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Preface to “Sustainable Agriculture–Beyond 
Organic Farming” 

The current conception of organic farming—as an agricultural production 
system based on ecological understanding in contrast to one reliant upon external 
inputs, particularly synthetic agrichemicals and fertilizer—is the result of nearly a 
century of intellectual thought and dialogue, field observations and experiences, 
systematic experimentation, and codification of rules. Debates on the future 
viability of organic farming often focus on its capacity to produce sufficient food 
to meet the demands of a growing human population. Yet any thorough 
examination of the pros and cons of alternative farming approaches should 
consider much more—for example the side effects on soil, water and air; energy 
and land-use efficiency; global warming potential; conservation of biodiversity; 
waste minimization and recycling; farmer and community well-being; animal 
welfare; and the capacity to function and meet demands long into the future. 

Today, organic farming is widely acknowledged as a viable alternative to 
conventional production under many conditions and certified organic foods are 
increasingly sought out by consumers concerned about environmental issues and 
human health. Considerable research supports the validity of such consumer 
choices. Organic products typically contain lower levels of pesticides and 
antibiotics, soil quality is generally improved and water pollution reduced on 
organic farms, and biodiversity is often greater in organic production systems 
compared to their conventional counterparts. Crops once thought to be impossible 
to raise organically are now widely found on grocery store shelves. 

Research findings also show the trade-offs in productivity and efficiency that 
accompany the adoption of organic farming. Such systems often do not match 
conventional agriculture in measures such as in yield per unit of land or per unit 
of labor, as well as in costs of production (not including externalities). As a 
consequence, price premiums are often needed to make production economically 
viable for farmers. Higher prices, of course, put some products out of reach for 
lower income families and communities, prompting criticism by some that organic 
farming is elitist. Organic standards today also may not explicitly or sufficiently 
address important public concerns about climate change, animal welfare and the 
quality of life provided to farmers, farm workers and others in the supply chain.  

It is important to recognize that organic agriculture is evolving. Rather than a 
static set of rules, the requirements, technologies, inputs and management 
practices comprising organic farming change as our understanding improves, new 
technologies become available, and the stakeholders involved with the political 
process that governs certification amend the rules. Research and debate today will 
help to shape organic farming in the future. 
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The chapters in this book represent perspectives on organic farming and food 
systems from widely different academic disciplines and different regions of the 
world. They include replicated field experiments, modelling, systems analyses, 
case studies and literature reviews. They address issues from the field-plot scale, 
such as resource-use efficiency in crop production, to the resilience of entire 
national food systems. Some chapters tackle controversial topics in organic 
farming, such as aquaculture and the use of genetically modified organisms. Some 
authors focus on the challenges to producers, while others examine consumer 
behavior and the education of the next generation of global citizens and decision-
makers in the food system—today’s children. 

This book is composed of three sections. Authors in the first section—
Performance of Organic Farming—examine how well organic and transitional 
production systems meet environmental, economic and social objectives and how 
performance could be improved. In the second section—Farming to Food 
Systems—the focus expands beyond crop and livestock production to consider 
other stakeholders forming food supply chains. The last section—Beyond Organic: 
Shaping Future Farming and Food Systems—delves into some vigorously debated 
topics that have the potential to substantially change future farming and food 
systems. 

Two decades ago, few would have envisioned the expansion of organic 
farming and the dramatic growth in organic food sales that followed. Likewise, 
predictions about the state of organic food and farming decades from now would 
be fraught with the same uncertainty. Still, the improved understanding we gain 
from the contributions of researchers and thinkers today will influence production 
practices and food-system policies tomorrow. The findings, interpretations, and 
ideas shared in this book will likely generate as many questions as answers, but 
asking the relevant and difficult questions is as critical to progress as finding the 
right answers. This impressive and diverse group of authors makes interesting 
and useful contributions to our ongoing conversations about food, agriculture and 
the evolution of organic farming. 

Sean Clark 
Guest Editor 
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Assessing the Sustainability Performance
of Organic Farms in Denmark
Evelien M. de Olde, Frank W. Oudshoorn, Eddie A. M. Bokkers,
Anke Stubsgaard, Claus A. G. Sørensen and Imke J. M. de Boer

Abstract: The growth of organic agriculture in Denmark raises the interest of both
producers and consumers in the sustainability performance of organic production.
The aim of this study was to examine the sustainability performance of farms in
four agricultural sectors (vegetable, dairy, pig and poultry) using the sustainability
assessment tool RISE 2.0. Thirty seven organic farms were assessed on 10 themes,
including 51 subthemes. For one theme (water use) and 17 subthemes, a difference
between sectors was found. Using the thresholds of RISE, the vegetable, dairy and
pig sector performed positively for seven themes and the poultry sector for eight
themes. The performance on the nutrient flows and energy and climate themes,
however, was critical for all sectors. Moreover, the performance on the economic
viability theme was critical for vegetable, dairy and pig farms. The development
of a tool, including decisions, such as the selection of themes and indicators,
reference values, weights and aggregation methods, influences the assessment
results. This emphasizes the need for transparency and reflection on decisions
made in sustainability assessment tools. The results of RISE present a starting point
to discuss sustainability at the farm-level and contribute to an increase in awareness
and learning about sustainability.

Reprinted from Sustainability. Cite as: de Olde, E.M.; Oudshoorn, F.W.;
Bokkers, E.A.M.; Stubsgaard, A.; Sørensen, C.A.G.; de Boer, I.J.M. Assessing the
Sustainability Performance of Organic Farms in Denmark. Sustainability 2016, 8, 957.

1. Introduction

A large number of sustainability assessment tools have been developed
to gain insight into the sustainability performance of farms [1,2]. These tools
generally integrate a wide range of themes and indicators to develop a holistic
view on farm-level sustainability and are used for different purposes, such as
monitoring, certification, consumer information, farm advice and research [3].
Applying sustainability assessment tools can help to identify challenges, related
to environmental, economic and social impact, in the development of sustainable
food production systems in conventional and organic agriculture [4–6]. On-farm
assessment tools, however, show a large diversity in, for example, data, time and
budget requirements, measurement and aggregation methods, output accuracy and
complexity [2,7]. These differences should become more explicit when choosing a
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tool [7,8]. Moreover, after a sustainability assessment, additional efforts are needed to
discuss the assessment outcomes with farmers and other stakeholders and translate
them into meaningful decisions for change [2,9].

Studies on organic agriculture provide divergent views on its sustainability and
potential to contribute to global food security [10–13]. Especially yield differences
between conventional and organic agriculture are a topic of discussion [12,14–16].
Differences in yields are highly dependent on system and site characteristics (e.g.,
available nutrients and technology) [11,14]. Yields in organic farming are generally
lower compared to conventional yields. Lower yields, on the one hand, are associated
with a higher land use and, for example, higher global warming potential per kg
live weight of pigs [17]. On the other hand, the restricted use of pesticides and
mineral fertilizers in organic agriculture can have a positive effect on biodiversity
and enhance ecosystem services [18,19]. From an economic and social perspective,
organic agriculture is often associated with the use of local resources (i.e., local seed
varieties, manure), benefits for animal welfare and opportunities to increase farmers’
income and livelihood [10,13,20,21].

Organic agriculture in the European Union has increased over the past decades
and currently accounts for about 5.7% of the agricultural area [22]. The consumption
of organic products is increasing as well, and is worldwide the highest per capita in
Switzerland, Luxembourg and Denmark [22]. Market shares of organic retail sales
are highest in Denmark (7.6%), Switzerland (7.1%) and Austria (6.5%) [22]. Denmark,
therefore, can be considered a pioneer in organic food production, with an expected
ongoing growth in organic food consumption [23]. At the same time, producers and
consumers are increasingly interested in getting insight in, and the development of,
the sustainability performance of organic production [24,25].

The sustainability assessment tool RISE (Response-Inducing Sustainability
Evaluation) [26] is used in Denmark to assess the sustainability performance of
organic farms and to guide farmers in producing more sustainably [24,27,28]. This
tool was selected based on the European project STOAS (Sustainability Training for
Organic Advisors), in which experiences with different sustainability assessment
tools were gathered [29]. The objectives of the present study were to analyze the
sustainability performance of organic farms in Denmark using the RISE 2.0 tool and
to analyze differences in the performance among a diversity of agricultural sectors
(i.e., vegetable, dairy, pigs and poultry production). First, we describe the RISE
tool and elaborate on the methods for data collection and assessment. Second, we
present the RISE assessment results of Danish organic farms and discuss differences
between sectors. Third, we reflect on the approaches in RISE to assess sustainability
performance and discuss the implications of our findings for organic agriculture in
Denmark and, more generally, for assessing sustainability at the farm level.
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2. Materials and Methods

2.1. RISE 2.0

RISE is an indicator-based sustainability assessment tool developed at the Bern
University of Applied Sciences (School of Agricultural, Forest and Food Sciences,
HAFL) [30]. The aim of the tool developers is to provide a holistic evaluation
of sustainability at the farm level and support the dissemination of sustainable
practices [30]. Since its start in 1999, RISE has been applied in over 2500 farms in
56 countries [31]. Experiences with RISE 1.0 have been extensively described in the
literature [9,26,32–34]. Studies describing the application of the updated Version 2.0,
launched in 2011, however, are limited [2].

RISE 2.0 assesses the sustainability performance of a farm for 10 themes and
51 subthemes (Table 1). Although RISE defines the subthemes as indicators, we prefer
to call them subthemes as they include the evaluation of various indicators and align
the terminology with other sustainability assessment tools and publications, such as,
for example, the Sustainability Assessment of Food and Agriculture systems (SAFA)
guidelines [1,2]. The sustainability performance of each subtheme is based on an
aggregation of various indicators. These indicators are normalized (i.e., converted to
a 0–100 scale) differently for each subtheme and can include comparisons between
farm and reference data. The score at the theme level is based on the average of
the scores of the 4–7 subthemes included in each theme. Scores on theme and
subtheme level range from 0–100 and are visualized in a polygon. According to RISE,
a performance between 0 and 33 is considered problematic, between 34 and 66 critical
and between 67 and 100 positive. RISE results are presented in a farm report, which
includes the farm’s sustainability polygon, a table with the theme and subtheme
scores and an explanation of the calculation and scores. Based on this report, a farmer
and auditor define the measures for improvement. The RISE software is available on
a license and requires training.

To compute the sustainability performance of a farm, four types of data are
used: points allocated to farm practices, quantitative farm data, regional data and
master data (global reference data). Information on farm practices and quantitative
farm data are gathered through a questionnaire-based interview with the farmer and
farm workers, conducted by a trained auditor. For the themes working conditions
and quality of life, the farmer decides whether the employees may be interviewed,
and if so, who. A certain amount of points (positive or negative) are given based
on the answers of the farmer, farm worker and/or auditor to questions on farm
management, activities and the on-farm situation (e.g., animal welfare conditions).
This way, qualitative information is translated into a quantitative score (see Box 1).
The majority of subthemes (40) integrate this type of data to compute the performance
of the farm on the subtheme. Of these subthemes, 19 subthemes are exclusively
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based on points allocated to certain measures, activities or situations on-farm.
These subthemes are related to quality of life (6), farm management (5), animal
husbandry (3), soil use (2), water use (1), nutrient flows (1) and working conditions (1).
For the remaining 21 subthemes, this type of data is combined with one or more of
the other data types.

Table 1. Themes and subthemes in RISE 2.0.

Theme Subthemes Theme Subthemes

1. Soil use

1.1. Soil management

6. Biodiversity

6.1. Plant protection management
1.2. Crop productivity 6.2. Ecological priority areas
1.3. Soil organic matter supply 6.3. Intensity of agricultural production
1.4. Soil reaction 6.4. Landscape quality
1.5. Soil pollution 6.5. Diversity of agricultural production
1.6. Soil erosion
1.7. Soil compaction

7. Working
conditions

7.1. Personnel management

2. Animal
husbandry

2.1. Herd management 7.2. Working times

2.2. Livestock productivity 7.3. Safety at work

2.3. Possibility for
species-appropriate behavior

7.4. Salaries and income level

8. Quality of life

8.1. Occupation and education
2.4. Quality of housing 8.2. Financial situation
2.5. Animal health 8.3. Social relations

3. Nutrient
flows

3.1. Nitrogen balance 8.4. Personal freedom and values

3.2. Phosphorus balance 8.5. Health

3.3. N and P self-sufficiency 8.6. Further aspects of life

3.4. Ammonia emissions

9. Economic
viability

9.1. Liquidity reserve
3.5. Waste management 9.2. Level of indebtedness

4. Water use

4.1. Water management 9.3. Economic vulnerability
4.2. Water supply 9.4. Livelihood security
4.3. Water use intensity 9.5. Cash flow-turnover ratio
4.4. Risks to water quality 9.6. Debt service coverage ratio

5. Energy
and climate

5.1. Energy management

10. Farm
management

10.1. Farm strategy and planning
5.2. Energy intensity of
agricultural production

10.2. Supply and yield security
10.3. Planning instruments
and documentation5.3. Share of sustainable

energy carriers 10.4. Quality management
5.4. Greenhouse gas balance 10.5. Farm cooperation

Quantitative farm data (e.g., energy consumption, crop yields and income)
are used in 28 subthemes, especially in combination with other types of data
(23 subthemes) (see Box 2). In five subthemes, quantitative farm data are used
exclusively and compared to regional reference values. These subthemes are related
to economic viability (4) and biodiversity (1).
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Box 1. Example points-based subtheme: farm strategy and planning (10.1).

The score on this subtheme is based on the average score on four questions:

1 Is there a clear long-term farm development strategy?
2 Are there any short to medium-term measures for improvement on economy, social or

ecology? (answered seperately for each dimension)

Each question can be anwered with yes (100 points), partly (50 points) or no (0 points).

Box 2. Example of a subtheme combining points, quantitative farm data, regional
data and regional reference values: livestock productivity (2.2).

The subtheme is calculated in four steps.

1 The livestock units, per animal category (i) and in total (t), are calculated and corrected
for temporarily absent or present animals. The livestock units are derived from
regional data (livestock unit factors).

2 The productivity of each animal category (e.g., annual milk yield, growth rate, egg
production) is compared to regional reference values. The score on the productivity
for each animal category is calculated using this formula: productivity/regional
productivity × 100 − 33.

3 For each animal category, the farmer is asked to give an estimation of the product
quality (q1) and of the development of the performance and quality over the
last 5 years (q2). For both questions, the farmer can select the answer from
five options: significantly above average/improvement (20 points), slightly above
average/improvement (10 points), average/stagnation (0 points), slightly below
average/decline (−10 points), significantly below average/decline (−20 points).

4 The results of Steps 2 and 3 are added and corrected for the share of the animal
category in the total livestock units on the farm: sum ((result step 2i + q1i + q2i) ×
(LUi/LUt)).

Regional data are specific to the respective region, but are not assessed or
available at the farm level e.g., nitrogen losses from farm and storage facilities,
livestock unit factors and water demand of crops. The regional data can be from a
country, in this study Denmark, or from a smaller region. Master data are provided
by RISE and cover, for example, the composition of feedstuffs, the toxicity and
persistency of pesticides, the energy consumption of machine work, energy density
(i.e., energy contained in MJ), the emissions of energy carriers (e.g., coal, wood,
natural gas, petroleum) the and nutrient contents of organic fertilizers. Regional and
master data are integrated in the calculations of 11 and 14 subthemes, respectively,
always in combination with points and/or quantitative farm data. Five subthemes
integrate all four data types.

Next to farm, regional and master data, regional reference values are used
in 11 subthemes to compare the performance of the farm to the regional average
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or target (e.g., crop yields, livestock production, share of ecological priority areas,
working hours and days per week). In the RISE software, a standard set of crops (i.e.,
yields, water content and cultivation period) and livestock (i.e., productivity and
livestock units) is given that can be adjusted to the region and extended. What should
be considered as 0 and 100 points is defined by the tool, except for six subthemes in
which a regional reference value is used. In each subtheme, different calculations are
used to aggregate data and compute a score. Decisions regarding these calculations,
for example on indicators, units (i.e., hectares, MJ), weights and the use of an average
or minimum score of the indicators, influence the result on the subtheme. These
calculations are mostly fixed within RISE, except for quality of life-related subthemes,
in which the interviewee determines the weight of each indicator within the subtheme
and can include an additional subtheme.

2.2. RISE Assessments of Danish Organic Farms

The sustainability performance of organic farms in Denmark was assessed
and analyzed in three phases (Figure 1). In the first phase, the RISE software had
to be prepared for application in the Danish context. This preparation included
entering regional data and regional reference values for Danish agriculture in RISE
and translating the tool and questionnaire to Danish. These data were gathered from
different sources, including databases and software on Danish farm management
(e.g., Mark Online, Farmtal Online (SEGES)), expert consultation and discussions
with the RISE tool developers. Regional reference values are based on Danish
standards (e.g., weather, income levels and working hours) and the performance of
Danish agriculture (not specifically organic agriculture).

In the second phase, the assessment process was prepared by training auditors,
selecting farms, contacting farmers and entering available data in RISE. Ten
consultants from Danish advisory services were trained as RISE 2.0 auditors by
the tool developers from Switzerland. This training included a joint assessment
and discussion of assessment procedures. Six food processing companies were
involved in the selection of farmers for the assessments. This transdisciplinary
approach, in which stakeholders from farming practice (i.e., farmers, advisors and
processing companies) and research collaborate, can help to address sustainability
challenges [35–37]. Farms out of four sectors (vegetables, dairy, pigs and poultry)
were selected by six food processing companies. These food processing companies
were involved as stakeholders in communication on the sustainability of food
products. Each company freely selected 7 or 8 of their supplying farmers to
participate voluntarily in the sustainability assessment. Although this selection
of farms is not a representative sample of the Danish organic farmers, an analysis of
the results might give insight into generic sustainability challenges in Danish organic
farming and differences in the sustainability performance of four agricultural sectors.
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Figure 1. Phases in the sustainability assessment of organic farms in Denmark,
using RISE 2.0.

Before the actual assessment, each farmer was contacted and asked to provide
available data (i.e., farm accounts, crop rotation plan, fertilization plan). These data
were entered in RISE beforehand to reduce on-farm assessment time.

Finally, assessments of organic farms were carried out and involved two farm
visits, calculation and reporting. Each farm assessment started with a short farm
tour. After this introduction, the questionnaire-based interview with the farmer was
carried out by one or two auditors. In case a farmer did not have all data needed
available at the moment of assessment, these data were emailed later to the auditor
and entered in the RISE software. When all data needed for the assessment were
gathered, the outcomes were calculated in RISE, and a report was made. This report
included an explanation given by the auditor(s) on the outcomes and was discussed
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with the farmer during a second farm visit. Based on the outcomes of the tool and
priorities of the farmer, a brief action plan for improvement was made.

2.3. Analysis of RISE Assessment Results

In total, 47 farms were assessed in the period 2013–2014. Six assessments had to
be excluded from the data analysis due to insufficient data and errors in data storage.
To compare the sectors, a farm was considered specialized in a particular sector if
more than 50% of the total output and coupled subsidies resulted from that sector.
Although the food processing companies selected supplying farmers, this branch
was not in all cases the most important output of the farm. Four farms that were
initially selected as poultry farms appeared specialized in other sectors and therefore
were excluded from the analysis.

Data of 37 RISE assessments were analyzed. Seven farms were assessed based
on data from 2012 and 30 with data from 2013. General characteristics of the farms
are given in Table 2. Vegetable producers included in this study produce vegetables
for vegetable and meal boxes. To compare farms with different species and ages of
animals, livestock units (LU) are used as a reference unit. A dairy cow, for example,
represents 1 LU; a heifer between 1 and 2 years old is 0.4 LU; while a fattening pig is
0.17 LU; and a laying hen is 0.01 LU [38].

Table 2. Number (N) of farms per sector, median and range of agricultural area on
farm and livestock units (LU) and livestock density (LU/ha).

N Sector Agricultural Area (ha) LU LU/ha

5 Vegetables 77 (3–176)
13 Dairy 153 (44–832) 168 (53–548) 1 (0.7–1.5)
8 Pigs 153 (25–351) 337 (55–1130) 1.8 (1.1–5.2)

11 Poultry 34 (5–81) 90 (44–610) 2.2 (1.4–18.1)

Assessment outcomes of the individual farms were analyzed in SPSS 22 to
identify significant differences (p < 0.05) using nonparametric tests. Differences
between sectors for themes and subthemes were analyzed using the Kruskal–Wallis
test. In case of significant differences, additional analysis was carried out using the
Mann–Whitney U test for pairwise comparisons [39,40].

3. Results

3.1. Soil Use

The score on the theme soil use is based on the average score of seven subthemes
(Table 3). No difference between sectors was found for the theme soil use, while for
the subtheme soil compaction, a difference was found (Table 3).
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Table 3. Sustainability performance on the theme soil use and related subthemes
for the vegetables, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

1. Soil use 74 (60–95) 72 (64–81) 74 (62–85) 79 (71–88) 0.125
1.1. Soil management 84 (67–84) 83 (50–100) 84 (83–84) 67 (50–84) 0.224
1.2. Crop productivity 64 (15–100) 59 (15–98) 48 (16–63) 60 (31–75) 0.325
1.3. Soil organic matter supply 41 (22–100) 51 (43–75) 56 (31–93) 42 (33–100) 0.739
1.4. Soil reaction 100 (50–100) 95 (55–100) 100 (81–100) 100 (63–100) 0.233
1.5. Soil pollution 90 (70–100) 90 (60–100) 90 (60–90) 100 (70–100) 0.053
1.6. Soil erosion 98 (84–100) 93 (77–100) 94 (68–100) 96 (90–100) 0.871
1.7. Soil compaction 70 (25–100) a,b 55 (0–90) a 55 (0–100) a,b 90 (55–100) b 0.037

a,b Different superscripts indicate significant differences between sectors (p < 0.05).

The subtheme soil management combines quantitative farm data on the loss of
agricultural land in the past ten years and points for knowledge and information
about soil fertility. Erosion, salinization or building activity has caused losses in
agricultural area on 24% of the farms (0.3%–1.4% of the farm area). Soil analyses for
fertilization planning were applied regularly by 65% of the farmers, nutrient balances
by 95% of the farmers, whereas soil organic matter balances were used by 5% of
the farmers.

Crop productivity compares the farm yield of each crop per hectare to regional
reference values. In addition, points are allocated based on the farmer’s perception
of product quality compared to the regional quality and the development of the
quality over the past five years. The productivity differed strongly between farms
and per crop, but was generally lower than the Danish reference values, which were
not specifically for organic farms.

Soil organic matter supply determines the share of farm area with a high humus
content and the soil organic matter balance in arable crops. It includes the share of
permanent grassland and crops, removal and burning of crop residues and the use
of organic fertilizer. The median share of farm area with a high humus content was
19%, with a range from 0%–100%.

Soil reaction focuses on the chemical condition and management of the soil
(i.e., pH level, use of acidifying fertilizers, liming, irrigated soils without adequate
drainage). Acidifying fertilizers were used by 14% of the farms, 80% of which
apply liming.

The subtheme soil pollution evaluates farm practices to reduce the risk of
chemical soil pollution. Organic fertilizers that may contain heavy metals were used
by 11% of the farmers; residues (e.g., compost) without pollutant analyses were
used by 3% of the farmers; and a risk of pollution from highways or industry was
recognized by 8% of the farmers. The majority of farmers (60%) used farm manure
(either from conventional or organic farms) that may contain antibiotic residues.
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The subtheme soil erosion assesses the wind and water erosion risks and
evaluates measures implemented to reduce soil erosion (e.g., ploughing, ground
cover, hedges). Farmers observed water erosion on 5% of the farms and affected
1%–5% of the agricultural land. Wind erosion was observed by farmers on 16% of
the farms and affected 1%–15% of their land.

Soil compaction evaluates practices that can positively or negatively affect soil
compaction. Harmful soil compaction was observed by farmers on 35% of the farms.
Heavy machines (i.e., machines with a wheel load above 2.5 tons) were used on
78% of the farms. Of the farms using heavy machines 22% also used them on arable
land with clayey soils; 22% used them on wet soils; and 60% applied intensive
cultivation of such soils (e.g., plowing, root crops). Soil conservation measures
(e.g., dual tires, low tire pressure or controlled traffic farming) when using heavy
machines were implemented by 65% of the farms, and 70% implemented measures
to improve soil stability (e.g., liming, interim greening or reduced tillage). The score
on soil compaction was higher for poultry farms compared to dairy farms. Of the
poultry farms, 64% used heavy machines, compared to 92% of dairy farms. Moreover,
poultry farmers did not observe harmful soil compaction at all, while 54% of the
dairy farmers did observe harmful soil compaction.

3.2. Animal Husbandry

The theme animal husbandry consists of five subthemes (Table 4). Vegetable
farmers included in this study did not have livestock; the scores are therefore based
on 32 farms with livestock. No difference between sectors was found for this theme,
while for the subthemes livestock productivity and quality of housing, a difference
between sectors was found (Table 4).

Table 4. Sustainability performance on the theme animal husbandry and related
subthemes for the dairy, pig and poultry sector (median, min–max).

Dairy Pigs Poultry p-Value

2. Animal husbandry 89 (73–95) 90 (84–96) 92 (84–95) 0.374
2.1. Herd management 100 (67–100) 100 (83–100) 100 (83–100) 0.612
2.2. Livestock productivity 65 (33–94) a 94 (75–100) b 98 (82–100) b 0.001
2.3. Possibilities for species-appropriate behavior 100 (58–100) 100 (100–100) 100 (100–100) 0.482
2.4. Quality of housing 100 (92–100) a 98 (91–100) a 90 (90–100) b 0.007
2.5. Animal health 75 (48–89) 67 (43–97) 73 (50–83) 0.287

a,b Different superscripts indicate significant differences between sectors (p < 0.05).

In the subtheme herd management, a farmer receives points for answers on
questions related to information about livestock, health management and criteria
for the selection of breeding animals. Of the farmers, 97% answered that they
regularly observe the animals and information about the animals is documented
and used for management. On health management, all farmers answered that
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they cleaned the barns properly, frequently and thoroughly and used preventive
measures, such as separating animals with infectious diseases and regular claw
trimming. Selection of breeding animals was generally made consciously considering
robustness, adaptedness and expected life performance (78%).

The score on livestock productivity is computed by comparing the productivity
of the animal category to the regional average and by taking into account farmers’
perception of product quality and developments in performance and quality over the
last five years (Box 2). Livestock productivity, without the scores on the perception of
quality (development), was lower for dairy farms compared to pig and poultry farms
(Table 4). The median livestock productivity at dairy farms (of all animal categories)
was 90% of the regional reference values, while the productivity at pig and poultry
farms was 108% and 105%.

The subtheme possibilities for species-appropriate behavior combines points for
the possibility for the animal to express behavioral needs and the livestock density
on the farm. Both aspects are evaluated by the auditor for each animal category
separately. For each species, RISE defined certain behavioral needs to be scored
on-farm (e.g., outdoor access, free moving space, clean floors).

Scores on the subtheme quality of housing are based on the auditor’s observation
of the cleanliness and amount of drinking places, protection from heat, light, air
quality and protection from noise, for each animal category. Poultry farms had a
lower score compared to dairy and pig farms on this subtheme. This difference is
mainly due to an ammonia odor in the barns observed at 67% of the poultry farms.

The score on the subtheme animal health is based on the farm data of each
animal category on animal treatment products used (i.e., share of animals treated
curatively), mortality and mutilation (e.g., dehorning in cattle, debeaking in laying
hens, castration in pigs).

3.3. Nutrient Flows

The theme nutrient flows consists of five subthemes (Table 5). No difference
between sectors was found for the theme nutrient flows, while the scores differed
between sectors for the subthemes N and P self-sufficiency and ammonia emissions.

The score on nitrogen balance is calculated by first calculating the nitrogen
demand at the farm level (based on the nitrogen demand of each crop and, if relevant,
exported organic material) and comparing this to the nitrogen supply (i.e., animal
husbandry, organic material and crops (through nitrogen fixation)). An optimum
nitrogen balance (100 points) is according to RISE between 90% and 110%, and a
poor balance (zero points) is lower than 30% or more than 180% of the demand.
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Table 5. Sustainability performance on the theme nutrient flows and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

3. Nutrient flows 61 (37–71) 66 (54–79) 51 (27–71) 62 (39–75) 0.057
3.1. Nitrogen (N) balance 74 (0–95) 88 (52–100) 45 (0–100) 93 (41–100) 0.332
3.2. Phosphorus (P) balance 0 (0–99) 60 (0–100) 23 (0–64) 69 (0–100) 0.182
3.3. N and P self-sufficiency 36 (0–78) a 90 (68–96) b 48 (10–81) a 50 (27–82) a 0.000
3.4. Ammonia emissions 100 (85–100) a 57 (32–68) b 62 (33–76) b 47 (20–60) c 0.000
3.5. Waste management 60 (30–95) 65 (5–80) 80 (50–85) 60 (40–95) 0.213

a–c Different superscripts indicate significant differences between sectors (p < 0.05).

Phosphorus balance scores are calculated using a similar approach and the
optimum as for nitrogen balance. RISE compares the demand of crops with the
supply from animals and imported organic material.

The subtheme N and P self-sufficiency compares the nitrogen and phosphorus
demand of livestock (i.e., feed) and crops to the on-farm supply. The scores of dairy
farms were higher compared to all other sectors as a result of a high degree (90%
median) of self-sufficiency in N and P in both feed and fertilizer in dairy farms
(Table 5).

The subtheme ammonia emissions calculates emissions from animal husbandry,
imported organic fertilizers and includes points for farm practices related to manure
storage, manure spreading and slurry injection. The absence of livestock on vegetable
farms resulted in lower ammonia emissions, hence a higher score compared to dairy,
pig and poultry farms (Table 5). In addition, dairy and pig farms scored higher
compared to poultry farms, which is related to a lower livestock density in dairy
farms (Table 2).

In the subtheme waste management, the environmental risks of the disposal
of twelve types of waste are assessed. Points are allocated to the different ways of
disposing waste. The scores varied between farms indicating different approaches to
dispose the various types of waste.

3.4. Water Use

The theme water use is based on the average score of four subthemes and
differed between sectors with a lower score for poultry farms compared to dairy and
pig farms (Table 6).
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Table 6. Sustainability performance on the theme water use and related subthemes
for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

4. Water use 77 (69–83) a,b 83 (69–90) a 80 (72–84) a 72 (61–84) b 0.026
4.1. Water management 75 (50–80) a 75 (50–90) a 53 (45–70) b 45 (35–80) c 0.000
4.2. Water supply 100 (90–100) 100 (80–100) 100 (50–100) 100 (90–100) 0.918
4.3. Water use intensity 26 (26–76) 67 (34–76) 74 (64–76) 62 (26–76) 0.068
4.4. Risks to water quality 100 (91–100) a 96 (77–100) a,b 100 (94–100) a 84 (75–100) b 0.027

a–c Different superscripts indicate significant differences between sectors (p < 0.05).

The score on the subtheme water management is based on points received for
farm practices related to water management (i.e., information on water availability
and quality, technical water-storing measures and hygienic recycling of waste water)
and the implementation of water-saving measures. Whereas 95% of the farmers had
access to information on water availability and quality and 87% recycled waste water
hygienically, only 11% implemented measures to increase the water storage capacity.
Vegetable and dairy farms scored higher compared to pig and poultry farms, as a
result of differences in the amount and type of water saving measures applied on the
farms. Moreover, pig farms scored higher than poultry farms.

The subtheme water supply evaluates problems on the farm related to water
supply (through minus points) and includes the regional value for water stress. A
decrease of water availability was observed by 3% of the farmers; 8% observed a
lowering of the ground water level; 5% observed a decrease of water quality; and
3% were confronted with water conflicts. Fossil groundwater was used by 14% of
the farmers.

Water use intensity compares the water demand for agricultural production
(i.e., crops, livestock and service) per hectare (in m3/year) with the regional moisture
index (a regional value for the availability of water, calculated from the FAO Moisture
Index [41]). The median water use intensity was 82 (0–100), and the regional value
for the moisture index was 51.

The subtheme risk to water quality evaluates risks to water quality caused by
storage facilities and effluent disposal and risks of nutrient input into the water.
Scores were lower for poultry farms compared to vegetable and pig farms (Table 6).
Of the poultry farmers, 45% indicated that areas with high nutrient input (e.g., as a
result of the outdoor run) are present, compared to 0% of farmers in the other sectors.
Moreover, 82% of the poultry farms had buffer strips along open water, compared to
92% of dairy farms and 100% of vegetable and pig farms. Frequent (at least once a
week) access of livestock to open water occurred on 9% of the poultry farms, 15%
of the dairy farms and 0% on pig farms and could cause local eutrophication or
water contamination.
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3.5. Energy and Climate

The energy and climate theme covers four subthemes (Table 7). No difference
between sectors was found for the theme energy and climate, while a difference was
found for the subthemes energy intensity of agricultural production and greenhouse
gas balance (Table 7).

Table 7. Sustainability performance on the theme energy and climate and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

5. Energy and Climate 49 (7–67) 53 (42–61) 60 (28–69) 61 (21–75) 0.251
5.1. Energy management 95 (25–100) 60 (45–100) 60 (25–75) 65 (35–85) 0.526
5.2. Energy intensity of agricultural production 0 (0–79) a 81 (63–91) b 60 (39–100) b,c 69 (0–92) a,c 0.010
5.3. Share of sustainable energy carriers 25 (2–68) 17 (10–40) 16 (7–42) 30 (7–76) 0.158
5.4. Greenhouse gas balance 83 (0–100) a,b 42 (18–74) a 100 (0–100) b 100 (0–100) b 0.012

a–c Different superscripts indicate significant differences between sectors (p < 0.05).

The score on energy management is based on points for energy saving measures
applied on the farm and monitoring of energy consumption. Energy consumption
was monitored on all farms. The type and number of energy saving measures,
however, varied strongly between farms.

Energy intensity of agricultural production is a comparison of the farm’s energy
consumption with the regional average. The energy consumption of the farm (in MJ
per ha) is a sum of all energy carriers multiplied with the energy density in MJ given
in the master data and is corrected for imported or exported contract machinery
work. Farm energy consumption of 25% or less of the regional average results in a
score of 100; a consumption of 175% or more results in a score of zero points. The
Danish reference value was 11,000 MJ per hectare. The score of vegetable farms was
lower compared to dairy farms and pig farms. In addition, poultry farms scored
lower compared to dairy farms (Table 7).

The subtheme share of sustainable energy carriers determines the share of
energy from renewable sources in comparison to the total energy consumption of
the farm (in MJ). On average, 25% of the energy consumption on the farms was
renewable. Although 44% of the electricity in Denmark is from renewable sources,
non-renewable energy from diesel and gas represented a large share of the energy
used on farms.

The greenhouse gas balance is calculated per hectare and includes emissions
from livestock, fuel and fertilizer use (i.e., energy consumed, imported and exported
machine work, N mineralization), carbon sequestration and afforestation and forest
clearing. Greenhouse gas emissions were higher for dairy farms compared to pig
and poultry farms, as a result of higher livestock related emissions in dairy farms
(Table 7).
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3.6. Biodiversity

The theme biodiversity consists of five subthemes (Table 8). No difference
between sectors was found for score on theme-level, while for the subthemes intensity
of agricultural production and diversity of agricultural production, differences were
found (Table 8).

Table 8. Sustainability performance on the theme biodiversity and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

6. Biodiversity 76 (69–91) 76 (56–92) 72 (57–85) 67 (49–82) 0.468

6.1. Plant protection management 100 (82–100) 100 (90–100) 100
(100–100) 100 (83–100) 0.142

6.2. Ecological priority areas 100 (45–100) 100 (23–100) 100 (41–100) 100 (40–100) 0.943
6.3. Intensity of agricultural production 81 (51–93) a,b 88 (81–95) a 69 (59–82) b 64 (47–72) b 0.000
6.4. Landscape quality 70 (50–90) 65 (20–100) 60 (10–100) 63 (15–100) 0.812
6.5. Diversity of agricultural production 68 (48–90) a 46 (29–71) b,c 48 (35–57) b 32 (18–52) b,c 0.005

a–c Different superscripts indicate significant differences between sectors (p < 0.05).

Plant protection management aggregates points for implemented biodiversity
conservation practices and the degree of toxicity and persistency of plant protection
products used. Crop rotation and selection of varieties based on resistance to pests
were implemented on all farms. Of the farms, 73% participated in biodiversity
programs. Plant protection products permitted in organic agriculture were used by
5% of the farmers.

Ecological priority areas is the share of land (including agricultural area, forest,
courtyard, open water, unused land) with a high ecological quality. The share on-farm
is compared to the regional target for the share of ecologically-protected areas (9% in
Denmark). The median share of land with ecological quality was 10%, with a range
from 2%–62%.

Intensity of agricultural production aggregates the calculated intensity of
nitrogen fertilization, livestock density and intensity of plant protection products
and points for biodiversity promoting measures applied on the farm. Dairy farms
scored higher compared to pig and poultry farms, which is related to the number
and type of biodiversity-promoting measures implemented and a higher livestock
density in LU/ha in pig and poultry farms (Tables 2 and 8).

The score on landscape quality is based on points allocated to the development
of ecological elements that structure the landscape and the share of agriculture
areas in the vicinity of ecological landscape elements (i.e., within a buffer of 50 m
around all ecologically-valuable habits, e.g., trees bushes, hedges, stone heaps
and ecological priority areas). The farms’ median share of areas in the vicinity
of ecological landscape elements was 37% with a range of 10%–100%; the regional
target was 100%.
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In the subtheme diversity of agricultural production, a farm receives points
for diversity in land use types, crop species and varieties in cultivation, old and
endangered crop species, livestock breeds, old and endangered breeds and bee
keeping. Vegetable farms scored higher compared to all other sectors. In addition,
pig farms have a higher score compared to poultry farms. Old and endangered
crop species were grown on 19% of the farms of which 57% was on vegetable farms.
On 57% of the farms, bees were kept. For livestock farms, the presence of old and
endangered livestock breeds is considered. As old and endangered livestock breeds
were absent on 97% of the farms, the score of these livestock farms is lower.

