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Abstract: Climate change heavily impacts smallholder farming worldwide. Cross-scale vulnerability
assessment has a high potential to identify nested measures for reducing vulnerability of smallholder
farmers. Despite their high practical value, there are currently only limited examples of cross-scale
assessments. The presented study aims at assessing the vulnerability of smallholder farmers in the
Northeast of Brazil across three scales: regional, farm and field scale. In doing so, it builds on existing
vulnerability indices and compares results between indices at the same scale and across scales. In total,
six independent indices are tested, two at each scale. The calculated indices include social, economic
and ecological indicators, based on municipal statistics, meteorological data, farm interviews and soil
analyses. Subsequently, indices and overlapping indicators are normalized for intra- and cross-scale
comparison. The results show considerable differences between indices across and within scales.
They indicate different activities to reduce vulnerability of smallholder farmers. Major shortcomings
arise from the conceptual differences between the indices. We therefore recommend the development
of hierarchical indices, which are adapted to local conditions and contain more overlapping indicators
for a better understanding of the nested vulnerabilities of smallholder farmers.
Keywords: family farming; nested vulnerabilities; vulnerability indices; semi-arid regions; Paraíba

1. Introduction
Climate change leads to increasing aridity and desertification in many regions [1] with heavy
impacts on smallholder farming worldwide [2]. Smallholder farming systems are small in size (with
regional differences), usually run by single families, rely on natural resources, and often work marginal
land with soil-related constraints to productivity [2]. Smallholder farming, however, is crucial for
livelihoods of rural populations worldwide [2], and also for global food security, with about 75% of the
world’s agricultural land being operated by smallholder farmers [3].
In Brazil, smallholder farms supply about 70% of the national food production, and about 50% of
these farms are located in the semiarid Northeast of Brazil [4], where vulnerability to desertification
and climate change is highest [5]. The semiarid region is approximately 1,127,953 km2 in size,
with about 28 million inhabitants and climatically characterized by a low relation between rainfall
and evapotranspiration, resulting in water shortage for plants, animals and human consumption [6].
Smallholder farming, as the principal livelihood of millions of people there, is constrained by water
scarcity and low soil fertility [7].
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Vulnerability assessment is considered highly supportive in recognizing key controls to reduce
vulnerability to climate change [8]. A multitude of assessments have been conducted to support the
adaptation of smallholder farmers to climate change [9,10]. Several reviews identify the value of
different vulnerability assessments [11,12]. Ideally, such assessments consider smallholder farming
systems in an integrated and system-oriented way, and include constraints to adapt at various
scales [13].
Indices have been developed to condense the multiple dimensions of vulnerability down to
single quantitative proxy, to draw comparison, measure progress and improve the information basis
for adaptation [8,14,15]. Particularly the wide range of indices on national vulnerability has been
extensively discussed and tested for their purposes [16,17].
The multitude of indices developed for smallholder farming systems is also wide and varies
in their thematic foci, their conceptual grounding and their targeted scales. The thematic foci of
assessments range from socio-economic to ecological and cover different production systems, defined as
socially managed cultivated ecosystems, with trees, crops and animals on the same land simultaneously
or in time sequence, under the management of a family nucleus. We find assessments that address
crops-only production systems, such as rice [18] and coffee [19], as well as mixed crop-livestock
farming systems [13]. There is also a series of indices focusing on dryland farming [20,21]. Most,
but not all, indices directly address vulnerability in its broadly accepted definition as the “propensity
or predisposition to be adversely affected” building on the three dimensions exposure, sensitivity and
adaptive capacity [22]. Other indices used to identify main controls for vulnerability reduction refer to
closely related concepts, such as resilience [23,24] and sustainability [25].
Existing indices also vary in the scale they address, including municipality [21], farm [26] and
field scales [27]. This again is highly valuable to reduce vulnerability in practice, as measures are
bound to different scales. At farm scale, for instance, measures might include the construction of water
infrastructure and diversification of livestock and crops [26], whereas at regional scale organizations,
such as NGOs and cooperatives, might be more important, for instance to operate community seed
banks, farmers’ markets and rotating solidarity funds [28]. At the field scale, optimal soil management
through mixed cropping and the allocation of resources, such as manure compost and irrigation, is
essential to maintain soil quality and sustain the agricultural production [26].
The need to combine indices from different scales for an effective assessment has been
recognized [13]. Scholes et al. [29] go even a step further and call for cross-scale assessments as
a form of multi-scale assessments that pay special attention to the interactions and feedbacks between
actors and processes at different scales. Although cross-scale interactions are gaining increasing
attention in the scientific discussion about vulnerability and sustainability of social-ecological systems,
actual cross-scale assessments are rare [29], and the few existing studies then concentrate on large
scales, such as global or continental scale [19,30,31].
Setting up operational vulnerability assessment based on existing indices is one of the current
challenges to step from individual, well-studied case studies to a more practical level of vulnerability
assessment. In this study, we test state-of-the-art options for cross-scale vulnerability assessment of
dryland smallholder farming for an exemplary case study in Northeast Brazil, building exclusively on
existing indices. The questions we are targeting include:
•
•
•

How do selected indices compare in their conceptual grounding and their thematic overlap?
How and for what reasons do results between indices vary in intra-scale comparison, and also
from scale to scale?
What are advantages and limitations of such cross-scale analysis?
To do so, we conduct a semi-quantitative analysis. We therefore

1.

review existing indices, identify two suitable indices at three nested scales (municipality, farm,
and field) based on this review, and systematically compare them with respect to their conceptual
grounding and thematic overlap,
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apply the two indices to two exemplary farming systems at each of these scales,
compare their results both at each individual scale (intra-scale comparison) and between scales
(cross-scale comparison), and finally
identify and discuss advantages and short-comings of the applied indices and their potential for
cross-scale assessment.

2. Materials and Methods
In our study, we follow a hierarchical, multi-scale approach to vulnerability assessment of
smallholder farms in Brazil. We focus on two smallholder farms. We include on a higher scale the
municipalities because smallholder farmers facing similar climatic and institutional conditions are
organized there, and on a lower scale the individual fields of the farm, because each farmer needs to
deal with ecological productivity constraints on the their land and consequently a systematic allocation
of the limited resources to the individual fields.
2.1. Study Area
Our study area is located in the Semiarid Northeast of Brazil (Figure 1) characterized by low
economic growth and lack of basic infrastructure. The GDP per capita (R$ 6520) is 67% smaller than
the Brazilian average, while the illiteracy rate fluctuates between 36 and 46% in approximately 46% of
the municipalities. About 60% of these have a low HDI (0.5 to 0.59) [6].

