social
All sites 0.1 0.4 0.1 0.2 0.2
Basona Worena 0.4 0.3 0.1 0.2 0.2
Endamehonei 0.4 0.4 0.0 0.3 0.1
Lemo 0.2 0.2 0.1 0.2 0.0
Sinana 0.3 0.2 0.0 0.3 0.1

Farm characteristics, by productivity tercile and study site. Productivity terciles were calculated according to the sum of crop kilo-calories (kCal) of production per
hectare and livestock kCal production per tropical livestock unit (TLU) (columns 4 and 5). Values presented are means, with standard deviation in parentheses.
Significant differences between productivity terciles within a site are indicated by differences in superscript letters, according to Wilcoxon Rank Sum Test, p < 0.05.

Crop Livestock Crop Lstk Gross farm Off farm
Productivity productivity productivity Hs’hold land owned income income New techs in
Site . n
tercile (kCal ha™! (kCal TLU yr!) ~ members (ha) (TLU) (USD yr™1) (USD yr™) use
yr
Least 4y 20E+06 2.0E+05 4.2° 1.3% 1.8% 1040° 68* 1.7%
(6.18E+05) (2.76E+05) 1.6) (0.6) (1.3) (4170) (1114) 1.2)
Basona Mod 4y 35ET06 5.1E405 4.37 1.4 1.9 1623° 4847 2.8
Worena ) (5.80E+05) (4.49E+05) 1.4) (0.5) (1.0) (1868) (1493) 1.7)
Most 4y O-OE+06 3.9E+05 4.3 1.0% 1.92 2514° 629° 2.5
(7.88E+06) (1.02E+06) .7) (0.6) 1.1) (3886) (3214) 1.5)
Least 5 29E+06 1.9E+05 5.4 0.8° 1.0° 8357 126° 2.2?
(1.01E+06) (4.21E+05) (1.8) (0.5) .1) (827) (493) 1.4)
Endam- Mod s 57E+06 3.3E405 5.5% 0.7% 1.3 1432° 5947 2.6%
ehonei ) (1.03E+06) (6.34E+05) 21 0.3) 1.3) (1270) (1930) 1.4)
Most so  9-9E+06 1.3E406 5.67 0.7° 1.3% 1971¢ 3547 2.8°
(5.51E+06) (5.12E+06) 1.8) 0.3) (1.5) (2625) (1413) (1.8)
Least g5  LBET06 1.5E405 6.6° 1.5% 0.7% 279° 26% 1.7%
(5.58E+05) (3.19E+05) 2.1 0.9) (0.5) (370) (409) (1.3)
Lemo Mod gq 3OE+06 2.6E+05 6.7° 1.3° 0.9° 351° 9? 1.5%
) (5.03E+05) (4.06E+05) (2.0) 0.7) (0.5) (1911) (83) 1.3)
Most gq HIE+06 1.1E+06 6.7 1.1° 0.7% 606° 28% 1.6%
(1.62E+06) (2.32E+06) 1.9) 0.7) 0.4) (805) (505) 1.2)
Least 5q A9E+06 3.7E+05 6.7 3.5% 1.3% 3124° 1332 1.12
(1.48E+06) (4.79E+05) (2.4) (2.0) 0.9) (3543) (433) 0.7)
Sinana Mod 54 828406 6.2E+05 7.1% 3.5% 1.4 5017° 281° 1.7°
) (1.49E+06) (9.03E-+05) 2.2) (2.5) (1.0) (5361) (2249) 1.1)
Most g3 1:3E+07 7.8E+05 6.9° 3.6 1.5% 8826° 266° 1.4°
(4.27E+06) (1.57E+06) (2.3) (2.3) 1.3) (7260) (5215) (0.8)
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tercile are visualised in Fig. 3, which shows that generally average
domain scores did not change much along the productivity gradient, but
that there was often a noticeable reduction in the spread of domain
scores.