3.7. Working Conditions

The theme working conditions covers four subthemes (Table 9). No differences
were found in the scores between sectors for the theme working conditions or for the
four subthemes (Table 9).

In the subtheme personnel management, fifteen aspects are evaluated by all
interviewees (farmer and farm workers). Based on their answers, points are allocated
to reflect the farm performance on aspects such as housing of employees, education
of apprentices, working contracts, assurance of replacement of work forces, illness
benefit, equality and forced labor. In the aggregation, the minimum scores on three
aspects (equality (gender), equality (other e.g., age, religion or origin) and forced
labor are taken, while for the other aspects, the average score is used. All farm
workers interviewed had a work permit; 97% participated in ongoing training; and
on 38% of the farms apprentices were trained.

Table 9. Sustainability performance on the theme working conditions and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry

7. Working conditions 86 (63–90) 82 (43–95) 77 (46–92) 75 (59–85)
7.1. Personnel management 90 (87–100) 93 (80–100) 93 (80–100) 90 (80–100)
7.2. Working times 80 (29–98) 69 (1–100) 61 (9–87) 58 (17–98)
7.3. Safety at work 98 (95–100) 98 (72–100) 100 (71–100) 92 (61–100)
7.4. Salaries and income level 49 (24–95) 70 (17–100) 74 (22–100) 49 (25–73)

In the subtheme working times, the working time (i.e., hours, days, holidays)
of employees and self-employed farm workers are compared to regional reference
values. In addition, compensation of overtime is considered. Scores on working time
for employees were 93 (39–100), whereas for family members, this was 34 (1–97). A
cause for the lower score for family members is a higher number of working hours
and working days per week for family workers.
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Safety at work covers farm-related incidents (i.e., accidents and illnesses),
implementation of a safety strategy, safety of pesticide use and veterinary
treatments and child welfare. On 73% of the farms, no occupational accidents or
illnesses occurred in the last five years, and 67% had implemented a professional
safety strategy.

The subtheme salaries and income level determines the salaries and income
level of employees and self-employed workers. It calculates the attractiveness of the
hourly wage paid to employees and family members compared to minimum hourly
wage. An attractive income in Denmark is set at double the minimum wage. Based
on this regional target, an attractive hourly wage for both employees and family
members was reached on 8% of the farms.

3.8. Quality of Life

Scores for the theme quality of life are derived from five subthemes. The
farmer or farm-worker can define an additional sixth subtheme if he/she considers it
important for his/her quality of life. In total, 15 of the 37 assessments included a score
on this sixth subtheme further aspects of life. For the other assessments, the score was
based on the five subthemes given in Table 10. No difference between sectors was
found for the theme quality of life, while for the subtheme occupation and education,
a difference was found (Table 10). The voluntary evaluation of the theme quality of
life is based on one or more farm workers. The procedure for the assessment of each
subtheme is the same; the interviewee is asked to rate the importance (i.e., weight)
and his or her satisfaction on aspects related to the subtheme. The importance and
satisfaction are both evaluated on a five-level Likert scale. The procedure for each
subtheme is similar; therefore, we do not discuss all subthemes in detail, except for
the one in which differences were found.

The subtheme occupation and education covers the importance and satisfaction
on occupation, education and ongoing training. Scores were lower for vegetable
farms compared to dairy and poultry farms. Vegetable farmers were less satisfied
with regard to their ongoing training.
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Table 10. Sustainability performance on the theme quality of life and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

8. Quality of life 70 (64–91) 83 (32–96) 81 (52–89) 81 (71–92) 0.351
8.1. Occupation and education 71 (54–83) a 85 (38–100) b 82 (63–88) a,b 89 (72–100) b 0.047
8.2. Financial situation 81 (71–100) 75 (25–89) 84 (11–89) 75 (55–100) 0.633
8.3. Social relations 88 (64–100) 89 (25–100) 88 (38–100) 89 (70–100) 0.662
8.4. Personal freedom and values 71 (54–83) 78 (38–100) 75 (45–96) 75 (66–100) 0.549
8.5. Health 65 (62–88) 80 (38–89) 84 (63–100) 75 (55–100) 0.304
8.6. Further aspects of life 88 (75–100) 88 (25–100) 88 (60–100) 75 (50–100) 0.981

a,b Different superscripts indicate significant differences between sectors (p < 0.05).

3.9. Economic Viability

The theme economic viability covers six subthemes (Table 11). No difference
was found between sectors for the theme; however, a difference was found between
sectors for four out of six subthemes (Table 11). As not all farmers were able or
willing to share their economic results, assessment results of 32 farms were included
(Table 11).

Table 11. Sustainability performance on the theme economic viability and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables (n = 3) Dairy (n = 12) Pigs (n = 8) Poultry (n = 11) p-Value

9. Economic viability 65 (57–88) 47 (26–78) 55 (44–71) 69 (31–88) 0.093
9.1. Liquidity reserve 55 (30–100) a 62 (13–100) a 18 (7–31) b 47 (10–100) a 0.039

9.2. Level of indebtedness 98 (89–100) a 47 (0–97) b 75 (58–100)
a,b 85 (29–99) a,b 0.037

9.3. Economic vulnerability 76 (68–76) a 76 (55–82) a 62 (52–71) b 69 (51–77) a 0.018
9.4. Livelihood security 13 (0–100) 63 (37–100) 81 (32–100) 50 (24–98) 0.479
9.5. Cash flow–turnover ratio 61 (23–100) a 7 (0–46) b 34 (0–100) a 48 (11–100) a 0.010
9.6. Debt service coverage ratio 91 (80–98) 29 (0–100) 66 (0–100) 85 (0–99) 0.131

a,b Different superscripts indicate significant differences between sectors (p < 0.05).

The score on the subtheme liquidity reserve is calculated by comparing the
liquid assets to the total farm expenditure (including private expenditure) and is the
average of the examined financial year. The liquidity reserve that can be used to
meet financial obligations is expressed in weeks and compared to regional reference
values. In Denmark, a minimum liquidity reserve is 15 weeks (33 points); optimal is
25 weeks (66 points); and ideal is 40 weeks (100 points). The liquidity reserve was
lower for pig farms compared to vegetables, dairy and poultry farms (Table 11). This
could be related to the generally lower economic results for pig farms in 2013 [42].

In the subtheme level of indebtedness, the total borrowed capital (short and
long debts) and liquid assets are compared to the operational cash flow to determine
the number of years required to pay off debts with the current cash flow. The Danish
reference values consider a low level of indebtedness of 10 years (66 points); medium
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is 20 years (33 points); and a high level is 50 years (zero points). Dairy farms had a
higher level of indebtedness (median 16 years) resulting in a lower score compared
to vegetable farms (median one year).

Economic vulnerability evaluates the vulnerability of each revenue source
(i.e., secondary activities, direct payments and operation branches) based on the
farmers’ perception of market trends, infrastructure condition and income security.
In addition, the main income source (percentage of total business value) is determined
to evaluate the concentration risk. Pig farmers evaluated the market trends,
infrastructure condition and income security less positive, resulting in lower scores
on economic vulnerability compared to vegetable, dairy and poultry farms.

The subtheme livelihood security compares the private household expenditure
to the household expenditure target (poverty threshold; basic household needs of a
single person or family in Denmark (e.g., food, clothes, health, housing, transport
costs)). An income sufficient to meet the basic needs (100%) is awarded 34 points. An
attractive income of 200% or more than the basic needs is awarded 100 points. Based
on these reference values, 13% of the farmers did not have an income sufficient to
meet the basic needs, while 28% of the farmers had an attractive income.

The subtheme cash flow-turnover ratio evaluates the profitability of the farm. It
compares the operational cash flow to the business turnover (i.e., farming income,
secondary activities and success of financial investments). A cash flow-turnover ratio
of 20% results in a score of 33 points, 35% in 66 points and 55% in 100 points. The
scores were lower for dairy farms compared to vegetable, pig and poultry farms.

The debt service coverage ratio compares the debt service (interest and
mandatory amortization) to the operational cash flow. If the short-term debt service
exceeds the operational cash flow (110%) zero points are awarded; a medium debt
service ratio of 85% results in 33 points; and a low ratio of 50% in 66 points. On 16%
of the farms, the short-term debt service exceeded the operational cash flow.

3.10. Farm Management

The theme farm management includes five subthemes (Table 12). No difference
between sectors was found for the theme farm management, while for the subtheme
planning instruments and documentation, a difference was found.
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Table 12. Sustainability performance on the theme farm management and related
subthemes for the vegetable, dairy, pig and poultry sector (median, min–max).

Vegetables Dairy Pigs Poultry p-Value

10. Farm management 78 (72–98) 78 (60–96) 83 (70–95) 75 (62–95) 0.274
10.1. Farm strategy and planning 63 (50–100) 75 (25–100) 88 (38–100) 75 (25–88) 0.311
10.2. Supply and yield security 79 (64–100) 86 (71–100) 93 (79–100) 93 (86–100) 0.136
10.3. Planning instruments and documentation 91 (76–98) a 95 (78–100) a,b 98 (92–98) b 91 (69–98) a 0.040
10.4. Quality management 90 (83–99) 90 (51–95) 95 (70–96) 83 (65–99) 0.116
10.5. Farm cooperation 67 (50–100) 58 (17–100) 63 (17–92) 33 (17–92) 0.212

a,b Different superscripts indicate significant differences between sectors (p < 0.05).

In the subtheme farm strategy and planning, a farmer receives points for
having a farm strategy and formulated measures for improvements on economic,
environmental and social aspects (Box 1). Although the majority of farmers
had a farmer strategy (65% yes, 32% “partly”), not all farmers defined short- or
medium-term measures for improvements on economic (14% “no”), environmental
(16% “no”) and social aspects (35% “no”).

In the subtheme supply and yield security, a farmer evaluates aspects that
negatively affected the supply and yield in the last five years (i.e., shortages in energy,
work force, water, nutrients or problems related to marketing, equipment or diseases
and pests). The main problems that negatively affected yield and farm income were
“diseases, pests, weeds or fungi” (8% “yes”, 27% “partly”) and “marketing” (8%
“yes”, 19% “partly”).

The subtheme planning instruments and documentation evaluates the use
of planning tools and documentation for personnel management and production.
It covers documentation on farm performance, personnel management, livestock
production, soil management, energy, water, as well as risk insurance and expert
consultation. Scores were higher in pig farms compared to poultry farms and
vegetable farms as a result of higher scores on personnel management and product
(Table 12).

Quality management evaluates the control of product quality, bookkeeping
quality, work safety and waste management. Product quality and bookkeeping
quality were fully and regularly controlled on all farms. Scores on the subthemes
waste management and work safety were lower, as discussed in Sections 3.3 and 3.7.

The score on the subtheme farm cooperation is based on the level of cooperation
with other farmers on land use, machines, buildings, work force, collective purchase
of inputs and sale of products. Cooperation was mainly focused on sales of products
(78% “yes” and 19% “partly”), land use (54% “yes” and 27% “partly”) and machines
(51% “Yes” and 30% “partly”) and least on buildings (49% “no”).
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3.11. RISE Polygon

To summarize, the median scores on the theme level per sector are presented in
the RISE 2.0 polygon (Figure 2). The sustainability performance of vegetable, dairy
and pig farms is positive (>67 points) for seven out of 10 themes and in poultry farms
for eight themes. The performance on nutrients flows and energy and climate is
critical (34–67 points) for all sectors, according to RISE. The performance of vegetable,
dairy and pig farms is also critical for the theme economic viability. None of the
sectors has problematic (<33) median scores at the theme level, while at the subtheme
level, the scores of 6%–11% of the subthemes (dependent on the sector) can be
considered problematic. The share of subthemes in the category critical ranges from
20%–31% and in the category positive 63%–70%. The sustainability performance on
one theme (water use) and 33% of subthemes differed between sectors.
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4. Discussion

We used RISE 2.0 to analyze the sustainability performance of organic farms
in Denmark and to analyze differences in the performance between sectors.
Participation of farms was based on a selection by processing companies and
voluntary participation. Generalizations based on this not necessarily representative
sample should be taken with care. Next to the sustainability performance of the
farms, the results provided insight into the assessment approach of RISE. RISE
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facilitates the assessment of a wide variety of themes and subthemes and aggregates
different types of data: points, quantitative farm data, regional and master data.
By allocating points to possible answers, the tool facilitates qualitative data to be
included in the assessment. This normalization process is needed to transform the
data into units (e.g., 0–100) that can be integrated in the tool and aggregated with
other indicators [43,44]. This procedure enables the assessment of issues that tend
to be left out of sustainability assessments due to the challenge in assessing and
quantifying such information [45]. Transforming such qualitative data into scores,
however, requires decisions on the number of answers and the allocation of points
to each answer. In the example mentioned in Box 1, the farmer has three possible
answers: yes, partly or no, with 100, 50 and 0 points, respectively. This has an
influence on the possible score a farmer can obtain. Moreover, for an auditor, it
can be challenging to decide when an answer corresponds to, for example, yes or
partly [2]. In RISE, 37% of the subthemes are exclusively based on points, and an
additional 41% of subthemes use points in addition to other data types. In the
interpretation and communication of the results, the role of decisions made in the
development of a tool, such as the number of possible answers and allocated points,
needs to be acknowledged [46].

The analysis of the assessment results showed differences in the sustainability
performance between sectors on subthemes, such as N and P self-sufficiency,
ammonia emissions, greenhouse gas emissions, energy intensity and diversity
of agricultural production related to differences in farming systems (e.g.,
presence/absence of livestock). This raises the question of whether the use of a
generic approach, without sector-specific comparisons, is valid. A sector-specific
comparison would, however, disable a comparison between the performances of
sectors. Differences in the performance on the subthemes water management,
occupation and education and planning instruments and documentation could not be
explained and might be related to the selection of farms and/or auditors involved in
the assessment. Due to the relatively high number of auditors involved in this study,
their role could not be assessed. Experiences with other tools, however, indicate that
the auditor plays a role in the assessment result [2,47].

Next to decisions related to the point-based data and the assessment approach,
also decisions made in the selection of indicators, reference values, weights and
aggregation methods have an impact on the assessment results. In the selection of
reference values, for example, we used Danish reference values that were not specific
for organic farming. This had an impact on the scores because of the generally lower
productivity in organic farming, as shown by results on crop productivity [11,14].
Whereas the comparison of farm productivity to regional reference values makes the
tool more context specific, it also increases the dependency on the quality of regional
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reference values and reduces the possibility to compare the performance between
regions [48].

To summarize the datasets and clarify the assessment results, different
aggregation functions are used in sustainability assessment tools [49]. In RISE,
the score at the theme level is determined by the average score (arithmetic mean) of
the subthemes; as a result, all subthemes become equally important. Although this
aggregation allows a quick overview of the sustainability performance, it can result
in the compensation of poor scores. For example, in the subtheme crop productivity,
the median scores of all sectors are considered as critical, whereas the scores at the
theme level (soil use) are positive. Without the consideration of the underlying data,
the aggregated scores can lead to simplistic conclusions [44]. At the subtheme level,
this type of aggregation is used, as well; however, in several subthemes, a ‘risk-based
approach’ is used, for example in the subtheme personnel management; instead of
the average, the minimum score on indicators related to equality and forced labor is
taken to reduce the compensation of poor scores.

To select indicators, different criteria can be used, such as sensitivity, precision,
affordability and time demand [46,50]. How these criteria are prioritized is dependent
on the context and perspectives of those involved in developing the tool [46]. A
recent study showed that even amongst sustainability experts, a lack of consensus
on what is most important in selecting sustainability indicators can be observed [46].
Once indicators are selected, methods for data collection and calculation are defined.
Again, these decisions, for example to express greenhouse gas emissions per hectare
instead of per kg product, have an influence and can lead to different conclusions [51].
In addition, the assessment of indicators related to, for example, the subthemes farm
management, working conditions and quality of life, farm size is not taken into
account, whereas this might play a role. This emphasizes the need for transparency
and reflection on the role of decisions and value judgements in sustainability
assessment tools and is important to be able to explain their implications for the
assessment results [46,52–54].

As the concept of sustainable development is evolving, so are sustainability
assessment tools. Some of the comments made in this paper may therefore already
be addressed in new versions of the tool and reference values. For example, in the
new version of RISE (RISE 3.0, available since 2016), direct input of data from other
tools, such as greenhouse gas calculations, is enabled. This could allow more precise
data to be entered and reduce time investments; yet, also here, transparency in how
these data were calculated and what has been included and excluded is crucial.

Marchand, Debruyne, Triste, Gerrard, Padel and Lauwers [7] identified a
continuum from rapid to full sustainability assessments. Rapid sustainability
assessment tools are, for example, self-evaluations of farmers based on their
knowledge and can be characterized by a limited time investment, low costs, low
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complexity, high subjectivity, transparency and user-friendliness. Full sustainability
assessments are expert-based assessments with high time investment and costs, high
complexity and scientifically underpinned output accuracy, with lower transparency
and user-friendliness. Given these characteristics, rapid sustainability assessment
tools are particularly applicable to raise awareness and interest in sustainability
among larger groups of farmers [7]. Full sustainability assessment tools are more
focused on monitoring and support farmers interested in sustainability and willing
to invest time and money [7]. RISE can be positioned in between these extremes
and is confronted with the challenge of balancing in between the characteristics of a
rapid and full sustainability assessment tool, for example by combining subjective
and more scientifically underpinned data, and combining precise and accurate
measurements with user-friendliness and transparency. Similarly, Marchand,
Debruyne, Triste, Gerrard, Padel and Lauwers [7] indicated that combining functions
(i.e., learning and monitoring) in a sustainability assessment tool can cause tensions.

In a recent study comparing different sustainability assessment tools, RISE
was considered by farmers as a relevant tool to gain insight into their sustainability
performance [2]. The use of a context-specific approach using regional reference
values, the input of quantitative farm data and the user-friendliness were aspects
contributing to the perceived relevance. Additional efforts, however, are needed to
support farmers in translating the sustainability assessment results into sustainable
development at the farm level [2,54]. Further research is needed to evaluate
the implementation of the sustainability assessment results and to reflect on the
contribution of RISE to the learning and monitoring of sustainability at the farm level.

5. Conclusions

The sustainability performance of 37 organic farms in Denmark was assessed
using RISE 2.0. RISE contributes to the diversity of sustainability assessment
tools by providing its own perspective on how to assess sustainability. Decisions
made in the development of a tool like RISE, such as the selection of themes
and indicators, reference values, weights and aggregation methods, influence the
assessment results. This emphasizes the need for transparency and reflection on
decisions made in sustainability assessment tools. Although all decisions made in
the development of RISE can be debated, the outcomes of RISE are a starting point to
discuss sustainability at the farm level and to contribute to awareness and learning
about sustainability.
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Abstract: Over 1000 hectares of citrus fruits crops are grown in the Bajo Andarax
district in Almeria (Spain). The withdrawal of EU subsidies for conventional
production led to a drastic loss of economic profitability of the holdings and,
consequently, the abandonment of most of the conventionally managed farms of
the district. In this context, a restructuring of the citrus sector from conventional to
organic farming was implemented as a strategic measure to achieve the long-term
sustainable development of the holdings. This study examines the citrus sector of
the district and performs a comprehensive evaluation of the economic sustainability
of this shift from conventional to organic production. In addition, the impact of
the restructuring of the sector on the social sustainability both at the farm level
and at the municipality level is studied. The results of the study are of interest
to other agricultural areas of compromised profitability in which a shift towards
organic production can represent a viable alternative for the economic and social
sustainability of the holdings.

Reprinted from Sustainability. Cite as: Torres, J.; Valera, D.L.; Belmonte, L.J.;
Herrero-Sánchez, C. Economic and Social Sustainability through Organic Agriculture:
Study of the Restructuring of the Citrus Sector in the “Bajo Andarax” District (Spain).
Sustainability 2016, 8, 918.

1. Introduction

The ability of any sector to support a defined level of development is directly
linked to the fulfillment of the principles of sustainability [1]. Sustainability is a
three-dimensional concept that encompasses economic, environmental, and social
aspects [2]. In this context, the shift from conventional to organic farming practices
can contribute to the sustainability of those areas that would be otherwise at risk of
abandonment, as reported by other authors [3].

Spain has a long tradition in citrus fruit agriculture and has increased its total
production in recent years. The country’s annual 7 million tons of citrus fruit
production (3000 million €) is surpassed only by China, Brazil, the USA, India,
and México [4].
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In 2015, Spain dedicated 299,518 hectares to citric crops, 7020 of which were
farmed organically. Oranges are the most commonly grown citrus fruit in the world,
and this also holds true for Spain, where 148,777 hectares were grown last year [5].

The Bajo Andarax district of Almería accounts for 1080 hectares of citric fruit
crops, over half of which are dedicated to the so-called “white” varieties of lesser
organoleptic quality, which are largely unsuitable for fresh produce but are in great
demand for juice (Figure 1). The lack of alternative sources of employment in the area
means that the need to maintain these crops is not only a major economic concern,
but also a social priority.Sustainability 2016, 8, 918 2 of 14 
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Figure 1. Intensive areas of organic citrus in the Bajo Andarax district (Almería). In
red, the municipalities of Santa Fé de Mondújar and Gador, which are the object of
the present study.

Most villages in this district enjoy limited options for economic growth, have
a very aged population, and suffer from high unemployment rates [6]. From
an environmental point of view, citrus crops also play an important role in the
semi-arid surrounding landscape, since without them desertification would progress
in the area.

Traditionally, citrus farming in the region received economic subsidies for
transformation from the former common organization of the market (COM).
However, the reform of the common organization of the citrus market led to a drastic
change in the economic prospects of the farming sector of the Bajo Andarax district.
Indeed, with aid awarded according to the area of cultivated land (350 €/ha) rather
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than the volume of production, a substantial gap between actual production and the
aid received led to a sharp decline in the profitability of the orange plantations, with
an overall drop of profitability of 60%. This decrease in profitability, in turn, resulted
in the abandonment of the majority of the conventional “white” orange plantations
and the socio-economic collapse of the district.

In this context, the Agricultural Processing Society (Sociedad Agraria de
Transformación, or SAT, by its acronym in Spanish) “SAT Cítricos del Andarax”
played a major role in the restructuring of the citrus sector in the Bajo Andarax
district. A “Sociedad Agraria de Transformación” is a cooperative-type association of
independent farmers with both economic and social objectives, and to which the
totality of the production of the farmers is allocated. Since the further exploitation
of conventional varieties was deemed economically unfeasible, the diversification
into higher-value crops was considered the best alternative for the majority of the
small and medium-sized farms of the district as a means to guarantee not only the
socio-economic feasibility of the holdings, but also the reform of the sector in line
with a climate-smart agricultural approach [7].

Purchasing preferences of European consumers have shifted in the last decades
towards the consumption of natural products with little presence of chemical
agents. In this context, sales of organically farmed produce have climbed to 3%
of the total marketed produce from practically null, and are expected to double
in the coming years [8]. Organic farming is increasing its share of the world food
market and receives growing support from agricultural policies concerned with
sustainability [9,10]. Despite the fact that the desire for sustainable agriculture is
universal [11], there is no consensus on how to achieve such an ambitious goal [12].
Organic farming has been considered in prior research as an important means to
ensure sustainable development [1]. In this context, organic farming is viewed
as a means to produce food through the integration of cultural, biological, and
mechanical practices aimed at preserving natural resources, biodiversity, animal
welfare, and human health [13]. In addition, organic products are greatly appreciated
by an increasing share of consumers, who consider them of higher quality, mainly
due to the lack of chemical products used during the production or conservation
phase, which, in turn, allows a more sustainable and environmentally friendly supply
chain [14,15].

Taking into account that organic farming has been shown in other cases to result
in higher economic and financial results than conventional farming, due to both
reduced labor input and greater market appreciation [3,16–18], SAT Cítricos del
Andarax performed a thorough analysis of the legislation regulating organic farming
in Europe in order to study the feasibility of a shift of the conventionally-managed
farms of the district, which were in a situation of semi-abandonment, towards organic
farming. In general terms, organic farming requires the avoidance of GMO and
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ionizing treatments, as well as of synthetic chemical products (such as pesticides,
herbicides, fertilizers, waxes, and preservatives) in the cultivation, handling, and
commercialization of produce. In the context of a shift towards organic farming, the
SAT plays a major role in regulating the use of numbered labels or seals of quality
that certify the produce’s organic production, which are awarded after the control by
the Organic Farming Committee and its authorized control bodies has taken place.

The application of EU regulations regarding organic farming was a priority
for the Bajo Andarax citric plantations. Interestingly, the previous state of
semi-abandonment of the plantations due to the economic unfeasibility of the
holdings facilitated the shift to organic farming, since it is mandatory in any
organic certification scheme to verify that the holdings under consideration have
not been subjected to the aggressive use of fertilizers, herbicides, and plant
protection treatments.

In the Bajo Andarax district, the municipalities of Santa Fé de Mondújar and
Gádor have the highest density of organic citrus farming (90% of the total) of the
district. SAT Cítricos del Andarax, in turn, plays a considerable role in the citric sector
at the district level. Indeed, SAT Cítricos del Andarax sells over 85% of the district’s
citrius production, and its associates manage 450 hectares of certified organic farming
inside the district and another 240 hectares in other territories.
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The present work analyzes the suitability of conversion from conventional to a
totally organic production scheme in the Bajo Andarax district of Almería (Figure 2).
It also studies the recent changes in marketing focus, from selling “white” varieties to
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the fruit juice industry to the fresh marketing of organic farm oranges, which provide
40% more return than conventional citrus sales thanks to the increased demand for
organically farmed citrus in the EU. This higher demand made it possible for SAT
Cítricos del Andarax to start a new business line in organic orange juice, which
boosts the added value of the members’ crops by using the discards from both fresh
market citrus and white varieties for juice.

2. Materials and Methods

Two municipalities were considered in our study, namely, Gádor and Santa Fe
de Mondújar. The selection of these municipalities was based on three criteria. First,
these municipalities account for more than 85% of the production of citrus in the
Bajo Andarax district and are therefore highly representative of the citrus sector in
this area. Second, both territories are neighboring municipalities, thus guaranteeing
similar agronomic and geoclimatic conditions (Table 1). Finally, SAT Cítricos del
Andarax accounts for 66.78% of the employment provided by private companies in
these municipalities [19], which, in turn, provides ideal conditions for the study of
the impact of the farmers’ association on the economic and social sustainability of
the territory.

Table 1. Agronomic and geoclimatic frame conditions of the study.

Municipality Altitude
(m)

Surface
(km2)

Annual
Rainfall (mm) Climate Main

Crops
Watering
Regime

Gádor 166 87.7 249 Continental
Mediterranean

Orange Flood Irrigation
Santa Fe de
Mondújar 217 34.9 271

2.1. Economic Sustainabilty

The analyzed data comprised 44 plantations producing the two main varieties
of orange in the area (navelina and castellana) under both conventional and organic
cultivation systems (Table 2). Due to the difficulties of carrying out an entirely
random sampling of the farms, a stratified sampling that guarantees the validity of
the sample [20] was performed according to the number of surveyed plots in the
region and their typology.

35



Table 2. Sample distribution according to type of crops and variety.

Crop Type Orange
Variety

Sampled
Surface (ha)

Number of
Sampled Farms

Organic farming Navelina 6.7 13
Castellana 9.7 14

Conventional
farming

Navelina 2.2 4
Castellana 6.4 13

Total 25 44

The sample consisted of 44 plots which make up 25 of the 1080 orange crop
hectares in the district and featured no newly-built farms, as the aim of the study
is to analyze the changes triggered by the restructuring of the sector from the old
plantations to organic farming. The sample was initially expected to cover 50 hectares,
but only 25 of these were found to include adequate cost management mechanisms.
Nonetheless the 44 plots surveyed represent a valid sample of the number of the
surveyed plots, with a 12.09% margin of error and a 95% level of confidence. All
of the farms under consideration had grown conventional orange crops for at least
10 years prior to the start of the study.

Both conventional and organic farms in this sample use conventional flood
irrigation and have an average area of under one hectare. The predominant planting
pattern is 6 m × 4 m between trees for the navelina variety and 6 m × 6 m for
the castellana variety. All plantations combine “white” varieties of castellana
oranges, which are intended for the processing industry, and navelina oranges
for the fresh market.

The economic sustainability of the cropping systems has been assessed by means
of appropriate indices, as previously employed in the literature [3,16,17]. Table 3
summarizes the indicators of economic sustainability employed in the study.

Table 3. Economic sustainability indicators employed in the study.

Indicator Measure Source

Net Present Value
Profitability of the investment Testa et al. [3]

Sgroi et al. [16]
Sgroi et al. [17]

Internal Rate of Return
Discounted Cost-Benefit Rate

Discounted Pay-Back Time Return period of an investment

An economic analysis was performed in order to determine the Net Present
Value (NPV), the Internal Rate of Return (IRR), the Discounted Cost-Benefit Rate
(DCBR), and the Discounted Pay-Back Time (DPBT), in accordance with the
methodology proposed by Sgroi et al. [16].
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The Net Present Value (NPV) was calculated by the difference between the
discounted gross income values generated during the investment life of the project or
investment and the corresponding fixed costs [21] by means of the following formula:

NPV = ∑n
I=0

GIi − FCi

(1 + r)i (1)

where GI represents the gross income, FC are the fixed costs, n corresponds to the
lifetime of the investment, and i and r are the year under consideration and the
discount rate, respectively. In this formula, GI is calculated as the difference between
gross production value and variable costs. In our study, the lifetime of the investment
was 25 years and the discount rate is set to 5%, considering market conditions. By
employing this criterion, an investment is deemed convenient if the NPV is positive;
in the case of two alternative investment projects, the one providing the highest NPV
is to be chosen [16,22].

The Internal Rate of Return (IRR) is the discount rate at which NPV equals zero,
i.e., the discount rate at which the discounted benefits are equal to the discounted
costs [16]. By using this criterion, an investment is deemed convenient if its IRR
exceeds the chosen alternative discount rate [23].

In addition, the Discounted Cost-Benefit Rate (DCBR) was calculated to assess
the economic sustainability of the cropping systems. The DCBR is defined as the ratio
between the discounted gross income values generated during the investment life
and the corresponding fixed costs. The following formula is employed to calculate
the DCBR:

DCBR =
∑n

I=0
GIi

(1+r)i

∑n

I=0
FCi

(1+r)i

(2)

According to this economic indicator, a ratio greater than 1 reveals a financially
convenient investment [24] since the sum of the gross revenue provided by the
investment exceeds the sum of the fixed costs.

Finally, the economic indicator DPBT has been employed in the study. DPBT
corresponds to the number of years for which the sum of the discounted gross income
equals the sum of the fixed costs [25].

In order to determine these indicators, an analysis of the information from
the representative sample of plots in the study was performed by identifying
the structure of costs and revenues of each farm. To this end, the structure and
quantification of costs, income, and timeframe based on the methodology proposed
by Juliá and Server [26] was employed.
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Income was defined as the average settlement price of conventional and
organically farmed navelina and castellana varieties over the last two years, for
which internal price data of SAT Cítricos del Andarax was used.

The timeframe to analyze the profitability of both organic and conventional
farms was set at 25 years. All farms were farmed by using conventional farming
methods for the first 11 years (years 1 to 11). Then, a two-year period was established
for the conversion from conventional to organic farming (years 12 and 13); during
this period, the farms were adapted to meet the administrative requirements for the
certification of organic production, which was then obtained at the end of year 13.
Finally, the farms were completely managed with organic production methods during
the last 12 years of the study (years 14 to 25).

2.2. Social Sustainability

A substantial body of research has been developed in the last years with regard
to the environmental and economic dimensions of sustainability. However, less
attention has been paid in the literature to the social dimension of sustainability [2].
In addition, literature devoted to social sustainability is highly focused on specific
research contexts, thus hindering the attainment of an integrative, all-encompassing
framework of social sustainability [27].

Social sustainability was assessed in our study by selecting a number of
indicators proposed in the literature for which relevant quantitative data was
available. Table 4 summarizes the indicators of social sustainability employed in
the study. The differentiation between internal (i.e., at organization level) and
external (i.e., at the territory level) social sustainability dimensions proposed by
Van Calker et al. [28] was employed as a first classification criterion. Farm-level data
was collected and analyzed to evaluate those indicators related to internal social
sustainability, whereas municipality-level data was employed for the assessment of
external social sustainability.

The study of the impact of the restructuring of the sector led by SAT Cítricos
del Andarax on the social sustainability of the municipalities was possible due to
the very high degree of interdependence between the farmers’ association and the
socioeconomic conditions of the territory since the association accounts for 66.78% of
the employment of private companies in these municipalities [19].

In order to determine the impact of the restructuring of the sector on social
sustainability, the evolution of these indicators was assessed during a 10-year period
between 2001, the last year in which conventional farming was practiced, and 2011, a
representative year of full organic production for which statistical data was available.
This methodology allowed a direct comparison between the indicators of social
sustainability in the period of conventional production and those obtained during
organic-only production.
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Table 4. Social sustainability indicators employed in the study.

Scope Indicator Source Measure

Internal social
sustainability

Educational
attainment Dillon et al. [29] Increase of the percentage of

qualified personnel in the association

Employment creation Manara and Zabaniotou [30] Increase of the number of workers in
the association

In-house training Amaral and La Rovere [31]
Veldhuizen et al. [32]

Increase of the number of on-the-job
training hours per worker and year

Workforce gender
balance Mani et al. [2] Increase of the percentage of female

personnel in the association

External social
sustainability

Employment Amaral and La Rovere [31] Increase of unemployment rate

Education level Weingaertner and Moberg [27]
Amaral and La Rovere [31]

Increase of the proportion of
population with secondary or
tertiary education

Data for the assessment of the internal social sustainability was obtained from
the historical record of SAT Cítricos del Andarax. In addition, the evolution of
the social sustainability indicators of the farmers’ association during the period of
study was compared to the evolution of the same indicators in the two immediate
geographic aggregation levels, i.e., the province of Almería and the region of
Andalusia. This provided a valuable comparison with the reference territories and
allowed the drawing of meaningful conclusions with regard to the evolution of the
social sustainability indicators in other reference territories in which the farmers’
association had no influence.

Statistical datasets for these territories were obtained from the Multi-territory
Information System of Andalusia (Sistema de Información Multiterritorial de Andalucía,
SIMA, by its acronym in Spanish) published by the Andalusian Institute of Statistics
and Cartography of the Regional Government of Andalusia [33]. Unemployment
rates at the regional and provincial levels were obtained from the historical series of
the National Institute of Statistics (Instituto Nacional de Estadística, INE, by its acronym
in Spanish) of the Spanish Ministry of Economy and Competitiveness [34].

Among the internal social sustainability indicators, education attainment was
assessed as the increase during the period of study of the percentage of qualified
personnel, defined as the proportion of personnel with secondary or tertiary
education in the association. This result was then compared to the same measure
in the province of Almería and in the region of Andalusia. As a further indicator of
internal social sustainability, employment creation was determined as the increase of
the number of workers in the organization over the period of study. This, in turn, was
compared to the same measure in the two immediate geographic aggregation levels,
i.e., at the provincial and regional level. In addition, in-house training was evaluated
as the increase of the number of on-the-job training hours per worker and year in the
association, for which the most recent data until 2015 could be used. No statistical
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data was available for this indicator at the provincial and regional level. Finally,
workforce gender balance was calculated as the percentage of female personnel in
the association, which was then compared to the same measure at the two immediate
geographic levels.

External social sustainability was assessed by evaluating the evolution of the
employment and the education level between 2001, the last year of conventional
production, and 2011, a representative year of full organic production. In order to
evaluate the evolution of the employment in the municipalities under consideration,
statistical datasets of the evolution of the unemployment rate during the period
of study were processed and compared to the evolution of the unemployment
rate at both the provincial and regional level. Finally, the education level was
evaluated by determining the increase of the proportion of the population with
secondary or tertiary education in the study area during the period from 2001 to
2011 and comparing it with the evolution of the same measure at the provincial and
regional levels.

3. Results

3.1. Economic Sustainability

3.1.1. Cultivation Costs

The cost structure analysis of the sample shows that the average cultivation
costs in the region are lower than those of other areas [9,35]. Despite this relative
cost advantage, low selling prices and the lack of economic profitability after the
withdrawal of the public subsidies resulted in the abandonment of the conventional
citrus farms of the region.

Table 5 shows the cost structure of the surveyed plantations with detail of the
actual costs, yields, and income as obtained from the internal datasets of SAT Cítricos
del Andarax in the surveyed farms. To this end, the cost structure proposed by
Caballero, de Miguel and Juliá [36] has been employed and adapted to represent the
results for the two varieties under consideration. Marked differences can be observed
for both fixed and variable cost structures.

Regarding variable costs, we should highlight the lower annual cost of
conventional crops (2185 €/ha) compared to organic crops (4147 €/ha for navelina
and 3470 €/ha for castellana). The variable cost of conventional farming is 47% and
37% lower than the organic farming of navelina and castellana varieties, respectively.
As regards the type of cost, conventional farming proves to be more economical in
terms of variable costs, especially with respect to irrigation and fertilizers. This is
partly due to the fact that organic fertilizers are more expensive than conventional
synthetic ones. Moreover, no phytosanitary products were used under conventional
management practices due to the state of semi-abandonment of the surveyed plots.
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On the other hand, plant-health treatments in organic farming are limited to mineral
oils (mostly used in navelina crops destined for fresh consumption) and diammonium
phosphate (used in fly traps).

Table 5. Cost structure of the orange crop in the Bajo Andarax (€/ha).