Figure 1. Location of the Study Area in the State of Paraíba, Northeast Brazil.

At regional scale, the study area includes the Borborema Territory, located in the Mesoregion
Agreste of the state of Paraíba. The hilly topography with elevations between 96 and 744 m a.s.l. causes
diverse climatic and ecological conditions [32,33]. The climate is classified as BShw in the western part
and as BShw’ in the eastern part according to Köppen. The rainy season typically lasts from March to
August, with an average annual precipitation from 380 to 1315 mm and strong interannual variability
of rainfall distribution and amount [33,34]. Predominant soils are Leptosols and Luvisols, which are
often vulnerable to erosion and Regosols, which typically have a low water holding capacity [35–37].
The Borborema Territory consists of 21 municipalities with high percentages of smallholder farms
(89.3 ± 4.2%) that own on average 51.4 ± 17.5% of the farmland [38]. Areial and Remígio, the two
municipalities where the two case study smallholder farms are located, have a rural population slightly
above 25%. Over 90% of the farms in both municipalities are smallholder farms, owning 69.2% of the
farmland in Areial and 42.4% in Remígio.
At farm scale, the two studied farms show many similarities, e.g., in their land use systems and
their interest in innovation, but they vary in their exposure to drought, soil properties and in the social
networks within their municipalities to cope with drought conditions. Both farms are about 10 ha in
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size. The first farm is located in Comunidade Furnas, Areial, with an average annual precipitation of
700 mm and the soil class of Regosols. The second farm is in Assentamento Oziel Pereira, Remígio,
with an average annual precipitation of 900 mm and Luvisols [33,35]. Both families are experimenting
farmers; they test innovations, participate in farmers’ exchanges and cooperate with students and
scientists to conduct research on their farmland. They use neither pesticides nor artificial fertilizers nor
burn their fields after harvesting. Their most important livestock is cattle. Further animals are poultry
birds and pigs. The main crops are maize, beans and pasture. Moreover, they both cultivate tubers,
fodder cacti, fruit and other trees, medicinal and ornamental plants.
2.2. Data
For regional vulnerability assessment, agricultural and demographic census data for all Brazilian
municipalities, such as farm size, crop and livestock production, land ownership and income are
provided by the Brazilian Geographic and Statitics Institute [38]. Meteorological data were obtained
from the Water Management Agency of Paraíba [33,34] and Xavier, King and Scanlon [39].
Characteristics of the two studied farms, namely crops and livestock, the management of pests,
diseases and soil fertility, water supply, seeds and social engagement, were explored in semi-structured
face-to-face interviews in November 2016.
Soil characteristics of each individual field were assessed for both farms. For each field, a composite
sample of topsoil (0–20 cm) was obtained, composed of 10 subsamples. The samples were air-dried,
sieved to a grain size of up to 2 mm, and the following soil characteristics were analyzed: Aluminum
(III) (Al3+ ), bulk density (BD), calcium (Ca2+ ), potential acidity (H+ +Al3+ ), potassium (K+ ), magnesium
(Mg2+ ); sodium (Na+ ), soil organic carbon (OC), phosphorus (P), potential of hydrogen in solution of
H2 O 1:2.5 (pH) and soil texture (Tex). This allowed to calculate exchangeable bases (sum of bases, SB),
potential cation exchange capacity (T), saturation of exchangeable Al3+ (m) and exchangeable sodium
percentage (ESP) due to Embrapa [40], and the structural stability index (SSI) due to Reynolds et al. [41].
The analyses were conducted as proposed by Embrapa [40], except for OC, which was analyzed in the
muffle furnace due to Carmo and Silva [42].
2.3. Literature Review and Selection of Indices
The selection of indices is based on an extensive review of existing empirical vulnerability
assessments for smallholder farms. Vulnerability has been defined as the “propensity or predisposition
to be adversely affected”, depending on the exposure, sensitivity and adaptive capacity of a
system [22]. Closely related to empirical vulnerability assessments are also assessments of resilience
and sustainability. Resilience studies focus on factors that make social-ecological systems robust to
perturbations [43], and for this reason, resilience is often defined as the opposite of vulnerability,
i.e., the more resilient a system, the less vulnerable it is [44]. In recent years, also the concept of
sustainability has been increasingly linked to resilience and vulnerability, and sustainable development
is considered to be achieved only by increasing a system’s resilience and decreasing its vulnerability to
climate change [45].
The initial search string included the terms “vulnerability AND smallholder AND (semiarid
OR drought) AND (index OR assessment)”. This string has been applied in ISI-Web of knowledge,
Google Scholar and Google Search Engine. From the initial search results, only empirical studies were
considered for further use in the assessment. Building on these first studies the search opened up
towards resilience, sustainability and soil quality assessments to cover the full range of scales.
This search led to 14 indices at regional scale, 7 at farm scale and 10 at field scale (Table S1). These
empirical indices were reviewed and their applicability was evaluated for our case study based on the
following criteria:
•
•

availability of input data
developed for drylands

Sustainability 2020, 12, 3787

•
•

5 of 24

developed for Northeast Brazil
climate sensitivity

Two indices were selected for each of the three scales. If more than two indices showed the
same suitability, a higher diversity of the methods was preferred to achieve a more comprehensive
understanding.
2.4. Selected Indices and Their Calculation
The exact calculation of the selected indices is described in detail in Appendix A. As all indices had
been used in empirical studies earlier, they only needed small adaptations to apply for our case study.
Municipality index 1 (M1), developed by Lindoso et al. [21,46], has been tailored to measure
smallholders’ vulnerability in Brazil with the aim to support decision makers to adapt to climate
variability and climate change. Vulnerability is considered as a function of the subindices Sensitivity,
Adaptive capacity and Exposure, using a set of socioeconomic, agricultural, institutional and climatic
indicators. Input data for Sensitivity and Adaptive capacity are available from the Brazilian Agricultural
Census 2006 and the Demographic Census 2010 [38]. The subindex Exposure is based on meteorological
data. The Indicators used in this study (Appendix A) are normalized and added with the same weight
for each subindex, Adaptive capacity being inversed by subtraction from 1. The output index ranges
from 0 to 1, indicating very low to very high vulnerability for each municipality, relative to the
study context.
Municipality index 2 (M2) is taken from Sietz et al. [20] and is based on a qualitative model of
changing livelihood strategies of smallholder farmers in interaction with the available resources,
including agricultural yields, allocation of on- and off-farm labor and dynamics of natural resources.
In our study, we used M2 for two different time spans: 2002–2006 and 2012–2016. Input data from
IBGE [38] are used to calculate the yearly trends of yield-oriented labor (ly) and resource quality (rq).
The output of M2 is the allocation to states I–IV:
I
II
III
IV

regression of smallholder agriculture and resource degradation (ly↓, rq↓)
regression of smallholder agriculture and resource improvement (ly↓, rq↑)
expansion of smallholder agriculture and resource improvement (ly↑, rq↑)
expansion of smallholder agriculture and resource degradation (ly↑, rq↓)