3.1.3. Productivity and the sustainability indicators
Correlations between productivity and the re-scaled indicator scores
are presented in Table 5. In the production domain, staple crop yield was
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most strongly correlated with productivity, which is logical as crop
productivity was the main constituent of the intensification metric, and
the most popular interventions aimed to improved grain yields. The
correlation between milk yield and productivity was weaker, significant
only in Basona Worena, where livestock were the most important for
livelihoods. More unexpectedly, the crop and livestock diversity metrics
showed weak positive correlations, suggesting a degree of production
intensification through diversification. In the economic domain, the two

Lower Prod'ty - Basona Worena

Mod. Prod'ty - Basona Worena

Higher Prod'ty - Basona Worena

Good Good Good ——
Med ﬁ * Med — Med — *
Bad . Bad
Prod Econ Env Hum Soc Prod Econ Env Hum Soc Prod Econ Env Hum Soc
Lower Prod'ty - Endamehonei Mod. Prod'ty - Endamehonei Higher Prod'ty - Endamehonei
Good Good Good ' *
Med F - ! Med * - - Med| [ ‘
Bad 9 Bad Bad
Prod Econ Env Hum Soc Prod Econ Env Hum Soc Prod Econ Env Hum Soc
Lower Prod'ty - Lemo Mod. Prod'ty - Lemo Higher Prod'ty - Lemo
Good Good Good
Med Med Med *
Bad Bad Bad
Prod Econ Env Hum Soc Prod Econ Env Hum Soc Prod Econ Env Hum Soc
Lower Prod'ty - Sinana Mod. Prod'ty - Sinana Higher Prod'ty - Sinana
Good Good Good
vee| g * * ved F -
Bad

Prod Econ Env Hum Soc

Prod Econ Env Hum Soc

Prod Econ Env Hum Soc

Fig. 3. The aggregated scores for each of the five sustainability domains: agricultural production, economic, environmental, human welfare, and social. Each row
represents one of the four study sites. Within each site, the surveyed population was split into terciles of agricultural productivity (combining crop and livestock
productivity); each column shows one productivity tercile. Productivity metrics were excluded from the production domain for these figures. Looking across a row
from left to right, one may see how the sustainability domain scores change as agricultural productivity increases.
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Table 5

Correlation between household indicator scores and agricultural productivity.
Statistically significant correlations are indicated by bold text (p < 0.05). The
indicators for crop productivity and livestock productivity were excluded as they
were used to calculate productivity metric.

Domain Indicator Basona Endamehonei Lemo  Sinana
Worena

Production Staple crop 0.7 0.6 0.5 0.7
yield
Crop - - - -
productivity
Crop diversity 0.1 0.1 0.1 —0.1
Milk yield 0.3 0.1 0.0 0.1
Lstk - - - -
productivity
Lstk diversity 0.0 0.1 0.1 0.0

Economic Total value 0.3 0.5 0.4 0.4
activities
Income sources 0.2 0.3 0.1 0.0
Market 0.1 0.1 0.1 -0.1
orientation
Off farm 0.1 0.1 0.1 0.0
income
PPI (asset 0.0 0.1 0.0 0.1
score)

Environment  GHG emissions 0.0 -0.1 0.0 -0.1
Irrigation 0.2 0.1 -0.1 0.0
Land 0.1 -0.1 0.1 0.0
conservation
Soil quality 0.0 0.0 0.1 0.0

Human HFIAS (hunger) 0.1 0.2 0.1 0.2
Months food 0.1 0.2 0.1 0.1
secure
Diet diversity 0.2 0.3 0.2 0.2
Education 0.0 0.1 0.1 0.2
Novel practices 0.2 0.1 0.0 0.1
trialled

Social Female owned 0.0 0.0 -0.1 0.0
assets
Female income 0.1 0.1 0.1 0.0
control
Dependency 0.0 -0.1 -0.1 0.0
ratio
Group 0.1 —-0.2 0.0 0.1
membership
Extension 0.1 0.1 0.0 0.2
services
Skill sharing 0.3 0.3 0.1 0.2
Gifts and 0.0 0.0 0.0 0.0
exchange