Conventional Crops Organic Crops

Navelina Castellana Navelina Castellana
(Processing) % (Processing) % (Fresh Market) % (Processing) %

Irrigation 489 18 489 18 794 15 794 18

Fertilizers 284 10 284 11 728 14 512 11

Phytosanitary
products - - - - 337 6 120 3

Cropping practices 468 17 468 18 761 14 761 17

Workforce 893 33 893 34 1.464 27 1.220 27

Others 51 2 51 2 63 1 63 1

Variable Costs
(Total) 2185 81 2185 82 4147 77 3470 77

Annual Cost of
Working Capital 64 2 64 2 121 2 101 2

Plantation repayment
instalments 91 3 54 2 91 2 54 1

Interest on the
plantation 57 2 34 1 57 1 34 1

Repayment
instalments on the

capital facilities
38 1 38 1 38 1 38 1

Interest on the capital
of the facilities 24 1 24 1 24 0 24 1

Costs of replacement
and maintenance of

the facilities
65 2 65 2 65 1 65 1

Rent of the land,
taxes, and others 187 7 187 7 587 11 487 11

Quality certifications - - - - 225 4 225 5

Fixed Costs (Total) 462 17 402 15 1087 20 927 21

Total Annual Costs 2711 €/ha 100% 2651 €/ha 100% 5355 €/ha 100% 4498 €/ha 100%

Source: Internal data of SAT Cítricos del Andarax based on the cost structure proposed
by Caballero, de Miguel and Juliá [36].

The remaining cost factors covering cropping practices and labor are higher for
organic crops due to the special attention they require, in particular the navelina
variety which is intended for fresh consumption.

In order to determine the annual cost of working capital, we have considered the
volume of variable costs to be financed according to crop type and variety. We have
assumed an average interest of 5% for seasonal loans and an average reimbursement
period of seven months.
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The fixed costs shown in this table are annual and do not depend on production
volume. Such is the case of farming costs, which cover grafting, removal, or
substitution of orange trees and associated labor costs. They also include investment
in new irrigation channels or the maintenance of existing channels, average annual
renting of the plantations (which varies depending on farming system and orange
variety), and payment of immovable property tax.

3.1.2. Profitability and Expected Income

Table 6 illustrates the returns by crop type and variety as obtained from the
actual results from surveyed plots during the period of study. Farms yielded similar
volumes of produce during the transition and organic-only periods, despite the lack
of synthetic fertilizers of the latter, due to the fact that the trees in the surveyed farms
had reached their maturity and therefore full production capacity.

Table 6. Returns by crop type and variety by age of the plantation.

Variety: Navelina

Period
(Years)

Production
Method Target Market

Weighted Average
Annual Production

(kg/ha)

Weighted
Average Annual

Price (€/kg)

Weighted
Average Annual
Returns 1 (€/ha)

1 to 11 Conventional Processing
industry

27,038 0.0605 1636

12 to 13 Transition Processing
industry

33,200 0.0605 2009

14 to 25 Organic Fresh market 33,200 0.2575 8549

Variety: Castellana

Period
(Years)

Production
Method Target Market

Weighted Average
Annual Production

(kg/ha)

Weighted
Average Annual

Price (€/kg)

Weighted
Average Annual
Returns 1 (€/ha)

1 to 11 Conventional Processing
industry

39,331 0.0605 2379

12 to 13 Transition Processing
industry

42,200 0.0605 2553

14 to 25 Organic Processing
industry

42,200 0.1265 5338

1 Deducting harvesting costs, transportation, fees, and the SAT operational program.

Under conventional crop management, both navelina and castellana varieties
are intended for the processing market, whereas the navelina variety managed under
organic management techniques is targeted to the fresh market. Prices of those
varieties destined for the organic market, both as fresh and processed products, is
higher than the equivalent varieties for the conventional market.

Regarding sales-generated income, the price per kilogram is the same for
organic and conventionally farmed oranges due to the fact that all farms grow
conventionally for the first 11 years under consideration. After the shift to organic
farming, significant differences in sales prices are observed.
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In the case of organic farming, we have considered other income from aid
and subsidies, which is usually geared towards the improvement of the quality of
facilities, investigation, and counseling for producers. Such aid was specifically
intended for organic production and usually had a maximum validity of five years,
though in some cases this period could be extended. There are two kinds of financial
aid. On the one hand, agro-environmental measures regulated by the decree of
24 March 2011, BOJA of the Junta de Andalucía under Regulation (CE) 1698/2005 [37],
which grants payments of 510.40 €/ha for the first three years after shifting to organic
production and 459.36 €/ha for the following two years. The second is the subsidy
covering 80% of the costs of registration and renovation with organic produce Control
Organisms, limited to a maximum of 3000 € over the five years of financial aid.

3.1.3. Financial Analysis of Conventional and Organic Farming

After determining the costs and income structure of the farms, their profitability
was analyzed. It must be remembered that the aids and subsidies granted to organic
farming clearly benefit its financial analysis. Bearing in mind that the subsidy is
not a regular source of income, the analysis included current expiration dates of
the aid, but it is possible that this institutional support to organic agriculture will
continue in the future. However, this analysis includes neither direct aid that certified
organic producers receive nor additional aid that all producers receive due to the
mismatches in aid to production generated by the new common organization of the
market (COM).

Table 7 summarizes the profitability indicators of conventional and organic
farming according to variety (navelina or castellana). This analysis reveals better
results during the period of organic farming, both for its fresh market variety
(navelina) and its fruit juice industry variety (castellana). This result is consistent
with other studies of the sector [16,38].

Table 7. Profitability indicators by crop type and variety.

NPV IRR DCBR DPBT

Organic Conventional Organic Conventional Organic Conventional Organic Conventional

Navelina 12,024 −10,590 11% - 1.32 0.77 16.46 -
Castellana 5222 −555 13% 2% 1.17 1.05 14.98 -

Specifically, we have obtained positive NPV values only in the organic varieties.
12,024 €/ha in case of navelina and 5222 €/ha in case of castellana variety. The
analysis of the IRR provided returns of 11% and 13% for navelina and castellana,
respectively. Moreover, growers who have opted for organic production have
recovered their investment in 16.46 years, in the case of navelina, and 14.98 years
for castellana.
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Certain guidelines can be recommended to improve the profitability of organic
plantations of the fresh market varieties in the Bajo Andarax district. One would be
to bring the shift to organic methods forward to the third year of cultivation in new
farms, once the seedling has developed, in order to recoup the investment sooner.
It is also necessary to improve the quality of the fruit in all plantations, even at the
expense of incrementing production costs in order to reduce the quantity of discarded
produce, which is decisive to the producers’ price settlement. Finally, given these
results it is also advisable to valorize the discarded produce for organic fruit juice,
thus increasing the added value of the varieties.

Finally, these results confirm that the restructuring to organic farming can be
an economically sound alternative that can guarantee the economic sustainability of
the holdings for those agricultural areas in which citrus production is still managed
under conventional production schemes and the plantations are fully or partially
abandoned due to the lack of economic profitability. This is the case, for example, of
the Lecrín Valley in Granada, the Guadalquivir Valley in Seville and Cordoba, and
the citrus-farming areas of the Almanzora Valley in Almería. The farms in these areas
are similar in their varieties and crops to those analyzed in this study, and are also
considered to be low-intensity agriculture. However, the shift to organic production
would not be easily implemented in high-yield conventional holdings of the Spanish
Levante regions (mainly Valencia and Murcia), where conventional farming is a more
profitable alternative due to the production structure of the holdings and the use of
conventional varieties of higher yield.

3.2. Social Sustainability

Social sustainability was assessed by differentiating between internal (i.e., at
farm level) and external (i.e., at municipality level) sustainability. Table 8 summarizes
the measures of internal social sustainability employed in the study.

Table 8. Internal social sustainability measures employed in the study.

Measure Period
SAT

Cítricos del
Andarax

Geographic Reference Areas

Province of
Almeria

Region of
Andalusia

Increase of the percentage of qualified personnel in the SAT 2001–2011 −20.21% 14.04% 12.99%
Increase of the number of workers in the SAT 2001–2011 1168.75% 7.28% 6.99%
Increase of the number of on-the-job training hours per worker 2001–2015 20.23% Not applicable
Increase of the percentage of female personnel 2001–2011 6.47% 7.67% 8.62%

Educational attainment was assessed as an indicator of internal social
sustainability by calculating the increase of qualified personnel in SAT Cítricos
del Andarax during the period from 2001 to 2011. A decrease of 20.21% in the ratio
of qualified personnel was observed during this period, thus indicating an average
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annual decrease of 2.02%. This significant decrease in the qualification profile of the
farmers’ association can be explained by the fact that most of the new employment
took place in the areas of harvesting and processing, where qualified personnel
are less prevalent. This decrease in the qualification profile of the association is in
sharp contrast to the evolution of the qualification level in the in the two immediate
reference geographic levels, i.e., the province of Almería and the region of Andalusia,
where an increase of 14.04% and 12.99%, respectively, was registered for the same
indicator in the period from 2001 to 2011.

As a further indicator of internal social sustainability, employment creation by
the farmers’ association was also evaluated in the study. In the period from 2001
to 2011, the number of workers in the association increased from 16 to 203, thus
resulting in a total increase of 1168.75% and an average annual increase of 116.87%
during this period. This drastic increase in employment was due to the rapid and
consistent rise in the turnover of the association as a result of the conversion from
low-yield conventional production to organic production. Indeed, the turnover of
SAT Cítricos del Andarax increased by 495.18% during the period from 2001 to 2011.
When considered in relation to the increase of employment during the same period in
the province of Almería and in the region of Andalusia, it becomes apparent that the
increase at the SAT surpassed more than significantly the increase in both territorial
domains: the total increase of employment in the province of Almería amounted to
7.28% over the same period (average annual increase of 0.52%), whereas the total
increase and the average annual increase of employment in Andalusia during the
same period was 6.99% and 0.50%, respectively.

In a similar vein, professional training was also evaluated as a measure of
internal social sustainability. To this end, the total number of hours of on-the-job
training at SAT Cítricos del Andarax was computed and then the average number
of training hours per worker and year were calculated. The results show a total
increase of 20.23% in the period from 2001 to 2015 (average annual increase of 1.44%).
This rise in the workforce training can be explained by the increasing regulatory
qualification requirements in agricultural holdings, especially in the fields of work
safety and quality assurance.

As an additional internal social sustainability measure, workforce gender
balance in the association was also assessed. To this end, the increase in female
personnel was calculated. In this case, an increase of 6.47% was observed in the
period from 2001 to 2011. As in the case of educational attainment, this can be
explained by the fact that the areas in which most of the new employment was
created during this period are those in which traditionally mostly female personnel
are hired. This result is in line with the increase in female occupation ratios during
the period from 2001 to 2011 in the province of Almeria and in Andalusia, of 7.67%
and 8.62%, respectively.
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Lastly, two indicators of external social sustainability were considered:
employment and education level. Table 9 summarizes the results of the external
social sustainability indicators employed in the study.

Table 9. External social sustainability measures employed in the study.

Measure Period
Municipalities of

Study in the
Bajo Andarax

Geographic Reference Areas

Province of
Almería

Region of
Andalusia

Increase of unemployment rate 2001–2011 −0.38% 21.14% 10.98%
Increase of the proportion of population

with secondary or tertiary education 2001–2011 13.94% 14.04% 12.99%

As measures of external social sustainability, both measures were determined in
those territories in which the farmers’ association has a high social impact, i.e., in
the municipalities of Gádor and Santa Fe de Mondújar. Indeed, the high proportion
of employment directly accountable to the SAT in these municipalities results in a
high degree of interdependence between the association and the social conditions in
the territory.

Firstly, the increase of the unemployment rate in the studied municipalities
was assessed. The analysis of the statistical data for these municipalities shows
a decrease of 0.38% over the 10-year period from 2001 to 2011, i.e., an average
annual decrease of 0.04%. This figure has to be put into the context by comparing
it with the results of the same measure in the two reference territorial domains
of Almería and Andalusia. Indeed, the increase of the unemployment rate in the
same period amounted to 21.14% and 10.98% in the province of Almería and in the
region of Andalusia, respectively. Hence, the municipalities under consideration
have been able to counteract to a large extent the more than significant increase in
unemployment rate in the immediate reference territories during the most severe
years of the last financial crisis. Since the SAT is the largest employer in these
municipalities and, as previously discussed, employment creation in the SAT during
the same period has increased by 1168.75%, it becomes apparent that this considerable
increase of employment in the farmers’ association during this period has had a
favorable social impact in the municipalities in terms of a reversal of the rise of the
unemployment rate that has been experienced in other territories.

Finally, education level was studied as a measure of social sustainability. To this
end, the increase of the population with primary or secondary education in the two
municipalities under consideration was studied during the period of 2001 to 2011.
An increase of 13.94% was registered during this period in the municipalities, i.e., an
average annual increase of 1.39%. This result, in turn, has to be considered in relation
to the same measure in the reference territorial aggregation levels of the province of
Almería and Andalusia. Indeed, the population with primary or secondary education
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in the province of Almería and Andalusia in the same period increased by 14.04%
and 12.99%, respectively, during the same period. We can therefore conclude that a
similar variation has taken place in all three territorial domains.

4. Conclusions

The profitability of organic farming in the area is higher than that of conventional
farming in both of the orange varieties under consideration. Crop production costs
reveal the need for a high sale price for the farms to be profitable, and organic
varieties reach higher prices than the conventional varieties: sale prices of organically
grown navelina and castellana oranges are 425% and 209% higher, respectively, than
those of their conventionally grown counterparts. Cultivation costs are 98% higher
in organic navelina farming and 70% higher in organic castellana farming, mostly
due to the fact that conventional orange farms are in a state of semi-abandonment,
which brings down cultivation costs of the conventional varieties.

From a social sustainability perspective, the restructuring of the citrus sector in
the Bajo Andarax district has resulted in a notable improvement of the employment
indicators both at the farm level and at the municipality level in comparison to the
reference territories of the province of Almería and the region of Andalusia. This
improvement, however, has not resulted in an increase of the qualification level of
the workforce of the farmers’ association in comparison to the reference territories.
Moreover, no significant differences have been found in terms of workforce gender
equality in the association and of education level in the municipalities in comparison
to the reference territories.

Future work will focus on the study of environmental sustainability as a result of
the shift from conventional to organic production in the sector, thus complementing
the results of this paper.
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Synergy and Transition of Recovery
Efficiency of Nitrogen Fertilizer in Various
Rice Genotypes under Organic Farming
Lifen Huang, Jie Yang, Xiaoyi Cui, Huozhong Yang, Shouhong Wang
and Hengyang Zhuang

Abstract: Despite the growing demand for organic products, research on organic
farming (OF) such as genotype screening, fertilizer application and nutrition uptake
remains limited. This study focused on comparisons of the apparent recovery
efficiency of nitrogen fertilizer (REN) in rice grown under OF and conventional
farming (CF). Thirty-two representative conventional Japonica rice varieties were
field grown under five different treatments: control check (CK); organic farming with
low, medium and high levels of organic fertilizer (LO, MO and HO, respectively);
and CF. Comparisons of REN between OF and CF classified the 32 genotypes into
four types: high REN under both OF and CF (type-A); high REN under OF and low
REN under CF (type-B); low REN under OF and high REN under CF (type-C); and
low REN under both OF and CF (type-D). Though the yield and REN of all the rice
varieties were higher with CF than with OF, organic N efficient type-A and B were
able to maintain relatively high grain yield under OF. Physiological activities in flag
leaves of the four types from booting to maturity were subsequently investigated
under OF and CF. Under OF, high values of soil and plant analyzer development
(SPAD) and N were observed in type-B varieties, while in contrast, both indexes
slowly decreased in type-C varieties under CF. Moreover, the decline in N content
in type-C and D varieties was greater under OF than CF. The decrease in glutamine
synthetase (GS), glutamic-pyruvic transaminase (GPT) and glutamic oxaloacetic
transaminase (GOT) activity in flag leaves was smaller under OF than CF in type-A
and B varieties, while in contrast, type-C and D varieties showed an opposite trend.
The findings suggest that OF slows the decline in key enzymes of N metabolism in
organic N-efficient type rice, thus maintaining a relatively high capacity for N uptake
and utilization and increasing yield during the late growth period. Accordingly, we
were able to screen for varieties of rice with synergistically high REN and high grain
yield under OF.

Reprinted from Sustainability. Cite as: Huang, L.; Yang, J.; Cui, X.; Yang, H.; Wang, S.;
Zhuang, H. Synergy and Transition of Recovery Efficiency of Nitrogen Fertilizer in
Various Rice Genotypes under Organic Farming. Sustainability 2016, 8, 854.
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1. Introduction

As a consequence of the negative impacts of conventional farming (CF) on the
environment and human health [1,2], organic agriculture is becoming increasingly
widespread. Moreover, due to increasing consumer demand and political support,
the popularity of organic food is also on the rise [3,4]. According to the United
Nations Conference on Trade and Development [5], the global organic food market
has expanded by 10%–15% in the past 10 years, with conventional markets growing
by only 2%–4%. In addition to the safety aspects, organic farming is deemed
beneficial to the environment and the biodiversity of a wide range of taxa including
birds and mammals, invertebrates and arable flora [6,7]. In China, organic agriculture
and the production of organic products was introduced in 1990 [8]. Since then, both
the international and domestic market for organic products has continued to grow,
with experts predicting huge market potential in the future [9].

During the past three decades, farming practices and management systems have
intensified in many rice-producing countries [10–12]. Organic rice, as an important
organic product, is thought to represent approximately 3 million hm2 and is becoming
increasingly popular [8]. However, due to its late start, there is a lack of related
research and system technology for organic rice production, especially in terms of
variety selection and fertilizer management [13]. Moreover, since nitrogen (N) is
among the most important elements in agriculture systems, efficient organic fertilizer
application that minimizes negative effects on the environment also needs to be
examined. Moll et al. [14] defined nutrient use efficiency (NUE) as being the yield of
grain per unit of available N in the soil (including the residual N present in the soil
and the fertilizer). This NUE can be divided into two processes: uptake efficiency
(the ability of the plant to remove N from the soil as nitrate and ammonium ions)
and utilization efficiency (the ability to use N to produce grain yield) [15]. Although
high amounts of organic fertilizer can maintain or increase rice yield, there is a
risk of non-point source N pollution [16]. Under organic farming (OF), the gradual
and continuous application of nutrients differs from that under CF [17]. Moreover,
evaluation of yield and NUE in rice is commonly established on the basis of chemical
N fertilizer [18], not the conditions of OF. Thus, there is an urgent need for research
aimed at a thorough understanding of potential varieties that show high yield, quality
and NUE under OF.

Nitrogen is usually available to plants in an inorganic form such as nitrate,
nitrite or ammonia. Nitrate is a major source of inorganic nitrogen utilized by
higher plants [19]. In Arabidopsis, the process of nitrate assimilation involves the
initial uptake of nitrate ions from the soil, followed by reduction to nitrite and then to
ammonia. The reduction reactions are catalyzed by the enzymes nitrate reductase and
nitrite reductase, respectively. Ammonium ions enter the amino acid pool primarily
by way of the action of glutamine synthetase [20]. Generally, in higher plants, there

52



are some key N metabolism enzyme involved in assimilating intracellular ammonium
into organic compounds, such as GS, GPT, GOT and so on. Glutamine synthetase
(GS; EC 6.3.1.2) is a key enzyme for the assimilation of ammonium into glutamine.
Numerous studies of the GS enzyme have emphasized the importance of this enzyme
in plant nitrogen metabolism [21]. Leaf glutamic-pyruvic transaminase (GPT) and
glutamic-oxaloacetic transaminase (GOT) activities, which in the presence of their
co-substrates pyruvate and oxaloacetate, convert L-Glutamate into α-ketoglutarate,
were determined to gain a better understanding of the nitrogen assimilation
response [22]. However, there has been very little study of the influence of organic
farming on nitrogen metabolism of rice plants.

In the present study, 32 representative conventional Japonica rice varieties were
field-grown under CF and OF in Gaoyou city, Jiangsu Province, East China. The
objectives were to screen for genotypes showing high yield and NUE under OF.
Subsequently, key enzymes of N metabolism were investigated to determine the
biochemical mechanism underlying effective N utilization in OF. The results provide
a scientific basis for organic rice cultivation and nutrient management.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Thirty-two representative Japonica rice varieties, commonly field-grown in the
middle and lower reaches of Yangtze district, were selected (Table 1) and grown by
organic farming and conventional farming during the rice growing season (from
May to October) of 2013–2014. Two experiments were carried out, one in 2013 and
a second one in 2014. In 2013, 32 varieties were screened under CK, CF and OF
(including three different dosage of organic fertilizer) (Tables 1 and 2). In 2014, we
repeated the same experiment as 2013, eight rice varieties with synergy and transition
of REN were chosen for thorough analysis under CF and medium dosage of OF.

Experiments were carried out on an eco-agricultural farm in Gaoyou county,
Jiangsu Province, China (32◦47′ N, 119◦25′ E, 2.1 m altitude). In the farm, half of the
planting area had been verified by the China Organic Food Certification Center in
2009, where the organic farming of rice was produced. Conventional farming was
carried on the other part of the farm. The farm was under continuous cultivation
with green manure (Astragalus sinicus L.)-rice rotation. During the study period of
2013 and 2014, the study site experienced annual mean precipitation of 968 mm
and 992 mm, annual mean evaporation of 1118 mm and 1082 mm, an annual mean
temperature of 15.0 ◦C and 14.8 ◦C, annual total sunshine hours of 2124 h and 2076 h,
and a frostless period of 223 day and 217 day, respectively. The soil on the farm is clay
with 22.4 g·kg−1 organic matter, 80.8 mg·kg−1 alkali hydrolysable N, 23.3 mg·kg−1

Olsen-P, 105.3 mg·kg−1 exchangeable K, and 1.03 g·kg−1 total N. In both years,
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seedlings were sown in a seedbed on May 1st then transplanted on 20 May at a hill
spacing of 0.30 × 0.15 m with three seedlings per hill.

Table 1. Rice varieties used in this experiment.

Type Rice Variety Growth Period
(Days)

No. of
Cultivars

Late-maturing
medium Japonica rice

Huaidao 5, Nangjing 49, Nangjing 9108,
Wulingjing 1, Wuyunjing 24 150–155 5

Early-maturing
late Japonica rice

Changjing 09-6, Changjing 09-10,
Changnongjing 4, Changyou 2, Changyou 5,
Nangjing 5055, Suxiangjing 1, Wu 28105, Wu

2817, Wu 28181, Wuxiangjing 19, Wuxiangjing 9,
Wuyunjing 7, Wuyunjing 23, Xiangjing 20-18,
Xiangjing T31, Yangjing 4227, Yangjing 4038,

Yinyu 2084, Yongyou 8, Zhendao 158, Zhendao
11, Zhendao 15, Zhendao 210

155–165 24

Medium-maturing
late Japonica rice Nangjing 46, Ningjing 1, Sujing 8 165–170 3

2.2. Treatments

The study was laid out in a split-plot design with farming system as the main
plot and varieties as the split plot factor. Each block was 6 m2, with four replicates
per treatment.

A zero N control (control check) was designated as CK to evaluate the
background of N supply in soil fertility.

As OF treatments, three rates of organic fertilizer (low, medium and high) were
applied (designated LO, MO and HO, respectively). Among the OF treatments, the
MO treatment were adopted following the protocols of organic rice produced by the
farm. Treatment details are shown in Table 2. Contents of N, phosphorus, potassium,
and organic matter in each type of organic fertilizer were as follows. Rapeseed
cake fertilizer (a byproduct of rapeseed after pressing oil): 4.60%, 1.03%, 1.21%,
and 81.60%, respectively; Sanan organic fertilizer: 4.00%, 0.84%, 1.16%, and 45.00%,
respectively (confirmed by measuring); and clover grass manure: 0.33%, 0.03%,
0.19%, and 0.21%, respectively. Sanan organic fertilizer, which has been certified
as a biological organic fertilizer [23], was supplied by Beijing Sanan Agricultural
Science and Technology Corporation (Beijing, China). The average fresh weight yield
of clover grass was 12,000 kg·ha−1. Grass manure was plowed into the soil 15 days
before cultivation as a basal fertilizer then rapeseed cake and specified Sanan organic
fertilizer were applied evenly one day before transplanting. In early August, Sanan
organic fertilizer was reapplied as top-dressing. All the OF treatments involving
organic manure were managed according to the standards for organic rice cultivation,
and weeds were controlled by hand weeding [9].
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As CF treatments, it followed local high-yield agricultural management practices
(Table 2). Nutrients were delivered throng chemical fertilizer (i.e., Urea as a source
of N, P2O5 as a source of P and K2O as a source of K). Water, insects, and disease
were controlled as required to avoid yield losses, and weeds were controlled with
chemical herbicide treatment.

Table 2. Fertilizers applied to rice grown under organic and conventional farming.

Treatment
Basic and Tiller Fertilizer (kg·ha−1)

Panicle Fertilizer
(kg·ha−1) Total N

(kg·ha−1)
Rapeseed

Cake
Sanan Organic

Fertilizer
Grass

Manure Sanan Organic Fertilizer

CK 0 0 0 0 0

OF
LO 600 630 12,000 270 103.2
MO 1200 1155 12,000 495 160.8
HO 1800 1680 12,000 720 218.4

CF

Nitrogen was supplied as urea (n = 46%): 40% of the total as basal dressing on 20 May;
and 10%, 20%, and 30% as top-dressing on 27 May, 10 June, and 6 August,
respectively. Phosphorus (150 kg·ha−1 as P2O5) and potassium (150 kg·ha−1 as K2O)
were applied before transplanting

270.0

CK, control check; OF, organic farming; CF, conventional farming. LO, MO, and HO: low,
medium, and high application of organic fertilizer, respectively.

2.3. Plant Sampling and Measurements

Plants were hand-harvested on 25 October 2013, and 26 October 2014.
Measurements of grain yield and yield components followed the procedures
described in Yoshida et al. [24]. Plants in the two rows on each side of the plot were
discarded to avoid border effects. Grain yield in each plot was thereby determined
from a harvested area of 2.0 m2 and adjusted to a 14% moisture content.

Above-ground biomass and yield components; that is, the number of panicles
per square meter, number of spikelets per panicle, percentage of filled grains and
grain weight, were determined in a 1 m2 area (excluding borders) sampled randomly
in each plot. The percentage of filled grains was defined as the number of filled
grains expressed as a percentage of the total number of spikelets. The dry weight of
each component was determined by oven-drying at 70 ◦C to a constant weight prior
to weighing [25].

Tissue N content was determined by micro Kjeldahl digestion, distillation and
titration to calculate aboveground N uptake [24]. The apparent recovery efficiency
of N fertilizer (REN; the percentage of N fertilizer recovered in aboveground
plant biomass at the end of the cropping season) was determined according to
Zhang et al. [26]. In this paper, we chose the REN as the variable to estimate NUE.

A chlorophyll meter (SPAD-502) was used to determine soil and plant analyzer
development (SPAD) values in flag leaves of 10 randomly selected plants of each
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variety. Average values of upper, middle and bottom portions of each flag leaf were
determined. For soluble protein analysis, three biological replicated roots, rice leaves
under different treatments were harvested at each growth stage.

Glutamine synthetase (GS), glutamic-pyruvic transaminase (GPT) and glutamic
oxaloacetic transaminase (GOT) activities in leaves were measured at booting,
heading, middle-filling, late-filling and maturity. The activity of GS was measured
with the biosynthetic reaction assay, using NH2OH as artificial substrate, by
measuring the formation of glutamyl hydroxamate. Leaf GS activity was measured
in pre-incubated assay buffer (37 ◦C) consisting of 70 mm MOPS (pH 6.80),
100 mm Glu, 50 mm MgSO4, 15 mm NH2OH, and 15 mm ATP. The reaction
was terminated after 30 min at 37 ◦C by addition of an acidic FeCl3 solution
(88 mm FeCl3, 670 mm HCl, and 200 mm trichloroacetic acid) at booting, heading,
middle-filling, late-filling and maturity. One unit (U) of activity was defined as the
increase in glutamylhydroxamate per g protein per hour [21]. Glutamic-oxaloacetic
transaminase (GOT) and glutamic-pyruvic transaminase (GPT) activity were assayed
by the method of Wu et al. [27]; one unit (U) of activities was defined as the increase
in pyruvic acid content per g protein per hour.

2.4. Statistical Analysis

Analysis of variance was performed using the SAS/STAT statistical analysis
package (version 6.12, SAS Institute, Cary, NC, USA). Data from each sampling
date were analyzed separately. Four replicates were used to calculate the means.
Differences between means were tested by least significant difference test at the
0.05 level of probability. For the mean comparisons, the Tukey test was the chosen
method. Unweighted pair-group method with arithmetic means (UPGMA) of
agglomeration method were used for the hierarchical clustering. Hierarchical cluster
analysis was applied in the present work. After determining the Euclidean distance
and sum of squared residuals, the dendrogram was built. Accordingly, the varieties
were classified into three types as low, medium and high NUE under different
farming systems respectively [28].

3. Results

3.1. Effects of OF and CF on REN

3.1.1. Statistical Analysis of REN under OF and CF

Table 3 shows the computed F-values of the differences in grain yield, REN
and N content in the 32 rice varieties between years. All measurements showed
significant differences among varieties and organic fertilizer treatments (LO, MO
and HO, respectively), and in the interaction between variety and organic fertilizer
treatment. Variations with year and the interactions between year and variety as well
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as between year and organic fertilizer treatment were not significant. Similar results
were obtained in the measurements of SPAD and enzyme activity of GS, GPT and
GOT (data not shown). Because year was not a significant factor, the data from both
years were averaged.

Table 3. Analysis of variance of F-values of grain yield, REN, and N content under
organic N fertilizer.

Source Degrees of
Freedom

Grain Yield
(t·hm−2) REN (%) N Content

g·kg−1

Year (Y) 1 1.49 9.8 12.46
Organic fertilizer (O) 3 38,756.05 ** 2589.42 ** 1645.38 **

Variety (V) 31 760.01 ** 586.83 ** 561.54 **
Y × O 3 0.54 Ns Ns
Y × V 31 10.96 Ns Ns
O × V 93 155.22 ** 143.54 ** 201.47 **

** Indicates a significant difference at 0.01; Ns, not significant.

3.1.2. Effects of OF on REN and Classification of Different Rice Varieties

REN showed an initial increase followed by a decrease with increasing organic
fertilizer. Under LO, MO and HO treatment, the average REN of all varieties was
20.18%, 24.39% and 22.33%, respectively (Table 4). The highest variable coefficient
(31.40%) was recorded with LO treatment and the lowest (18.88%) with MO. Thus,
MO treatment resulted in the highest REN value, and was therefore chosen as the
optimal OF treatment for the remainder of the analysis.

Table 4. Variation in the REN of different rice varieties at different organic fertilizer
levels under organic farming (%).

Organic Fertilizer Levels Mean Std Max Min Range CV

LO 20.18C 6.34 31.47 13.35 18.12 31.40
MO 24.39A 4.60 33.66 14.36 19.30 18.88
HO 22.33B 5.05 34.14 13.58 20.56 22.61

Std, standard deviations. Means followed by the same capital letters in a column are not
significantly different at the 0.01 probability levels.

To clarify the REN attributes of the different rice varieties under OF-MO, after
determining the Euclidean distance and sum of squared residuals, the dendrogram
was built. Accordingly, the varieties were classified into three types as follows
(Figure 1A): organic high REN (7 varieties; REN: 27.04%–33.66%, mean REN: 29.96%,
variation coefficient: 7.93%), organic medium REN (18 varieties; 20.09%–24.37%,
21.88% and 6.11%, respectively) and organic low REN (7 varieties; 13.35%–18.86%,
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17.15% and 11.06%, respectively). The mean REN value of all varieties was 22.61%,
with the highest value (33.66%) recorded in Yongyou 8 and lowest (13.35%) in
Suxiangjin 1.

3.1.3. Difference in REN between Varieties under CF

Under CF, the average REN was 37.66%, with the highest value (45.83%)
recorded in Yongyou 8 and the lowest (31.44%) in Suxiangjing 1. Based on these
results, the varieties were classified into three types by Euclidean distance (Figure 1B):
high REN under CF (8 varieties; average REN of 43.34% and variation coefficient of
3.58%); medium REN under CF (15 varieties; 37.39% and 4.64%, respectively); and
low REN under CF (9 varieties; 33.06% and 3.16%, respectively). Comparisons of
REN under CF and OF revealed extremely significant higher efficiency under CF.
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Figure 1. Dendrogram showing the Japonica rice varieties based on recovery
efficiency of nitrogen under organic farming (A) and conventional farming (B).

3.1.4. Genotype Screening of Transformation and Synergy in REN under OF and CF

Comparisons of the differences in REN between OF and CF (Table 5) resulted
in classification of the genotypes into four types: high REN under both OF and
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CF (synergistically high REN, type-A); high REN under OF and low REN under
CF (high-low REN transition, type-B); low REN under OF and high REN under
CF (low-high REN transition, type-C); and low REN under both OF and CF
(synergistically low REN, type-D).

All varieties were regular Japonica rice varieties except for three hybrids,
Changyou 5, Yongyou 8 and Changyou 2, which have been proven to be a particular
germplasm resource with significantly increasing yield and excellent quality traits [29]
despite having high REN under OF. Of the regular Japonica varieties, Zhendao 15
and Yangjing 4227 were typical type-A varieties, Nangjing 46 and Zhendao 158 were
type-B, Huaidao 5 and Wulingjing 1 were type-C, and Suxiangjing 1 and Yinyu 2084
were type-D.

Table 5. Representative varieties showing REN Synergism and transformation
under organic (OF) and conventional farming (CF).

Type REN Characteristics Synergism and
Transformation Typical Varieties

Type-A High REN under both OF and CF High REN Synergism Zhendao 15, Yangjing 4227

Type-B High REN under OF whereas
low REN under CF

Transformation from high to
low REN Nangjing 46, Zhendao 158

Type-C Low REN under OF whereas
high REN under CF

Transformation from low to
high REN Huaidao 5, Wulingjing 1

Type-D Low REN under both OF and CF Low REN Synergism Suxiangjing 1, Yingyu 2084

3.2. Grain Yield and Yield Components in the Different Rice Varieties under OF and CF

In all the typical rice varieties, the number of panicles per unit area was
significantly higher under CF than OF (Table 6). The OF/CF ratio of panicle number
per unit area was highest in type-B followed by type-D, and lowest in type-C.
Compared to CF, the number of spikelets per panicle in type-A and B rice showed
a small but insignificant increase under OF. In contrast, type-C and D rice showed
a significant decrease. The average OF/CF ratio of percentage of filled grains was
90.77%, 86.51%, 88.34% and 90.04% in type-A, B, C and D rice, respectively, with a
significant decrease under OF. In contrast, the average OF/CF ratio of 1000-grain
weight was greater under OF than CF in all varieties. Compared with CF treatment,
grain yield significantly decreased under OF by 20.67%, 17.46%, 41.84% and 26.09%
in type-A, B, C and D rice, respectively. Type-C and D rice showed higher grain yield
losses than type-A and B rice under OF, suggesting that organic N efficient type-A
and B were able to maintain relatively high grain yield under OF.
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Table 6. Grain yield and yield components in the different types of rice under
organic (OF) and conventional farming (CF).

Type * Farming
System

No. of Panicles
(×104 hm−2)

Spikelets
per Panicle

Percentage of
Filled Grains (%)

1000-Grain
Weight (g)

Yield
(t·hm−2)

Type-A
OF 231.04B 166.06A 81.29B 25.87A 8.07B
CF 281.4A 161.28A 89.55A 25.02A 10.17A

OF/CF
(%) 82.1 102.96 90.77 103.38 79.33

Type-B
OF 280.31B 137.74A 77.99B 26.00A 7.83B
CF 308.55A 135.38A 90.14A 25.19A 9.48A

OF/CF
(%) 90.85 101.75 86.51 103.21 82.54

Type-C
OF 232.38B 121.55B 79.89B 25.21A 5.69B
CF 320.92A 136.3A 90.43A 24.73A 9.78A

OF/CF
(%) 72.41 89.18 88.34 101.95 58.16

Type-D
OF 218.3B 118.13B 72.67B 25.14A 4.66B
CF 241.13A 130.29A 80.71A 24.85A 6.30A

OF/CF
(%) 90.53 90.67 90.04 101.17 73.91

* See Table 5 for a description of each type. The REN characteristics of type-A is high
REN under both OF and CF, type-B is high REN under OF whereas low REN under CF,
type-C is low REN under OF whereas high REN under CF, type-D is low REN under both
OF and CF, respectively. In a column, letter A and B labeled after figures are statistically
significant at the 0.01 probability levels. Means comparisons were assessed independently
for each type.

3.3. SPAD and N Values in Flag Leaves during the Key Growth Periods under OF and CF

3.3.1. SPAD Values

SPAD values report on the leaf chlorophyll content, which indicates the leaf N
remobilization status. A dynamic change in SPAD values was detected in the flag
leaves, the most important functional leaf in rice. SPAD values first increased then
decreased with growth under both CF and OF (Table 7), and were significantly higher
in all varieties under CF compared to OF. In type-A rice, SPAD values under OF were
95.35%, 96.83%, 96.06%, 95.85% and 95.50% of those under CF at booting, heading,
middle-filling, late-filling and maturity, respectively. Type-D rice presented a similar
trend; however, in type-B rice values under OF were 96.26%, 97.23%, 98.64%, 98.70%
and 99.29% of those under CF, respectively. Moreover, the decreasing trend in type-B
rice under OF was slow and smooth compared to that under CF. In contrast, SPAD
values in type-C rice showed an opposite trend to type-B. These data demonstrate
that farming mode, organic versus conventional, had only a small effect on SPAD
values in type-A and D rice, but a greater effect on type-B and C.
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Table 7. Effects of organic (OF) and conventional farming (CF) on SPAD values in
flag leaves during key growth periods.