State I is considered the most critical and degraded, state III the most desirable, states II and
IV are in between [20]. The probability of a shift from state II to state III increases with the share of
smallholders earning more than the minimum wage.
Farm index 1 (F1), developed by OxfamGB [47], aims to measure and understand resilience of
farm households. Resilience is considered as a multidimensional concept, including five dimensions:
Livelihood viability, Innovation potential, Contingency resources & support access, Integrity of natural
& built environment and Social & institutional capability. As our study includes only two farm
households, suitable indicators were chosen from a case study conducted in Nicaragua [24], as it was
the most similar available case study. Drought and livestock specific indicators were added from
a case study in Ethiopia [47]. For each indicator (Table A3), a threshold defines if the household
scores positively or not. Afterwards, the positive scores are summarized due to the weighting of each
subindex, resulting in a resilience index ranging from 0 to 1 (very low–very high resilience).
Farm index 2 (F2) has been developed for the case study region as the Systemic Attributes
of Sustainability [26], and is based on the idea that agroecosystems can be distinguished due to
the internal relations of the subsystems and the external relations with the surrounding systems.
The self-organization of the system involves ecological, economic, social, political, technical and cultural
variables. The proposed subindices are Autonomy, Responsivity, Gender equity, Social integration
and Youth protagonism. The last subindex is not included in this study, because the children of both
families left the house years ago. The method was applied during the ASA/INSA research project to
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compare the family farmers’ sustainability before 2000 with 2014 within the case study area. For each
indicator (Table A4) a score was allocated, ranging from 1–5 (very low-very high sustainability). All
subindices were summarized, weighted due to its number of contributing indicators. The index
output was converted to a scale ranging from 0–1 (very low-very high sustainability) to evaluate the
sustainability of the agroecosystem.
Soil index 1 (S1) was developed by Cherubin et al. [27] to assess sustainability of sugar cane
plantations in central-southern Brazil. The impact of land use change from native vegetation to
pasture and further to sugar cane was addressed using six soil quality indexing strategies with varying
complexity. A differing number of physical, chemical and biological soil indicators was integrated in a
simple or weighted additive way into a soil index. The conclusion was, that the reduced indicator sets
show the land use impacts as good as the complete set. Accordingly, in this study we apply a reduced
set of six indicators with weighted additive subindices. The equations, weighting and scoring curve
parameters used for each indicator of S1 can be found in Appendix A. The indicator output ranges
from 0 to 1, indicating very low to very high soil quality.
Soil index 2 (S2) was proposed by Vendruscolo and Pérez-Marin (2017, unpublished document).
It evaluates soil quality in relation to reference values from the Northeast of Brazil. Therefor,
22 preserved and 22 degraded areas were identified by satellite images, samples were taken from
the top soil (0–20 cm) and their physical and chemical characteristics were analyzed. The resulting
reference values can be used as upper and lower thresholds to evaluate soil samples from Northeast
Brazil. For soil characteristics with maximum values for preserved soil, the indicator is normalized
with the equation
vx − vm
Inorm =
,
(1)
vM − vm
with Inorm : normalized value; vx : observed value; vm : minimum observed value; vM : maximum
observed value. When maximum values occur on degraded areas, the normalized value needs to be
inverted by subtraction from 1. Values beyond the thresholds are set to 0 and 1, respectively. In this
study, a set of 10 soil characteristics, where preserved and degraded areas differ at least by a factor of
1.3, is used (Table A6). The index output is the mean value of all calculated scores and ranges from 0–1,
indicating very low to very high soil quality.
2.5. Intra- and Cross-Scale Comparison
As the six indices vary in their potential value range, the potential range of each index is
normalized to values between 0 and 1, to allow comparison between them. That means the highest
potentially achieved score is 1 for each index and the realized scores can be compared between indices.
Furthermore, the direction of the value range differs between indices. Scores for resilience, sustainability
and soil quality indices were inverted to vulnerability scores by subtracting their normalized value
from 1.
Accordingly, M1 and the indicators of its subindices Sensitivity and Exposure remain the same,
while the indicators of Adaptive capacity are inverted by subtraction from 1. The four states of M2 are
interpreted as III = 0, II and IV = 0.5, I = 1. The indicator income of M2 is normalized with Equation (1).
The indices F1, F2, S1 and S2, such as the indicators of the two last mentioned indices are simply
subtracted from 1. In the case of soil data, the area-weighted mean is calculated for each farm for better
comparability with farm and regional scale. The indicators of F1 scoring to yes and no equal 0 and
1, respectively. The indicators of F2 are normalized using Equation (1) with 1 as minimum and 5 as
maximum value, and afterwards they are inverted by subtraction from 1.
After the normalization, all indices and indicators have a range of 0–1, indicating very low to very
high vulnerability. They can be described with the following terms: very low (0–0.19), low (0.20–0.39),
moderate (0.40–0.59), high (0.60–0.79) and very high (0.80–1) vulnerability.
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3. Results
3.1. Comparison of Selected Indices in Conceptual Grounding and Thematic Overlap
The two regional scale indices are based on the concept of vulnerability, whereas the farm indices
assess smallholder resilience and sustainability (Table S1). Nevertheless, there are less thematically
overlapping indicators between M1 and M2 than between F1 and F2 and across regional and farm
scale (Figure 2). Income is the only overlapping indicator between M1 and M2, but it is calculated
from different input data. A decreasing agricultural income causes higher vulnerability due to M2,
while M1 results in lower vulnerability when a municipality depends less on smallholder agriculture.

Figure 2. Overlapping indicators of the applied indices, intra-scale and across scales.