variables most significantly correlated to productivity were total value
of activities (which is the product of total farm production by the market
price of each commodity, plus any off-farm income), and the number of
income sources. This suggests that households who intensified not only
produced more but also diversified their incomes. The environmental
domain showed the weakest and fewest significant correlations. Irriga-
tion use increased significantly in Basona Worena with productivity,
otherwise there were non-significant correlations with reduced green-
house gas emissions in two sites, and increased use of land conservation
practices in two sites. Soil quality and productivity were not correlated.
In the human domain, there was good evidence for correlation between
productivity and food security, as all three indicators returned positive
correlations in all sites, and were significant in the majority of cases. The
indicators for education and innovation also returned positive correla-
tions with productivity, although these were not significant in most
cases. In the social domain the indicators around knowledge exchange
returned significant correlations to productivity, in particular peer-to-
peer knowledge exchange. The indicators around female control of as-
sets and incomes did not show significant correlations, but were weakly
positive in most sites for female control of incomes. The analysis of in-
dividual indicators showed that in most cases differences in the domain
scores were due to differences in multiple indicators, rather than being
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driven by a large difference in a single indicator.
3.2. Site diagnostics

In this section the overall condition of broadly-defined sustainable
intensification in each of the four study sites is summarised. The median
scores for the 27 indicators are presented in Table 6, using the original
units and scales for each indicator. The re-scaled indicators and aggre-
gated sustainability domains are then presented in visually per site in
Figs. 4-7.

3.2.1. Basona Worena (Amhara)

The domain score summary in the top left of Fig. 4 shows that the
agricultural productivity domain scores the lowest, followed by the
environmental and the social. The economic domain looks to be the
strongest, and the human domain also to be in generally good condition.
Examination of the indicators scores (top right of Fig. 4) presents a
slightly more complex situation, where the human domain in particular
showed some low scores. Education was poor, and there was a high
degree of variation in two of the food security indicators (HFIAS, dietary
diversity). However, the observation that agricultural productivity
warrants particular attention is supported; crop-related indicators were
poor, although livestock related indicators were somewhat better. In the
economic domain, off-farm income opportunities were lacking but
otherwise indicators were in a good condition. The environmental
domain indicators are at the two extremes, with greenhouse gas emis-
sions and land conservation practices in a very good state, and soil
quality and irrigation in a very poor state. It may be that over time the
land conservation measures will lead to improved soil and water
retention. Extension services and skill sharing were moderately good,
though group membership was poor on average and highly variable.
Looking at the prioritisation table in Fig. 4, the indicators in worst
condition related to agricultural production, either directly (e.g. staple
crop yield) or indirectly (irrigation, off-farm income to invest in inten-
sification). Many of the human and social indicators were categorised as
having “high variation”. Although the average condition (score) may
have been acceptable, there were many households in the study site
doing much worse than the average. This suggests the need for
continued effort to disseminate the activities and benefits within the
site.

3.2.2. Endamehonei (Tigray)

In Endamehonei agricultural production was the poorest scoring
domain (Fig. 5). Staple crop yields and crop diversity were low. Total
crop productivity was in a better condition than Basona Worena or
Lemo, which may suggest better soil conditions. Livestock productivity
was highly variable. The economic domain was in a moderate condition,
with few opportunities for off-farm income and high variation in the
total value of activities. The environmental domain appeared to in
relatively good condition, with greenhouse gas emissions and land
conservation practices in a good state with low variation, and average
irrigation and soil quality in a moderate condition, although with very
high variation. The human domain again showed a high degree of
variation, and although the food security indicators were good on
average, HFIAS and dietary diversity showed high variation. Education
levels were generally poor. In the social domain knowledge exchange
was moderately good. According to the prioritisation table, the most
urgent issues are staple crop yields, crop diversity, off farm income, and
education. High variation in livestock productivity, food security,
knowledge exchange, total value of production, and soil quality suggests
that higher scores on indicators are possible within the site, and that
distribution or access issues are a greater barrier than technical
feasibility.

3.2.3. Lemo (SNNPR)
The summary of the Lemo site (Fig. 6) showed sustainable
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Table 6
Median indicator scores expressed in their original units, for each of the study sites.