Type * Farming
System

Growth Period

Booting Heading Middle-Filling Late-Filling Maturity

Type-A
OF 38.55Ab 43.62Ab 39.48Ab 30.48Ab 17.62Ab
CF 40.43Aa 45.05Aa 41.10Aa 31.80Aa 18.45Aa

OF/CF
(%) 95.35 96.83 96.06 95.85 95.50

Type-B
OF 35.47Ab 41.03Ab 43.4Ab 34.05Ab 20.95Aa
CF 36.85Aa 42.20Aa 44.00Aa 34.50Aa 21.10Aa

OF/CF
(%) 96.26 97.23 98.64 98.70 99.29

Type-C
OF 38.72Ab 42.03Ab 43.30Ab 23.75Bb 15.00Bb
CF 40.80Aa 44.35Aa 45.75Aa 25.80Aa 16.35Aa

OF/CF
(%) 94.90 94.77 94.64 92.05 91.87

Type-D
OF 40.93Ab 43.53Ab 45.05Ab 38.23Ab 23.45Ab
CF 43.25Aa 45.90Aa 47.65Aa 40.35Aa 24.73Aa

OF/CF
(%) 94.64 94.84 94.54 94.75 94.82

* See Table 5 for a description of each type. The REN characteristics of type-A is high
REN under both OF and CF, type-B is high REN under OF whereas low REN under CF,
type-C is low REN under OF whereas high REN under CF, type-D is low REN under
both OF and CF, respectively. In a column, letter A and B, letter a and b labeled after
figures are statistically significant at the 0.01, 0.05 probability levels, respectively. Means
comparisons were assessed independently for each type.

3.3.2. N Content

During growth, the N content of the flag leaves first increased then decreased
similarly to SPAD values, reaching a maximum at heading (Table 8). The N content
of all varieties was higher under CF than OF. Moreover, the decline in N content
in type-A and D rice was relatively smaller than that in type-B and C. In type-B,
the range of N content was much smaller under OF, while in type-C, the range was
smaller under CF. Thus, OF slowed down the decline in N content in varieties with a
high REN under OF, whereas CF did not.
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Table 8. Effects of organic (OF) and conventional farming (CF) on N content in flag
leaves during key growth periods (g·kg−1).

Type * Farming
System

Growth Period

Booting Heading Middle-Filling Late-Filling Maturity

Type-A
OF 22.28Aa 22.69Bb 22.56Ab 10.99Ab 6.04Ab
CF 24.52Aa 25.45Aa 24.82Aa 12.09Aa 6.75Aa

OF/CF (%) 90.88 89.12 90.91 90.88 89.48

Type-B
OF 21.10Bb 21.98Bb 18.83Ab 15.01Ab 9.87Ab
CF 22.94Aa 23.64Aa 20.06Aa 15.74Aa 10.21Aa

OF/CF (%) 91.99 92.98 93.86 95.33 96.71

Type-C
OF 21.23Ab 22.15Ab 17.01Bb 8.55Bb 6.10Bb
CF 23.02Aa 24.26Aa 21.41Aa 11.26Aa 8.12Aa

OF/CF (%) 92.22 91.29 79.44 75.89 75.14

Type-D
OF 26.32Ab 28.07Ab 24.20Ab 18.04Ab 11.63Ab
CF 28.28Aa 30.07Aa 25.93Aa 19.27Aa 12.55Aa

OF/CF (%) 93.06 93.34 93.30 93.59 92.64

* See Table 5 for a description of each type. The REN characteristics of type-A is high
REN under both OF and CF, type-B is high REN under OF whereas low REN under CF,
type-C is low REN under OF whereas high REN under CF, type-D is low REN under
both OF and CF, respectively. In a column, letter A and B, letter a and b labeled after
figures are statistically significant at the 0.01, 0.05 probability levels, respectively. Means
comparisons were assessed independently for each type.

3.4. Effect on Key Enzymes of N Metabolism under OF and CF

3.4.1. GS Activity

GS catalyzes the adenosine triphosphate (ATP)-dependent condensation of
ammonia (NH3) with glutamate to yield glutamine. Many studies of the GS enzyme
justify the importance of this enzyme in metabolism of plant N [18,21]. GS activity
in all varieties showed the biggest drop from booting stage to heading (Figure 2).
Under both OF and CF, GS activity decreased with growth in all varieties, except
at maturity. Under OF, GS activity in type-A rice was 82.71%, 83.85%, 85.88%,
86.16% and 117.74% that under CF at booting, heading, middle-filling, late-filling
and maturity, respectively. In contrast, in type-B rice, values under OF were 114.54%,
116.35%, 117.95%, 119.69% and 139.97% those under CF, respectively, suggesting
that GS activity was greater under OF than CF in type-B rice. Type-C and D rice
presented an opposite trend.
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Figure 2. Effects of organic (OF) and conventional farming (CF) on GS activity in
flag leaves of the four different types (A–D) of rice during key growth periods. BT,
booting, HD, heading: MF, middle-filling; LF, late-filling, MA, maturity. Type-A,
high REN under both OF and CF; type-B, high REN under OF whereas low REN
under CF; type-C, low REN under OF whereas high REN under CF; type-D, low
REN under both OF and CF. Values are means with standard errors shown by the
vertical bars (n = 4).

These findings suggest that OF increased GS activity in flag leaves of type-B rice.
Moreover, under OF, the decrease in GS in type-A and B rice was less than that under
CF. In contrast, the decrease in type-C and D rice was greater under OF than CF. That
is, OF slowed the decline in GS activity in N efficient varieties, thereby maintaining a
high N assimilation rate in later growth stages.

3.4.2. GPT and GOT Activity

GPT and GOT are the most common forms of transaminase in plant. Leaf GPT
and GOT activities were determined to gain a better understanding of the nitrogen
assimilation response [27]. Under both OF and CF, GPT activity in all varieties
decreased then increased before dropping once again at maturity (Figure 3). In
type-C and D rice, GPT activity increased from the middle-filling stage, while in
type-A and B the increase occurred earlier, at the heading stage. These findings
suggest that GPT activity recovered more quickly in N efficient varieties, thereby
maintaining the N transformation ability. GPT activity in type-B rice was particularly
noteworthy, with values under OF 114.69%, 126.87%, 130.03%, 133.48% and 155.39%
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of those under CF at booting, heading, middle-filling, late-filling and maturity,
respectively. In contrast, the remaining three types showed lower GPT values under
CF than OF at each corresponding stage.
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Figure 3. Effects of organic (OF) and conventional farming (CF) on GPT activity
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In type-A and B rice, GOT activity first decreased then increased before dropping
again at maturity, reaching a peak at the late-filling period (Figure 4). In type-C and
D rice, GOT activity peaked at the heading and late-filling stages. The OF/CF ratio
of GOT activity was similar to that of GPT activity. The ratio in type-A, C and D
rice ranged from 91.15% and 92.86%, 61.26% and 85.90%, and 82.28% to 84.98%,
respectively, throughout growth. In contrast, in type-B rice, the ratio ranged from
109.19% to 149.79%. These findings suggest that under OF, the decrease in GOT
and GPT in type-A and B rice was lower than that in type-C and D. Moreover,
under OF, organic N efficient type-A and B were able to maintain relatively high N
transformation abilities.
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4. Discussion

4.1. NUE Consistency and Conversion under CF and OF

In conventional cropping systems, different measurements of NUE are
commonly applied; for example, REN, agronomic efficiency of nitrogen (AEN),
physiological efficiency of nitrogen (PEN), and partial factor productivity of nitrogen
(PFPN). Consequently, research results often vary according to these different indexes.
REN is commonly used to evaluate the actual use efficiency and loss rate of N [26].
In a previous study, REN was found to range between 30% and 40% under CF in
China [18], which is lower than in other developed countries, such as USA, Canada
and so on. In the current study, REN revealed a synergistically high NUE type,
high-low NUE transition type, low-high NUE transition type and synergistically
low NUE type. PFPN, as an integrative index of the total economic output relative
to utilization of all N sources, was suggested by Hasegawa et al. [30] as a useful
criterion for organic cropping systems in which animal compost or organic fertilizer
are applied. In future studies, to fully clarify the high grain yield and high NUE under
OF, additional NUE indexes such as AEN and PEN will be used to comprehensively
evaluate the N use mechanism.
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The literature on NUE tends to focus on CF or inorganic/organic fertilization,
rather than OF [26,31,32]. Application of organic-inorganic compound fertilizer
was previously found to have a positive effect on soil organic carbon accumulation
and crop productivity in rice fields, reducing chemical fertilizer use, optimizing the
physical qualities of paddy soil, and improving long-term sustainability through
increased N efficiency, possibly as a result of enhanced microbial activity [31–33].
However, OF differs from organic fertilizer experiments. In the district of Xinjiang,
a high dose of organic fertilizer was found to result in lower REN and AEN values
than under a low organic fertilizer dose, and far lower than under CF [16]. In this
study, the average NUE of all varieties was higher (37.66%) under CF than under OF
(22.61%), consistent with Sun et al. [16]. We also found that an increase in organic
fertilizer resulted in an initial increase in NUE followed by a decrease, with the
maximum value at a medium dose. In order to enhance NUE under OF, it is therefore
important to control the dose of organic fertilizer applied.

We subsequently examined the possible reasons for the higher NUE under CF
than OF. Liu et al. [25] suggested that under low soil fertility, chemical fertilizer
provides nutrients quickly, thereby promoting rapid growth. In contrast, with
organic fertilizer, the nutrient release rate is very late, and therefore there is
insufficient available nitrogen for growth. Thus, based on the conversion of N,
organic fertilizer acts as a slow-release N fertilizer, with nutrients released and
absorbed in a step-by-step manner, lasting longer. This study focused on NUE, and
therefore, requires further analysis of the long-acting release mechanism under OF.

4.2. Relationship between Yield and NUE under OF and CF

A technology gap is thought to exist between rice yield and environmental
efficiency scores based on levels of pure N use [34,35]. As a result, farmers tend to
increase the use of external nutrients such as N to compensate for potential yield
losses during the initial OF conversion period [11,16]. In old alluvial soil of India,
40% nitrogen and 25% phosphate chemical fertilizer can safely be supplemented
by low-cost, natural resource-based bio-fertilizer (Azotobacter sp.) at 12 kg·ha−1

and organic manure at 10.00 t·ha−1 to make rice cultivation more productive and
profitable over a long period [3]. Conversely, in the case study in a farmer’s fields in
Japan, the highest grain yield was demonstrated to be obtained via internal nitrogen
nutrient cycling of residues, such as rice straw, rice bran and weeds in lowland rice
farming [36].

In our previous study, we found positive correlations between yield and
dry matter accumulation at maturity, N uptake at maturity, REN and AEN in
three high-quality rice varieties under OF [17]. In this study, we choose Japonica
rice cultivars commonly grown in the middle and lower reaches of the Yangtze
River, Jiangsu province. Under OF, spike number, grain number per panicle and
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spikelet number increased with an increasing dose of organic fertilizer. In contrast,
the percentage of filled grains and 1000-grain weight showed an opposite trend,
consistent with the conclusions of Ling et al. [23]. Similarly, this study demonstrated
the effects of OF and CF on the various attributes of yield, revealing two synergy
models: one showing consistently high yield, the other consistently low yield.
Varieties showing high yield included the hybrid Japonica rice varieties Yongyou 8,
Changyou 5 and Changyou 2, which often demonstrate high yield, achieving high
output not only under CF but also at low soil fertility under OF. Those showing
consistently low yield under both OF and CF included Suxiangjing 1 and Yingyu 2084.
It is worth mentioning that the difference in yield between OF and CF was highly
significant in some varieties; for example, Huaidao 5 and Wulingjing 1 showed high
yield greater than 9 t·hm−2 under CF, but an average of only 5.98 t·hm−2 under OF.

Yield was always greater with CF than OF and the yield advantages were more
prominent in the hybrid rice varieties than the conventional types under OF. At a late
growth period under OF, the decrease in the range of leaf area and photosynthetic
potential were found to be smaller, and moreover, the average population growth
rate and percentage of dry matter accumulation were higher [29]. Therefore, to fully
determine the optimal rice genotypes for OF, we need to screen, identify and evaluate
various varieties under both OF and CF.

5. Conclusions

The results of this study suggest that when comparing NUE between CF and OF,
some varieties obtain consistently high (type-A) and others consistently low NUE
(type-D), whereas some transform from high to low (type-C) and others from low to
high under OF compared to CF (type-B). From booting to maturity, higher values
of SPAD and N content and less of a decline in GS, GPT and GOT activity in flag
leaves were observed in type-A and B compared to type-C and D varieties under OF.
Moreover, organic N-efficient type-A and B maintained relatively higher grain yield
under OF. Accordingly, varieties with synergistically high NUE and high grain yield
under OF were identified.

Acknowledgments: This study was supported by the National Natural Science Foundation of
China (No. 31201154 and 31571596), Three New Agriculture Project of Jiangsu Province
(SXGC[2016]212 and SXGC[2015]089), Jiangsu Key Research and Development Plan
(BE2015340,BE2016351), Jiangsu Agriculture Science and Technology Innovation Fund
(CX(16)1003), the Open Project Program of Key Laboratory of Crop Physiology (No. K12008)
and the Priority Academic Program Development of Jiangsu Higher Education Institutions.

Author Contributions: Lifen Huang and Hengyang Zhuang conceived and designed the
experiments; Jie Yang performed the experiments; Jie Yang and Lifen Huang analyzed the
data; Jie Yang contributed reagents/materials/analysis tools; Lifen Huang wrote the paper;
Xiaoyi Cui, Huozhong Yang and Shouhong Wang revised the paper. All authors read and
approved the final manuscript.

67



Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

NUE nitrogen use efficiency
OF organic farming
CF conventional farming
CK control check
LO low level of organic fertilizer
MO medium level of organic fertilizer
HO high level of organic fertilizer
BT booting
HD Heading
MF middle-filling
LF late-filling
MA maturity
type-A high NUE under both OF and CF
type-B high NUE under OF whereas low NUE under CF
type-C low NUE under OF whereas high NUE under CF
type-D low NUE under both OF and CF
GS glutamine synthetase
GPT glutamic-pyruvic transaminase
GOT glutamic oxaloacetic transaminase
SPAD soil and plant analyzer development
REN recovery efficiency of nitrogen
PFPN partial factor productivity of nitrogen
AEN agronomic efficiency of nitrogen
PEN physiological efficiency of nitrogen
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Conventional, Partially Converted and
Environmentally Friendly Farming in
South Korea: Profitability and Factors
Affecting Farmers’ Choice
Saem Lee, Trung Thanh Nguyen, Patrick Poppenborg, Hio-Jung Shin
and Thomas Koellner

Abstract: While organic farming is well established in Europe a nd USA, it is still
catching up in Asian countries. The government of South Korea has implemented
environmentally friendly farming that encompasses organic farming. Despite the
promotion of environmentally friendly farming, it still has a low share in South Korea
and partially converted farming has emerged in some districts of South Korea.
However, the partially converted farming has not yet been investigated by the
government. Thus, our study implemented a financial analysis to compare the annual
costs and net returns of conventional, partially converted and environmentally
friendly farming in Gangwon Province. The result showed that environmentally
friendly farming was more profitable with respect to farm net returns. To find out
the factors affecting the adoption of environmentally friendly farming, multinomial
logistic regression was implemented. The findings revealed that education and
subsidy positively and significantly influenced the probability of farmers’ choice
on partially converted and environmentally friendly farming. Farm size had a
negative and significant relationship with only environmentally friendly farming.
This study will contribute to future policy establishment for sustainable agriculture
as recommended by improving the quality of fertilizers, suggesting the additional
investigation associated with partially converted farmers.

Reprinted from Sustainability. Cite as: Lee, S.; Nguyen, T.T.; Poppenborg, P.;
Shin, H.-J.; Koellner, T. Conventional, Partially Converted and Environmentally
Friendly Farming in South Korea: Profitability and Factors Affecting Farmers’ Choice.
Sustainability 2016, 8, 704.

1. Introduction

Agriculture creates benefits for humans by providing fiber, food and fuel.
However, intensively managed farms have increased various adverse effects
including soil degradation, biodiversity loss, water pollution and agro-chemical
pollution. Due to heavily managed intensive farming targeting yield maximization,
environmental concerns over negative externality of agricultural production have
been increasing. Therefore, sustainable agriculture has been developed as the
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alternative under conservation of environmental quality and the scarcity of natural
resources. One of the alternatives can be several advanced farming management
practices such as organic, environmentally friendly and partially converted and
low-pesticides farming.

Organic farming is one of the most widespread farming techniques that balance
social, economic and environmental sustainability. Although there are many
definitions of organic farming [1], it is generally defined that it avoids the use
of synthetic chemical fertilizers and pesticides, and regulates the application of
agriculture practices [2,3]. Organic farming emphasizes ecological processes, human
health and renewable resources adapted to the local agricultural system [4]. Despite
the contentious issue on economic and environmental effects, organic farming has
the potential to reduce environmental pollution [5–7], with higher farm household
income and benefits to rural economies [8,9]. Moreover, in response to consumer
demand for healthy food products, many farmers are converting their production
method from conventional to organic farming [10].

In contrast with other developed countries like those in the European Union,
which have adopted strict organic farming, the government of South Korea
has adopted environmentally friendly farming since 1999. Due to the more
flexible regulations than those supporting organic farming in the European Union,
environmentally friendly farming in South Korea includes organic, no-pesticide and
low-pesticide farming [11]. While the use of chemical fertilizers and pesticides of
organic farming is forbidden like in other developed countries, the no-pesticide
farming standard in South Korea allows the use of a certain level of chemical
fertilizers. The low-pesticide farming allowed the use of both a certain level of
chemical fertilizers and synthetic pesticides was abolished in 2015. The government
of South Korea has implemented a long-term plan to promote environmentally
friendly farming since 2000. The plan aimed to extend cultivated areas, to decrease
the synthetic chemical inputs such as fertilizers and pesticides and to expand the
organic products market [12]. This plan increased certified areas of environmentally
friendly farming up to 172,674 ha cultivated by 160,628 farm households in 2011.
These produced and supplied 1,819,228 tons of environmentally friendly agricultural
products in 2011. The main cultivated products of environmentally friendly farming
were vegetables (38.5%), fruits (23.8%), and cereal crops (22.3%). The area of
environmentally friendly cultivation was approximately 10% in 2011 [12]. However,
organic agricultural area was only about 1.1% in 2011 (Table S1), still accounting
for a small proportion [11]. This is similar to the global organic agricultural land,
accounting for approximately 1% [13]. Although North America, Africa, and Asia
are lagging behind Europe and Latin America that are leading the growth of organic
farming, the proportion of land cultivated using organic farming method is still low
all over the world [13].
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In the context of the low adoption rate of organic farming all over the
world, considerable research attention has been paid to economic differences
between conventional and organic farming [7,14]. The differences between net
returns and costs analyzed by previous studies show that organic farming can be
profitable [15,16]. Considering higher willingness to pay for organic products and
the price premium paid by consumers [8,17], organic farming is more financially
lucrative than conventional farming [18,19]. The majority of previous studies
examined the driving forces leading to organic farming in conjunction with
biophysical, institutional, socio-economic and political factors influencing farmers’
choices [20–23]. In South Korea, a number of studies have contributed to the
development of environmentally friendly farming including organic farming in
the context of the production, consumption and distribution for environmentally
friendly farming [24–26].

Furthermore, in South Korea, through only our field survey, it was observed
that partially converted farmers existed. Partially converted organic farming has
emerged in some countries, however, it is not allowed in some other countries
which require compliance with rigorous regulations for organic farming in the
various developmental paths [27]. The partially converted farming is defined so
that farmers can decide to use only part of their land for organic production [28].
In other words, the partially converted farmers are using both conventional and
environmentally friendly farming practices according to their own choices. They
can become completely organic farmers in the near future, but are starting by
implementing some organic practices now. Consequently, their farms are less than
“half-organic”. While previous studies shed light on the profitability of different types
of farming, including partially converted farming in Europe and Canada [28,29], less
is known for Asian countries. Only some studies in this important world region focus
on environmentally friendly or organic farming [30,31] and the issue of partially
converted farming is not yet covered. The missing differentiation between fully
and partially converted organic farming is certainly a limitation of current empirical
studies on organic farming [8].

Therefore, the first objective of our research was to identify the profitability
among different farming techniques; i.e., conventional farming (CF), partially
converted farming (PCF) and environmentally friendly farming (EFF), hereafter
abbreviated with CF, PCF and EFF respectively. The second objective was to examine
the key factors influencing the adoption of farming techniques in South Korea. This
paper draws crucial conclusions based on a detailed discussion of the financial
analysis with descriptive statistics and multinomial logistic regressions. The findings
and policy recommendations can make valuable contributions to development of
policies to promote organic farming in South Korea and other Asian countries.
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2. Method

2.1. Study Area and Background

This study was conducted in the Soyang catchment of Yanggu-Gun (Nam-Myeon,
Yanggu-Eup and Haean-Myeon), Inje-Gun (Girin-Myeon, Nam-Myeon, Buk-Myeon,
Sangnam-Myeon, Seohwa-Myeon and Inje-Eup) and Hongcheon-Gun (Nae-Myeon)
in Gangwon Province, South Korea (Figure 1b). The study site was selected based on
consideration of the low adoption level of organic farming in South Korea, as well as
the potential hazard of water pollution within Soyang watershed from intensively
managed practices in the Gangwon Province of South Korea. The Gangwon Province
in South Korea plays a key role in protecting the water quality of the upper Soyang
watershed, which provides water supplies to downstream residents of several,
densely populated cities of South Korea. Accordingly, EFF has been promoted
in the Gangwon Province, to improve the water quality in Soyang watershed, which
comprises environmentally sensitive area. Despite the promotion of environmentally
friendly farming by the local and central government, water quality issues coming
from intensive farming activities in the area have been continued. Therefore, based
on the low adoption rate of EFF and the desired reduction of water pollution from CF,
we selected the main environmentally sensitive area, the three districts in Gangwon
Province of South Korea as our study area.
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The Gangwon Province of South Korea, which includes the catchment of the
three districts, is located in the mountainous northeastern part of South Korea
(latitude 37˝02’N–38˝37’N and longitudes 127˝05’E–129˝22’E). The Gangwon
Province occupies around 20,569 km2. The total agricultural area of the province
was 109,496 ha which consists of rice paddies (41,086 ha) and field land (68,410 ha).
The total population of farmers in the provin0ce was 191,922 in 2011 [32]. In 2011
the average farm size, from a total of 71,687 farm households in Gangwon Province,
was 1.5 ha per farm, of which 0.57 ha was occupied by rice and 0.95 ha of field land,
respectively. As of 2011, the total EFF cultivated farmland was 7962 ha with 5854 EFF
farm households in this province; organic was 1976 ha and 1093 farm households,
no-pesticide was 4899 ha and 3561 farm households, low-pesticide was 1088 ha and
1200 farm households [32]. The certified EFF area accounted for only about 4.6% of
the whole of the certified areas in South Korea [26].

For this study, the three areas were selected within the watershed of Soyang Lake
in Gangwon Province (Figure 1a). The Soyang watershed (2694.35 km2) is the largest
reservoir and tributary located North of the Han River in South Korea. The watershed
is important as one of the main drinking water sources of Seoul, capital of South
Korea, and other metropolitan areas in South Korea. The residents in the downstream
area of the watershed utilize the water resource overwhelmingly due to high
population density of the capital area that shared 48.3% of the country’s population
in 2011. In other words, the water pollution in surrounding environmentally sensitive
areas, especially in the selected area, is seriously affected by intensive farming, and
can seriously damage fresh drinking water use of the citizens.

During the 2006 monsoon period, the water quality was seriously reduced
brought by Typhoon “EWINER”, resulting in high levels of turbidity (328NTU
(Number of Transfer Units)), which was nearly four times the turbidity level observed
the previous year. At that time, the sediment yields (865,062 ton/year) within the
watershed were substantially higher from agricultural practices in the mountainous
area. In order to protect the water quality of the Soyang watershed for the province,
since 2006, selected areas have been designated as initial nonpoint pollution source
management areas, with the aim of reducing sediment yields from agricultural
practices in the mountainous areas of South Korea [33].

The three major regions causing the water quality problem from farming
activities accounted for about 82.7% of the watershed in Gangwon Province [33].
The main areas of the Soyang watershed affecting from agricultural practices were
Yanggu-Gun (146.44 km2), Inje-Gun (1678.48 km2) and Hongcheon-Gun (447.83 km2).
The landscape of the catchment area is dominated in highland regions by upland
fields. Out of the total highland farmland area (7313 ha) of South Korea, the majority
of the highland upland areas were found in Yagngu-Gun (143.97 km2), Inje-Gun
(1636.32 km2) and Hongcheon-Gun (447.51 km2) of the Province [33]. Regarding
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the water pollution associated with farming activities, the crucial problem identified
was over-use of pesticides and fertilizers on steep slopes and at relatively high
altitudes [34–36]. The main crops cultivated in the mountainous area were Chinese
cabbage and radish, which rely heavily on chemical fertilizers and pesticides. In these
areas, intensive agricultural practices with high concentrations of phosphorous and
nitrogen, led to eutrophication of the reservoir [37,38]. This negatively affected
the habitat of endangered species in the aquatic ecosystems of the watershed.
Considering that the adverse effects could appear occasionally, although stable
drinking water quality has been maintained in South Korea, there is potential
for degradation of water quality from intensively managed farming activities still
remaining in the districts during monsoon climate.

2.2. Sampling of Farm Households and Data Collection

Data were collected by face-to-face interviews. The survey period was between
19 March 2012 and 6 April 2012. The lists of residential farmers were received from
local leaders and governmental staff after focus group meetings. During a pilot
survey, we found that partially converted farmers existed between conventional and
environmentally friendly farmers. Thus, stratified random sampling was selected
from two farming techniques (CF and EFF) to three farming techniques (CF, PCF,
and EFF). The sampling was applied to draw an estimated 7% sample size based
on total population of farmers in three regions, due to time and budget constraints.
Before the main survey of farm households, we contacted the farmers in the list by
phone to check their production method and arrange the interviews from the contact
lists. In addition, after the survey, in order to obtain more exact information on the
survey, a gift was offered to the participants. Due to no responses and outliers in
the key questions (Figures S1–S4), 218 farm households’ interviews were analyzed
from a total of 224 interviews. The data consisted finally of 85 conventional farmers,
65 partially converted farmers and 68 environmentally friendly farmers.

For the questionnaire, a pilot survey was carried out in order to check accuracy
of the questionnaire and modify sentences to avoid misunderstanding. Through
discussions with heads of the local farm households and governmental staff that
were responsible for EFF, a semi-structured questionnaire was constructed. Based
on feedback from the pilot survey with trained interviewers, a final questionnaire
was completed. All data were investigated based on their farming activities in 2011,
a year previous to the survey period. In order to compare more reliable financial
profitability by farming techniques, data related to livestock were excluded from
the survey. The questionnaire included farm size and number of cultivated crops in
arable areas. The farmers were asked about their financial returns such as agricultural
revenue and subsidies, as well as their cultivation costs, including expenditures for
labor, seeds, installation and management of green houses, fertilizers, pesticides
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and agricultural machines. The final part of the survey collected socio-economic
information of the farmers such as their age, education and farming experience.

2.3. Analytical Framework for Data Analysis

Descriptive statistics were used to give basic information on farm households.
The descriptive indicators were average values with standard deviation and
frequency, which applied as independent variables in dummy or mean values of
multinomial logistic regression. In addition, financial analysis was carried out to
compare costs and profits among the three farming methods. The calculation is
specified by the following formula: The total benefit (E) = total revenue (B) ´ total
costs (A) + total supported subsidy (D) (Tables 2 and 3). All costs included labor, land
rent, mechanical operations, installation, management and maintenance in 2011. The
farmers’ net returns determined by the costs were calculated based on the revenue
and subsidies obtained in 2011.

In our study, a multinomial logistic regression model was used to analyze the
influence of socio-economic characteristics of farm households on different farming
techniques. Multinomial logistic regression is an extended binary logistic regression
model that has more than two categories of unordered outcome variables. The
multinomial logistic model was estimated using normalization with one category,
which is regarded as the “base category.” In this study, the explanatory variable
took different from one to three depending on their farming techniques. CF was
used as the base category, which took one in the model. PCF took two in the
explanatory variable and environmentally friendly farmers, which took three in the
explanatory variable. There are several factors leading to choice decisions in the
context of socio-economic background, and what we are interested in lies in the
effect of each explanatory variable on individual outcomes. Therefore, we considered
seven independent variables; age, education, labor of farm household, farm size,
ownership, net return, and subsidy, which were simultaneously hypothesized as
vital factors for the farmers’ decisions.

Thus, the outcome variable can take on the variables, j “ 1, 2, 3, ¨ ¨ ¨ j, with j, a
positive integer. The model explains the probability of CF pj “ 1q or PCF (j “ 2),
EFF (j “ 3q. The determinants associated with each category can be contrasted
with the base category, which is CF in this study. In addition, this is to find out
ceteris paribus changes in the elements of that affect the response probabilities,
p pyi “ k| xiq “

exppβkxiq
řJ

j“1 exppβ jxiq
, j “ 1, 2, 3, . . . , J, where k is one of the sub-groups and

P pyi “ kq is the probability that the farmer belongs to the subgroup and where xi
describes farmer characteristics. In order to identify this model, constraints for the
assumptions must be applied. A common approach is to assume that β1 = 0 [39].
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This normalization makes it possible to identify the coefficients relative to the base
outcome. Applying the constraint, the model can be written as:

p pyi “ k| xiq “
exppβkxiq

1`
řJ

j“2 exppβ jxiq
, f or K ą 1

p pyi “ k| xiq “
1

1`
řJ

j“2 exppβ jxiq

(1)

The multinomial logit model utilizes maximum likelihood estimation to evaluate
the probability of a categorical group using the following equation:

L
`

β2, ..., β j
ˇ

ˇ y, X
˘

“

j
ś

k“1

ś

yi“k

exppβkxiq
řJ

j“1 exppβ jxiq
, where

ś

yi “ k is the product over

all cases for which yi “ k [40]. Coefficients are interpreted using the relative risk
ratios, which is the relative probability of yi “ k, for k > 1. The relative risk ratio
is calculated without reference to the remaining two groups, PCF and EFF. This
shows the underlying assumption that the model has independence from irrelevant
alternatives which is regarded as binary independence [40,41]. Although statistical
tests are available to confirm this proposition, the use is not recommended due to
unreliable test results [42,43]. Thus, based on the recommendation by Amemiya [44],
a multinomial logistic model was selected among three types of farming techniques.
Overall, the model helps to indicate significant differences between PCF and EFF in
the study area, relative to CF. The utilized data were analyzed by IBM SPSS statistics.
The parameter estimates for the vectors that maximize the log likelihood function
can be achieved [45]. Relative risk ratios, meaning probabilities of choice, can be
calculated from Equation (2):

BPiy

Bxi
“ Pij

«

β j ´

J
ÿ

k“1

Pikβk0

ff

for J “ 1,2, . . . .J (2)

Applying Equation (2), we can observe changes in probabilities for their choice
in farming techniques due to a small change in one of the farmers’ characteristics,
when all other independent variables are fixed [46]. The relative risk ratios for the
multinomial logistic model were obtained by exponentiation of the coefficient. The
exponent of the coefficients are commonly interpreted as odds ratios like logistic
regression models and regarded as a marginal effect. The interpretation of the relative
risk ratios is for a unit change in the predictor variable The relative risk ratio of base
outcome relative to the reference group is expected to change by the factor of a
respective parameter estimate, given the variables in the model are held constant.

Based on the findings of earlier studies, our study hypothesized that social
and economic characteristics of farmers can be fundamental components in the
adoption of farming practices. The age of farmers plays a significant role on the
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farmer’s decision regarding conversion because younger farmers are expected to
be more progressive and accepting of new farming techniques relative to older
farmers [22,47]. The level of education is considered as an influencing factor. This is
because well-educated farmers are more likely to utilize new advanced technologies
efficiently and recognize the benefits for agricultural practices [48,49]. Farm size plays
a crucial role in the conversion to EFF in terms of costs and benefits. Furthermore,
higher costs of labor and time are inevitable during the conversion process [50,51].
Land ownership can be an advantage in terms of reducing the land rent cost [52].
As subsidies affect the profitability of EFF [53–55], farm net returns have also been
identified as a key driver of the conversion to EFF [56,57].

Therefore, it is expected that the sign on the age variable will be negative
because older farmers may set their sights on investments for farming activities over
a short period of time. Education level is expected to have a positive influence on the
adoption of EFF. The higher the education, the higher the probability that farmers
may consider the benefits from EFF practices to recoup their costs and reap their
future profits. The variable farm size was expected to have a negative sign due to
the risk of income loss during the transition period and higher labor costs to convert
farming techniques to EFF. The expected sign of the variable labor is negative. This
is because labor is associated with additional costs and investments in the long term.
Land ownership is expected to have a positive impact on the conversion to EFF
in terms of fixed costs for farm management. It is clear that higher benefits were
hypothesized to be positively associated with adoption of EFF. Obtaining a subsidy
was perceived as a positive economic factor that affects farmers’ choice on converting
to EFF.

3. Results

The characteristics of the 218 farmers among three types of farming techniques
are presented in Table 1. The general characteristics of the farmers are shown by
descriptive statistics and the results of the one-way ANOVA. In regards to education,
EFF farmers had the highest education level, with 17.6% university alumni and 25%
high school graduates. The average farm size for CF was 3.4 ha. The average farm
size for PCF was 4.0 ha, which included farmland area of 63.8% CF and 36.2% EFF.
EFF occupied an average farm size of 2.3 ha, approximately half of the total PCF
cultivated area. The age of farmers was homogenously distributed between the
three groups. The group of CF was on average 55.7 years, whereas the group of
partially converted farmers was on average 52.5 years old. The environmentally
friendly farmers were on average 54.3 years of age. CF and PCF farmers had similar
farming experience while EFF farmers had less farming experience. With respect to
the EFF experience, environmentally friendly farmers had been doing EFF for nine
years, about three years more experience compared to partially converted farmers.
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The average number of cultivated crops for PCF farmers was 5.4 ha with a range
of 2–9 crops in both farming techniques. CF and EFF had similar crop numbers (3.4
and 3.8 crops, respectively). The findings of the ANOVA analysis showed that the
three farming techniques differ significantly in their farmland size (F (218) = 4.5,
p < 0.10)) and average number of cultivated crops (F (218) = 22.5, p < 0.01)). The
distribution of main crops among the three groups is shown in Table S1 of appendix.

Table 2 presents the results on differences for annual average costs and benefits
per farm. PCF had the largest average costs per farm with most expenditure for farm
management. CF had no big difference with PCF for land rental costs. EFF had the
lowest land rental costs of 1.37 million KRW and fertilizer costs of 3 million KRW.
Regarding the average cost of labor, PCF had the largest wage cost of 14.70 million
KRW, compared to CF and EFF. PCF had the largest fertilizer expenditure, whereas
EFF had the smallest fertilizer expenditure. In terms of cost of pesticides per farm,
PCF had higher pesticide expenditures than that of EFF farms. PCF had the largest
other costs compared to CF and EFF.

With respect to benefits per farm household, PCF had the largest annual
revenues with 61.10 million KRW compared to CF and EFF. However, the EFF
net income was the largest with 26.29 million in comparison to CF and PCF. The
annual net income of a PCF farm household was the smallest which was similar to
CF as the PCF farmers have the highest costs for their farming activities. Although
EFF had the largest subsidies from the government or province, the amount of the
annual subsidy among different farming techniques had no large difference. The
total annual benefit (farm net income plus subsidies) per farm was the largest for
EFF, about 1.5 times greater than the benefit of PCF and CF.

The results of annual average costs and benefits per ha are shown in Table 3.
Compared to the costs per farm (Table 2), the results for costs per ha were somewhat
different. The land rental cost per ha was almost the same for CF and EFF. There was
no big difference in land rental costs per ha. PCF had the smallest costs for their
farmland. Average labor costs per ha were the largest for EFF, which was the highest
expenditure compared of all farming techniques. CF had the lowest expenditure for
labor costs. Contrary to the result of fertilizer cost per farm, the costs of fertilizer
were the largest for EFF. CF had the smallest fertilizer costs and PCF was the largest.
In terms of cost of pesticides per ha, CF had the highest pesticide expenditures
compared to that of PCF and EFF farms. Regarding other costs, PCF farmers spent
the most on other costs, whereas CF farmers spent the least. Thus, total annual cost
per ha of EFF was 12.85 million KRW. The EFF farmers had the largest annual costs
compared to CF and PCF.
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The farming technique with the largest annual revenue per ha was EFF,
which made 28.54 million KRW. The annual revenues per ha of CF and PCF were
16.97 million KRW and 20.87 million KRW, respectively. EFF had the highest
annual farm net income per ha with 15.70 million KRW. The net income of CF
was 7.96 million KRW and the net income of PCF was 8.17 million KRW. In the case
of their subsidy per ha, EFF had the largest subsidy, which was 0.89 million KRW.
PCF had the lowest amount of subsidy in their farming activities at 0.49 million KRW.
Therefore, total annual benefit per ha of EFF was the highest compared to CF and
PCF. The difference of the benefits between EFF and other farming techniques was
about double. The total benefit of CF and PCF was slightly different, as the total
benefits of CF and PCF were 8.53 million KRW and 8.66 million KRW, respectively.