At field scale, the indicators OC, P and K are included in both indices S1 and S2. With their focus
on soil quality, they also show clear overlap with both farm scale indices F1 and F2. We only found soil
quality indices at field scale, indices addressing the management at field scale, such as crop rotation
and diversity, manure and irrigation could not be identified in the literature review.
Five out of six indices represent states of vulnerability at single points in time. These need to be
applied for several time steps to identify trends in the development. In contrast to these five indices,
M2 addresses development directly. Within the available data, M2 and F2 are both calculated for two
different time spans, which allows comparing also trends between regional and farm scale.
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3.2. Individual Assessments and Intra-Scale Comparison
3.2.1. Regional Scale
The results of M1 (Figure A1a, Table S2) show for Areial and Remígio with 0.50 and 0.52 moderate
vulnerability among the 21 municipalities assessed. Compared to the other municipalities, Areial and
Remigio have a low share of its population engaged in agriculture, a high share of rainfed agriculture
and access to electricity, and moderate climatic exposure. The combination of various indicators results
in a narrow range of 0.38–0.66 for the final index among all municipalities. As the Aridity Index is
the only indicator of Exposure, this subindex has the largest range. Hence, the Aridity Index has an
extraordinary weight of one third in the calculation of the index.
The results of M2 vary a lot between the two assessed time periods (Figure A1b, Table S3).
For 2002–2006, more than half of the municipalities are in the most desirable state III, including Areial
and Remígio. In the second time span (2012–2016), the most vulnerable state I shows the highest
number of municipalities and state III the lowest. Areial switched to state I, while Remígio remained
in state III. The transition in the second time span coincides with an extreme drought period, which
affected all the semi-arid region of Brazil (Figure A2). The income distribution of 2010 reveals also that
the share of households, where the head of household earned at least the minimum wage, was mostly
in the range of 4.6–13.4% (in Areial and Remígio 12.4% and 13.3%). This indicates a low probability for
a transition from state II to state III (Sietz et al., 2006).
The intra-scale comparison of both municipality indices (Figure A3)reveals diverse combinations
of low, moderate and high vulnerability based on M1 and different states based on M2. Combining
both indices gives information about the present state of a municipality (M1) and its development
during the last 5 years (M2). Areial and Remígio show moderate vulnerability in 2006 and positive
trends of ly and rq during the years 2002–2006.
3.2.2. Farm Scale
F1 results in a very high resilience of 0.93 for both farms and does not find any differences
between the two farms (Figure A4a, Table S4). All indicators of the subindices Livelihood viability,
Innovation potential and Contingency resources score positively. The subindices Environment and
Social capability score negatively for one indicator each, due to the absence of irrigation and a drought
preparedness plan.
The results of F2 (Figure A4b,c, Tables S5 and S6) show for the time before 2000 a moderate
sustainability index of 0.47 and 0.38 for farm 1 and farm 2, which in 2014 increased to 0.75 and 0.84,
respectively. The comparison between the time before 2000 and the situation in 2014 illustrates that
the public policies towards smallholders changed considerably. Additionally, it reflects the history
of the families. While farm 1 has been family property for decades, farm 2 was acquired in 2000 by
occupation of the Landless Workers’ Movement (Movimento dos trabalhadores rurais Sem Terra). When
the family arrived at the property, it was bare land. Since then, they have considerably increased
biodiversity, had access to public support and established a more sustainable land use than the former
big landowner.
How the two farms compare with each other depends heavily on the farm level indices (Figure A4).
Whereas F1 does not show a difference in vulnerability between the two farms, F2 clearly does despite
a large overlap of individual indicators going into the two indices. Almost all indicators of F2 are also
included in F1, except Seed autonomy and Gender equity. In some cases, one indicator of F2 corresponds
to several indicators of F1, such as the indicator Production diversity of F2, which matches with the
indicators Crop diversification and Livestock diversification of F1.
However, the way the indicators are quantified and then combined into the indices, differs
between F1 and F2. The normalized results of the nine overlapping indicators of F1 show always 0,
indicating very low vulnerability. By contrast, the corresponding indicators of F2 vary between very
low and moderate vulnerability.

Sustainability 2020, 12, 3787

9 of 24

3.2.3. Field Scale
Table S7 shows the soil characteristics of all fields of both farms, which were used to calculate
both soil indices. The area weighted means of S1 (Figure A5a, Table S8) show higher values for farm 2
for most of the indicators. An exception is P, where farm 1 has a slightly higher mean. The indicator
OC has the most critical result, with a wide range of values for the single fields of each farm, but low
mean scores. The average S1 for farm 2 is about 0.2 higher than for farm 1, but the highest scores are
very similar for both farms.
The indicators of S2 show very diverse results across the fields of both farms (Figure A5b, Table S9).
Some indicators score higher for farm 1, others for farm 2 or equal for both farms. The resulting S2 is
about 0.1 higher for farm 2, indicating a slightly more preserved soil.
Comparing the results at field scale, it is noticeable that the area-weighted means of the final
indices differ less between the methods than the single indicators. Both soil indices show low scores
for OC, which is generally lost quickly in the Semiarid Northeast of Brazil after removing the native
vegetation for agricultural use [7]. Farm 1 has on average a lower content of OC. This coincides with
the fact that the land of farm 1 has been cultivated for decades, while farm 2 was cleared more recently.
Additionally, soil texture of farm 1 is mainly sand, while at farm 2 loamy sand dominates (Table S7),
which retains more water and nutrients. In contrast, P scores higher for farm 1, where the manure
is processed in a manure compost system and additional manure is purchased. At farm 2, only the
manure from the own cattle is used, without processing it in a manure compost.
Looking at the soil indices of all fields to compare the differences between the farms and the
methods (Figure A6) shows that, in general, both methods result in a better soil quality for farm 2,
and S1 allocates to both farms a better soil quality than S2. Besides, S2 which uses more indicators
and thresholds for indicator scoring elaborated particularly for Northeast Brazil, turns out to be more
sensitive to show different patterns.
3.3. Cross-Scale Comparison
Comparing vulnerability across scales at index and indicator level (Figure 3) demonstrates that
nested vulnerabilities can differ at each scale. At index level, M1 shows moderate vulnerability in both
municipalities. M2 results in very low vulnerability for both municipalities for the corresponding time
span (2002–2006). At farm scale, F1 shows very low vulnerability for both farms, while F2 evaluates
farm 1 as slightly more vulnerable than farm 2. At field scale, both indices show moderate vulnerability
for both farms, with a higher mean vulnerability for farm 1.
At different scales, different trends of vulnerability can be observed. At regional scale, M2 shows
very low vulnerability for both municipalities in 2002–2006 (ly↑, rq↑) and very high vulnerability
for Areial in 2012–2016 (ly↓, rq↓). At farm scale, F2 results for both farms in moderate vulnerability
before 2000, which decreases to low vulnerability in 2014. Accordingly, in 2002–2006 vulnerability was
decreasing at both scales, but in Areial this trend reversed in 2012–2016 at municipality scale. As F2
does not consider trends directly, an additional moment needs to be assessed in order to find out if at
farm scale the trend changed as well.
At the indicator level, the seven indicators overlapping between municipality and farm scale have
very different results (Figure 3). Irrigation is very rare in Areial and Remígio, resulting in very high
vulnerability for both indicators at municipality and farm scale. Because of the dominantly crystalline
subsoil, only very few farmers have access to wells. Accordingly, rainwater is the main water source,
and it does not remain enough water for irrigation. Both investigated farms have no access to a well.
Additionally, the equipment for highly efficient irrigation techniques is expensive.
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Figure 3. Cross-scale comparison of indices (left) and overlapping indicators (right), from left to right:
irrigation, landownership, soil quality, water, production diversity, public policies, social participation,
income; all indices and indicators normalized to 0–1 (very low–very high vulnerability), the indicators
of F2 are shown only for 2014 as there is no cross-scale comparison possible for the first time step
(before 2000).