Domain Indicator Basona Worena  Endamehonei  Lemo Sinana Unit

Production domain Staple crop yield 1.6 2.0 1.6 3.1 tha-1 yr-1
Crop productivity 3.41E+06 5.59E+06 2.78E+06  8.36E+06  kCalha'yr!
Crop diversity 5 5 12 4 Species grown
Milk yield 2.4 1.5 1.5 1.5 Litres cow-1 day-1
Lstk productivity 2.82E+05 2.27E+05 2.33E4+05  3.92E+05  kCal TLU ! yr!
Lstk diversity 4 3 3 3 Species kept

Economic domain Total value of activities 1.8 1.4 0.6 3.5 USD person ! day !
Income sources 5 5 3 3 Count
Market orientation 65 71 23 62 % produce sold
Off farm income 0 0 0 0 USD household ! yr~!
PPI (asset-based poverty estimate) 86 68 68 68 % chance out of poverty

Environment domain GHG emissions 0.6 0.3 0.2 0.3 tCO2¢q pers. ! yr~!
Irrigation 0 3 0 0 Months yr~!
Land conservation 6 6 2 2 Count of practices
Soil quality 1 2 2 2 Farmer perception (0-3)

Human domain HFIAS (hunger) 4 4 4 4 Severe to no experience of hunger (1-4)
Months food secure 12 12 12 12 Months yr~!
Household dietary diversity 5 5 5 5 Food groups consumed weekly (0-10)
Education 2 3 4 4 Ordinal (1-7)
Novel practices trialled 3 3 2 1 Count over last 5 years

Social domain Female assets owned 2.8 2.8 2.2 2.3 Assets owned or co-owned by females (0-4)
Female control 32 36 11 33 % of livelihood controlled by females
Dependency ratio 55 95 68 81 Ratio of non-workers:workers
Group membership 1 2 1 2 Group membership yr~!
Extension services 9 9 3 5 Frequency and quality (1-18)
Skill sharing 5 4 0 2 Count of peers receiving skills
Gifts and exchange 0 1 1 1 Count of substantial items given or received yr~!

intensification to be in a moderate-to-poor condition. Particularly low-
scoring was the social domain, with knowledge exchange indicators
and gender equity indicators in poor condition. The economic domain

Basona Worena

Good

Med

Bad

Good . V

Med

Bad|

was also in poor condition, with the total value of activities, number of
income sources, and off-farm income all scoring poorly and with little
variation. Staple crop yields and total crop productivity were poor, and
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Fig. 4. Sustainable intensification diagnostics for the Basona Worena (Ambhara) study site.
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livestock production indicators in moderate condition, suggesting that
crop interventions should be prioritised. In the environmental domain,
use of land conservation practices was notably lower than in Basona
Worena or Endamehonei, and there was a high degree of variation in soil
quality. In the human domain, food security indicators were again good
on average but showed high variation. The priority issues for further
intervention appeared to be increasing income generation, crop yields,
and knowledge exchange, and with a focus on female empowerment.

3.2.4. Sinana (Oromia)

The diagnostics of the Sinana site showed that all domains scored in
moderate condition, with high variation in the economic, human,
environmental domains, and a low degree of variation in the production
and social domains. Crop productivity was good, and staple crop yields
were moderate and with low variation (which is better than observed in
other sites). Crop diversity was the only production indicator which
scored poorly. The economic indicators of total value of activities and
market orientation were in a very good state, and the asset-based
poverty score was good. The number of income sources was on the
low side, which makes sense considering the predominant grain mon-
ocropping in Sinana. As in other sites, there were few opportunities for
off-farm income, soil quality was highly variable, and per capita
greenhouse gas emissions were very low. Food security was good on
average but showed high variation. In terms of knowledge exchange,
group membership was moderately good, but extension services and
peer-to-peer exchange were poor. The share of female-controlled income
was relatively high in Sinana compared to other locations. The priorities
for this site would be to focus on agricultural and economic diversifi-
cation, knowledge exchange, and to further improve soil fertility.
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4. Discussion

In contrast to the majority of studies on the implementation of sus-
tainable intensification (Weltin et al., 2018; Thomson et al., 2019) this
study did not focus at the field scale, on individual technologies/prac-
tices, and did not focus primarily on environmental outcomes. We
assessed the outcomes from a wide range of sustainable intensification
technologies which had been concurrently implemented in an uncon-
trolled manner, focussing our analysis at the farm-to-community scale,
and considering the multi-functional outcomes of agriculture (Binder
et al., 2010). For this we integrated a rapid, harmonized household
survey tool (Hammond et al., 2017) with a framework approach to
assess broadly-defined sustainable intensification (Musumba et al.,
2017). We applied an expert-led threshold setting and re-scaling
approach, to facilitate context specific indicator interpretation, and
developed a novel graphical presentation of the results. In this way we
addressed the challenge formulated by Weltin et al. (2018) that more
studies should focus on higher spatial scales (above plot level), assess-
ment of the simultaneous use of multiple technologies, and improve the
context-sensitivity of approaches.