The result of multinomial logistic regression model is presented in Table 4.
Based on the R2 pseudo statistics and Chi-Square test, this multinomial logistic
regression model shows that the estimated model is well fitted and statistically
significant at the 1% level. It is important to note that likelihood ratio statistics
indicated by X2 statistics (52.57) are highly significant (p = 0.0001), suggesting that
this makes the estimates obtained good enough for running this analysis. The Log
likelihood value suggests that the model has adequately explained the farmers’
choices on farming techniques. In all cases, the estimated coefficients are compared
with the base category of conventional farming. Conventional farmers occupied
39.0% of our survey. The partially converted farmers accounted for 29.8%, whereas
environmentally friendly farmers accounted for 31.2% of the sample.

The estimates for PCF and EFF relative to CF were observed differently with
positive signs across the groups. The result showed that age, labor of farm household,
land ownership, and farm net income were not statistically significant. However,
education level, farm size and subsidy were significantly related to the farmers’ choice
on farming techniques. The coefficient for education level was statistically significant
and positively correlated to the probability on PCF and EFF at 10% significance level,
relative to CF. Farm size was found to be statistically significant at 5% significance
level and positive correlation with the probability of adopting EFF, whereas farm
size was not significantly related to the PCF. The coefficient for subsidy was highly
significant for both farm groups relative to the base outcome at the 1% significance
level. This indicates a strong positive relationship between the subsidy and the
likelihood of farmers’ adoption of PCF and EFF relative to CF. Therefore, these
results show that as farmers’ education level and subsidy increase, the likelihood of
farmers’ choice for PCF and EFF increases. Moreover, as the farm size decreases the
probability of farmers’ choice on EFF increases.
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Table 4. Coefficient estimates and standard errors in parentheses for multinomial
logistic regression model.

Variable
Partially Converted

Farming PCF
Environmentally Friendly

Farming EFF

Coeff. Std. Error Coeff. Std. Error

Intercept ´1.212 1.293 ´1.760 1.306
Age ´0.103 0.224 0.129 0.224

Education (1) 0.353 * 0.188 0.354 * 0.190
Farm size 0.015 0.050 ´0.219 ** 0.104

Labor of farm household (2) 0.247 0.437 0.361 0.436
Land ownership of land (3) 0.195 0.382 ´0.586 0.391

Subsidy (4) 1.005 *** 0.356 1.649 *** 0.378
Farm net income ´0.035 0.049 0.047 0.054

Number of observations 218; Pseudo R2: Cox and Snell 0.21; Nagelkerke 0.24; McFadden
0.11; LR chi2(12) 52.57; Log likelihood ´211.65.

Notes: * significant at 10%; ** significant at 5%; *** significant at 1%. (1) 0 = no education;
1 = primary education; 2 = secondary education; 3 = high school; 4 = college and university;
(2) 0 = farmers who had no farm laborer, 1 = farmers who had own farm laborers;
(3) 0= farmers who rented farmland, 1 = farmers who possess farmland; (4) 0 = farmers
who did not receive subsidy, 1 = farmer who received subsidy.

The relative risk ratios of the multinomial logistic model are shown in Table 5.
This result was obtained by the exponential of the coefficients, which provide
estimates of the relative risks. The result showed that one unit change in education
level had no significant differences between PCF and EFF, whereas relative risk ratios
of the variable increased. It was expected that the relative risk of practicing PCF
and EFF over CF (base category) increased by Exp. (0.35) = 1.42. If the farmers
would increase their education level by one unit, the relative risk for PCF and EFF
relative to CF would be expected to increase by the determinants of 1.42, given other
variables in the model are held constant. With regard to farm size for their cultivated
land, the relative risk ratio for EFF relative to CF would be expected to decrease by
a factor of 0.80 given the other variables in the model are held constant. As farm
size is negatively related to the EFF, an increase in farm size by one unit reduces the
likelihood that a farmers’ chose EFF by 80.3%. In addition, the relative risk ratios
of the variable subsidy for PCF and EFF were 2.73 and 5.20, respectively. Given a
one unit increase in subsidy, the relative risk of having adopted PCF and EFF would
be 2.73 times and 5.20 times, respectively, more compared with the CF. This means
farmers who received subsidies were more likely to choose PCF and EFF by a factor
of 2.73 and 5.20, respectively, as partially converted and environmentally friendly
farmers require subsides for the adoption.
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Table 5. The results of marginal effects by multinomial logistic regression model.

Variable
Marginal Effect (1)

Partially Converted
Farming PCF

Environmentally Friendly
Farming EFF

Age 0.902 1.138
Education 1.423 * 1.425 *
Farm size 1.015 0.803 **

Labor of farm household 1.280 1.435
Land ownership 1.216 0.556

Subsidy 2.733 *** 5.200 ***
Farm net income 0.966 1.048

Note: * significant at 10%; ** significant at 5%; *** significant at 1%. (1) Marginal
effect means exponentiation of the coefficients which is regarded as odds ratios for
the predictors.

4. Discussion

Organic farming is one of several advanced farming techniques considered
to provide environmental benefits and fit within the spectrum of sustainable
economic development. In environmentally sensitive areas, organic farming
supports water conservation as it reduces the rate of damaging runoff coming
from insensitively managed farming. The national government of South Korea
has adopted environmentally friendly farming (EFF) in order to move towards
sustainable agriculture. The adoption rate of EFF in South Korea is, however, still low
as it is in other developed and developing countries. Additionally, the selected area
of our study is relative to other regions in South Korea more important with respect
to farmers’ decision on practices for watershed protection. Historically, during
the monsoon period, in the selected area in Gangwon Province, the excess use of
chemical fertilizers and pesticides has caused the permeation of these chemicals
into surface waters, leading to negative effects on the water quality of the Soyang
watershed, a main source of drinking water of South Korea. Thus, in order to identify
which farming techniques are profitable and what factors influence farmers’ choices,
we compared the costs and benefits of various farming techniques and examined
socio-economic factors affecting adoption of farming techniques, based on survey
data. The findings of this study can contribute to the promotion and development
of organic farming in South Korea. In addition, this study can be developed into
similar studies in other Asia countries and in environmentally sensitive areas using
multi-year data.
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4.1. Environmentally Friendly Farming in South Korea

In South Korea, agriculture can be generally categorized into conventional
farming (CF) and EFF. However, in this field survey, we found that partially converted
farming (PCF) is emerging. Accordingly, the survey was conducted with the three
types of farming techniques, namely CF, PCF and EFF. Moreover, the study site
was a part of the nonpoint pollution sources management areas (Hongcheon-Gun,
Inje-Gun, and Yanggu-Gun) within the catchment of the Soyang watershed in
Gangwon Province, South Korea. The management area for nonpoint pollution
sources was designated to prevent water quality degradation due to eroded soil from
agricultural areas in this province. The Soyang catchment of this province has an
important role in the supply of potable water for the metropolitan area Seoul. Despite
the promotion of EFF by the local authorities and government of South Korea, the
Gangwon Province contained a low certified area of EFF. Thus, with the importance
of the study sites, this research aimed to identify which farming technique is more
profitable by financial analysis and to examine which factors affect the adoption of
farming techniques in South Korea using multinomial logistic regression.

4.2. Cost and Benefits of the Three Farming Techniques

The results of the financial analysis showed that the EFF labor costs per ha were
higher than CF and PCF. This is in line with previous studies that have shown that
organic farming has more labor requirements than CF [9,58]. In our study, fertilizer
costs for EFF per ha were higher than for other farming techniques. This finding is
inconsistent with the result of Sgroi et al. [59], who found that CF had higher fertilizer
costs when compared to organic one. The reason for the higher fertilizer costs in
this area might be caused by the use of low quality organic fertilizer, which led not
only to less crop production but also caused higher costs. Due to a short history of
EFF in South Korea, the adequate production, distribution and quality assurance
of organic fertilizer are problematic and tend to increase their production costs [26].
This is in line with the studies of Bernal et al. [60] who mentioned that an increase in
yields would require high compost quality and improved quality of organic fertilizer.
Therefore, in order to promote the EFF, proper quality and quantity of fertilizers
including different nutrients and ingredients should be investigated for the various
crop choices reflected in different districts. An alternative way to reduce production
costs substantially would be improved soil fertility, by promoting compost and
nutrient management strategies. Considering water quality degradation of the
catchment from soil erosion and nutrient run-off in this study area, the moderate
application of fertilizers, dependent on the local geographical conditions, is required
to protect the fresh water quality.

With regard to the benefits, financial net returns per farm and ha of EFF were
higher compared to CF and PCF, when considering the total expenses, annual

88



income and subsidies. This is coherent with the results of Kristiansen et al. [61],
Delbridge et al. [16], Patil et al. [7] and Salvioni et al. [28] who showed the profitability
of organic farming. In the benefit of EFF, the higher revenues per ha might be due
to the price premium of the produce. This is consistent with findings of studies
which indicated that the higher net returns can be attributed to the premium price
of organic products [62,63]. In South Korea, with the certification system of EFF, a
price premium incentivizes the farmers into the EFF products market like in other
developed countries [64]. The price premium was about 1.2~2.0 times depending on
different crop choices [26]. In the study area, we found with the personal interviews,
that some farmers had contracts with a big market in the capital city as they guarantee
relatively higher selling prices. Therefore, despite higher total costs per ha of EFF,
compared to those of CF and PCF, the EFF was more financially attractive in this area
with higher price premiums of the products. The results associated with profits in
our study area were in contrast with the study by Kim et al. [26] that also surveyed
in South Korea in terms of different crops in various provinces; they found that EFF
cultivation of rice, vegetable and fruits had higher costs and lower benefits due to a
transition period which caused low yields and hence income loss. Even though our
work provides a number of interesting results, it should be extended in the future by
interviewing more households in different areas of South Korea in different years so
that the results can be generalized and are more robust. Thus, we suggest that future
studies should survey more data in multiple years.

4.3. Factors Influencing the Adoption of Partially Converted Farming PCF and
Environmentally Friendly Farming EFF

In our survey, most of the farmers that were interviewed as representatives of
their farm households were male. With respect to the education level in our survey,
EFF farmers were found to be better educated than the CF and PCF counterparts.
Among the three agricultural groups, age differed only little, between one to three
years on average. Among the farming techniques, the farming experience between
CF and PCF was almost identical while the standard deviation for CF experience
was slightly larger than the farming experience of PCF. Regarding the green farming
experience, PCF farmers had less experience by about three years, compared with the
EFF farmers. Farm size and number of crops were statistically significant as shown
by ANOVA. The EFF had the smallest cultivated area, whereas PCF had largest
farm size, which is in line with the results of the largest number of cultivated crops
in PCF. PCF farms had a higher cultivated farm area per farm household than the
South Korean average (1.23 ha in 2010).

To identify influencing factors determining the three farming techniques
multinomial logistic regression (MNL) was used. Before implementing a variance
inflation test was implemented to consider the risk of multicollinearity between
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selected explanatory variables. While the estimates of the parameter in MNL model
gives the direction of the effect of predictors on the explanatory variable, the marginal
effects in the model offer the actual magnitude of change in probability. Thus,
in MNL, we showed the coefficients and marginal effects indicating relative risk
ratios (Tables 4 and 5) are significant determinants that have an influence on the
likelihood of the farmers’ choice on farming techniques. The MNL model included
important socio-economic variables such as age, education level, farm size, labor, land
ownership, subsidies and net returns per farm household. Although we considered
both subsidies and net income in this model simultaneously, the interpretation of
the effects of these factors should be done with care, since they might be a causality
problem due to an econometric simultaneity issue. The results showed that age,
whether or not farmers have laborers and ownership over their farmland, and net
farm income were not significantly related to any of the three farming techniques.

However, as expected, education level of farmers was positively correlated to
PCF and EFF. This result is hardly surprising as more educated farmers would have
acquired the knowledge and would adopt advanced techniques relatively easily. This
implied that the higher the education of the farmers, the greater the likelihood that
farmers choose to adopt PCF and EFF, by 1.42 times. This finding confirms that of
Weir and Knight [48], and Lapar and Ehui [49] who argue that an increase in farmers’
education level increases the likelihood of adopting advanced farming techniques.

Moreover, farm size had a negative and significant relationship with EFF.
This implies that the farm size decreases the tendency of adopting EFF by 0.80.
Our finding supports the previous study by Khaledi et al. [29] who found that
farmers with smaller farmland can more easily manage their fields to certified
regulations. In addition, relatively small farmlands could be easier to manage
within the regulations and standards of organic farming. This is inconsistent with
the results of Karki et al. [50], showing that larger farm size is likely to adopt organic
farming. This means the larger farm size has the potential for higher costs in labor
and inevitable larger income loss during their transition period after they adopt EFF.
In addition, according to Padel [65], the conventional and partially converted farmers
could adopt organic farming later. The result is in line with Läpple and Rensburg [5]
suggesting that larger farms are less likely to adopt organic farming which causes
more intensive labor and is associated with higher costs and relatively higher risks.

The variable indicating whether or not farmers receive subsidies had a highly
positive influence on the probability of the farmers’ adoption of PCF and EFF. As
a result of marginal effects of subsidies for PCF and EFF, the relative risk ratio
for PCF and EFF relative to CF would be expected to increase by a factor of 2.73
and 5.20, respectively. The result demonstrates that receiving subsidies is the most
significant positive influence on farmers’ decisions. Moreover, similar studies found a
positive relationship between the conversion process as an institutional factor [66,67].
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This revealed that the subsidy can be considered as a key factor to encourage
farmers to convert to EFF and expand arable land area of EFF [68]. Considering the
importance of the subsidy, it should be noted that the direct payment program for
EFF in South Korea is important to stimulate the farmers to change their farming
techniques to EFF. In order to extend the EFF, the improvement of direct payment
program for EFF is required as an incentive for compensating the income loss of
environmentally friendly farmers during their transition period. The improvement
measure to enhance the program of direct payment could be the unit price adjustment,
changes in the payment period and the compensation by crop types [69].

4.4. Partially Converted Farming PCF in Our Study

The results of the characteristics of PCF indicated that the partially converted
farmers had the largest farm size and the highest number of crops. Although some
PCF farmers went through the transition period in order to adopt EFF and the higher
costs for implementing PCF, they continued to practice the PCF. This can play an
important role in extending agricultural land of EFF. Therefore, viewed this way, the
partially converted farmers in the districts might be considered as a bottleneck in
promotion of EFF. Monitoring the developments of the agricultural sector among
different types of farming techniques could be a key issue in the promotion policy of
the local and national government.

Furthermore, throughout the interviews with farmers in the field survey
conducted for this research, we found that partially converted farmers exist. The
PCF is not officially recorded by the government as PCF farmers might be normally
grouped in CF or in EFF under official data of the government. Therefore, extra
studies related with PCF might be needed. Specifically, regarding the PCF, there
is still little research on how PCF has developed, how they affect the market and
how they influence the decision of other farmers. Accordingly, several questions
occur: Can they be considered as a potential barrier to promote EFF, or are they in a
transition period towards EFF? How high is the possibility that they return to CF or
persevere with PCF? In this respect, PCF is especially important, as these farmers
have the potential to compare both farming techniques and output of the sectors.

5. Conclusions and Policy Recommendations

The process of moving toward sustainability through organic farming has
led to the emergence of partially converted farming in South Korea. These new
partially converted farmers are not officially recorded and not investigated in South
Korea. Partially converted farms could be a potential barrier for promotion of
organic farming. Therefore, to extend organic agricultural land area, an up-to-date
official database for partially converted farmers including production costs and
revenues should be established in each district. In addition, while environmentally
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friendly farming is more profitable in our study area, the probability of higher costs
is still remaining and could be one of the obstacles to extending organic agricultural
land. Therefore, the government should provide more detailed support for reducing
production costs. In particular, higher fertilizer costs are required in order to invest in
improvement of the quality and investigation of the appropriate quality for organic
fertilizers. Ultimately, in order to promote compliance with international standards
of organic farming, improved measures for enhancing fertilizer management should
be implemented by the government. Farmers’ choice behavior can be driven by the
utility perceived and net benefit from farming techniques. This is beyond the aim
of the current study, which has focused on financial profitability and determinants
affecting their decisions. Further research would be necessary to investigate farmers’
perception and behavior reflecting different local conditions. Considering varying
socio-economic characteristics and different factors affecting farming techniques
in different regions, research projects on promotion of organic farming would be
beneficial to design more targeted policy for sustainable agriculture.

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/
8/7/704/s1. Figure S1: Distribution of costs per farm including outliers (N: 224), Figure S2:
Distribution of benefits (red) per farm including outliers (N: 224), Figure S3: Distribution of
costs per ha including outliers (N: 224), Figure S4: Distribution of benefits (yellow) per ha
including outliers (N: 224), Table S1: Total and organic cultivated area and the consumed
quantity per ha of chemical fertilizers and pesticide in South Korea, Table S2: Main crops
in percentage of farmers cultivating it and its average farm size split by farming techniques
(Conventional farming CF, Partially Converted farming PCF and Environment-Friendly
Farming EFF).
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Beef Cattle Farms’ Conversion to the
Organic System. Recommendations for
Success in the Face of Future Changes in
a Global Context
Alfredo J. Escribano

Abstract: Dehesa is a remarkable agroforestry system, which needs the implementation
of sustainable production systems in order to reduce its deterioration. Moreover,
its livestock farms need to adapt to a new global market context. As a response,
the organic livestock sector has expanded not only globally but also in the region
in search for increased overall sustainability. However, conversions to the organic
system have been commonly carried out without analyzing farms’ feasibility to do
so. This analysis is necessary before implementing any new production system
in order to reduce both the diversity of externalities that the variety of contexts
leads to and the vulnerability of the DDehesa ecosystem to small management
changes. Within this context and in the face of this gap in knowledge, the present
paper analyzes the ease of such conversions and the farms’ chances of success after
conversion in the face of global changes (market and politics). Different aspects
(“areas of action”) were studied and integrated within the Global Conversion Index
(GCI), and the legal requirement for European organic farming, organic principles,
future challenges for ruminants’ production systems, as well as the lines of action
for the post-2013 CAP (Common Agricultural Policy) and their impacts on the beef
cattle sector were taken into account. Results revealed that farms must introduce
significant changes before initiating the conversion process, since they had very low
scores on the GCI (42.74%), especially with regard to health and agro-ecosystem
management (principle of Ecology). Regarding rearing and animal welfare (principle
of justice/fairness), farms were close to the organic system. From the social point
of view, active participation in manufacturing and marketing of products should
be increased.

Reprinted from Sustainability. Cite as: Escribano, A.J. Beef Cattle Farms’ Conversion
to the Organic System. Recommendations for Success in the Face of Future Changes
in a Global Context. Sustainability 2016, 8, 572.

1. Introduction

Organic livestock production has increased substantially in recent years in order
to both increase farmers’ income (trough agricultural subsidies and higher sale prices)
and reduce farms’ environmental impact. Moreover, the potential role of organic
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production in the socio-economic development of rural areas has been claimed by
development agencies and has contributed to this trend.

In the region under study (Extremadura, SW Spain), the Dehesa ecosystem is
a remarkable agroforestry system where small changes in farms’ management can
lead to important changes in both farm and agro-ecosystem sustainability. However,
Dehesa farms’ low economic performance has induced farmers to make adaptive
changes, some of which (mainly intensification) have lead to reductions in the
sustainability of both the Dehesa ecosystem and its livestock farms. One of the
most recent adaptive changes has been the transition to the organic production
system. The regional organic livestock sector is mainly composed of beef cattle,
and was the fourth most important with regard to the number of this species and
productive orientation (98 beef cattle farms, 5.63% of farms) [1] in 2014.

As part of the Mediterranean area, Dehesa benefits from the well-known
ruminant pasture-based production systems. In this sense, the organic system
apparently fits within this system’s characteristics. In fact, Nardone et al. (2004) [2]
predicted good feasibility of the conversion process towards the organic system in
such an area.

In general terms, such transition has usually been carried out without plans
of action in most cases. However, it is necessary to precisely assess such feasibility
before implementing any new production systems (especially in sensitive ecosystems
such as the Dehesa), since the diversity of contexts among countries and farms is too
great to generalize assumptions and carry out business model changes based on them.
The reason for this is that these transitions can be very variable, as they depend on
several factors, i.e., national regulations, certification bodies, the production system
and the livestock species [3]. Thus, both positive and negative effects have been
observed in cattle farms. For instance, productivity is often reduced and production
costs increased, mainly during the first years of transition and due to the higher cost
of organic feedstuff [4,5].

Thus, previous to the conversion, an in-depth study of the sector must be
carried out, detecting its external and internal factors (SWOT: Strengths Weaknesses
Opportunities and Threats Analysis), paying special attention to its future challenges
on the basis of political, market and climatic changes. Thereby, it will be possible
to predict the difficulties that farms will go through during the conversion process
and establish tailor-made guidelines for each farm (or group of farms) in order to
shape successful and sustainable business. Hence, it will finally be possible to design
not only organic production systems but also sustainable ones in both local and
global contexts.

In accordance, the present study aims to: (i) assess the feasibility of conversion of
a sample of pasture-based beef cattle farms to a optimal production system designed
not only on the basis of the organic regulation but also on its principles, taking into

98



account future challenges for ruminants’ production systems, as well as the lines of
action for the post-2013 CAP (Common Agricultural Policy) and their impacts on the
beef cattle sector; and (ii) establish specific measures to ease the conversion process
and increase farms’ chances of success after conversion is accomplished.

2. Materials and Methods

2.1. Study Area

The study area was the DDehesa ecosystem located in the Extremadura region
(Spain). This region presents annual mean temperatures ranging between 16 and
17 ˝C. Summers are dry and hot (the mean temperature in July is over 26 ˝C, and
the maximum is usually over 40 ˝C). Annual rainfalls are irregular during the year
and also among years. The mean rainfall varies between 300 mm and 800 mm.
Extremadura is located in SW Spain (between latitude 37˝5613211–40˝2911511 and
longitude 4˝3815211–7˝3213”) and constitutes the core (geographically and in terms of
hectares) of the Dehesa (Figure 1), grouping 2.2 million hectares from the 3 million
hectare total area of Dehesa. This ecosystem is the most widely-used agroforestry
system in Europe, and has been considered as a habitat to be protected under
the European Habitats Directive, the cornerstone of Europe’s nature conservation
policy [6]. In it, trees, cereal-legume crops and extensive low-input farming systems
based on grazing are integrated, where cork, firewood, hunting, and birdwatching,
are also common and economically important. Soils are poor and, because of
its continental Mediterranean climate, supply of grazing resources is scarce and
irregular [7].

Livestock production systems have a great impact on overall sustainability
in disfavored and/or sensitive areas (socially, economically and environmentally),
which is even higher in traditional (extensive and mixed) production systems. In
particular, Dehesa’s traditional animal production systems were commonly diverse
(mixed), where a mixture of agricultural uses (various livestock species—mainly
beef, crops for animal feeding, hunting, and forestry) could be found.

From an economic point of view, the importance of the livestock sector in
Extremadura is reflected by its contribution to the Agrarian Production in the region.
In 2010, cattle, swine and small ruminants sectors generated (in terms of meat and
livestock) a total of 629.52 million Euros at basic prices in Extremadura, which
accounted for 32.23% of the regional Agrarian Production. If the products (milk and
wool) are included, this value amounts to €396.46 M, reaching 36.10% [8].

From a social point of view, it is noteworthy to highlight that, in semiarid
and rural regions such as Extremadura and Dehesa, extensive livestock production
systems are often the main activity [9], and even the only source of livelihood [10]. In
the case of Extremadura, the contribution of the livestock sector to the regional
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employment in 2010 was well above the national value (11.2% of the working
population in Extremadura were related to the agricultural sector, while in Spain
only 4.4% were in agricultural employment) [11]. Such dependence on the sector
highlights the need to protect it and enhance it, as it contributes to create jobs, increase
income and sustain the rural population, which is vital for the economy and rural
development of these areas [12–15].Sustainability 2016, 8, 572  3 of 23 
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Figure 1. Dehesa location and different land cover characteristics. FFC (Forest
Fractional Cover): Fraction of the land covered by the vertical projection of the tops
of trees.

From a cultural and environmental perspective, traditional production systems
are crucial for the conservation of cultural heritage and local identity, as well as
landscape [16] and habitats of high ecological and aesthetic value [17,18]. This
has its rationale in the fact that the Dehesa agro-ecosystem is an evolution of the
original Mediterranean woodland by human activity in order to carry out agricultural
activities. These production systems contribute to the improvement of soil and
pastures, ensure biodiversity, and control coppice and woody scrub regrowth, thus
reducing the risk of wildfire [3].

Different socioeconomic factors have led to abandonment and intensification
processes that endanger the conservation of such traditional systems and the
sustainability of the area in terms of three main pillars of sustainability (society,
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economy and environment), so that the evaluation and search for sustainable
production systems are needed.

2.2. Farms Selection

Due to a lack of official statistics about figures and location of Dehesa farms
in Extremadura, the sampling was nonprobabilistic by quotas. Forestry, livestock
production, and farm size criteria were used to select the farms with the aim of
obtaining a representative sample of the various subsystems of Dehesa, following
the methodology used by previous studies [19–21]. The number of farms surveyed
was 30, which is in accordance with other research studies on the topic (24 farms [22];
31 farms [23,24]). More detailed information on these criteria can be found in the
previous study of Escribano [3].

Sample Characterization: Conventional Farms

The sector located in the area under study is characterized by its scarce
use of external feed resources (only for covering adults’ maintenance nutritional
requirements during summer). In most cases, calves are sold at weaning and
fattened in feedlots, so that the value added to the farm is usually scarce. Moreover,
cows’ reproductive performance (weaned calves/cow/year) is low (0.81). All this
reduces their income, bargaining power and competitiveness. To compensate for this
situation, an important part of the farmer’s activities is to carry out other economic
activities that reduce economic risk and increase adaptation to sectorial changes [25].

Specifically, the farms analyzed had an average size of 275.80 ha of Utilized
Agricultural Area (UAA), of which 64% was owned. Nearly 50% of it was covered by
woody species, which has environmental, cultural and economic relevance. However,
the presence of crops is almost non-existent, which increases farms’ exposure to
unstable and scarce on-farm feed resources. Average herd size reached 111.70 adult
animals, of which 98% where cattle (adult cows and bulls). Total stocking rate was
extremely high for the ecosystem under study (0.73 Livestock Units/ha), which
suggests the necessity to lead Dehesa cattle production systems back.

Regarding management and herds’ structure, it is notable that the use of
reproductive techniques is typically scarce (estrus synchronization was only carried
out in the 6.70% of farms; the same values as for implementation of artificial
insemination). Genetically, farms were mainly composed of Purebred autochthonous
cows (20.11% of total cows) and Purebred foreign bulls (86.98%).
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2.3. Selection of Indicators

First, a literature review was carried out, based on the European legal
requirements for organic beef cattle production [27] and subsequent amendments),
as well as the principles of organic production set by IFOAM [26]. Requirements and
principles were transformed into indicators.

Subsequently, other indicators that were considered important for the study were
selected from the literature on the topic [21,22,25,28–30]. Furthermore, future political
context and challenges for ruminants’ production systems under extensive conditions
in drylands were taken into account, as were the pillars and lines of action for the
post-2013 CAP, and the impacts of the CAP on beef cattle sector [20,31]. In general
terms, the 2014–2020 CAP has changed its philosophy, so that it is nowadays not
only focused on ensuring the income of a certain segment of the population, but also
on promoting the development of territories, promoting the efficient use of resources
with an eye on a sustainable and diverse agricultural sector, paying even more
attention on rural areas [32]. Thus, the challenges of “The CAP towards 2020” are
the following: economics, food security, price volatility, and the agricultural sector’s
environmental impact (greenhouse gases, soil degradation, pollution, habitats and
biodiversity). To do this, CAP has renewed instruments based on three main pillars
(competitiveness, environmental sustainability, and rural development), where
agri-food value chain (transparent and fair) and risk management are notable aspects
and changes of the reform. Such instruments are as follows: market measures
(reducing risks and improving risk management), agri-food value chain (fairness
and transparency), research and knowledge transfer.

Although the boundaries of the system were the farm, some aspects of the
food chain upstream (kilometers travelled by fodder) and downstream (products
processing products by the producer, and direct sales) were also included, due to the
importance of these aspects for the sustainability of these farms [33]. Finally, a list of
55 indicators (Table 1), complying with the criteria of relevance, practicability, and
end user value recommended by [34] were selected. Then, aiming to increase the
practical applicability of the results of the present study, indicators were grouped
into “areas of action”.
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2.4. Ordination of Indicators in Areas of Action, Allocation of Optimal Values and
Relative Weights

After this process, optimum values were established for each indicator in
accordance with stakeholders’ and experts’ opinions. Due to the fact that most of the
indicators were created on the basis of organic regulations and principles, and/or on
specific agro-ecological practices, most of these indicators were dummy or binomial
(Table 1 provides detailed information in this regard), and their optimal value was 1,
indicating “compliance”. Hence, each variable acquired a mutually exclusive and
unique value with a binomial Bernoulli distribution. In the case of quantitative
indicators, the optimal values were established following the procedure of previous
studies [8,35,36], where the author’s previous experience and the characteristics of
the sample were taken into account.

Finally, relative weights were attributed to each area of action, so that each
Partial Conversion Index (PCI) had a different contribution to the GCI. The relative
weighting of the areas of action is a recommended process as it allows aspects (areas)
of greater impact on the ease of conversion and farms future success to be prioritized.
Following the methodology of participatory research used by [25], numerical weights
were established in a focus group meeting. This allowed the integration of local
and scientific knowledge, taking into account participants’ knowledge and values,
following a collaborative procedure. Each participant was provided with a list of
relative weights. Thus, the sum of the relative weights of each indicator of the
same attribute will be equal to 100%. Their mean value corresponds to the final
relative weight.

The selection of indicators and the establishment of the relative weights was
based on the following criteria: (i) areas of action’s importance with regard to
compliance with the European regulations on organic production; (ii) principles of
organic production and sustainability dimensions (mainly social and environmental);
and (iii) farms’ internal and external factors, as well as their future challenges in
relation with predicted changes on agricultural policies and market. This allowed
indicators to be derived, measured, and monitored as part of a systemic, participatory,
interdisciplinary, and flexible process of evaluation.

The complete list of indicators of conversion, the principle they belong to, the
areas of action in which they were included, and the relative weights of such areas
are presented in Table 1.

2.5. Calculation of Conversion Index: Individual Conversion Scores, Partial Conversion
Index (PCI) and Global Conversion Index (GCI)

There are previous studies that have analyzed the feasibility of conversion of
farms to organic or agro-ecological production systems [22,28–30,37]. However, the
above-mentioned methodology allows not only assess the feasibility of conversion
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to the organic system set by European regulations and the principles of organic
production, but also addresses important issues and challenges for the analyzed
farms (SWOT and future challenges).

In order to apply this broader approach, methodological adaptations have been
carried out. Such adaptations integrated the Organic Livestock Proximity Index
developed by [29], the MESMIS Framework [38], and the AMOEBA approach [39].
MESMIS Framework (Framework for the Evaluation of Management Systems
incorporating Sustainability Index) has been widely used through years to assess
livestock systems’ sustainability [40]. This methodology, along with the AMOEBA
approach [39], allows the selection of indicators and their transformation on scores
based on optimal values for each indicator, so that their initial values of the indicators
are converted to percentage values (scores) according to their proximity to the
optimum value. Thus, 100% is the optimal/desirable value. Thus, farms with
several indicators with values of 100% in each area, would be more easily converted
to organic. This analysis would generate the limit (maximum desirable value) for
each area of action. To do this, three possible cases are faced:

(1) When the indicators have an optimum value corresponding to either the
maximum value of the sample or the value 1 for the case of qualitative variables,
the scores were calculated as follows (Equation (1)):

Individual conversion score “ pinitial value of the indicator{optimal valueqˆ 100 (1)

(2) However, for indicators whose optimal value was the minimum value found in
the sample (i.e., distance traveled by feed), the scores were calculated as follows
(Equation (2)):

Individual conversion score “ poptimal value{initial value of the indicatorqˆ 100 (2)

(3) When optimum values were percentiles (range of values) or recommended
values (such as farmer’s age), the formula applied depended upon the
magnitude of the indicator values and their optimal value. If the value
of the indicator was lower than the optimum value, the Equation (1) was
applied. In contrast, when the indicator value was higher than the optimal
value, Equation (2) was applied. Moreover, for certain indicators, more details
must be taken into account. Thus, in cases such as that of total stocking rate,
either exceeding or not reaching the optimal value penalized the farm, since
both high and low values lead to ecosystem degradation. In other variables
(i.e., self-sufficiency), the value of individual conversion scores remained 100%
although the indicator value is greater than the optimum value. This allows for
conversion rates for each indicator as the production systems are studied.

110



The next step is to calculate the conversion of each area of action (Partial
Conversion Index: PCI). It was calculated as the average of the individual conversion
scores grouped within the area of action.

PCI “ mean of individual conversion scores (3)

Finally, the GCI was the summation of multiplying each PCI by its relative weight.

GCI “ Σ PCIˆ relative weight (4)

At this point, it is necessary to point out that any value was established as
a threshold to decide whether farms could be converted to the organic system
or not. The present study and methodological approach allowed increasing the
understanding of the farms and make decisions regarding the conversion process
based on the integrated study of all indicators and areas of action, taking into
account the context of each of the farms (including the predicted global context
changes mentioned in the introduction section). Moreover, conversion is justified if
the recommendations and comments included in the discussion section are taken
into account. After this, a reevaluation of the farms should be carried out and then
the decision on conversion would be made again.

2.6. Statistical Analysis of Results

Once the PCI were obtained, farms were grouped based on them. For this
purpose, a hierarchical cluster analysis (CA) using Ward's method and squared
Euclidean distance was applied. Input variables for the CA were the PCI of the
seven action areas. They were standardized by standard deviation. The CA allowed
reducing the number of individual cases (farms) to a smaller (clusters or farms
typologies), thus maximizing homogeneity within each typology and heterogeneity
among them [41]. This facilitated the understanding of the farms involved in the
study, since by means of an in-depth analysis, farm typologies’ key features were
identified. Then, it was possible to define measures for facilitating the conversion
process and farms’ success once issues were overcome.

Later, differences among farms’ typologies were detected with regard to
individual conversion scores and GCI. To do so, a single factor or one-way ANOVA
was applied. Statistical analyses were carried out with the 2011 Statistical Package
for Social Systems, version 20.0 [42]. The complete methodological procedure and
steps can be observed schematically in Figure 2. It shows how different aspects
(both the requirements for a ruminant production operation and other parameters of
relevance for the sustainability of the sector under study) to be considered organic
were converted into a checklist.
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3. Results

First, individual conversion scores for each indicator are shown (Tables 2–4).
Later, PCI and GCI scores are shown according to farms typologies (Table 5). The

CA yielded the most significant results for a four-cluster solution (a better explanation
thereof). The linkage distance used was in line with that of other studies on the
topic [43], with a relatively short distance (< 20%). The resulting dendrogram is
presented in Figure 3. The clusters (typologies) obtained from the CA were compared
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using an analysis of variance. For a better understanding of the characteristics of
each typology, Table 5 is provided, showing the average values, standard error
and significance level of the typologies regarding both the PCI and GCI. Figure 4
facilitates the comprehension regarding sample’s partial scores (PCIs).

Table 2. Farms’ scores with regard to cattle management. Areas of action: Feed
Management, Health Management, and Rearing and Animal Welfare.

Areas of Action Indicators Sample Mean (%) SE

Feed
Management

Organic concentrate to fattening calves 00.00 00.00
Organic fodder to fattening calves 00.00 00.00
Organic concentrate to adults 00.00 00.00
Organic fodder to adults 00.00 00.00
Ration 60:40 83.33 6.92

Health
Management

Number of veterinary medicines to calves 90.00 5.57
Number of veterinary medicines to adults 93.33 4.63
Preventive antiparasitics 3.33 3.33
Preventive antibiotics 73.33 8.21
Healthy herd 100.00 0.00
Cleaning products 20.00 7.43
Isolating for health reasons 90.00 5.57
Quarantine 46.67 9.26
Alternative medicine 0.00 0.00
Water quality assessment 33.33 8.75
Vaccines 100.00 0.00

Rearing and
Animal Welfare

Calves access to open spaces 100.00 0.00
Adults access to open spaces 100.00 0.00
Infrastructure (meters and facilities) 0.00 0.00
Calving period 33.33 8.75
Infrastructure (cleanness) 100.00 0.00
Fattening period length 83.33 6.92
Protection against bad weather 43.33 9.20
Weaning age 96.67 3.33
Isolating/Tying 100.00 0.00
Mutilations 100.00 0.00
Autochthonous bovine breeds 13.33 6.31
Animal welfare training 93.33 4.63

SE: Standard error.
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Table 3. Farms’ scores with regard to agro-ecosystem management. Area of action:
Agro-ecosystem management.

Area of Action Indicators Sample Mean (%) SE

Agro-Ecosystem
Management

Stocking rate 61.47 4.60
Use of pesticides and/or herbicides 73.33 8.21
Use of mineral fertilizers 63.33 8.95
Rotational grazing 4.67 0.93
% of wooded area 45.55 7.92
Dung management 1 28.33 6.65
Legumes 10.00 5.57
Reforestation 0.00 0.00
Reduced tillage 50.00 9.28
Crop rotation 10.00 5.57
Crop association/Intercropping 0.00 0.00
Cover crops 6.67 4.63

SE: Standard error. 1 Number of measures/agricultural management practices
implemented to reduce soil erosion and to improve soil quality. These include: cover
crops, mulching, intercropping, crop rotation, plot rotation, fallow, and use of compost.

Table 4. Farms’ scores with regard to social aspects. Areas of action: Self-sufficiency
and agri-food chain relationships, Human well-being and rural world opportunities,
and Human Capability towards Implementing Sustainable Agricultural Practices.