Landownership shows low vulnerability at municipality and farm scale. The family of farm 1
inherited a part of the land and additionally bought land from neighbors. The family of farm 2 obtained
the land after fighting for it together with the Landless Workers’ Movement and legalization by the
land reform.
M1 results for Water in very low vulnerability in Areial and moderate vulnerability in Remígio,
as in the latter more people are lacking access to water storage through wells, cisterns and artificial or
natural lakes. The corresponding indicator of F1 is Access to water for livestock/consumption, resulting in
very low vulnerability, while F2 evaluates Water autonomy with low vulnerability. Both farms have
several cisterns, including a 52 000 l production cistern and small reservoirs at the pasture areas. Hence,
both farms are independent in their water supply for consumption and livestock, even in years with
reduced rainfall, but they need to use the water sparingly.
Production diversity due to M1 shows high and very high vulnerability for Areial and Remígio.
In contrast, the farm scale indices result in much lower vulnerability. Both corresponding indicators
of F1 (Crop diversification, Livestock diversification) result in very low vulnerability for both farms.
F2 includes in Production diversity all types of agricultural production, resulting in low and very low
vulnerability for farm 1 and 2, respectively.
At regional scale, the indicator Public policies is represented by M1 with the indicator Farms
receiving technical assistance, resulting in very high vulnerability for Areial and low vulnerability for
Remígio. At farm scale, many more forms of public policies are considered. F1 uses the indicators
Access to state innovative support, to government emergency support and to remittances or state support, which
lead to very low vulnerability for both farms. F2 shows for the indicator Access to public policies low
vulnerability for farm 1 and very low vulnerability for farm 2. Since farm 2 is part of a settlement,
founded due to the land reform, the family has had access to additional public policies, e.g., for the
construction of the house and the communitarian seed bank.
Social participation is at regional scale represented by M1 with the indicator Farms whose heads are
engaged in associations or unions. For Areial this results in very high vulnerability and for Remígio in
high vulnerability. Differently, at farm scale both indices show very low or low vulnerability because
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both families are engaged in several organizations, e.g., Landless Workers’ Movement, unions of rural
workers (Sindicatos dos Trabalhadores Rurais), community associations and cooperatives.
Income is represented by two indicators in M1: Dependence of farm income on animal and crop
production and Municipal population engaged in agriculture. The first results in low vulnerability for Areial
and moderate vulnerability for Remígio, while the second allocates moderate vulnerability to Areial and
low vulnerability to Remígio. Both together evaluate the dependence of the municipality’s population
on agricultural production, measuring the effects of yield- and livestock losses due to droughts, pests
or diseases. M2, instead, results in high vulnerability for both municipalities. It considers the share of
heads of households earning at least one minimum wage, independently if they work in the agricultural
sector or not. At farm scale both indicators consider income diversity, resulting in very low (F1) and
low (F2) vulnerability.
Comparing the indicators of Income used at regional and farm scale shows that a household can be
classified as highly vulnerable with the concepts used at municipality scale because of a low income,
exclusively from agriculture. On the same time, this household can result in low vulnerability due to
the concept used at farm scale because of highly diversified agricultural activities, including drought
tolerant income sources. The aspect of wealth and economic security is included in F1 explicitly, using
additional indicators, such as Household wealth status, Ownership of means of transport, Savings and
Access to credit. F2 complements the economic aspects more implicitly within the indicator Access to
public policies.
Soil quality is the overlapping indicator between farm and field scale. In F1 it is represented by
the indicator Extent of soil erosion, which is no outstanding problem on the considered farms, resulting
in very low vulnerability. F2 considers with the indicator Soil fertility the natural soil fertility and
management practices, such as a manure compost system or the cultivation of nitrogen-fixing legumes,
resulting in low vulnerability for both farms. At field scale, the indicator OC of both soil indices shows
a high average vulnerability with a wide range among the fields.
4. Discussion
4.1. Review of Indices for Vulnerability Assessment
Our systematic review provides a comprehensive overview of potential approaches to vulnerability
assessment of smallholder farming systems. Including resilience and sustainability studies into our
search proofed after all very appropriate. It required only little adaptation to transform resilience
and sustainability indicators to comparable output ranges to existing vulnerability indices. It became
evident that indices of the same scale showed at least an overlap of indicators. However, at field scale
we could find only soil quality indices, consisting of a set of physical and chemical characteristics.
Consequently, these indices go in more detail on soil quality but do not cover any of the other ecological,
social or economic indicators used at municipality and farm scale.
As critical as the conceptual grounding appear (1) differences between static and dynamic indices,
and (2) whether and how exposure is considered. These are critical points that highlight different
perspectives on vulnerability. Static indices, such as M1, assess vulnerability at a certain point, allowing
to compare between different municipalities. In contrast, M2 considers the development during
time periods, evaluating if the vulnerability of a municipality is increasing or decreasing, using the
municipality itself as reference. The differences in including or excluding exposure are also reflected in
the conceptual progress of the IPCC, with Assessment Report 4 seeing vulnerability as a function of
exposure amongst other factors [48], whereas more recently vulnerability is understood as a system´s
quality independent from exposure [49]. In our study, the exposure is addressed only at regional scale:
In M1, the average exposure is directly included with the aridity index, M2 indirectly includes the
climatic impact within the indicator rq, which is expected to have a negative trend in drought years.
But of course, exposure could be addressed also at lower scales.
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4.2. Benefits of Intra- and Cross-Scale Comparison
An important benefit of using different methods and data at different scales is that the results
complement each other. The intra-scale comparison at regional scale shows strong differences between
the applied methods. As M1 and M2 show very different aspects of smallholder vulnerability, they were
highly complementary and provided in sum a more complete picture. Together, they help to evaluate
in which municipality the situation is deteriorating (M2) and which aspects contribute most to the
municipality’s vulnerability (M1). Indicators used at just one scale can be taken as an approximation at
other scales, especially when data availability does not allow the assessment at the other scale, such as
climatic exposure, which is included only at regional scale.
Ideally, cross-scale vulnerability assessment would allow to explore systematically from larger
to smaller scales of decision domains. In our case study on smallholder farmers in Northeast Brazil,
it would give the farmers indication how to make their farms less vulnerable. For this, it would provide
insight how they should distribute their resources (e.g., manure) best to increase soil fertility across
their fields. And finally, it would provide insight how the farmers can organize themselves to reduce
their vulnerability, for instance, through supporting networks.
In our case study, indicators used at different scales should therefore be more detailed at a smaller
scale. In our assessment, the indicators Production diversity and Access to water include a lot more details
on the farm level (F2) than on the municipality level (M1). While the indicator Production diversity in
M1 is based only on the Agricultural Census, considering only manioc, corn, three varieties of beans,
cow and goat milk and eggs, F2 takes into account all cultivated crops, such as fruits, vegetables, agave,