4.1. Trade-offs and synergies, identification and assessment

Agricultural productivity returned positive correlations (synergies)
with the agricultural, economic, social, human, and sometimes envi-
ronmental, domains across all four sites investigated in Ethiopia (Ta-
bles 4, 5, and Fig. 2). We did not find evidence of negative correlations
(trade-offs) between productivity and any of the sustainability domains.
Trade-offs between agricultural productivity and other domains, espe-
cially the environment (e.g. Vang Rasmussen et al., 2018), are so
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Fig. 5. Sustainable intensification diagnostics for the Endamehonei (Tigray) study site.
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Fig. 6. Sustainable intensification diagnostics for the Lemo (SNNPR) study site.

commonly reported that they may be misunderstood as an inherent
externality of intensification. Whilst we observed the least synergy be-
tween the environmental domain and agricultural productivity, we did
not identify trade-offs. In the economic, human, and social domains,
clear synergies arose between agricultural productivity and the in-
dicators underpinning the domains. These results suggest that at such
low productivity levels, common in many smallholder systems across
sub-Saharan Africa (e.g. Tittonell and Giller, 2013), higher productivity
goes hand-in-hand with better performance across multiple dimensions
of sustainability. Key trade-offs are only likely to occur at productivity
levels which require higher levels of inputs (such as agro-chemicals,
high levels of irrigation) which would affect the environmental in-
dicators as well as possibly equity-based social and human welfare
indicators.

Another reason for the absence of trade-offs in our assessment may
have been the selection of locally appropriate and complementary
technologies. The Africa RISING program in Ethiopia was unusual in the
degree of effort put into situation analysis, participatory technology
selection, and the enhancement of knowledge exchange capacities be-
tween stakeholders (Pound et al., 2015). Such approaches have been
recognised as important in moving beyond technical demonstrations
and achieving widespread uptake, both for farmers (Jambo et al., 2019;
Marinus et al., 2021) and for extension agents (Jiao et al., 2019; Ortiz-
Crespo et al., 2020). This is also supported by the observation that in-
dicators for knowledge exchange were generally correlated with
increased productivity. The number of technologies available, combined
with the freedom for farmers to select as they wished, may have allowed
the participant farmers to balance trade-offs themselves. A final possible
cause is that the assessment methodology was not sufficiently detailed at
the necessary level of granularity to identify the relevant trade-offs. This
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topic is discussed in greater detail below, and we conclude that it does
not undermine the findings.

Confidence in our findings was increased by comparison to another
assessment of agricultural sustainability in the same four regions
(Mutyasira et al., 2018). Mutyasira et al. used different indicators to
measure sustainability and a different analysis methodology to identify
correlates with sustainability outcomes, but their findings were coherent
with ours. They found the same ranking of the sites in terms of overall
sustainability scores as reported in this manuscript; and found that most
farms were in a poor to moderate condition, although a significant mi-
nority of farms scored well.

We chose to focus on the identification of trade-offs or synergies
between agricultural production and the other sustainability domains.
This was inspired by the question implicit in the juxtaposition of the
terms “sustainable” and “intensification”. However, many other poten-
tial trade-offs exist within the farm system (e.g. whether to specialise or
diversify income streams), within communities (e.g. whether to protect
watersheds) and beyond (e.g. interaction with markets). Promising
methodologies to explore trade-offs and the role of decision making
include integrated assessment models, market equilibrium models
(Valdivia et al., 2012 integrated both), and agent based models (Rouleau
and Zupko, 2019). Assessment of the sustainability of different farm
typologies within a single landscape is an interesting angle (Haileslassie
etal., 2016), and raises the question of the level at which analysis should
be directed (farm, farm type, community, landscape).