Area of Action Indicators Sample Mean (%) SE

Self-Sufficiency and
Agri-Foodchain
Relationships

Self-sufficiency 65.18 4.80
Direct sales 0.00 0.00
Distance to the slaughterhouse 88.18 1.84
Elaboration of products 0.00 0.00
Km travelled by the fodder 95.36 1.43

Human Well-Being and
Rural World
Opportunities

Business diversification 38.89 2.81
Job creation potential 43.64 3.83
Workforce stability 10.00 5.57
Satisfaction level 52.87 3.77
Labor attractiveness of the farm 23.94 6.37

Human Capability
Towards Implementing
Sustainable Agricultural
Practices

Agroecology training 26.67 8.21
Level of studies 70.00 5.14
Farmer’ age 68.29 2.99
Data registering 66.67 8.75
Future plans 85.67 4.57

SE: Standard error.
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Farms’ Typologies: PCI and GCI Scores

Typologies 3 (36.67% of the sample) and 1 (23.33%) obtained intermediate
(44.84% and 39.34%, respectively) GCI scores. Typology 1 stands out for two reasons:
(i) health management was very close to that required in organic production; and
(ii) it made a high contribution to human well-being and rural world opportunities.
With regard to T1, it is worth mentioning their farming methods with regard to
rearing and animal welfare. This typology also showed the highest scores (along
with T2) with respect to Feed management, which was due to an adequate 60:40
(forage:concentrate) ratio.

T4, consisted of 13.33% of farms in the sample had the lowest scores in terms
of the GCI (35.92%), and for almost all areas of action. T2 (26.67% of farms)
scored the highest for most areas of action (feed management, agro-ecosystem
management, self-sufficiency, agri-food chain relationships, and human capability
towards implementing sustainable agricultural practices), and for the GCI (46.24%).

4. Discussion

The GCI shows the proximity and feasibility of converting conventional Dehesa
beef cattle farms to the organic system (Table 5). Moreover, the study according
to areas of action has allowed observing the areas in which farms would find
less difficulty in carrying out the conversion. Therefore, the conversion process
would require major changes in this regard. Regarding a practical application and
the decision, it should be based on the areas of action and specific indicators of
conversion, so that the farmers can reduce the weaknesses of each system, providing
solutions and specific improvement measures.

4.1. Feed Management

As shown in Table 2, farms had low scores in terms of feed management because
all farms analyzed were conventional ones so they did not provide organic feed.

4.2. Health Management

The fact that Dehesa beef cattle farms are extensive and that the local climate
is hot and dry, means that veterinary actions are limited. In this sense, it could
be expected that the conversion process is simple from the health management
perspective. However, it has been observed that in the conventional farms analyzed,
health management systematically (either there are clinical signs of illness or
not) relies on the use of 1 or 2 antiparasitic products as a preventive measure.
Moreover, calves entering the fattening period receive antibiotic treatments in order
to prevent disorders typically related to this period (diarrheas and pneumonia).
These findings are noteworthy because of their impacts in terms of public health
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(antibiotic resistance) and environmental pollution. Therefore, aiming to avoid such
negative implications of the current health management, and in order to be consistent
with the organic methods, farm health management should be based on preventive
health management. As land is commonly not a limitation in Dehesa farms, this
could be done by establishing grazing plan transitions: (i) prevent access to flooded
areas (almost non-existent); (ii) reserve ungrazed plots for young animals; and (iii)
integrate other non-host species of parasites, so that parasitic load is reduced. In
addition, the level of stocking rates must be reduced in some farms.

Regarding the use of cleaning products, farms had low scores, so farmers
should change the products used to disinfect and clean the facilities, which will not
be complicated since [44] allows for the use of common commercial products used in
many conventional farms.

The use of alternative medicine products was non-existent. Due to the lack of
knowledge and commercially available products, health management must be based
on grazing management, stocking rates and agro-ecosystem management practices
oriented to increase microbiota competition (i.e., intercropping, cropping diversity,
habitat maintenance, etc.). Fortunately, Dehesa extensive production systems, its
climate and the diversity within farms allow for this management, and additional
health measures will not be necessary.

Therefore, in general it can be said that the Dehesa beef cattle farms could easily
convert to the organic system in terms of livestock health management. However, it
is necessary that these farms reduce the systematic (not necessary) use of preventive
of antiparasitics (mainly in summer for ticks) and antibiotics at the start of the
fattening period.

4.3. Rearing and Animal Welfare

Overall, farms had high scores (71.94%) for this area of action. Low scores were
only observed regarding the degree of protection against bad weather and on the
presence of autochthonous breeds. The low scores for proper infrastructure were
due to the absence of facilities in cattle farms (more than to the lack of them), which
is in turn due to the extensiveness on the system and the low number of farms
fattening animals. In fat farms, fattening animals used to be done in plots (instead
of feedlots). Infrastructures were clean enough, non-therapeutic mutilations were
not common, and animals were isolated only for health purposes. Overall, animal
welfare requirements are not apparently a major concern to convert the farms that
were analyzed.

4.4. Agro-Ecosystem Management

As shown in Table 3, farms obtained poor scores (34.56%) on this area of action.
This was mainly due to the use of pesticides/herbicides and of mineral fertilizers
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fertilizers in many farms. These products are prohibited by Council Regulation (EC)
No. 834/2007 ([27] and amendments), so that these farms should stop using them
in order to be organic. This would not be difficult since crops are rainfed and their
destination is livestock direct feeding (farmers are not looking to produce high
amounts of highly priced crops).

However, regarding self-sufficiency, it must be mentioned that there is a
remarkable decoupling between livestock and agriculture (previously observed
in the Mediterranean area by Dantsis et al. [45]). This integration is important
due to the interactions between livestock and plant-soil interface, and the low
self-reliance of the farms (low purchasing power to buy external feed). Moreover, the
use of protective-conservative agri-environmental practices is almost non-existent.
Their implementation is important due to the fragility of the ecosystem. They
would allow: (1) minimizing the disturbance; (2) maximizing soil surface; and
(3) stimulating biological activity. This would allow better use of resources, increase
ecosystem services, the landscape value and carbon sequestration, thus increasing
long-term ecosystem’s functionality, as well as its stability, economic performance and
sustainability [46,47]. Although they are not mandatory, they are in accordance with
IFOAM principles and agricultural sustainability, so that they should be implemented.
Here, farmers would find great difficulties, since their application requires major
changes such as training producers and designing production systems.

4.5. Self-Sufficiency and Agri-Food Chain Relationships

Despite the importance of self-reliance in pasture-based livestock systems [43],
farms have shown low scores in this sense. This has been identified as one of the
major weaknesses to convert to the organic system in the Mediterranean area [2,22].
As mentioned in the previous section, crop area should be increased and feed should
be conserved for shortage periods. This is even more important if the higher price of
organic feedstuff is taken into account. Agricultural business management out of the
farm gate (to add value to the products and direct marketing) is essential for livestock
production, even more in added value foods, so that farmers receive a higher price
for their products. This has been identified as one of the main factors that determine
the profitability of organic farms [4,33,48–50]. Moreover, these practices increase
social interaction, opportunities in the rural world and the social and environmental
impact of the food chain upstream. In the farms studied, direct sales by producers
(a practice that is often linked to the organic sector), was nonexistent. This is still
common and is due to the high resources (financial and human) required. This is
even more remarkable in the livestock sector, since the perishable nature of fresh
meat and hygiene regulations make it difficult and expensive due to cooling and
logistics costs, even more if one takes into account that the main markets in terms of
sales are mainly located in foreign countries (Figure 5); thus, the domestic market
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development is a challenge. To successfully overcome this barrier, producers must
also focus on the European market, where consumption per capita is high (Figure 6),
despite country sales being lower). Moreover, the low development of the organic
industry as well as the low demand for organic meat products would hinder the
transition to the organic system [3].Sustainability 2016, 8, 572  17 of 23 

 

 

Figure 5. Countries with the largest markets for organic food. Retail sales: Million Euros. Upper map: 

©TrueMiltra‐FreeVectors.com. Charts: Own elaboration from FIBL (2016) [51]. 

 

Figure  6. Countries with  the  highest per  capita  consumption  (euros/habitant/year)  in  2014. Own 

elaboration from FIBL (2016) [51]. 

4.6. Human Well‐Being and Rural World Opportunities 

This area of action is closely related to the principle of fairness, sustainable development and 

the food chain (above discussed). The study of this area is particularly important on farms and the 

ecosystem under study, due to the interdependent triad among the pasture, rural populations and 

livestock. In this regard, farms must improve their degree of business diversification, the number of 

jobs created and their stability (these are the main factors that both attract and retain people in rural 

areas). In general terms, conversion can be positive regarding job creation [52]. 

Figure 5. Countries with the largest markets for organic food. Retail sales: Million
Euros. Upper map: ©TrueMiltra-FreeVectors.com. Charts: Own elaboration from
FIBL (2016) [51].

4.6. Human Well-Being and Rural World Opportunities

This area of action is closely related to the principle of fairness, sustainable
development and the food chain (above discussed). The study of this area
is particularly important on farms and the ecosystem under study, due to the
interdependent triad among the pasture, rural populations and livestock. In this
regard, farms must improve their degree of business diversification, the number of
jobs created and their stability (these are the main factors that both attract and retain
people in rural areas). In general terms, conversion can be positive regarding job
creation [52].
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4.7. Human Capability towards Implementing Sustainable Agricultural Practices

This area of action allowed understanding farmers’ level of knowledge
regarding organic production systems, their willingness to adopt them (farmers’
age and future plans), and their adaptability to manage them. Farmers obtained low
scores partially due to lack of interest (motivation) to find new sustainable business
models in the face of future global changes (market and agricultural policies). Also,
the lack of formal training on the field contributed negatively. As a recommendation,
consulting and training initiatives through extension services, as well as trade unions
and agricultural organizations must be enhanced [3].

Fortunately, the similarity between conventional and organic extensive
pasture systems allows providing a process of simple conversion. However, the
implementation of organic systems requires increased training, especially in business
and agro-environmental terms.

4.8. Other Aspects Worthy of Discussion: Barriers, Perspectives and Solutions

It is worth mentioning the relationship between the results obtained and farms
future sustainability. In this sense, the farms were classified with regard to different
organic principles that are interrelated with sustainability dimensions. Farms’
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classification based on cluster analysis has allowed having a deeper understanding
of farms’ group (typology) situations with regard to sustainability dimensions.

In this sense, T2 scored the highest in terms of Agro-ecosystem management
(which is related to environmental sustainability). Regarding social sustainability, T2
showed higher results for self-sufficiency and agri-food chain relationships, while
T3 had higher scores for human well-being and rural world opportunities. In
terms of human resources/capital, T2 stood out from the rest. In general terms,
it has been observed that most of the farmers did not focus on sustainability
(social dimension: animal welfare, human health, creation of jobs; environmental
dimension: environmental protection; economic dimension: local economy, short
marketing channels). One of the main reasons for this has been the fact that
many farms could easily comply with the organic regulations without carrying out
environmentally-friendly management practices in their agro-ecosystems. Therefore,
there is a real need for increasing managers’ level of knowledge in the sustainability
of agricultural practices. Special attention has not been paid to animal welfare,
which could also be due to the fact that it is commonly assumed that animals under
extensive production systems have a higher welfare status.

In order to implement such aspects, income plays a more important role than
farmers’ motivations, thus environmental quality and welfare status should be
awarded and or supported (either via price premium and consumer’s awareness, or
agricultural subsidies). The review of Escribano [3] paid due attention to the market
side because it was identified as key. However, marketing of organic animal products
is not simple, since national demand is low, which requires export (and consequently
a higher level of knowledge and costs) (Figures 5 and 6).

Regarding livestock management, there is a need to design feeding strategies
that provide adequate nutrition, which is important to ensure a high level of health
status based on prevention. From the economic viewpoint, feed management must
be more focused on local resources in order to avoid the high costs of external organic
feedstuff. This also has a consequence on the environmental side (nutrient cycling).
Moreover, regulations should both unify criteria and facilitate the production of feed
additives by companies because the consequences of it could be really important and
positive for the organic livestock sector and for the sustainability of the food system.

Animal health in organic farming constitutes a challenge in many areas.
Fortunately, due to the climate in the area under study (dry) and soils with a scarcity
of organic matter, the prevalence of infectious/parasitic diseases is reduced, thus
facilitating the conversion to the organic system. However, this fact should not make
veterinarians feel too confident. On the contrary, the knowledge of the veterinarians
with regard to animal health management must be improved. Furthermore, health
care protocols based on preventive medicine must be developed, and epidemiological
data should be part of the veterinary arsenal.
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The perspectives for the organic beef cattle sector in the area seem not to be very
promising. In fact, the regional census of organic beef cattle farms has decreased
rather than increased in recent years [1]. During the interviews, organic farms were
also analyzed, and many of their managers conveyed their intention to turn back to
the conventional system, due to the difficulty of marketing their product as organic,
despite the efforts carried out (transition period, bureaucracy load, etc.).

However, among the organic farms analyzed as a part of the research project
(INIA-RTA2009-00122-C03-03 of the Spanish Ministry Economy and Competitiveness),
success stories were also found and published by Escribano et al. [25] in their
comparative sustainability assessment of extensive beef cattle farms in Dehesas
(both conventional and organic ones). In this study, two subgroups of organic farms
were identified: (i) a major group of farms that were just certified as organic but did
not fatten their calves nor sell them as organic; and (ii) a second group constituted of
very well organized full-cycle farms selling organic fattened calves (characterized by
belonging to the organic farmers’ association, having organic crops and mill, fattening
animals, having trucks to transport them, and signing contracts with supermarkets).

Therefore, the advantage for organic beef cattle farmers in the area not belonging
to the second group of organic farms (this is a closed group not allowing more farmers
to join) is the benefit obtained from greening. However, their low productivity and
competitiveness do not allow them to be sustainable, since their unique product was
selling recently weaned calves (5–6 months and around 220 kg live weight) to be
fattened either in other farms or in feedlots under the conventional system.

Thus, the domestic market development remains a challenge. In order to
improve the contribution of the region to the organic market, structural changes in
marketing channels must be made, but this will not be possible if consumers do
not increase their demand of organic beef, which is still low due to low purchasing
power in the area, the current national financial crisis, and a low level of knowledge
and awareness regarding organic products [53]. The fact that regional citizens are
used to extensive production systems could also be playing a role, as differences
between conventional and organic products are not so clearly observed by the local
population, which is the first step in generating demand.

5. Conclusions

The GCI data allowed assessing the feasibility of conversion of Dehesa beef
cattle farms to the organic system. The integrative approach of the present study
allowed taking into account not only the European legal requirements concerning
organic farming and its principles, but also the particularities and future challenges
of pasture-based beef cattle farms located in semi-arid regions.

The present study has revealed that the farms analyzed must carry out
adaptations in all areas of activity that allow them overcome the conversion process
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successfully, especially with regard to health management and the agro-ecosystem
(environmental, ecology principle). Rearing, animal welfare and management issues
seem not to be of major concern. However, from the social point of view (principle
of fairness), active participation in adding value to the products and on direct sales
must be enhanced. In addition, the farms’ self-reliance is a key issue in these farms
that must be increased, as it would improve the economic results and ecological
soundness (nutrients cycling, agro-biodiversity, etc.) of farms. In response to the
environmental dimension and the principle of ecology, they should implement more
environmentally-friendly farming practices (including reduction of total stocking
rates, increase of crop area). Finally, transversal support measures are necessary, for
example, training consumers’ level of awareness regarding organic food and their
willingness to pay premium prices.
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Can Organic Farming Reduce
Vulnerabilities and Enhance the Resilience
of the European Food System? A Critical
Assessment Using System Dynamics
Structural Thinking Tools
Natalia Brzezina, Birgit Kopainsky and Erik Mathijs

Abstract: In a world of growing complexity and uncertainty, food systems must be
resilient, i.e., able to deliver sustainable and equitable food and nutrition security in
the face of multiple shocks and stresses. The resilience of the European food system
that relies mostly on conventional agriculture is a matter of genuine concern and a
new approach is called for. Does then organic farming have the potential to reduce
vulnerabilities and improve the resilience of the European food system to shocks and
stresses? In this paper, we use system dynamics structural thinking tools to identify
the vulnerabilities of the conventional food system that result from both its internal
structure as well as its exposure to external disturbances. Further, we evaluate
whether organic farming can reduce the vulnerabilities. We argue here that organic
farming has some potential to bring resilience to the European food system, but it has
to be carefully designed and implemented to overcome the contradictions between
the dominant socio-economic organization of food production and the ability to
enact all organic farming’s principles—health, ecology, fairness and care—on a
broader scale.

Reprinted from Sustainability. Cite as: Brzezina, N.; Kopainsky, B.; Mathijs, E.
Can Organic Farming Reduce Vulnerabilities and Enhance the Resilience of the
European Food System? A Critical Assessment Using System Dynamics Structural
Thinking Tools. Sustainability 2016, 8, 971.

1. Introduction

Food is of key relevance to human health and survival. Europeans take their
food and nutrition security (FNS) for granted and rely on a food system in which
most of the food is produced by conventional farmers subsidized from the Common
Agriculture Policy (CAP) [1]. Over the last decades this system, hugely depending
on public support, has achieved tremendous improvements in productivity [2]. As a
result, nowadays more food is supplied than demanded at historically low prices.
This allows European consumers to spend only a small percentage of their household
disposable income on food [1,3].
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These FNS achievements in Europe are, however, far from ideal and looking
ahead Europeans may not be as food secure as they perceive themselves to be.
Most of the European consumers rely on a complex system, in which conventional
farmers, driven by profit maximization, are continuously intensifying, specializing,
standardizing, expanding their operations and becoming even more dependent on
the application of off-farm sourced modern tools such as chemicals to manage fertility
and pests, diesel-powered machines, biotechnology and proprietary seeds [2]. These
processes and practices, in turn, feed back to the environment and to society with
numerous unintended consequences, inter alia, soil degradation, nutrient runoff,
greenhouse gas (GHG) emissions, biodiversity loss, pesticide-born health damage
and socio-economic decline in rural communities. These consequences pose risks to
FNS and well-being of future generations [4]. Moreover, much of the productivity
advances and associated trends in the European food system were realized in times
of relatively stable climate, when natural resources seemed to be infinite, and the
human population was considerably smaller [5,6]. In the face of already observed
changing climate, deteriorating natural resources, growing population largely driven
by migration as well as many other emerging challenges and uncertainties, there are
growing concerns that the European food system is vulnerable and thus unable to
withstand disturbances without undesirable outcomes [1,5,7–14].

In order to cope with the challenges and uncertainties, we need a new approach
to agriculture in the food system [7,8,15]. Such an approach must change both the
farming practices as well as the socio-economic organization of food production
to increase the food system’s resilience and its ability to deliver sustainable and
equitable FNS today and in the future [1,5,7–9]. One of the potential candidates is
organic farming [5,7,9,16], which from all the alternate approaches is the only one
that has been regulated and supported at EU level by a vast array of legal, financial
and knowledge-based policy instruments for several decades [17,18]. Accordingly,
the number of organic farms, the extent of organically farmed land, funding devoted
to organic farming and the market size for organic foods have steadily increased
across Europe [18].

Given this development, an important question that arises is whether organic
farming can reduce the vulnerabilities and enhance the resilience of the European
food system and hence deliver sustainable and equitable FNS? Organic farming
seems to be a promising approach as it is built on four systemic principles formulated
by the International Federation of Organic Agriculture Movements (IFOAM):
“health”, “ecology”, “fairness” and “care”. Organic farming thus aims to produce
wholesome food in an environmentally-friendly way, as well as to contribute to
economic sustainability and social justice [19–21]. In research and public debate,
however, organic farming has a history of being contentious [21]. At the same
time, understanding and operationalization of the concepts of the food system’s
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vulnerability and resilience themselves is limited [22]. On the one hand, many
studies provide evidence for organic farming’s ability to balance the multiple
sustainability goals [19,21] and build resilience to disturbances, especially at
farm level [23–27]. On the other hand, critics consider organic farming as an
inefficient approach to FNS, one that will become irrelevant in the future, because
of too many shortcomings and poor solutions to agriculture problems [4,19–21].
Furthermore, some argue that organic farming undergoes ‘conventionalization’ and
is a mere substitution of inputs rather than a redesign of farming operations [28].
Consequently, organic farming may violate many of the ecologically, socially and
economically progressive principles originally valued [20,21,28], further exacerbating
vulnerabilities and undermining resilience of the European food system [5].

With regard to the nature of the assessments on which the debate draws,
the majority is based on comparisons of outcomes delivered by organic versus
conventional farming system (e.g., crop yields, profitability, environmental impacts,
etc.) (e.g., [21,29–33]) as well as individual causal connections (e.g., the effect of
organic farming practices on biodiversity, food quality or crop yield, etc.) ([34–36]),
at a given point in time. A system’s perspective over time is, however, missing.
Food systems, no matter whether they are based on conventional, organic or any
other food production approach, are dynamic and complex social-ecological systems
(SES) [37]. Their structures are formed by many internal and external variables which
interact with each other often across multiple, hierarchically linked subsystems [38]
and through feedback mechanisms to generate outcomes [39,40]. These feedback
mechanisms are largely masked to farmers, consumers and policymakers [11].
They also involve nonlinearities, time delays and accumulations, which complicate
information and material flows in the food system and hence lead to counterintuitive
system behavior [15,41]. Inherent to these features of food systems such as SES are
the synergies and trade-offs between outcomes that they produce [37,40,41]. Given
the dynamic complexity inherent in food systems, it is not immediately apparent
where and how the vulnerabilities to disturbances occur in the system and how
resilience is generated. Therefore, it is challenging for decision makers to design and
implement effective strategies to farming and other aspects related to food systems
that would reduce its vulnerabilities and enhance its resilience [15].

Conceptualizing and modelling of SES has the potential to assist decision makers
in managing complex human-environment relationships that form the basis of food
systems [42,43]. The development of SES models is, however, challenging as it
requires inter alia integration of knowledge scattered across many disciplines on
variables and their relationships from both the social and the ecological domains as
well as explicit modelling of feedbacks between the social and ecological systems
along with their cross-scale and cross-level interactions [38,42–44]. There are various
approaches to the interdisciplinary modelling of SES with differing underlying
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assumptions and anchored in different scientific perspectives, so there is always
the likelihood that another model of a particular food system might give diverse
outcomes [43,44].

In this paper, we adopt a system dynamics approach [45] to understand the
European food system’s vulnerabilities and to assess the potential of organic farming
to reduce them and enhance its resilience [15] through sustainability lenses. System
dynamics is a computer-aided modelling approach to policy analysis and design
that takes an explicit feedback perspective and enables capturing the dynamic
complexity of SES, such as the food systems [40–42]. This approach is based on
the underlying assumption that the internal structure and the feedback processes
in a system determine its dynamic behavior over time and how it responds to
disturbances [15,45]. By adopting this approach we do not provide new data,
introduce new variables or measure the strengths of a particular causal-effect link.
Rather, our main contribution is the reorganization of existing knowledge and the
promotion of structural insights from variables already established in the literature.
More specifically, we combine an in-depth literature review and secondary data
analysis with system dynamics diagramming tools to fulfill three objectives. The first
objective is to understand the different sources of vulnerabilities in the European
food system based on conventional agriculture by analyzing its internal structure and
feedback processes, where the entry points for disturbances are, and the mechanisms
by which the disturbances are transmitted throughout the system. The second
objective is to assess whether organic farming is a viable strategy to reduce the
vulnerabilities and enhance the resilience of the European food system. The third
objective is to illustrate throughout the analyses how the system dynamics approach
can address some of the current challenges posed by SES modelling. Ultimately,
we provide decision makers—e.g., policymakers, NGOs, farm associations, etc.—at
EU level with a framework that could support them in developing more effective
strategies for the European food system.

The remainder of the paper is organized as follows: after a brief overview of the
conceptual background and methodology, we articulate the dynamic problem (i.e.,
select the system’s boundary) and conceptualize the European food system from a
feedback perspective. Next, we qualitatively analyze the food system’s vulnerabilities
by focusing on the interplay between internal structure and feedback processes of
the system and external disturbances. Finally, we discuss organic farming as an
alternative approach and close the paper with conclusions.

2. Methodology: System Dynamics Structural Thinking Tools for Food System
and Vulnerability Analysis

Food systems are coupled SES formed by many internal and external variables
that are interconnected through feedback processes at various scales and levels
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and that determine FNS along with other environmental and socio-economic
outcomes [38–40,46,47]. When exposed to various and unforeseen disturbances, the
emergence of undesirable outcomes indicates that somewhere in the food system a
critical capacity is failing and that the structure and processes driving the functioning
of the system make it vulnerable [47]. We thus define vulnerability as a system’s
inability to respond to disturbances without generating undesirable outcomes.
In vulnerable food systems, even small disturbances may cause detrimental changes
from which it is difficult to recover [15,39,47]. Resilience, on the other hand, is the
capacity of a food system to withstand disturbances and continue providing the same
or possibly even improved desirable outcomes [47]. Vulnerability and resilience are
dynamic and normative concepts in the sense that the value judgement of what
is desirable and what constitutes improvement or damage over what period of
time depends on the observer [47,48]. Hence, to assess whether a food system
is resilient or vulnerable we have to define: (1) the boundaries of the system
(vulnerability/resilience of what); (2) relevant disturbances (vulnerability/resilience
to what) and (3) what constitutes desirable change over what time frame and to
whom [47,48]. We address these questions by adopting a system dynamics approach.

System dynamics is an approach designed to examine and manage complex
systems that change over time. It is applicable to any dynamic systems of which
integral features are interdependence, mutual interaction and feedback loops [45,49,50].
System dynamics modelling is an iterative process that begins with defining dynamic
problem, proceeds through developing dynamic hypothesis and modeling stages, to
building confidence in the model and analyzing policy implications [45,49,50].

Conceptually, the central principle of this modelling approach is that the
endogenous structure of a system determines its dynamic behavior over time
and how it responds to disturbances and policy changes [16,46]. Thus, in system
dynamics the emphasis is given to a continuous view (i.e., ‘the large picture’), shifting
the attention from events to behavior to structure. The endogenous point of view
implies that the causes are contained within the internal structure of the system
itself, while exogenous disturbances are seen at most as triggers of system behavior.
Feedback loops are central for conceptualizing the internal structure of complex
systems. These closed loops of causal links involve delays and nonlinearities as
well as processes of accumulation and draining. The internal structure of a system
is a combination of such feedback loops, which by interacting with each other
can generate all kinds of dynamic patterns of behavior. However, the concept of
underlying feedback loops is not exhaustive for explaining the dynamic behavior
of a system. The explanatory power of feedback understanding lies in the shifting
interplay between loops, implying that different parts of a system become dominant
over the others at different times [50–52].

135



The system dynamics methodology provides structural thinking tools—closed
boundary, feedback loops, stocks, flows, etc.—used to communicate the boundary
of the system and to represent its causal structure in a structural diagram. The
goal of a system dynamics modeler is to assemble such a structural diagram that
can endogenously, by itself, explain the dynamic problem. The closed boundary
refers to the effort to view a system as causally closed as opposed to the open and
closed systems in the general system sense. In turn, causality refers to causes as
pressures which produce aggregated patterns of behavior rather than events, actions,
individual stimuli and decisions [52]. This implies that feedback processes between
levels (such as agriculture production and consumption) can be captured providing
that the individual levels are modelled in an aggregated way [41]. The causally closed
system boundary identifies the endogenous perspective as the feedback view pressed
to an extreme. A causally closed structural diagram provides important qualitative
insights into the system’s behavior [15,53–55] and can facilitate the identification of
leverage points for intervention in the system [15]. Based on structural diagrams
computer simulation models can be created to experiment on how the system behaves
under unanticipated disturbances or policy interventions [15,55,56].

The theoretical assumptions of system dynamics have been addressed in several
studies (e.g., [51,52,54–63]), but usually system dynamists take them for granted.
System dynamics appears to be ontologically a realist approach, as models are
presented as abstract representations of the real physical and information flows in
a system, with feedbacks implying that, “decisions are not entirely ‘free will’ but are
strongly conditioned by the environment” [51]. However, this objective stance of system
dynamics models mixes with subjectivity, as the purpose of system dynamics is also
to engage with ‘mental models’. These mental models range from hard, quantitative
information to more subjective, or even judgmental aspects of a given situation [57–59].
In consequence, a model should be focused around a particular issue (dynamic
problem). The focus on trying to understand the real-world phenomena reflects
the practical engineering origin of system dynamics [58]. From social theoretic
perspective, however, divergent practice within this field makes it difficult to place
it in one paradigm. Superficially, system dynamics can be positioned within the
functionalist sociology paradigm, its ideas seeming to be a version of social systems
theory [58,62,63]. However, the practice of system dynamics, and hence its theory
in use, has many features of more interactionist paradigm and also some links to
interpretativism [58,62,63]. The uncertainty related to positioning system dynamics
within a social theoretic perspective leads to the conclusion that this approach appears
to be best locatable within those theories that try to integrate the agency and structure
views of the social realm (for detailed analysis see [52,58,62,63]).

In this paper, we adapt the approach taken by Stave and Kopainsky [15]. They
used system dynamics to promote qualitative structural insights on mechanisms
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and pathways of food supply vulnerability, arguing that “any examination of food
supply vulnerability to disturbances, or ability to withstand disturbances that could
lead to food supply disruption, should start by examining the food system’s components,
causal connections, and feedback mechanisms and describing system interactions in terms
of material and information flows that pass changes in one component on to other
components” [15]. The approach taken in this study consists of three iterative steps
inspired by the system dynamics modelling process: 1. problem articulation;
2. system conceptualization as well as 3. vulnerability and policy analysis [45,49].
The implementation of these steps addresses the abovementioned three prerequisites
for vulnerability/resilience assessment and hence leads to qualitative structural
insights into the food system’ vulnerability/resilience as presented in Figure 1.
Quantitative analysis of system behavior when exposed to disturbances would
require a fully specified computer simulation model and is beyond the scope of
this paper.
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Figure 1. Three iterative methodological steps inspired by system
dynamics approach.

The starting point of a system dynamics analysis is the identification of the
dynamic problem at stake, that is, the pattern of behavior of the system’s outcome
of interest, unfolding over time, which shows how the problem arose and how it
might evolve in the future [15,45,49]. The initial articulation of the dynamic problem
predetermines the system’s boundary and the scope of the iterative modeling effort.
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To define the dynamic problem in our study and accordingly select the boundary
of the modelled food system we analyzed relevant literature and time series of
secondary data. Prior to an in-depth search in electronic databases, a general
Google Scholar search was run to gather key documents. These papers were used
to collect terms and phrases pertaining to the performance of conventional and
organic farming in relation to their contribution to sustainable development as well
as drivers of change influencing the food system in general, and of agricultural
production in particular. Based on the terms and phrases we conducted an
in-depth search from November 2015 to February 2016 without any restrictions on
publication dates to ensure that the broadest set of data could be captured, yet with
imposed limitation to English language publications only. The search strategy was
applied to four databases: Web of Science (Thomson Reuters, New York, NY, USA),
Scopus (Elsevier, Amsterdam, The Netherlands), ScienceDirect (Elsevier, Amsterdam,
The Netherlands) and Organic E-prints (International Centre for Research in
Organic Food Systems, Tjele, Denmark). In addition, we searched relevant
organizational websites (e.g., European Commission, International Federation
of Organic Agriculture Movement EU, Food and Agriculture Organization) in
order to capture the grey literature. Reference lists of included publications were
also hand-searched for additional relevant studies. The content of the pertinent
papers was then manually reviewed with support of automatic word frequency
and text search queries in NVivo11® (QSR International, Melbourne, Australia)
(a software for qualitative data analysis) to elicit a list of key indicative outcomes
of the European food systems based on conventional and/or organic agriculture
along with related internal and external variables that are relevant for the subsequent
analytical steps. The insights from literature and additional analyses of time series
data obtained from EUROSTAT, FAOSTAT and FADN, allowed us to articulate the
dynamic problem by specifying the several reference modes of historically observed
trends in selected indicative outcomes of the European food system as well as of their
desirable and undesirable developments in the face of disturbances. The analysis
was conducted on a selection of outcomes being a simplified representation of the
European food system’s performance from different stakeholders’ perspectives (e.g.,
price for consumer, profits for producers, etc.). We focused on the selective list of
indicative outcomes to demonstrate the way in which the system dynamics approach
can be used to study synergies and trade-offs in outcomes relevant for different
stakeholders. For a comprehensive analysis many more outcomes delivered by
the European food system and valued by various stakeholders would have to be
further diversified.

Once the dynamic problem has been articulated over an appropriate time
horizon, system dynamics modelers specify the model boundary by conceptualizing
the system. The boundary of a system is defined in a causal rather than in a
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geographical way. It implies that system dynamists look for processes that explain
observed or anticipated problematic behavior (the dynamic problem), irrespective of
where these processes unfold. In system dynamics language, the modelers formulate
a theory, called a dynamic hypothesis, which provides an endogenous explanation of
the dynamics characterizing the problem at stake in terms of the underlying causal
structure of the system. It is a hypothesis as it is always an interim, working theory,
subject to reconsideration or abandonment as the knowledge base about the real
world develops [45,49]. The concentration on endogenous explanations does not
mean that exogenous variables are excluded from the model. They are included in
models, but each of the candidate for an exogenous variable is carefully examined,
to determine whether there is any relevant feedback from the endogenous variables
to the candidate. If so, the boundary of the model is extended and the candidate
exogenous variable is modelled endogenously [45].

To communicate the system conceptualization a variety of tools can be used.
These range from qualitative structural thinking tools (e.g., causal loop diagrams,
stock and flow maps), which visually represent different types of variables and
their interconnectedness, to operational tools, which express relationships between
variables in terms of mathematical equations [15].

In our study, the development of dynamic hypothesis started with insights from
the Sustainability Institute [64]. Further, the dynamic hypothesis was enriched with
internal and external variables and the associated causal connections elicited from the
in-depth literature review, analyzed time series data, theory and general knowledge.
Guided by the dynamic problem, we conceptualized the European food system in the
form of causal loop diagram drawn in Vensim DSS®(Ventana Systems Inc., Harvard,
United States) (i.e., software for system dynamics modelling), in which we marked
important feedback processes forming the endogenous explanation. Specifically, we
built the system’s internal causal structure by tracing from the previously selected
indicative food system outcomes (i.e., of which dynamic behavior was considered
problematic) outward along the chains of cause and effect, variable-by-variable,
rather than from system boundary inward. In developing our dynamic hypothesis
we did not aim at explaining all possible dimensions of the food system outcomes.
Instead, we focused on the key dimensions, represented by the selected indicative
outcomes of the European food system, to exemplify how system dynamics structural
thinking tools can be used to study complex food system issues.

Arrows represent the causal links between variables, which indicate both the
direction of causality and whether the variables change in the same—a positive link
(+)—or in the opposite—a negative link (−)—direction (Figure 2). For example, if
price is a cause and supply is an effect, a positive link indicates that, ceteris paribus,
an increase in price leads to an increase in supply. If, on the other hand, supply is
a cause and price is an effect, a negative link means that, all else equal, an increase
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in supply causes a decrease in price or vice versa a decrease in supply causes an
increase in price.
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Figure 2. Indication of causal links, feedback loops and their nature: (a) balancing
loop (B); (b) reinforcing loop (R) with signified stock (rectangle) and delay (crossing
the causal link arrow).

When a feedback loop arises around two or more variables, we classify it either
as a balancing (B; stabilizing, negative; Figure 2a) or a reinforcing (R; amplifying,
positive; Figure 2b) feedback loop. To determine the polarity of the loops we
trace the effect of change in one of the variables as it propagates around the loop.
The classification rule is that if the feedback loop effect reinforces or amplifies the
original change, it is a reinforcing loop (e.g., the more savings we have on a bank
account, the more interest we earn and in turn the more savings we accumulate);
if it counteracts or opposes the original change, it is a balancing loop (e.g., the
higher the supply, the lower the price and in turn the lower the supply) [45,49].
Reinforcing are sources of growth, explosion, erosion, and collapse in systems.
Balancing loops are self-correcting. For clearer and more insightful analysis, we
also indicated in the causal loop diagrams important stocks in rectangles (Figure 2b).
Stocks are accumulations, which characterize the state of the system and generate the
information upon which decisions and actions are based. They create also inertia in
systems that could either be source of disequilibrium dynamics (i.e., instability and
oscillations) or filter out unwanted variability [45]. Other delays and flows are also
inherent in the structural diagrams, but for readability purposes we did not signify
them in any special form.

Once internal structure and feedback processes in the European food system
that determine its outcomes were formulated, the resulting causal loop diagram
guided the identification of entry points that expose the system to external drivers
of change. Finally, we examined the systemic impacts of the internal processes
and external unanticipated disturbances on the outcomes of the food system to
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assess qualitatively both (1) vulnerabilities of the European food systems and (2) the
potential of organic farming to reduce the vulnerabilities and enhance resilience of
the system. We assessed the direction of the change in the food system’s outcomes
that internal processes and unexpected disturbances cause. Specifically, we analyzed
how the disturbances could be either intensified or reduced throughout the system
internal structure and change its outcomes.

By formulation of the internal causal structure and the identification of the
external disturbances we did not aim to capture the complete, real, yet only vaguely
understood European food system as a SES. Alternatively, we illustrate how system
dynamics structural thinking tools can be used to study where complex food
systems might be vulnerable to external disturbance and how these disturbances are
transmitted throughout the internal feedback structure; more generally what kind of
insights can result from taking such an approach and how it addresses some of the
challenges involved in SES modelling.

3. Problem Articulation: Boundary Selection

Given the definition of vulnerability above, we frame the dynamic problem
as the concern that the European food system when subjected to disturbances
of different nature and origin would be unable to withstand them and hence
cause its outcomes to considerably or permanently diverge from their desired
level. Ericksen [37,39] distinguishes three groups of outcomes that can indicate
vulnerability of the food system, namely failure to provide FNS as well as collapse
of environmental and socio-economic welfare. The prevailing European food
system, which is based on conventional agriculture, continuously faces a trifold
challenge of reconciling FNS, viability of rural societies (socio-economic welfare) and
sustainable management of the EU's natural land-based resources (environmental
welfare) [4,8,65].