fodder cactus, medicinal and ornamental plants. This way, kitchen gardens and other cultivations
of small extent not registered in the Agricultural Census are included at farm scale [38]. Similarly,
the indicator Access to water of M1 only describes the share of households with access to water in the
form of cisterns, wells and lakes, but it does not consider if the households get enough water of the
appropriate quality for their needs. F2 instead evaluates the water autonomy of the family in more
detail, considering cisterns for drinking water and larger cisterns for small scale irrigation. Similar
overlaps exist for soil fertility between F2 and both field-scale indices S1 and S2: F2 shows moderate
vulnerability for the indicator soil fertility, which is consistent with the overall indices at field-scale,
both providing deeper insights into the nutrient composition of the soil. However, both S1 and S2
do not include soil management indicators, although studies conducted in the Agreste and Cariri of
Paraíba show that the use of green manure and manure compost systems are appropriate to maintain
soil fertility and that agroforestry systems are useful to achieve a higher overall biomass production
and stability towards climatic variations [50–52].
4.3. Limitations and Possible Improvements
Despite the clear value identified in the use of different indices at different scales, some issues
arose in the application and in the interpretation of the results. First, as there are very few examples of
cross-scale assessments available [29], a major challenge was to find an adequate set of indices. Second,
a method for a systematic and effective comparison of the results was needed. The normalization,
in particular, of the different indices and indicators was problematic especially in the case of M2, where
the states II and IV both result in moderate vulnerability but actually they result from the opposite
combination of positive and negative trends of ly and rq.
Limited data availability was the primary constraint for the number of farms included in the case
study and the time slices addressed. Including more numerous and more diverse farms would have
certainly improved the robustness of our results. But the time intense interviews as well as the soil
analysis limited the analysis to only two farms. Furthermore, the delay of the Brazilian Agricultural
Census of 2016 impeded a more recent calculation of M1 than 2006. Other information that had
been gathered, could not be used appropriately as we limited ourselves to a comparison of already
existing indices. For instance, land use and soil management information would have been available
for each individual field, but the literature review only revealed field-scale indices that focused on
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soil composition. At regional scale, another data constraint originated from the characteristics of the
municipalities. M2 uses input data of crop production and livestock numbers which do not differentiate
between smallholders and other farmers and therefore its reliability is reduced when the share of
smallholder farmland is below 50%. This was the case in more than half of the municipalities of the
Borborema Territory, including Remígio.
All selected indices showed overlapping indicators between indices of the same scale and also
with other scales. However, more overlapping indicators would have provided greater insights, in
particular between scales. For our case study region, we suggest to include also soil data at the regional
scale, which is available from Embrapa [35], and to consider the agricultural suitability of soil classes.
Furthermore, we suggest to include local seed banks with natural seeds, which are gaining more and
more importance for the farmers’ autonomy with the spreading of genetically modified and hybrid
seeds. As the Agricultural Census does not inform about the origin of seeds, the share of organic farms
could be used as an additional indicator to deduce the use of natural seeds at regional scale. At field
scale, a more integrated index should also embrace management practices such as manure application,
use of pesticides, crop rotation and land preparation, water availability from rain or irrigation and the
varying demands of different crops.
The results at farm scale show how important it is that the methods are adapted to local conditions.
F1 shows no differences between both farms, which could be explained by the similar degree of
adaptation, but possibly also by the indicator thresholds. These were simply taken over from earlier
studies [24,47], as the sample size in our case study was insufficient to adapt them to local conditions.
In contrast, F2 shows clear differences between the two farms, as it was developed during the ASA/INSA
research project for smallholder farming in the Semiarid Northeast of Brazil [26], and is highly sensitive
to differences in the vulnerability of individual farms within the case study area.
Finally, for measuring changes in vulnerability, repeated assessments are needed. In the presented
study, only M2 and F2 were assessed for two different moments or periods. The input data of both
regional indices are publicly available for all Brazilian municipalities, facilitating a repeated assessment
without new field campaigns. While M2 is mainly based on data which are published every year,
M1 uses Census Data which are collected only once per decade. Both farm and field indices require
individual data acquisition, for farm indices interviews and for field indices soil sampling and analyses
in the laboratory. This makes the assessments more effortful than at regional scale. At field scale,
selecting a reduced number of fields could reduce the effort per farm. Repeated assessments would
also improve comparability across scales. Through the calculation of trends, different indices and
indicators could be compared despite their thematic differences.
5. Conclusions
In the presented study we applied six indices to assess the vulnerability of two smallholder
farms covering three different scales (region, farm, field). The indices have been selected based on
data availability and their sensitivity to the specific agro-environmental conditions. Methodological
limitations of the presented study were the constrained data availability, a small sample size at farm
and field scale and the tight selection of indices at each scale.
Despite these methodological limitations, we identified a number of benefits in combining existing
indices for a cross-scale vulnerability assessment. Intra-scale comparison at regional scale showed
that the combination of an index of relative vulnerability with an index based on the trends of two
indicators allows a better understanding than choosing one of them. At farm scale, one out of the
two indices was well-adapted to local conditions and therefore produced more differentiated results.
Intra-scale comparison was the most consistent at field scale because both soil indices were based on a
concept of soil quality, producing outputs in the same value range.
The presented study highlights the benefits of cross-scale assessment and the potential to identify
comprehensive sets of measures at different levels to reduce vulnerability of smallholder farmers.
Practically, as data availability is the highest at regional scale, it is easiest to assess vulnerability first
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at this scale. The results are useful to define which aspects will be assessed at smaller scales. Then,
the interviews at farm scale are helpful to include indicators, which are less detailed or not available in
municipal statistics. Finally, soil sampling supports improved land management of the individual farm.
To optimize cross-scale vulnerability assessment, we propose to develop and apply a set of locally
adapted indices (1) on nested scales (2) based on the same concept, (3) with more overlapping indicators
und (4) with a similar spatial coverage of different scales. Ideally, the assessment should be repeated to
investigate changes over time.
Our insights from the Northeast of Brazil can support further development of cross-scale
vulnerability assessments for smallholder farming in many semi-arid environments worldwide. This is
highly relevant, especially in the context of climate change.
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Appendix A
Appendix A.1. Municipality Index 1
The indicators of M1 (Table A1) are normalized due to Equation (1). The subindices Sensitivity
and Adaptive capacity are calculated from the average of the corresponding indicators. The indicator
Farms without access to water storage considers natural and artificial lakes, wells and cisterns. For the
indicator Product diversification, the Simpson Index of Diversity (SID) was calculated for the production
of manioc, corn and three varieties of beans, cow and goat milk and eggs in kg, due to
SID = 1 −