Location and scale are also relevant in the identification of trade-offs
and synergies (see e.g. Goldstein et al., 2012). Spatial assessment re-
quires a spatially explicit sampling strategy as well as spatially explicit
evaluation of indicator scores. The impact of an action can vary ac-
cording to the location at which it is performed within a landscape: for
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Fig. 7. Sustainable intensification diagnostics for the Sinana (Oromia) study site.

example deforestation in a flat valley bottom typically causes less
disruption to the hydrology compared to deforestation of steep slopes in
the same watershed. Similarly the scale at which the action is carried out
can change the outcome: deforestation on a landscape scale can have
severe impacts on biodiversity and weather patterns, but deforestation
on single farm scale usually does not. The integration of these issues into
agricultural sustainability assessments remains uncommon (Inwood
et al., 2018).

4.2. Inherent bias in sustainability assessments

Many authors observe that indicator selection and index creation are
particularly subjective, value-laden, and inherently political processes
(Asokan et al., 2020; Acosta-Alba and Van der Werf, 2011; Gan et al.,
2017). Selection or omission of indicators, weighting of indicators, and
aggregation of indicators into indices can obfuscate or emphasise certain
findings, depending on the decisions made. In order to engender trust in
the findings transparency of process is paramount, and the presentation
of both aggregated and disaggregated indicator values is recommended
(Bezlepkina et al., 2011; Inwood et al., 2018). The indicators chosen
should be sufficient for stakeholder decision making and capture an
adequate degree of system complexity, whilst they should also be suf-
ficiently simple to be routinely monitored, readily understood, as well as
responsive to stresses within the system and sensitive enough to detect
differences between households (Dale and Beyeler, 2001; Inwood et al.,
2018). The degree of indicator score variation observed in this study
suggests that differences between households were generally detected,
and therefore the indicators sufficiently sensitive. Kanter et al. (2016)
argue for selecting a broad base of indicators and note that there are few
holistic datasets that permit an analysis linking sustainability domains in
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agriculture. In our study, the environmental indicators were the weakest
of the five domains in this regard, although the soil and water indicators
are of key importance to the Ethiopian systems of interest. There were
notable omissions for biodiversity, environmental health, and pollut-
ants. This could be improved by conducting a more profound partici-
patory assessment of each issue (for soil quality see Barrios et al., 2012)
or through biophysical monitoring. However the lack of well-validated
score-card type approaches for the rapid assessment of environmental
issues (e.g. Barrios and Mortimer, 2014) is an impediment, which has
been overcome for other topics such as food security (e.g. Coates et al.,
2007).

Index creation is essentially an interpretive process whereby
numerous indicators are compiled for comprehension and communica-
tion purposes (Singh et al., 2012). Dimension reduction is the outcome,
but the purpose is to increase meaningfulness of the findings (Pollesch
and Dale, 2015; Gan et al., 2017). Depending on the number of in-
dicators, the number of dimensions they will be aggregated into, and the
degree of compensation permitted, different mathematical (Pollesch and
Dale, 2015; Gan et al., 2017), interpretive (Gerrard et al., 2011; Kanter
et al., 2016), or visual (Miettinen, 2014) methods might be appropriate.
The presentation of disaggregated indicator values alongside the
aggregated domain scores avoided many of the problems inherent in
sustainability assessments which only present aggregated values. The
decision to apply no weighting to the indicators was taken partly due to
lack of credible weights, and partly as unweighted indicators are more
intuitively comprehensible, thus inviting readers to weight importance
for themselves using the disaggregated indicators (Figs. 4 to 7). Clarity
over the reference value for each indicator — the value against which an
indicator score is judged — is also necessary and often glossed over
(Acosta-Alba and Van der Werf, 2011). We made the reference values
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explicit (Table 2) and used them for re-scaling indicators to aid in
interpretation. We signposted the subjectivity by use of the terms
“good”, “medium”, and “bad” to describe indicator scores. This is an
extension of the widely used traffic-light approach (e.g. Gerrard et al.,
2011; Anderson et al., 2015), and a similar approach has recently been
used for the evaluation of agro-ecological intensification (FAO, 2019).
We used thresholds supported by peer-reviewed literature wherever
possible, but in some cases there was no option but to use relative
thresholds. An interesting outcome of the aggregation function applied
is that there were stronger correlations to productivity at domain level
compared to indicator level. This could be due to the sum of many small
indicator improvements which alone were smaller or not significant but
combined led to significant domain level improvements.