In the following subsections we analyze the trifold challenge for policymaking
in terms of historical trends in selected indicative outcomes that the European food
system delivers. Table 1 summarizes our findings and outlines the desirable and
undesirable trends in the outcomes that could result from an exposure of the system
to shocks and stresses. These trends serve as reference modes to which we refer back
throughout the following vulnerability analysis.
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Table 1. Summary of historically observed trends * in indicative outcomes of
the European food system along with their desired/undesired trends in the face
of disturbances.
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3.1. Food and Nutrition Security

In the 1950s–1960s European food producers were primarily concerned with the
quantity of foods they needed to supply to overcome the post-war shortages in food
availability [65–67]. As a result, food production has experienced a leap forward,
which has been attributed mainly to yield improvements rather than expansion
of agricultural land. The story of English wheat is emblematic for the European
context. It took nearly 1000 years for wheat yields to increase from 0.5 to 2 t/ha,
but only 40 years to climb from 2 to 6 t/ha [2]. Simultaneously, despite the inherent
tendency of agri-food markets to be volatile, the agricultural commodity prices and
related food prices have exhibited a rather steady pattern of decline until about a
decade ago. Accordingly, from the perspective of European consumers the food
system has been uninterruptedly delivering desirable FNS outcomes. Food per
each European has been available in surplus—from around 3000 kcal/day in the
1960s to over 3400 kcal/day in the 21st century in comparison with the needed
2000–2500 kcal/capita/day—and accessible at relatively low prices [1–3,68–70].

Yet within the new millennium several undesirable trends in crop yields and
prices have emerged. The crop yields in some European regions (e.g., wheat in
Northwest Europe or maize in South Europe) have reached or moved close to
their plateaus. This implies that the yields have not increased for long periods
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of time following an earlier period of desired steady linear increase and thus raises
concerns over future food availability [71,72]. As regards the prices of agricultural
commodities and food, their volatility has increased in the last decade. More
specifically, sharp increases in food prices in 2007–2008 and 2010–2011 were followed
by recurring periods of often severe price depressions. The high volatility in prices
has created an uncertain environment with many undesirable consequences for
consumers’ access to food. The price hikes caused a rapid increase in consumer
food prices, which reduced average EU household purchasing power by around one
percent. Low income households (especially the 16% of EU citizens who live below
the poverty line) were hit even harder [73–75].

Furthermore, despite increasing food availability Europe has not managed
to guarantee FNS for all citizens. About 10% of the European households have
been persistently unable to access meat or a vegetarian equivalent every second
day—an amount generally recommended in European dietary guidelines [75]. At
the same time, the proportion of overweight or obese people has continuously
increased to reach over 50% in 2010 [76]. Although both of these undesirable trends
are more political and distributional problems rather than agricultural issues per
se and hence their in-depth analysis remains beyond the scope of our study, they
indicate important failures in the socio-economic organization of food production
and downstream food system activities.

3.2. Socio-Economic Welfare

FNS and consumers are only one side of the food system. On the other side
are the food producers, in a broader sense rural communities, and their viability.
While the increase in yields has brought benefits to both consumers and producers,
the decline in prices of agriculture commodities has been undesirable for the latter.
Accounting for inflation, from 1960s to 2005 European farmers experienced almost
incessant (i.e., as one price peak in particular stands out—the so-called world food
crisis of the 1970s) real price declines in output and input prices, but with the former
decreasing faster. Since then the trend in input prices has reverted and they started
to increase, further widening the gap between input and output prices [77,78]. This
cost-price squeeze has caused an undesirable decline in the realized profits from
farm operations and threatened the farm’s viability in the long term.

The widening gap between output and input prices has been counterbalanced
by significant gains in labor productivity achieved due to structural changes in the
EU agricultural sector over the last several decades. The adjustments in structure
have been manifested by, inter alia, reduction in farm labor, decrease in the number
of farms and increase in the average farm size. To illustrate these trends, from 2002
to 2010 the agricultural labor input in the EU decreased by as much as 32% (a drop
of 4.8 million full-time equivalent jobs), while between the 2005 and 2013 the annual
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average rate of decline in the number of agriculture holdings stood at −3.7% and the
average size of each farm in EU-27 rose in terms of hectares from 11.9 to 16.1 as well
as in terms of the economic size expressed in European Size Units (ESU) [78–81].

Although during the last several decades the increasing labor productivity have
offset the undesirable trend in input and output prices, taking into account the total
costs for own and other factors of production (land, labor, capital) still many of the
European farms have remained unprofitable with market revenues alone [80–83].
To this end, since the early 1960s subsidies in different forms (i.e., within the years
there was a gradual shift from price support to direct payments), have played an
increasing role in farm profits [78,80–83]. As a result, the average dependence of farm
profits on subsidies in the EU is now as high as 58% [83]. Moreover, in recent years
the gains in labor productivity have been increasingly insufficient to compensate for
the growing cost-price squeeze and the farm profits have become volatile and hence
created a high level of uncertainty among food producers [78,84–86].

3.3. Environmental Welfare

Farmers represent only around 5% of the European Union’s (EU’s) working
population, yet they manage over 40% of the EU’s land area, and generate important
impacts on the environment [87]. Hence in addition to FNS and other socio-economic
welfare, environmental welfare is of great importance as both a condition for and an
outcome of applied agriculture practices.

Over the past decades, the loss of traditional farming to intensive agriculture has
contributed to the transgression of a number of critical planetary boundaries [88,89].
Inappropriate agricultural practices and land use have been responsible for adverse
impacts on natural resources condition such as pollution of soil, water and air,
fragmentation of habitats and loss of biodiversity. The reforms of the CAP in
the 1990s, 2003 and 2008 have increasingly integrated environmental protection
measures, including obligatory crop rotation, grassland maintenance, and more
specific agri-environment measures, aimed at climate change mitigation and
biodiversity conservation. In the latest CAP reform in 2010, even 30% of direct
payments to farmers (“Pillar 1”) were to become conditional on compliance with
“greening measures” [90]. However, during the negotiations the new environmental
prescriptions were so diluted, that most farmers are exempted from implementing
them and they concern merely 50% of the EU farmland [91]. Effectively, the
agro-environmental measures have brought about some improvements such as
decreasing GHG emissions and pesticide use [91,92]. However, according to many
academics and stakeholders these improvements have not been sufficient [91–95].
European agriculture still depends highly on external inputs, intensifies and
specializes or abandons semi-natural grassland in less productive or accessible
regions [91]. Consequently undesirable environmental outcomes like exceedance of

144



nutrients, diffuse pollution to water and dramatic loss of biodiversity persist, further
diminishing ecosystems’ resilience [91]. More efforts are called for to balance food
production and the environment [91,94,95].

3.4. Signs of Vulnerabilities and Resilience

European food production—one of the most important FNS outcomes—has
been remarkably resilient to the impacts of distinct drivers of change over the last
decades (Table 1). However, much of the food had been produced during a period
of successful regional cooperation and supportive political environment, relatively
stable climate, when farms were predominantly small-scale and diverse, natural
resources appeared abundant and the human population was considerably smaller.
Besides, despite the abundance of food production, apparently too much of the
wrong kind of food at the wrong price has been provided, as the double burden of
malnutrition (i.e., undernutrition and overweight) has continued in the EU.

A comparison of the observed trends in the remaining indicative outcomes—i.e.,
agriculture yield, price of food, profits, natural resources condition—with their
desired levels, reveals emerging signs of the European food system’s vulnerabilities
to disturbances that have been at play so far (Table 1). The productivity of the current
food system has come at the expenses of our natural and human resources. This
poses severe risks to its continuity in delivering the fundamental FNS outcomes.

To conclude the analysis of indicative food system outcomes over time, it seems
that the improvement of some FNS outcomes in the last decades have come at
the expense of other food system outcomes and that the European food system
is gradually becoming more vulnerable to a wide range of disturbances. If the
undesirable developments continue, the existing vulnerabilities of the food system
might be further exacerbated or give rise to new vulnerabilities endangering the
food production.

4. System Conceptualization: Internal Processes and External Disturbances

Many processes underlie the trends described in Section 3. In this section,
we adopt a feedback perspective and describe the underlying causal structure of
the European food system likely to be generating the problematic trends. The
structure is composed of several reinforcing feedback processes—mechanization (R1a),
intensification (R1b) as well as efficiency maximization (R5)—that explain why food
production grows regardless the direction of change in profits realized by food
producers. When profits rise, food producers (re)invest in machinery and external
inputs to increase food production, whereas when profits fall, food producers feel
pressure to reduce production costs by maximizing efficiency and hence again
increase food production using equal or even less inputs. Further, the central
processes of mechanization, intensification and efficiency maximization are linked to
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other feedback loops of reinforcing (i.e., labor reduction (R1c), compensation for
degraded natural resources with external inputs (R2), organization of food production
(R3), substitution of tacit with standardized knowledge (R4)) as well as balancing
(i.e., degradation of natural resources (B2), regeneration of natural resources (B2), loss
of tacit knowledge (B3), supply (B4) demand (B5), trade (B6), market expansion (B7),
cost minimization (B8)) nature. The interconnected feedback structure relates food
production to other FNS, socio-economic and environmental outcomes. Based on
this integrated feedback structure we explain how the ever rising food production
emerges from within the same dynamics as the mounting pressures on human
and natural resources that make the food production possible in the first place.
Subsequently, we also identify entry points for external disturbances to which the
food system might be exposed.

4.1. Internal Causal Structure Driving the European Food System

Under conditions of high or rising profits, mechanization and intensification lead
to growth in food production (Figure 3). The structure of causes and effects linked
together in a set of reinforcing feedback loops (Figure 3)—mechanization (R1a),
intensification (R1b) and labor reduction (R1c)—operate in every capitalist market
system. Food producers, having profit maximization as a goal, (re)invest in food
producing inputs—land, labor (R1c, Figure 3), machinery (R1a, Figure 3) and
external inputs (R1b, Figure 3) like fertilizers, plant protection products, seeds, feed,
antibiotics, hormones, etc. The (re)investment is encouraged also by political and
financial commitment of the EU to the agri-food industry (e.g., subsidies in different
forms: direct payments, investment grants, intervention buying, private storage
aid or export refunds, etc.). Explicitly, with the subsidies going into agriculture,
food producers have both the security and the financial resources to (re)invest in
production inputs.

The more inputs are used, ceteris paribus, the more output per hectare (or per
animal), i.e., yield, can be achieved. In turn, multiplying the crop (or animal) yield
by the limited amount of land area (or the number of animals) determines the
food production that flows into the stock of food available for consumption. Food
production, if sold on market, brings the producers profits. A share of the profits is
reinvested in new production inputs, which are then used to increase the amount
of food produced for sale. As long as profits are above breakeven point, implying
that food producers are able to cover incurred production costs by received revenues
(including subsidies) earning an income comparable to the rest of the economy, the
reinforcing feedback loops—R1a, R1b, R1c (Figure 3)—function in the food system
and lead to a boost in food production.

Yet having a limited budget and a goal of maximizing profits, the investment
decision on ‘what’ and ‘how’ to produce involves relevant trade-offs and thus
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is not straightforward. As regards ‘what’ to produce, shifts between crop and
animal production (not shown in Figure 3 for clarity reasons) result from changes
in relative production profitability and consumption patterns of the population [41].
For instance, a growing demand for animal-based food products increases the
attractiveness of animal production. Hence, food producers allocate more land and
other production inputs to animal production at the expense of crop production [41].
Similar tradeoffs occur when considering agricultural production for food and for
other uses than food like biofuels, textiles, etc.
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Figure 3. Causal loop diagram representing mechanization and intensification
reinforcing feedback loops (respectively R1a, R1b) driving food production growth
under conditions of rising profits; some links are omitted for visual clarity.

When deciding “how” to produce, no matter whether this concerns crop or
animal production (or other uses), to a certain extent labor can be substituted with
machinery and external inputs. The feedback mechanism in Figure 3 shows that
when fossil fuel and other external inputs are available and inexpensive, there is a
strong incentive to invest and use diesel-powered machinery and off-farm sourced
inputs instead of labor to increase yields [2,9,10,96,97]. In other words, higher
costs of labor increase the attractiveness of investing in and using machinery and
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external inputs instead. The success of machinery and external inputs in delivering
higher yields, translating into higher food production and accordingly higher profits,
strengthens itself leading to further mechanization (R1a, Figure 3) and intensification
(R1b, Figure 3) of farm practices. Simultaneously, because of decreasing reinvestment
in labor and hence its replacement with machinery and external inputs, the stock
of labor is forced into a reinforcing downward spiral that gradually leads to labor
reduction (R1c, Figure 3) [79,96,97].

Food production is embedded in ecosystems, implying that it is based on the condition
of natural resources such as soil, water, air, biodiversity, nutrients and fossil fuels
(Figure 4). As the natural resource base is limited, food production cannot grow
infinitely. The worse the conditions of natural resources, the lower yield can be
achieved and/or the less agricultural land is available for food production. The
flows—degradation (outflow) and regeneration (inflow)—that influence the stock
of natural resources are determined, among other things, by the implemented
management of agroecosystems (i.e., the ‘what’ and ‘how’ to produce). Intensive
food production practices that depend on use of external inputs tend to degrade the
productive natural resources by their overexploitation (e.g., phosphate rock [98–100],
fossil fuels [101,102], etc.) and pollution (e.g., nutrient leaching [88], GHG
emissions [103], etc.) [7,8,104–107]. For instance, the stronger the reinforcing feedback
loops driving use of diesel-powered machinery (R1a, Figure 3) and synthetic nitrogen
fertilizers (R1b, Figure 3), the more of the non-renewable fossil fuels [108] are
exploited and the more GHG are emitted to the atmosphere [109]. Likewise, the more
pesticides are used to combat pests and diseases, the lower is the biodiversity and
biological control potential on farmland [110,111]. These practices increase the rate
of degradation and translate thus into a more degraded natural resource base. The
degradation rate increases with increasing animal production, as animal-based food
products are particularly resource-intensive [112,113]. At the same time, in intensive
food production systems practices that treat natural resources in a more regenerative
way are minimal or even none. As the outflow (degradation) of natural resources
is higher than the inflow (regeneration) of natural resources, then the condition of
natural resources worsens, jeopardizing the food production.
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visual clarity.

There are two balancing feedback loops that regulate degradation (B1, Figure 4)
and regeneration (B2, Figure 4) of natural resources. The goal of the two balancing
feedback loops is to maintain the condition of natural resources in a stable state.
The balancing feedback loop B1 (Figure 4) sets limits to overuse or pollution
(degradation) of natural resources as their condition worsens. The limit is signaled
to food producers through, for instance, declining yield or rising costs of acquiring
non-renewable natural resources (e.g., phosphate rock, fossil fuels) when they become
scarce. However, the signal is often either missing or too weak and too delayed for
food producers to notice it and implement on time more environmentally benign
practices that decrease degradation (e.g., by reduced use of external inputs) and/or
increase regeneration (signified with dashed lines in Figure 4) [11,15,64]. The longer
the food producers do not recognize the worsening condition of natural resources and
do not desire and effectively implement regenerative practices, the lower is the actual
regeneration. With insufficient regeneration, all else equal, the conditions of natural
resources move farther away from an optimal level, which should translate into
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increased need for regenerating natural resources (desired regeneration). However,
because of the distorted flow of information about the relative condition of the
natural resources, the desired and accordingly implemented regeneration is limited.
That is, the desired regeneration is underestimated and impedes making informed
decisions on implementation of appropriate food production practices.

Furthermore, external inputs can imitate some functions of the food producing
natural resources (at least in the short-term). This feature allows food producers
to substitute natural resources with external inputs in food production, when the
condition of the former deteriorates [15,114]. As a result, food producers fall into a
reinforcing spiral of compensating for the degraded natural resources with the application
of external inputs (R2, Figure 4) rather than implementation of regenerative practices,
which, in turn, further worsens the condition of natural resources. The reinforcing
feedback loop driving substitution of natural resources with external inputs to
produce food is a vicious circle that locks farmers into dependence on the use of
external inputs.

Food producers require knowledge to know how to best organize food production
(Figure 5) (i.e., to combine food production inputs with ecosystems to achieve the
highest potential yield holding the costs constant). According to theorists, knowledge
is perhaps the most relevant economic resource and learning the most important
process [115]. In principle, the more one has of production inputs and knowledge,
the more can be produced. Hence, the growth in food production is driven by
accumulating inputs (e.g., land, labor, machinery, external inputs, etc.) (R1a, R1b,
R1c, Figure 3) as well as the technical, agronomic knowledge that drives organization
of food production processes (R3, Figure 5) [116].

Food producers gather knowledge while performing their activities and because
of new learnings. Knowledge of food producers is a combination of tacit (or local)
knowledge with standardized (or codified) knowledge [117]. The more knowledge of
tacit and/or standardized nature food producers have, the stock of total knowledge
increases. As a result food producers (at least theoretically) are able to better organize
food production and realize higher yield (R3, Figure 5).
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In contrast to standardized knowledge, tacit knowledge of food producers
implies an intimate knowledge of their landholding, its composition, fertility and
so on, acquired through food producing practices (e.g., rotation, ploughing, etc.).
The tacit knowledge is localized as it is closely tied to local ecosystem in which food
production takes place. For instance, while the same principles of growing crops
are widespread, tacit knowledge allows food producers to apply these principles
differently in different local conditions and hence produce better results. With the
widespread application of external inputs (intensification, R1b, Figure 3), which need
not to be adapted to local circumstances as simple standardized instructions on
their use provided usually by input industry are sufficient for food producers to
achieve desired yield, the relationship between food producers and local ecosystems
is disrupted. Accordingly, the stock of tacit knowledge required to manage the local
ecosystems fades away, whereas uniform and spatially standardized knowledge
accompanying use of external inputs builds up and replaces the former type of
knowledge [117]. The function of the balancing feedback loop B3 (Figure 5) is to
signalize the loss of tacit knowledge through decreasing yield. Yet the warning sign
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is hugely disregarded by food producers or masked by the large and powerful
institutions which lie upstream (and downstream) of the farm [11,117].

The longer the importance of accumulating tacit knowledge for achieving better
yield in the long-term remains unnoticed by food producers, the substitution of tacit
knowledge with standardized knowledge (R4, Figure 5) progresses. This development
locks food producers into a vicious circle (R4, Figure 5) of increasing reliance on the
use of external inputs [117].

Produced food is supplied on an agri-food market, which is a medium that allows
consumers to access food (Figure 6). On a competitive agri-food market, price balances
food production with food consumption. The functioning of such a market is
characterized by the interplay between two balancing feedback loops of supply
(B4, Figure 6) and demand (B5, Figure 6), both of which in a globalized setting are
influenced by trade arrangements (B6, Figure 6).
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some links are omitted for visual clarity.

On the supply side (B4, Figure 6), a large number of food producers compete with
each other. Specifically, producers reinvest (R1a, R1b, R1c, Figure 3) and produce
food, increasing the amount of food available for consumption. Profits are realized
when the amount of revenues gained from producing food exceeds the incurred
production costs. As revenue is the product of the volume of produced food being
sold and the price of the food, the higher the production and/or the higher price,
ceteris paribus, the more profits food producers realize. Rising profits encourage
existing food producers to reinvest and increase output (food production) as well as
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attract new entrants to the market. However, greater food production increases the
stock of food available for consumption, which in turn, bids the price of food down.
Declining price of food, all else equal, diminishes profits and hence discourages food
producers from investing in increasing food production (B4, Figure 6).

On the demand side (B5, Figure 6), the population consumes (and wastes) the
supplied food according to its purchasing power, dietary requirements for health
and desires due to its lifestyle. The lower is the price of food, the more access to
food people have and thus the more food is demanded. Higher food consumption
diminishes the amount of food available for consumption, which translates into, all
else equal, higher price of food (B5, Figure 6).

The state of the stock of food available for consumption indicates the balance
between food production (as proxy for supply) and food consumption (as proxy for
demand). The supply (B4, Figure 6) and demand (B5, Figure 6) balancing feedback
loops cause the price of food to adjust until, in the absence of market imperfections
and external disturbances, the market reaches an equilibrium characterized by a
clearing price at which food production equals food consumption (i.e., the stock of
food available for consumption is stable).

In a globalized world, however, in which markets are committed to open trade,
there is an additional balancing loop B6 (Figure 6). Food producers export surplus of
food production or are confronted with competitive imports, if the domestic food
production is insufficient to meet the desired consumption. The imports add to the
stock of food available for consumption, putting an additional downward pressure
on price, and vice versa in case of exports. Hence, protective measures for reasons of
FNS or employment are a natural response of governments.

In case of oversupply, food producers and governments put efforts to expand the
market (Figure 7). Most agri-food markets are competitive, but not always perfectly.
Market imperfections (caused by, for example, subsidies) add to the tendency to
oversupply food relative to demand (i.e., the stock of food available for consumption
increases). An extreme example of this phenomenon are the European Union’s
‘butter mountains and milk lakes’ that occurred in the 1990s. As mentioned earlier,
the oversupply pushes the price of food downward, reducing revenues and, ceteris
paribus, consecutively profits. When the stock of food available for consumption
increases, price of food declines and thus profits drop, food producers face pressure
to expand the market in order to distribute the surpluses of food. Hence, usually
along with governments they try to expand markets by, for instance, storing, exporting
(B6, Figure 6), upgrading (e.g., ready-made meals instead of raw food products),
advertising, or creating new uses of agricultural products (e.g., bioenergy from food
crops). Accordingly, the consumption of food products goes up, reducing the stock
of food available for consumption and pushing up the price and profits (B7, Figure 7).
In fact, although there is no general consensus on the relative importance of the
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underlying causes for the 2007–2008 food price increase, the new, stimulated by
policies, demand for biofuel feedstocks from grains and oilseeds has been widely
cited as one of the major factors explaining the food price boom [118–124].

Sustainability 2016, 8, 971 16 of 32 

in the absence of market imperfections and external disturbances, the market reaches an equilibrium 
characterized by a clearing price at which food production equals food consumption (i.e., the stock 
of food available for consumption is stable). 

In a globalized world, however, in which markets are committed to open trade, there is an 
additional balancing loop B6 (Figure 6). Food producers export surplus of food production or are 
confronted with competitive imports, if the domestic food production is insufficient to meet the 
desired consumption. The imports add to the stock of food available for consumption, putting an 
additional downward pressure on price, and vice versa in case of exports. Hence, protective 
measures for reasons of FNS or employment are a natural response of governments. 

In case of oversupply, food producers and governments put efforts to expand the market (Figure 7). Most 
agri-food markets are competitive, but not always perfectly. Market imperfections (caused by, for 
example, subsidies) add to the tendency to oversupply food relative to demand (i.e., the stock of 
food available for consumption increases). An extreme example of this phenomenon are the 
European Union’s ‘butter mountains and milk lakes’ that occurred in the 1990s. As mentioned 
earlier, the oversupply pushes the price of food downward, reducing revenues and, ceteris paribus, 
consecutively profits. When the stock of food available for consumption increases, price of food 
declines and thus profits drop, food producers face pressure to expand the market in order to 
distribute the surpluses of food. Hence, usually along with governments they try to expand markets by, 
for instance, storing, exporting (B6, Figure 6), upgrading (e.g., ready-made meals instead of raw food 
products), advertising, or creating new uses of agricultural products (e.g., bioenergy from food crops). 
Accordingly, the consumption of food products goes up, reducing the stock of food available for 
consumption and pushing up the price and profits (B7, Figure 7). In fact, although there is no general 
consensus on the relative importance of the underlying causes for the 2007–2008 food price increase, 
the new, stimulated by policies, demand for biofuel feedstocks from grains and oilseeds has been 
widely cited as one of the major factors explaining the food price boom [118–124]. 

food available
for consumption

food production

price of food

profits +

subsidies

pressure to
minimize costs

-

+

farm size, technical
innovation,

specialization

+

R5

B8

+

efficiency
+

-

total costs

-

+

agriculture land

+

number of farms

+

-

efficiency
maximization

cost
minimization

pressure to
expand markets

-

+

food
consumption

-

B7

market
expansion

 
Figure 7. Causal loop diagram representing efficiency maximization reinforcing feedback loop (R5) 
driving food production growth under conditions of falling profits; some links are omitted for visual 
clarity. 

However, when there is a general impression that the price of food is likely to rise from 
additional demand, existing food producers tend to speculate. Hence, they (re)invest in inputs to 
increase food production (R1a and R1b, Figure 3) in order to maximize profits from the expected 
price rise when the investment in new production is realized. If the price increase is considerable 

Figure 7. Causal loop diagram representing efficiency maximization reinforcing
feedback loop (R5) driving food production growth under conditions of falling
profits; some links are omitted for visual clarity.

However, when there is a general impression that the price of food is likely to
rise from additional demand, existing food producers tend to speculate. Hence, they
(re)invest in inputs to increase food production (R1a and R1b, Figure 3) in order to
maximize profits from the expected price rise when the investment in new production
is realized. If the price increase is considerable and progressive, also new producers
are attracted to enter the agri-food market. As long as the price has not begun to
fall, food producers extrapolate the price trend and are willing to believe that it
will continue rising. After a time, depending on the delays involved in expanding
production, the overproduction begins to be perceived and the price begins to decline
again through the supply balancing feedback loop (B4; Figure 6). Food producers,
if possible, rush with their products into agri-food market to avoid greater loss,
dramatically worsening the imbalance between demand and supply. Consequently
the price of food and producers’ profits fall even harder and the agri-food market
enters again into crisis.

Under conditions of low or falling profits, efficiency maximization leads to growth
in food production (Figure 7). In addition to the amount of food sold, its price and
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subsidies, profits depend also on total costs incurred during food production. The
higher are the total costs of production, the lower are the profits realized by food
producers, all else being equal. If both trends—decreasing or stagnating price and
growing costs of production—occur concurrently, food producers face a cost-price
squeeze that causes profits to drop, farm debt to grow and a general loss of producer
power. Food producers usually try to alleviate the undesirable downward pressure
on their profits via a number of balancing processes aimed at cost minimization (B8,
Figure 7) [70,125–131].

When the profits are negative, many food producers, particularly the small- and
medium-scale ones, abandon the industry altogether (Figure 7). Only those food
producers remain in the agri-food business that are most efficient and/or have the
most optimistic expectations on the future price and costs [45,70,129–135]. This is
evident in the declining number of farms. Meanwhile, however, the total number of
cultivated hectares of land remains more or less constant. Hence, farm size increases,
meaning that overall there are fewer but larger farms. In fact, scale economies along
with technical innovations and specialization reinforce each other and are the most
common routes to compensate for the falling profits by minimizing costs of food
production through improved efficiency (B8, Figure 7) [129,130].

Although profits improve when food producers keep on minimizing costs
through achieving higher efficiency (B8, Figure 7), a reinforcing mechanism resulting
from efficiency maximization (R5, Figure 7) impedes their efforts. To produce food
more efficiently means to produce more food with the same or less production inputs.
The usual net result of minimizing costs (B8, Figure 7) and maximizing efficiency (R5,
Figure 7) is that globally food production goes up, prices go down, and the realization
of profits is again no longer possible even with the lower production costs. Food
producers are locked into a vicious circle (R5, Figure 7), in which lower prices of food
put a continuous pressure on food producers to minimize costs that forces them to
become even more efficient if they are to survive at all. The farmers who lag behind
and do not become efficient enough are lost in the price (or even cost-price) squeeze
and leave room for the more successful food producers to expand [136].

4.2. Entry Points for External Disturbances in the European Food System

In addition to the internal causal structure, the functioning of the European food
system is driven by multiple adverse and favorable external disturbances of various
origin (e.g., socio-economic, ecological, technological, political etc.) [1,2,10,47]. Food
system disturbances range from rapid and dramatic shocks (e.g., pest outbreaks,
economic and political crises, weather events such as droughts, floods, or storms, fuel
shortages, disease pandemics) to slow and moderate stresses (e.g., climate change,
urbanization, population growth, changing consumption patterns), which do not
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function in isolation from one another, but co-occur and interact in many different
ways [39,137,138].

In this section, we combine the individual causal loop diagrams from previous
Section 4.1 into an integrated causal structure of the European food system to identify
entry points that expose the system to external disturbances (Figure 8).

In principle most of the variables constituting the internal causal structure of
the food system could be affected by a range of different shocks and stresses form
outside the system. Examples of such entry points for external disturbances include
(Figure 8):

• Food production can be affected by unfavorable weather conditions (e.g., severe
droughts led to reoccurring famines in Russia) and pest outbreaks (e.g., potato
disease caused crop failure that led to Great Irish Famine) that reduce crop
yield, livestock diseases (e.g., avian flu or bovine spongiform encephalopathy)
that lead to removal of large numbers of animals from the system as well as
geopolitical dynamics causing disruptions to supply of external inputs used to
maximize crop yield (e.g., phosphorus fertilizer, fossil fuels).

• Profits of food producers can be affected by an economic crisis that causes
price of external inputs to increase considerably or become volatile as well as
unfavorable political environment that leads to sudden or gradual removal of
financial support (e.g., subsidies) for agriculture.

• Natural resource conditions can be affected by urbanization and population
pressure that cause loss of agricultural land to other purposes, competition for
resources (e.g., water, fossil fuels) from other industries that reduces the amount
of natural resources available for food production or climate change impacts
that disrupt provision of ecosystem services needed for food production.

• Labor employed in food producing activities can be affected by widespread
disease outbreaks that reduce productivity of labor force or even the number of
people able to produce food.

• Food consumption can be affected by population growth and ageing, changes
in household incomes, changes in dietary patterns as well as routine and habits
(e.g., food waste), values and ethical stances of consumers.

The integrated structure presented in Figure 8 allows us not only to identify
what shocks and stresses the food system at stake, but also to systemically explore
how the disturbances may be conveyed throughout key feedback processes in the
food system and generate vulnerabilities. Examples of such pathways are provided
in the following Section 5.
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5. Vulnerability Analysis: Interplay between Internal Causal Structure and
External Disturbances

The analysis of internal causal structure in Section 4 shows how the conventional
model of the European food system has been able to deliver ever greater quantities
of cheap food. Specifically, increase in food production, despite the direction of
change in profits, has been possible due to several strong reinforcing feedback loops
that underlie reinvestment in machinery (mechanization, R1a, Figure 3) and external
inputs (intensification, R1b, Figure 3) as well as efficiency maximization realized through
scale economies, specialization and technological innovations (R5, Figure 7). From
the perspective of many consumers these reinforcing feedback loops have been
virtuous circles that have allowed them to access food at affordable prices. However,
the benefits to consumers have come at a cost. Food producers have experienced
the same reinforcing processes as vicious circles that have eroded their profits and
involved them into a ‘treadmill’ where individual food producers must produce
ever more just to stay in the agri-food industry [64,70,136]. Furthermore, the same
strong reinforcing feedback loops have forced the European food system also into a
counter-productive behavior and made it vulnerable to external disturbances. First,
the reinforcing processes have been accompanied by several balancing feedback loops
of which role is potentially to signal and minimize the undesirable socio-economic
and environmental outcomes of the food system. However, in most cases the
balancing processes have been either too weak or too delayed to do so. As a result,
the strong reinforcing feedback loops underlying food production growth have
generated numerous unintended negative impacts on human (e.g., reduction of rural
employment, loss of knowledge) and natural resources (e.g., loss of biodiversity,
soil degradation, pollution of water and air) which themselves are preconditions for
food production. Second, they have given rise to two additional strong reinforcing
processes—i.e., compensation for the degraded natural resources with the application of
external inputs (R2, Figure 4) and substitution of tacit knowledge with standardized
knowledge (R3, Figure 5)—that have made food producers increasingly reliant on the
use of external inputs. Below, we outline five key vulnerabilities that stand out from
our analysis of the internal causal structure.

Vulnerability I: Degrading natural resources

The stock of natural resources is a proxy for diversity and thus a kind of a buffer
that absorbs ecological disturbances such as weather shocks or plague of pests in
the system. Natural resources determine also how many options for adaptation and
alternative solutions food producers have. Assuming relatively stable climate and
abundance of natural resources, the reinforcing loops driving food production and
at the same time degrading natural resources through mechanization (R1a, Figure 3),
intensification (R1b, Figure 3) and efficiency maximization (R5, Figure 7) (all of which
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facilitate monoculture) could be strong, while degradation and regeneration of
natural resources (B1, B2, Figure 4) weak and delayed (as they have been so far).
However, we now know that the natural resources are finite (or take a lot of
time to regenerate) and once they are depleted, food production is not possible
anymore, while there will be few (or even no) options for adaptation to this and other
disturbances. Especially because implementation of alternative solutions such as
low external input practices usually requires a good condition of natural resources to
achieve the desired yield without external inputs. Moreover, given that the literature
on climate change predicts weather disturbances and pest infestations to become
more extreme and more regular, by deteriorating the condition of natural resources
food producers reduce ecological resilience of their agroecosystems to these shocks
and ultimately endanger food production.

Vulnerability II: Trading tacit with standardized knowledge

Tacit knowledge is necessary for food producers to be able to continuously
adapt their practices to changing conditions and thus keep producing enough food.
In the conventional European food system strong reinforcing feedback loops that
drive intensification (R1b; Figure 3) and efficiency maximization (R5, Figure 7) erode
the traditional, local, ecosystem-sensitive (tacit) forms of knowledge and replace it
with standardized, codified forms of knowledge. At the same time, the balancing
loop (B3, Figure 5), of which role is to minimize the loss of tacit knowledge, is weak
as many food producers disregard it. Consequently, the feedback processes reduce
the capacity of food producers and the scope of options available for them that are
necessary to make autonomous decisions regarding what they produce, how they
produce it, and why. Food producers could afford to trade tacit with standardized
knowledge for increased output when the conventional model of food system is not
exposed to disturbances and works smoothly—producing ever more food at ever
lower price with few unnoticeable side effects. However, as the food system moves
into a crisis caused by, for instance, visible environmental impacts of conventional
food production or consumers’ concerns about food quality, the vulnerability of food
producers becomes apparent. Food producers would need a lot of time (e.g., in case of
crops, several growing seasons) to rebuild the stock of tacit knowledge indispensable
for effective implementation of alternative practices and thus achievement of the
same or better level of food production.

Vulnerability III: Dependence on external inputs and governmental subsidies

The strong reinforcing feedback loops that drive food production through
intensification (R1b, Figure 3) and mechanization (R1a, Figure 3) and concurrently
degrade natural resources and erode tacit knowledge, give rise also to two additional
strong reinforcing processes through which degraded natural resources are compensated
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for with external inputs (R2, Figure 4) and tacit knowledge is substituted by standardized
knowledge (R4, Figure 5). Both of the latter reinforcing feedback loops are examples
of unintended processes that increasingly lock food producers into dependence on
external inputs, the companies that provide them, the financial resources needed to
purchase them and the capitalist relationships within food production that frame their
decisions [5,139]. The use of external inputs considerably changes food producing
practices as well as agroecosystems in which they are applied. Inter alia, some external
inputs give rise to unintended consequences (e.g., weed resistance, pollinator decline)
that are then stabilized with new external inputs (e.g., stronger herbicide cocktails).
This, in turn, reinforces the dependency of food producers on the use of external
inputs. The result is that food production is based on a continuous reinvestments
in engineered stabilizers rather than tacit knowledge and ecosystems resilience
(condition of natural resources). Therefore, if for some reasons (e.g., fossil fuels
scarcity, geopolitical tensions, economic crisis) external inputs were not available
for food producers: first, it will take a long time for an alternative food production
paradigm to become effective (because of, for instance, the need to rebuild the stocks
of tacit knowledge and natural resources condition) and second, the outcomes could
potentially be far more undesirable than that of a system which never used those
stabilizers. Moreover, relying on a limited range of ‘stabilizing’ external inputs makes
the food system particularly vulnerable to disturbances that operate beyond their
scope of fixes such as unexpected and non-linear climate change and feedbacks.
As high external input systems are capital-intensive, one could think of vulnerability
arising from dependence on financial subsidies and the governments that provide
them in a similar way.

Vulnerability IV: Latent instability of agri-food markets

When food production is higher than food consumption one might expect that
the balancing processes driving the functioning of agri-food markets, i.e., supply (B4,
Figure 6), demand (B5, Figure 6) and trade (B6, Figure 6) would equilibrate them.
However, many European agri-food markets are imperfect due to governmental
support (subsidies) and regulations (e.g., production rules), information and power
asymmetries, costs of entry and exit, and inflexibility of natural resources [140–147].
These imperfections either strengthen or weaken the market balancing loops (B4,
B5, B6, Figure 6) or create new ones (e.g., market expansion balancing loop B7,
Figure 7) that sometimes overwhelm the existing ones, leading to inefficiencies
or even failure of markets [45]. For instance, one might expect that in the face of
rising food production and falling profits, the food producers would reduce or
even cease production. While it is true, that the number of food producers tends
to decline over time, the EU within CAP offers subsidies to food producers that
weaken the balancing feedback loops on agri-food markets and foster the gain
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around positive feedback loops that drive food production up. As a result food
producers stay in unproductive and saturated markets. In other words, subsidies
stabilize the viability of food producers and keep food production high, but also make
them increasingly reliant on this form of support and the governments that provide
them (see Section 3.2) [77,83,148,149]. Furthermore, the balancing loops frequently
involve long delays (e.g., length of growing season, duration of transportation
and distribution, time to perceive price changes by producers and consumers,
etc.), weak responses (e.g., low short-run and high long-run elasticity of demand)
or boundedly rational decision making (e.g., market expansion balancing loop B7,
Figure 7), that predispose the agri-food markets to persistent disequilibrium and
instability [45,150–152]. Disturbances such as sudden removal of subsidies, weather-
or pest-related crop failures, increased price volatility, food scandals causing sudden
drop in food consumption can stimulate and amplify the latent oscillatory behavior
of agri-food markets giving rise to undesirable volatility of price of food and/or
profits realized by food producers [118,120,153].