Xk
i=1

P2i ,

(2)

with Pi : share of production in kg of the ith product (crop or animal product). Typically, the SID is
calculated with the share of area used for each crop [53]. In this study, it was opted to use produced kg
to allow the combination of crop and animal products in one index.
Exposure is based on only one indicator, which is the inverse of the Aridity Index due to [54]:
AI =

P
,
ETP

(3)

with AI: Aridity Index; P: precipitation; ETP: potential evapotranspiration, both average annual (mm).
The Aridity Index was calculated using ArcGIS Desktop 10.3. The gridded values of average annual
potential evapotranspiration from Xavier, King and Scanlon [39] with a resolution of 0.25◦ × 0.25◦ and
the annual precipitation isohyets [33] were interpolated (tools spline and topo to raster, respectively).
Then, the mean Aridity Index was derived for each municipality (tool zonal statistics) and inverted by
subtraction from 1.
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Finally, M1 was calculated due to the equation
M1 =

E + S + (1 − AC)
,
3

(4)

with S: Sensitivity; E: Exposure; AC: Adaptive capacity. The output index ranges from 0 to 1, indicating
very low to very high vulnerability for each municipality, relative to the study context.
Table A1. Subindices and indicators, municipality index 1 (based on [21,46]).
Sub-Indices
Sensitivity (S)

Adaptive
capacity (AC)

Exposure (E)

Indicators *
Dependence of farm income on crop and animal production (%)
Municipal population engaged in agriculture (%)
Farms without access to water storage (%)
Farms with rainfed farming (%)
Product diversification
Farms in which the producer is the landowner (%)
Farms whose heads can read and write (%)
Farms whose heads are engaged in associations or unions (%)
Farms receiving technical assistance (%)
Farms with access to electric energy supply (%)
Aridity Index (AI)
* All indicators refer to smallholder farms/agriculture.

Appendix A.2. Municipality Index 2
The input data of M2 are from IBGE [38]: harvested area, yield and livestock number are from
the yearly Municipal Agricultural and Livestock Production Census. Grassland area is used from
the Brazilian Agricultural Census 2006 and income distribution (% with minimum wage) from the
Demographic Census 2010, as they are not available for more recent years or a finer time resolution.
The yearly values of yield-oriented labor (ly) and resource quality (rq) are calculated using
the equations
X4
X6
(c)
lyy,i =
lydj ∗Ay,ij +
lydj ∗Ny,ij and
(5)
j=1

j=5

my,ij
j=1 fij

P71
rqy,i = P71

j=1 Ay,ij

(6)

with j: 6 classes of agricultural activities; lydj : relative specific labor demand (Table A2); A(c) y,ij and Ny,ij :
harvested area and livestock quantity of class j in municipality i and year y; Ay,ij (j = 1–70): harvest
areas of the 70 crops for municipality i in year y; Ay,ij (j = 71): respective pasture area for livestock; my,ij
(j = 1–70): yields (tons) of the 70 crops for municipality i in year y; my,ij (j = 71): livestock in livestock
units for municipality i in year y (cow, ox, buffalo: 1 unit; pig, horse, donkey: 0.5; goat, sheep: 0.1).
The factor
mij
fij =
(7)
Aij
is calculated from the annual means of the years 2002–2006 and 2012–2016, respectively, to normalize
crop yields and livestock numbers and allow a relative comparison of crops and livestock.
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Table A2. Relative specific labor demand of agricultural activities (based on [20], more livestock classes
added).
Activity

Relative-Specific Labour Demand (lyd) *

Examples

Cereal crops
Roots, tubers
Specialized crops
Pastures
Cattle, buffalos
Pigs, horses, donkeys
Goats, sheep

1
7
20
0.3
2
1
0.25

Beans, corn, rice
Manioc, cashew nuts, cotton
Tomatoes, melons, mangoes

* In the first three classes labor demand relates to the harvested area.