The selection of the metric for agricultural productivity was another
issue of key sensitivity. Calorie output per unit of land and per unit of
livestock is meaningful in terms of overall food output efficiency, but
excludes inputs such as labour, chemicals, and natural resources. To a
limited degree, the other indicators cover these issues. Lifecycle
assessment of these issues would be a more comprehensive approach
(Garnett, 2014), although challenging in data sparse environments. We
also trialled cash value per land and livestock unit as a productivity
metric. This increased the contribution of livestock to farm productivity
(as livestock products are typically higher value compared to crops), but
the overall findings of the study were similar. One notable difference
was that the female asset ownership and female income control were
more strongly and significantly linked to intensification when the
intensification metric used was cash value. This may be a result of the
Africa RISING program efforts to involve females in cash generating
activities (Mulema et al., 2019). However, on balance we rejected using
cash value as an intensification metric as it blurred the distinction be-
tween the economic and production domains.

Communication of sustainability assessments often relies heavily on
visualisation and summary tables. Striking the appropriate balance be-
tween succinct and intuitive conveyance of relevant information,
acknowledging uncertainty, and avoiding misdirection and extraneous
detail is not trivial (Bezlepkina et al., 2011; Miettinen, 2014); but is
crucial to support well-informed decision making (Kanter et al., 2016).
Stakeholder engagement is an essential step towards impact (Klapwijk
et al., 2014), in order to contextualise the results (Weltin et al., 2018)
and identify appropriate management responses (Inwood et al., 2018).
The degree to which stakeholders can make sense of the results and the
degree to which they choose to act upon them depend in part on the
decisions made in earlier stages of the study design process (de Olde
et al., 2016).

4.3. Avenues for improvement

Although this manuscript addressed some gaps identified in reviews
of agricultural sustainability assessments many of the aspirations
described by authors of such reviews remain unfulfilled. For example,
recent reviews have found that sustainability was generally framed in a
narrow sense with too few indicators used (Reich et al., 2021; Chopin
et al., 2021); that assessments tended to be top down and lack partici-
pation (Klapwijk et al., 2014; Chopin et al., 2021); that there was
insufficient effort to distinguish impacts from drivers (Chopin et al.,
2021); and that time, space, and scale interactions have not been
adequately incorporated into research designs (Inwood et al., 2018). The
approach used here could be bolstered to address some of these
remaining gaps. In particular, a research design making use of spatially-
weighted sampling for higher-frequency surveys, linked to environ-
mental point measurements and remote sensing could deliver a sus-
tainability assessment at the landscape level. The assessment of trade-
offs and synergies could be developed from identification to spatially-
and temporally-explicit prediction, thus leading to scenario analyses and
policy-relevant advice.
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5. Conclusions

We presented a novel application of the Sustainable Intensification
Assessment Framework in an integrated manner consisting of data
collection, indicator quantification, interpretation, and communication.
We assessed the combined outcome of a wide variety of sustainable
intensification technologies adopted in an uncontrolled manner by
farmers. The most important finding was an absence of trade-offs be-
tween agricultural productivity and the net economic, human welfare,
social, and environmental outcomes. On the contrary, in the majority of
cases significant synergies were found between increased agricultural
productivity and especially the economic, human and social domains.
We conclude that the technologies promoted (and the enabling envi-
ronment established) were suitable to enhance the low levels of agri-
cultural productivity whilst also enhancing other sustainability
outcomes.

However, in each of the four study sites agricultural productivity
remained below attainable potential. Further support measures to in-
crease both crop and livestock productivity are still required. In addition
to technical agricultural support, development of the enabling envi-
ronment should also be supported. Education of household heads was
generally very low, and there was very little generation of off-farm in-
come. Access to good quality extension and knowledge exchange op-
portunities (e.g. peer-to-peer learning) was associated with increased
agricultural production. In Basona Worena and Endamehonei further
efforts should be put into disseminating the good practices which were
evident. In Lemo further work on building social capital and the
enabling environment may unlock productivity and income gains. In
Sinana crop production and incomes were relatively high, but there was
relatively little innovation, implying that the farmers did not view the
promoted technologies as highly suitable for their grain-oriented
farming system.

In summary, this manuscript provided evidence that progress to-
wards a broadly-conceived notion of sustainability was possible through
the intensification of agriculture on small farms in the Ethiopian high-
lands, and that the farmers demonstrated an appetite to take part in this
process.
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