With a linear regression, the five-year trends of ly and rq are calculated to allocate the states I–IV.
The probability of a shift from state II to state III increases with the share of smallholders earning more
than the Existential budget. Therefore, the share of households where the head of household earns at
least one minimum wage (510 R$) is considered. The linear regression to estimate the trends of ly and
rq is evaluated with the coefficient of determination (R2 ). Both trends should have an R2 of at least 0.9
for a statistically significant allocation to one of the four qualitative states.
Appendix A.3. Farm Index 1
Table A3 shows the indicators of F1 applied in this study, adapted from Bishop and Fuller [24]
and Oxfam [47].
Table A3. Subindices, weighting and indicators of farm index 1, based on Bishop and Fuller [24] and
Oxfam [47].
Subindices

Indicators

Livelihood viability (30%)

Land ownership, household wealth status,
Livelihood diversification, household food security
Crop diversification, production
Livestock diversification, herd size
Ownership of means of transport
Livestock lost to drought or diseases, vaccination
Drought preparedness practice
Access to markets

Innovation potential (20%)

Attitudes towards new livelihood practices
Adoption of improved production techniques
Access to credit, state innovative support
Ability to influence others

Access to contingency resources and support (20%)

Group participation
Access to government emergency support
Savings, grain storage
Access to remittances or state support
Ownership of fungible livestock

Integrity of the natural and built environment (15%)

Extent of soil erosion
Access to irrigation, water for livestock/consumption
Access to grazing land
Tree planting

Social and institutional capability (15%)

Access to drought warning information
Drought preparedness plan
Institutions supporting adaptation
Solidarity in the community

Thresholds and weighting of each indicator, see Table S4.
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Appendix A.4. Farm Index 2
Table A4 shows the evaluated subindices and indicators of F2.
Table A4. Subindices and indicators of farm index 2, based on Petersen et al. [26].
Subindices

Indicators

Autonomy

Seed autonomy
Water autonomy
Feed autonomy
Food security
Soil Fertility

Responsivity

Production diversity
Market diversity
Income diversity

Gender equity

Gender equity

Social integration

Social participation
Access to public policies

Appendix A.5. Soil Index 1
As the indicator Visual evaluation of soil structure was not available, it was substituted by the
physical indicators bulk density (BD) and structural stability index (SSI). The scoring of indicators
where more is better uses Equation (8) and where less is better Equation (9):
1

S=
1+




B−UT −2.5
x−UT

and

(8)

,

(9)

1

S=
1+




B−LT −2.5
x−LT

with S: indicator score; x: measured indicator value; B: baseline value, UT: upper threshold; and LT:
lower threshold. For indicators with a mid-point optimum, both equations are used. The soil indicators
with the parameters for the scoring curve are specified in Table A5. For measured values equal or
beyond the threshold, the equation is not defined, consequently the score is set to 0 or 1, depending if
the value is above or below the threshold. Finally, S1 is calculated by weighted additive aggregation
due to the equation
X
S1 =

n

i=1

Wi S i

(10)

with Si : indicator score; n: number of indicators integrated in the index; Wi : weighted value of the
indicator. The indicator output ranges from 0 to 1, indicating very low to very high soil quality.
Table A5. Soil Indicators with weighting and scoring curve parameters, soil index 1, based on
Cherubin et al. [27].
Indicator

Unit

Weighting

LT

B

UT

OC
P
K+
pH
BD
SSI

g/kg
mg/dm3
mmolc/dm3
g/cm3
%

0.33
0.11
0.11
0.11
0.17
0.17

10
2
0.4
4.5
1.5
5

17.5
8
0.8
5/8
1.65
7

25
16
1.6
8.5
1.8
9

OP

6

Scoring Curve
More is better
More is better
More is better
Optimum
Less is better
More is better

Soil characteristics BD: bulk density; K+ : potassium; OC: soil organic carbon; P: phosphorus; pH: potential of
hydrogen in solution of H2O 1:2.5; SSI: structural stability index. Scoring curve parameters B: baseline value; LT:
lower threshold; OP: optimum point; UT: upper threshold.
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Appendix A.6. Soil Index 2
Table A6 shows the thresholds and scoring indication of the indicators of S2.
Table A6. Soil indicators with thresholds and scoring indication, soil index 2 (based on Vendruscolo
and Perez-Marin 2017, unpublished).
Indicator

Unit

Preserved

Degraded

Scoring *

OC
P
K+
Ca2+
Na+
Mg2+
Al3+
H+ +Al3+
m
ESP

g/kg
mg/kg
mg/kg
cmolc/kg
cmolc/kg
cmolc/kg
cmolc/kg
cmolc/kg
%
%

28.06
10.88
150.14
7.09
0.06
2.14
0.02
3.02
0.36
0.56

3.13
6.15
112.25
4.84
0.16
2.83
0.12
1.84
1.91
1.81

Pres = max
Pres = max
Pres = max
Pres = max
Deg = max
Deg = max
Deg = max
Pres = max
Deg = max
Deg = max

Soil characteristics Al3+ : aluminum(III); Ca2+ : calcium; ESP: exchangeable sodium percentage; H+ +Al3+ : potential
acidity; K+ : potassium; m: saturation of exchangeable Al3 +; Mg2+ : magnesium; Na+ : sodium; OC: soil organic
carbon; P: phosphorus. * Indicates if the maximum value was found at preserved or degraded areas.

Appendix B

Figure A1. (a) Results of municipality index 1 (M1) [21,46] with subindices AC: Adaptive capacity;
E: exposure; S: Sensitivity; (b) Results of municipality index 2 (M2) [20].
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Figure A2. Annual precipitation of 5 rain gauges in the study area from 2000–2016 and average annual
rainfall of Alagoa Nova (data source: AESA [34]).

Figure A3. Intra-scale comparison of municipality indices; (a) M1: municipality index 1 for 2006 and
(b) M2: municipality index 2 for 2002–2006, with indication of the share of family farmland.
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Figure A4. (a) Results of farm index 1 (note that results are not distinguished between farms because
the values are the same), (b) farm index 2 before 2000 and (c) farm index 2 in 2004, always sub-indices
and index values.

Figure A5. Results of (a) soil index 1 (S1) and (b) soil index 2 (S2); Area-weighted means and range of
occurring values of soil indicators Al3+ : aluminum (III); Ca2+ : calcium; ESP: exchangeable sodium
percentage; H+ +Al3+ : potential acidity; K+ : potassium; m: saturation of exchangeable Al3+ ; Mg2+ :
magnesium; Na+: sodium; OC: soil organic carbon; P: phosphorus; pH: potential of hydrogen in
solution of H2O 1:2.5; SSI: structural stability index.
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Figure A6. Intra-scale comparison of soil indices; (a) Soil index 1 (S1), farm 1, (b) soil index 2 (S2),
Figure 1. (c) S1, farm 2, (d) S2, farm 2; soil indices range: 0–1 (very low–very high soil quality).
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