Vulnerability V: Striving for efficiency, while losing resilience

The conventional European food system manages its growth and expansion
based on ideas of maximizing efficiency realized through inter alia scale economies,
specialization and technological innovations (i.e., balancing loop of cost maximization
(B8, Figure 7) that perpetuates the strong reinforcing feedback loop of efficiency
maximization (R5, Figure 7)). Food producers across Europe experience effects of
these processes in many different ways. Scale economies force many small- and
medium-scale food producers out of the agri-food business entirely—evidence
through declining number of farms and increasing farm size. This trend along
with the strong reinforcing spiral of labor reduction (R1c, Figure 3) translates into
increasingly fewer people in society with knowledge and skills needed to produce
food (i.e., further decline in the stock of tacit knowledge, Figure 5). Besides, scale
economies drive consolidation and reduce the diversity of scale at which food
producers operate. Specialization is apparent, for instance, in the trend towards
a single dominant activity on farms and widespread monocultures. Currently, in the
EU almost half of the holdings are specialized in cropping and 27% in livestock [154].
Accordingly, as the system specializes, the diversity of organizational forms as well
as of crops and animals decreases in the food system. Technical innovations (e.g.,
application of more and more specific fertilizers, herbicides and pesticides and
genetic advances) to a great extent are in hands of few multinational corporations [5].
This narrows down sources of technical innovations as well as the choices available
for food producers. For instance, commercial seeds and breeds focus on a few
traits in a few crops, which forces food producers to base their production activities
on them. The three processes seem to favor each other, so that, for instance, the

161



technical innovations (e.g., promotion of agrochemical use, biotechnology, single
crop machinery, etc.) are most (costs) beneficial through scale economies and
specialization [5,9,129]. Common feature of all of these processes is that they increase
efficiency, but at the same time decrease diversity of different elements in the food
system, while diversity is crucial for absorption of shocks and stresses, adaptation,
and alternative solutions [5,9,47,155]. Having low diversity in the food system
allows disturbances to be augmented in both socio-economic (e.g., food pricing
controlled by few) and ecological (e.g., contamination on a single farm can easily
effect the entire country) dimensions. Thus, it seems that through strong efficiency
maximization loop (R5, Figure 7) food producers trade-off short-term productivity
against long-term resilience.

In essence, vulnerabilities in the conventional European food system arise if
a disturbance strengthens the reinforcing feedback loops and further weakens or
delays the balancing loops. For instance, climate change related shocks such as
drought, flood or storm, will likely strengthen the intensification reinforcing feedback
loop (R1b, Figure 3) because of yield losses. Yield losses increase the pressure on
food producers to produce more, disregarding the balancing loops of natural resources
degradation and regeneration (B1, B2 Figure 4), thus further lowering the stock of natural
resources condition. When the stock depletes, yield declines, and translates into
undesirable outcome of reduced food production and hence food insecurity. Another
example is a stress of growing population that demands more resource-intensive
animal products (demand side of the agri-food market, B5, Figure 6), which most
likely strengthens the efficiency maximization loop in addition to intensification (R1b,
Figure 3) and mechanization (R1a, Figure 3) loops. As the population grows and
demands more animal products (i.e., per capita consumption due to lifestyle rises,
Figure 6), food consumption rises. Food producers feel pressure to produce more
of both animals and crops, as part of the crop production is redirected to feed for
animals. Yet the amount of agriculture land is limited. Food producers are pressured
to intensify as well as maximize efficiency. As a result, the disturbance strengthening
the reinforcing feedback loops, propagates throughout the system, exacerbating all
the vulnerabilities outlined above.

6. Policy Analysis: The Potential Role of Organic Farming

As a whole, the conventional European food system, relying on external inputs
and policy stabilizers, reveals resilient features—it provides plentiful and inexpensive
food. However, the value judgement of what is resilient or vulnerable to what
and over what period of time depends on the beneficiaries. Assessing it through
sustainability lenses, we argue that the capitalized, high external input food system
is vulnerable to disturbances that operate beyond the system’s own boundaries of
ontology (i.e., a set of concepts and their relations that are specified in some way),
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epistemology, or control, such as unanticipated or non-linear climate variability and
feedbacks or unpredicted ecological consequences of continuing use of external
inputs. Thus, an alternative approach to food system, which does not trade-off
long-term resilience for productivity and stability, is called for [5,7–9]. King [16]
lists several potential approaches for a resilient food system, including organic
and biodynamic farming, permaculture, farmers’ markets, community-supported
agriculture and community gardens. In Europe organic farming is the fastest growing
of all alternatives to the conventional food system, which is regulated at EU level
and receives considerable public financial support. However, can organic farming
make the European food system more resilient?

In contrast with the conventional European food system, organic farming is a
low external input system, in which organic matter cycles and diversification of crops
and animals are key concepts. Many meta-analyses and reviews provide evidence for
enhanced environmental impact of the organic farming practices in comparison
with the conventional system [21,31,36,156,157]. Thus, organic food producers
have the potential to address the vulnerability related to worsening conditions
of natural resources. Specifically, they are able to recognize the two balancing
loops—natural resource degradation and regeneration (B1 and B2, Figure 4)—and
implement practices that strengthen both of them and the important stock of natural
resources accumulates, making the system more resilient to disturbances such as
climate change. For instance, due to water-holding capacity of soil organic carbon
stocks, which is built through common agroecological practices such as diverse and
companion cropping, planting green manure and cover crops, and integrating forages
and perennials, organically managed farms have been shown to produce higher
yields than their conventional counterparts under conditions of severe droughts or
excessive rain [158]. In addition, through strategic diversification of crops, organically
managed plantations can be also more resilient to pest outbreaks, as commonly a
single pest usually damages a particular variety [9].

With regard to trading tacit with standardized knowledge, several studies
have shown that organic food producers pay attention to natural cycles in their
practices (i.e., balancing loop loss of tacit knowledge gains strength (B3, Figure 5))
and hence accumulate much more tacit knowledge than producers in conventional
systems [117,159]. In that sense, agroecological practices have potential to lead not
only to more natural resources, but build up the human resources as well [117].
Organic food producers may then be better prepared to cope with disturbances over
long term.

Organic farming per definition is a low external input system with inter alia
diversification and nutrient cycling at its heart. It has, thus, potential to preserve
higher stocks of natural resources and tacit knowledge as well as to better recognize
and operate the balancing loops (B1, B2, Figure 4; B3, Figure 5). Accordingly,
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organic food producers may be able to escape from being locked into the dangerous
dependence on external inputs (R2, Figure 4; R4, Figure 5).

However, implementation of organic food production principles in practice
is diverse and ranges from mere ‘input substitution’ to fundamental ‘system
redesign’ [160]. This implies that there are organic food producers, of which practices
diverge only slightly from conventional practices [28]. As organic food producers are
not rewarded for continuous improvement, but have to comply just with minimum
standards, they are incentivized to simply substitute prohibited with allowed inputs
sourced from outside of the system. As a result they will be again locked into the
vicious circles creating dependence on external inputs (R2, Figure 4; R4, Figure 5)
with all their consequences for resilience of the prevailing food system.

In addition to better environmental outcomes, many studies have found that
organic food producers perform better also in socio-economic terms as compared to
their conventional counterparts [21,30]. Simply looking at comparisons of organic
versus conventional short-term profitability, organic seems to be a promising option
to preserve viability of farms. Besides, the organic food system is characterized also
by diversity of markets (e.g., specialized organic food stores, farmers’ markets and
direct farm marketing, food baskets), through which organic food is provided to
consumers [20]. These two features—better financial performance and diversity of
markets—suggest that potentially the internal market structure of the organic food
system is different from the conventional one and that the system can address the
vulnerabilities related to socio-economic organization of food production inherent in
the latter.

However, there are many signs indicating that organic food system based
on certification of food production methods alone, falls into the same reinforcing
mechanisms as conventional system and gives up its resilient features for efficiency
(R5, Figure 7) and itself is vulnerable.

First, establishing certification put barriers for smaller food producers to enter
the sector, because of incurred costs of certification and because it facilitates larger
retailers to sell organic products [9]. Hence, the organic food system becomes more
and more consolidated and losses its diversity, which has the same consequences for
resilience as presented for the conventional European food system.

Second, higher profits realized by organic producers in comparison with
conventional farmers are attributed mainly to price premiums paid by consumers
and subsidies received from governments [18,20,21]. Some authors point out that
the organic producers are becoming more and more dependent on the direct
payments [149]. Such dependence makes organic producers increasingly vulnerable
to changes in political environment. It is also uncertain, how much of the price
premium is received because of willingness to pay or because of the anecdotal
unprecedented growth in demand that outpace the growth in supply on the organic

164



market [18], and hence what would happen with profits when the farm-gate prices
for organic products fall [20,161].

Third, organic food producers compete with each other based solely on price,
which does not internalize all externalities. It means that many of the socially and
ecologically progressive attributes of organic produce are neglected in the price
of organic food. Such a price-based competition disincentives the organic food
producers from continuous improvement of their practices and involves them into
the productivity paradigm and the reinforcing spiral of efficiency maximization (R5,
Figure 7), violating many of the organic principles and reducing its potential to be
a viable option for making the European food system more resilient [20,28]. This is
evident in the organic ‘conventionalization’ and ‘supermarketization’ debate [20,28].

7. Conclusions

In this paper, we have proposed a new way to help policymakers understand the
European food system’s vulnerabilities and assess whether alternative developments
such as organic farming can enhance its resilience. For this, we adopted a system
dynamics approach to capture the dynamic complexity of the food system. We
identified a number of key systemic vulnerabilities, including the degradation of the
natural resource base of food production, the erosion of its tacit knowledge base, its
dependence on external inputs and governmental support, the latent instability of
the agri-food markets and the strive for efficiency that leads to a loss of diversity in
the food system.

We have argued that organic farming has the potential to address these
vulnerabilities, but at the same time risks falling into the same systemic pitfalls
through a process of conventionalization. More specifically, organic farming as a food
system has to be carefully designed and implemented to overcome the contradictions
between the dominant socio-economic organization of food production and the
ability to implement holistic understanding of organic principles on a broader scale.
To make organic farming a viable strategy for reducing the vulnerabilities and
enhancing the resilience of the European food system, certification as one of the main
intervention proposed by the EU, for instance, will not be sufficient. Certification
draws better boundaries around environmental resources and thus limits the negative
environmental impacts that agricultural production has. However, it does not
interfere with the production growth drivers and thus does not change the nature
of any of the feedback mechanisms described in this paper nor does it affect their
relative strength, i.e., the extent to which they dominate system’s behavior.

Reducing vulnerabilities and increasing resilience of food systems goes beyond
intervention engineering. The structural thinking tools developed in this paper
provide a basis for an integrated evaluation of interventions, that is, of how
interventions acknowledge that accumulation and draining processes cause delays
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and constraints in food systems’ responses to disturbances, that feedback processes
cause a reinforcement or dampening of such a response, and that nonlinearity causes
an interaction between the response produced by various model components and
across model components. The system-oriented approach helps also to characterize
the range of synergies and trade-offs between food systems’ outcomes that arise from
such interventions.

Building on our structural diagram, further research could focus on other
outcomes valued by different perspectives. Besides, the structural diagram serves
also as a transition between mental models existing in literature and fully operational
simulation models with which one could test the system’s response to various types
and magnitudes of disturbances and interventions. The system dynamics approach
captures well the cross-level interactions (e.g., production and consumption) within
food systems as long as the individual level is expressed in aggregated terms. Yet
cross-scale (i.e., spatially disaggregated) interactions between the biophysical and
decision-making, would require a hybrid approach, merging system dynamics with,
for example, agent-based modelling [41].

Above and beyond, the understanding of systemic interactions and dynamic
complexity of a food system is, however, not enough to identify specific actions and
potential policies for increasing the resilience of any particular food system [162,163].
The concrete design and implementation of interventions requires also careful
consideration of political agency (e.g., alternative food movements and actors) [14]
and negotiation of power relations [164]. This opens up avenues for future research
that establish a dialogue between social-ecological systems analyses with, for
instance, political ecology ([162]).
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The Significance of Consumer’s Awareness
about Organic Food Products in the United
Arab Emirates
Safdar Muhummad, Eihab Fathelrahman and Rafi Ullah Tasbih Ullah

Abstract: Awareness about negative externalities generated by conventional farming
is gaining momentum with consumers around the world, opting for alternatively,
namely organically, produced food products. Information about consumers’
awareness is an essential element for farmers and marketing agencies to successfully
plan production that can capture a greater market share. This study discusses
effective factors influencing consumers’ awareness about the benefits of organic food
in the United Arab Emirates. Sample data and ordinary least square (OLS) regression
techniques are applied to delineate factors influencing consumers’ awareness about
organic food. The results from this regression analysis highlight the importance of
specific socioeconomic determinants that change awareness about organic food
products in United Arab Emirates (UAE) households. This study finds that
awareness about organic food is influenced more effective factors such as gender,
nationality, and education as well as income, occupation and age. These research
findings apply to other economies and societies that have an increasing per capita
spending on organic food, but also where people are highly sensitive to information
provided about organic food. Therefore, these results are important to these research
beneficiaries including food marketing planners, researchers, and agricultural and
food policy makers.

Reprinted from Sustainability. Cite as: Muhummad, S.; Fathelrahman, E.;
Tasbih Ullah, R.U. The Significance of Consumer’s Awareness about Organic Food
Products in the United Arab Emirates. Sustainability 2016, 8, 833.

1. Introduction

Traditional or conventional farming is a double-edged sword; on one side it
is known for low cost and higher output, but on the other side it is known for its
negative human and environmental impacts [1]. The net effects of these factors
are not yet known with certainty, but the negative impacts of inorganic farming
and food products are well-researched. On the production side, farmers and their
families, farm workers such as pesticide applicators, and other field workers are
all at a high risk of exposure. Scialabba showed [2] in a study supported by the
Food and Agriculture Organization (FAO) that sustainability is also about equity
among and between generations. The main contribution of organic agriculture to
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social well-being is through avoided harm and healthy community development.
Avoided harm ranges from loss of arable soil, water contamination, biodiversity
erosion, food scares, and pandemics associated with chemical agriculture, as well as
the pesticide poisoning of 3 million persons per year resulting in 220,000 deaths, let
alone farmers’ indebtedness for inputs and suicides (e.g., 30,000 deaths in Maharastra,
India, from 1997 to 2005). Lotter (2003) found that demand for organic products is
driven by belief that such products are more healthful, tasty, and environmentally
friendly than conventional products [3]. Lotter also called for more comparative
research to include animal products beside plant products. On the consumption
side, the risk to consumers due to the consumption of vegetables at which high
levels of synthetic pesticides have been applied is high because consumers are not
aware of the health hazards linked to chemical residues in vegetables [4]. In a
study by Salazar (2014) titled “Going Organic in Philippines: Social and Institutional
Features”, the author noticed—through case studies of organic farms and a review
of policy developments—that different social arrangements and a supportive
environment can be achieved. This is through offering training opportunities,
expanding resource access, and organizational support leading to organic farming
that expands exponentially in the country [5]. Golderger (2008) showed the presence
of a disconnect between farmers and nongovernment organizations in Kenya, the
source of organic agriculture organizations which attributed to the delay of farmers’
adoption of organic agriculture practices [6].

Organic farming minimizes social, ecological, and biological costs that are
associated with conventional farming [7]. Phillip and Dipeolu (2010) [8] defines
organic farming to be the farming production management system which promotes
agroecosystem health, sustainable biological cycles, and soil biological activity.
In other words, organic farming is based on sustainability of the agroecosystem,
Food and Agriculture Organization (FAO) [9]. Gil et al. (2000) [10] showed that
among the different organic products market segments in Spain, special attention
has to be paid to “likely consumers”. Consumers represent a potential for market
growth, and specific-marketing strategies should be addressed towards them. The
authors conclude that a better knowledge of their sociodemographic characteristics
is needed. On the demand side, Beharrell and McFie on British (1991) consumers
and Al-Taie (2015) on United Arab Emirates consumers showed that such consumers
have positive attitudes towards organic products as they perceive them as healthier
than conventional alternatives [11,12].

The contribution of conventional agriculture to national development and food
security has always been seen as the crux of public policy across the globe, yet in
recent decades, organic agriculture has taken over conventional farming in terms
of growth. For example, as shown in the Figure 1, organic agricultural land in the
world increased from 11 million hectares in 1999 to 43.1 million hectares in 2013 [13].
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Similarly, the number of organic producers also increased from 1.8 million in 2011 to
2 million in 2013 [13].
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Figure 1. Growth of organic agricultural land in the world (1999–2013). Data
Source: Willer et al., (2013) [13].

Zanoli and Naspetti (2002) [14] presented results from an Italian study on
consumer perception and knowledge of organic food and related behavior. The
authors used the means–end chain model to link attributes of products to the needs
of consumers. The authors reported and discussed results on consumer cognitive
structures at different levels of experience. In this study, consumers’ groups were
found to be due to the consumers’ frequency of use (experience) of organic products
and level of information (expertise). Müller et al. (2015) [15] studied the negative
effects on consumers’ evaluations of and behavior towards the purchase of certified
organic food. The authors used behavioral models and findings from previous
studies as well experimental study. The authors, highlighting the importance of
consumers’ awareness about organic food benefits, argued that when producers’
mislabeling of products or consumers’ label misinformation is revealed by mass
media sources, such mislabeling causes negative effects on consumers’ evaluation
of and behavior towards the purchase of certified organic food products. These
studies agreed that awareness about organic food benefits is an implicit variable.
Other explicit variables—such as respondents’ education, occupation, and age—were
not carefully considered by these previous studies and were not considered to be
effective variables to measure the consumers’ level of awareness. In this study we
argue for the significance of such variables and discuss the relationship between
them and the consumers’ awareness about organic products.
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2. Organic Products Market in United Arab Emirates

In the United Arab Emirates (hereafter UAE), the agricultural sector has never
been a major contributor to its gross domestic product (GDP). According to 2012
statistics from the Ministry of Environment and Water (MoEW) [15], agricultural land
in the UAE constitutes only 4.6% of its total land. In addition, the value added per
worker in the agricultural sector is merely USD 11,795, which is at a large decline since
2000 when this figure was nearly USD 30,000. However, given increasing income and
the demand for fresh and healthier food products, agricultural development and food
quality are major priorities of the UAE government agricultural policies [16]. These
conditions provide an opportunity for organic agriculture to expand in the UAE.
Table 1 shows data from 2012 about organic agricultural production in the UAE.

Table 1. Organic agriculture production (2012): selected characteristics in the
United Arab Emirates.

Characteritics Value

Share of organic agricultural land 4.6%
Organic agricultural land total 3905 hectares
Share of organic agriculture in total 0.7%
Number of certified organic farms 34
Number of certified organic crops More than 62 varieties

Source: Food and Agriculture Organization (FAO) (2013) [17].

Currently, the UAE market for organic food is valued at USD 100–150 million
per year [16]. There are 34 certified organic farms producing more than 62 varieties of
organically certified crops. While the UAE is one of the leading producers of organic
palm dates (more than 1000 tons per year), it also produces organic vegetables, such
as beans, beetroot, broccoli, cabbage, chilies, cucumber, eggplant, fennel, carrots,
green peas, lettuce, marrows, onions, okra, potatoes, strawberries, sweet corn, and
tomatoes [13].

Despite a considerable increase in the demand for organic products around
the world [18], organic products are still considered specialty commodities in the
food market and occupy a small market share, and there is an overall low market
awareness about organic products. A successful campaign for introducing a new
product into the market depends on two factors: consumer’s awareness about the
product and their willingness to pay [19,20]. Determinants influencing consumers’
willingness to pay for organic food in the UAE has been addressed elsewhere [19].
The objective of this article is to evaluate factors that effectively influence the
consumer’s awareness about organic food in the UAE and recommend potential
implications and marketing efforts needed to increase awareness about organic food
in an effort to increase organic products’ market share. The rest of the article is
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organized as follows. Section 2 describes the organic product market in United Arab
Emirates (UAE). Section 3 summarizes lessons learned from previous studies on
consumers’ awareness about organic food products. Section 4 describes the methods
used for data collection and the statistical analysis, as well as explains the selected
dependent variable and explanatory variables. Section 5 presents and discusses
empirical findings and Section 6 concludes with policy implications based on the
application of the study’s findings to food policy makers, researchers, and the organic
food marketing planners.

3. Consumer’s Awareness about Organic Food

Consumer’s awareness refers to product characteristics exploration and
recognition by consumers. This is the organic product’s characteristics/attributes
such as nutritional contents, whether the product is certified organic or not, locally
produced or imported, country of origin (if it is imported), labeling information
including date of expiration, and level of freshness. Furthermore, specific brands are
likely to be considered by the consumers to have high quality organic products, so
such consideration may affect his or her decision-making about purchasing a specific
brand of food products [12,20].

Chouichom et al. (2013) [21] investigated the impact of socioeconomic and
demographic variables on organic food purchase behavior in Bangkok. Data was
collected from 848 customers using convenient sampling. Since nonrandom sampling
was used, the representativeness of the sample was insured by collecting data from
customers who shop organic products from supermarkets, as well as from shops in
the outskirts of Bangkok. Respondents were divided into three categories: those who
have never heard of organic food, those who have heard but never purchased organic
food, and those who have both heard and experienced consuming organic food.
Then, contingency tables and chi-square tests were used to establish socioeconomic
and demographic differences between the three types of consumers. According to the
results reported by the authors, there are three main motives to demand organic food
in Bangkok: the perceived health benefits, the search for tastier food, and attraction
offered by novel food products. Moreover, statistical analysis signified that organic
food consumption in Bangkok tends to increase with age, being male, education,
and income.

Similarly, Bravo et al. (2013) [20] investigated various motives that encourage
organic food consumption in Germany. Using data from the German National
Nutrition Survey II, attitude towards organic food purchase is measured through the
perceived importance of organic food. Results from the structural equation modeling
(SEM) indicated that organic food purchases are influenced by altruistic aspects (i.e.,
environmental concerns and animal welfare). Additionally, nutritional information
and ease of accessibility also positively influences organic food purchases, while price
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is negatively associated with organic food purchases. Amongst the socioeconomic
and demographic variables, the authors reported that respondents from small
households, women and older respondents, and those with higher societal status are
more likely to purchase organic alternatives. Similar findings are also reported by
Meixner et al. (2014) for Russia with the addition that consumers also prefer local
foods, and that ease of access to organic food has no effect on consumers’ purchasing
behavior [22].

Briz and Ward (2009) [23] explored covariates of consumers’ awareness in
the case of Spain. Using a telephonic interview, the authors collected data from
1003 respondents, all of whom were above 18 years of age. Using multinomial
logistic model, the dependent variable, i.e., awareness about organic food, was
operationalized as having three categories. Explanatory variables of the model
included age, education, income, gender and a general understanding of food
nutrition (all are being measured as categorical variables). The authors also controlled
for region and size of the city where the respondent belonged. Their results show
that consumers’ awareness about organic food is influenced only by the level of
education, income and the degree by which a consumer is nutrition-conscious. That
is, all the stated variables are positively associated with consumers’ awareness about
organic food. Theoretically, awareness about a product can be measured by using
two techniques: brand recall and brand recognition. In brand recall tests, researchers
measure the ability of consumers to recall brand names in a particular product
category. In a brand recognition test, researchers provide consumers with a list of
brands and ask them if they can remember seeing any of the brands before. For
empirical studies, both techniques can be used to provide simple descriptions (i.e.,
average, range of response, mode, and standard deviation) or to provide more detail
by using factor analysis [24]. Kesse-Guyot et al. (2013) [25] profiled organic food
consumers in a large sample of French adults using cluster analysis and found that
a sizable group of regular organic food consumers had shown a healthy profiles
compared to nonorganic food consumers. However, the authors suggested further
studies to analyze organic food intake in relation to health markers. A study that
considered the demographic portrayal of organic vegetable consumption within the
United States (U.S.) by Dettmann et al. (2007) [26] found that the organic market sector
in the U.S. is one of the fastest growing food sectors, with growth rates in organic food
sales averaging 18% per year between 1998 and 2005. The largest segment within
the organic market was found to be fresh produce, comprising 36% of retail sales
in 2005. The study applied a logistic model framework and a Heckman two-stage
model to depict the relationship of organic vegetable expenditures as a ratio of total
household vegetable expenditures. The authors found that race, education level,
and household income consistently influenced the consumer’s decision to purchase
organic vegetables.
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In brief, previous studies discussed and analyzed the importance of consumers’
awareness about organic food products at various settings and conditions.
These conditions varied from local organic products to the overall organic food
products including imported products. These previous studies agreed that the
socioeconomic/demographic factors play significant roles on determining the
consumers’ decision to buy organic product. In this study we confirm previous
studies summarized above. Furthermore, this study addresses and analyzes
the influence of non-income and non-occupation status variables such as gender,
education, and nationality as we argue that they could be more relevant to changes
on the dependent variable (i.e., awareness about organic food products). Variables
such as household income and occupation status are important to make the
consumer demand an effective demand, so their inclusion in the econometric model
specification is critical. However, this study’s objective is to further analyze the
significance of each of such on the non-income related explanatory (independent)
variables towards the overall awareness of consumers about organic food products.

4. Data and Methods

The study is based on a sample survey of 300 respondents from the United Arab
Emirates (UAE). The descriptive statistics of the respondents in the sample indicates
that the typical respondent (median) of the head household in the sample is male,
in the age category between 30 and 39 years old, married with children, completed
his college education, originally non-national, works for the private sector, has
income between 10,000 and 15,000 UAE Dirhams (exchange rate is 1 USD = 3.65 UAE
Dirhams), and lives with a family of four members. The data was collected through a
well-structured questionnaire, containing questions on awareness about organic food
and sociodemographic information of the respondents. The questionnaire for this
study was designed to solicit the respondents about their level of awareness about
organic food products, organic food market characteristics, and their ranking for the
importance of organic food features such as their perception of whether they consider
organic food product to be chemical-free, fresh and healthy, better-tasting or not, was
produced used best agricultural production practices, among many other attributes.
The questionnaire in this study was divided into two parts. Part one asked questions
in relation to the respondents’ perception and attitudes towards organic products in
UAE, including questions about the frequency of buying organic food, and positive
and negative attributes of buying organic food. For example, the questionnaire
asked if the respondents considered organic food to be expensive, whether they
still purchase the products due to the benefits they draw from consumption of
organic food. This part also included questions in relation to respondent’s level
of trust of organic food certification in UAE and other places. The second part
of the questionnaire included questions about the respondents’ socioeconomic or
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demographic variables. These questions enable the research to draw conclusions
about the correlations between such explanatory variables on one side and the
research-dependent variable, namely awareness about organic food.

Awareness can be measured by asking simple descriptive questions from the
respondents, using factor analysis (FA)/principle component analysis (PCA).

To depict factors influencing consumer’s awareness about organic food in the
UAE, we used the following:

AWi = β0 + β1 AGi + β2GRi + β3NYi + β4EDi + β5MIi + β6ESi + β7HSi + εi (1)

The dependent variable is awareness about organic food (AW), which is an
index constructed from various awareness indicators asked from respondents. Based
on similar a principal component analysis by Qendro (2015) [27] and Petrrescu et
al. (2015) [28], we have asked respondents questions like, “Do you consume organic
food because you think it is chemical free?” Responses were recorded for a total of 17
such questions in the form of 0 (which implies no) and 1 (which implies yes). Each of
the 17 questions highlighted a key characteristic of organic food, such as freshness,
taste, and nutrients. To construct our dependent variable, we have adopted the
simple counting procedure which adds responses to all questions (Lea, and Worsley,
2005) [29] for adopting a similar methodology to develop the index of awareness
variables. On the explanatory variables side, a set of variables were included to
represent the respondents’ socioeconomic characteristics. These variables are namely
Age, Gender, Nationality, Education, Monthly income, Employment status, and
Household size.

As a robustness check of our awareness measure, we have also constructed
another measure of awareness about organic food. One of the questions in the
survey asked respondents, “How much have you heard or read about organic food?”
Responses to the questions were recorded on a 4 point Likert scale (i.e., 1 = nothing
at all, 2 = a little, 3 = some, and 4 = a lot). We have considered options 1 and 2 as
respondents who are unaware or less aware about organic food and the remaining
two options as respondents who possess awareness about organic food. Since the
dependent variable thus constructed is a dichotomous one, the estimation technique
adopted for the purpose is binary logistic model. The results obtained are given
in Appendix 6, which show that none of the explanatory variables assume signs
different from the main model, nor are these much different in magnitude. As a
further robustness check, the awareness variable is also specified as standard normal
scores (Appendix 6) and the results resemble the original ones.

AG is the age of the respondent, which is a multinomial variable having five
categories: 1 signifies age younger than 20 years of age, 2 between 20 and 29 years
of age, 3 between 30 and 39 years of age, 4 between 40 and 49 years of age, and
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5 greater or equal to 50 years of age. A dichotomous variable representing gender is
named GR, where 1 represents male and 0 female. The dichotomous variable, NY
representing nationality, where 1 represents a UAE resident and 0 otherwise. The
respondent’s education level, ED, has six categories, where 1 represents the lowest
level of education and 6 the highest. MI is the monthly income of the respondents and
has 7 categories, where 1 is the lowest income level and 7 is the highest income level.
Meanwhile, ES is a dichotomous variable representing the employment status of the
respondent, where 1 represents those who are actively employed (e.g., government
employees, self-employed, and private sector employees) and 0 represents those
who are not active participants in the job market (e.g., retired, housewives, student,
unemployed, and others). Finally, HS represents the number of people living in the
household, including the respondent.

Since the dependent variable in Equation 1 is a continuous variable, the
appropriate estimation method is ordinary least squares (OLS), provided that
the basic Gauss–Markov properties are satisfied. The model is thus tested for
multi-collinearity, heteroskedasticity, and misspecification. All tests confirmed that
the model does not suffer from any of the above stated sources of biases. The
following section presents and discusses the results.

5. Results and Discussion

To study the relationship between the consumers’ awareness about organic food
and their socioeconomic characteristics. The ordinary least square (OLS) regression
was selected to illustrate and predict such a relationship. The estimated outputs
of Equation 1 are presented in Table 2. The equation was estimated using the
OLS method and the results were checked for multicollinearity (using variance
inflating factor criteria), heteroskedasticity (using White’s heteroskedasticity test),
and misspecification errors (using Ramsey’s RESET test) (given in Appendix 6). Since
the results satisfy these tests, we can safely conclude that our results are free from
any econometric bias. The best fit curve of this model is depicted in Figure 2.

The results show that of all the explanatory variables analyzed in our study, only
gender, nationality, and education influence awareness about organic food positively.
Because none of the other explanatory variables are statistically significant, we
ignore them in the subsequent discussion. However, these variables are important
for the overall econometric model design and fitness representing the dataset.
An explanation for why gender is a significant explanatory variable is that male
respondents have more awareness about organic food than their female counterparts.
This finding is in line with previous research cited in the previous section of this
article. These studies noted that the reason behind more organic food awareness
among male members is because overall, male members are relatively more educated
in developing countries where these studies are conducted. The correlation matrix
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illustrated in Appendix 6 shows the correlation between the explanatory variables
(independent variables) themselves. No evidence found of highly significance
correlation between these variables which supports selection of these variables to be
possible influential variables on the level of the respondents’ awareness of organic
products in the study sample.

Table 2. Awareness about organic food.

Variable Coefficient Std. Error T-Statistics p-Value

Age −0.189 0.274 −0.691 0.490
Gender 1.055 ** 0.538 1.959 0.051

Nationality 1.631 ** 0.731 2.232 0.027
Education 0.658 ** 0.277 2.376 0.018

Monthly income −0.134 0.145 −0.919 0.359
Employment status −0.025 0.647 −0.039 0.969

Household size −0.013 0.063 −0.213 0.832
Constant 3.449 ** 1.793 1.924 0.055

** signifies statistical significance at 5 percent level.
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Figure 2. Predicted awareness index against observed levels of awareness about
organic agriculture in United Arab Emirate.

The results also found that being a national of the UAE increases awareness
about organic food. An explanation for this is that the majority of non-UAE nationals
are immigrants who are low-paid workers lacking education and circles that can
provide them awareness about organic food.

The positive and significant impact of education on awareness about organic
food implies that more education increases awareness about organic food. There
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is a strong connection between education and awareness of organic food benefits,
including the environmental benefits of production (the supply side) and consumer
health benefits (the demand side). These results confirmed previous studies’
findings and highlight the significance of more relevant (to the level of awareness
about organic food) explanatory (independent) variables in the study such as the
consumer’s gender, level of education, and nationality. Furthermore, study findings
show that such respondents’ effective explanatory (independent) variables play a
significant role on increasing awareness about organic products. Policy makers,
researchers, and marketing analysts may consider such significant variables when
designing their organic products’ market share.

6. Conclusions and Recommendations

A key challenge faced by the modern world is food security. Conventional
farming may be considered a success in the quest for food security, but it comes at the
cost of the overall well-being of the environment and ecosystem. Organic farming
is a relatively new system of farming; it avoids costs associated with conventional
farming and it is considered beneficial for the planet as a whole. Because organic
farming is relatively new, the perceived benefits associated with it are not well-known.
It will take time and effort for its benefits to become common knowledge.

Increasing awareness about the benefits of organic food compared to
conventionally-produced food is relatively expensive. Therefore, awareness about
the advantages of organic agriculture has not been well-considered in previous
studies as an approach for sustainable production and consumption. In order to
encourage organic farming and the production of organic food, the market for organic
food will have to be established, so that organic farmers can get an outlet for their
products. However, the establishment of a market for organic food depends on
knowing what factors influence consumer awareness about organic food. Once
such factors are ascertained, farmers will be better equipped to market their organic
products and capture a larger share of the vegetable market. This study is an attempt
to identify factors that determines consumers’ awareness about organic food. This
study utilizes sample data and contemporary econometric techniques to investigate
factors that influence consumers’ awareness about organic food. Furthermore, this
study implements an ordinary least square (OLS) analysis of consumers’ income,
occupation status, and age as determinants of the level of consumers’ awareness
about organic food products. Furthermore, the study expanded the analysis
to include more relevant explanatory variables such as gender, education, and
nationality in order to better explain the influence of such non-income variables
on consumers’ awareness about organic food products. Income and occupation
status are effective demand variables. Both variables contribute to the overall fitness
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of the regression model. However, specific variables such as gender, respondents’
level of education, and nationality were found to be more significant.

This study finds that awareness about organic food is influenced by more
relevant factors such as gender, nationality, and education as well as income,
occupation status, and age. Therefore, efforts to successfully expand awareness
about organic foods should consider nonconventional socioeconomic/demographic
characteristics of consumers when segmenting markets. Understanding of the
significance of the influential factors that determine the consumers’ decision of
buying organic food helps the policy makers, researchers, and marketing planners
focus their efforts and expand them in the areas of providing the consumers with
more information in relationship to the products’ characteristics and designing
awareness activities about organic food production, consumption, and health benefits.
Such effort will support the organic farmers’ in gaining larger market shares for
their products.

Future studies may consider the need for comprehensive framework to support
organic products marketing including policy formulation, research, education, and
outreach to support the organic food production. Furthermore, future studies may
also consider changes of consumers’ behavior in response to expanding use of
information through advanced information technology such as social media.

Author Contributions: All the authors contributed equally to this work.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Awareness about Organic Food (Logistic Regression).

Variable Coefficient Std. Error Wald Significance

Age −0.052 0.311 0.028 0.867
Gender 0.334 0.286 1.368 0.242

Nationality 0.093 0.366 0.065 0.799
Education 0.059 0.458 0.016 0.898

Monthly income −0.382 0.324 1.395 0.237
Employment status −0.069 0.323 0.045 0.832

Household size −0.003 0.033 0.011 0.918
Constant 0.838 0.722 1.349 0.245
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Appendix B

Table B1. Awareness about Organic Food (Awareness Specified as Standard
Normal Scores).

Variable Coefficient Std. Error t-Statistics p-Value

Age −0.046 0.066 −0.691 0.490
Gender 0.255 0.130 1.959 0.051

Nationality 0.395 0.177 2.232 0.027
Education 0.159 0.067 2.376 0.018

Monthly income −0.032 0.035 −0.919 0.359
Employment status −0.006 0.157 −0.039 0.969

Household size −0.003 0.015 −0.213 0.832
Constant −0.861 0.434 −1.984 0.048

Appendix C. Diagnostic Tests

Table C1. Collinearity test.

Variable Tolerance Variance Inflation Factor

Age 0.842 1.188
Gender 0.941 1.062

Nationality 0.610 1.639
Education 0.879 1.138

Monthly income 0.687 1.455
Employment status 0.657 1.522

Household size 0.938 1.067

Table C2. Heteroskedasticity test.

White Heteroskedasticity Test

F-Statistics 1.414 Probability 0.167
R-Squared 15.338 Probability 0.167
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The Resilience of a Sustainability
Entrepreneur in the Swedish Food System
Markus Larsson, Rebecka Milestad, Thomas Hahn and Jacob von Oelreich

Abstract: Organizational resilience emphasizes the adaptive capacity for renewal
after crisis. This paper explores the sustainability and resilience of a not-for-profit firm
that claims to contribute to sustainable development of the food system. We used
semi-structured interviews and Holling’s adaptive cycle as a heuristic device to
assess what constitutes social and sustainable entrepreneurship in this case, and we
discuss the determinants of organizational resilience. The business, Biodynamiska
Produkter (BP), has experienced periods of growth, conservation and rapid decline
in demand, followed by periods of re-organization. Our results suggest that BP,
with its social mission and focus on organic food, meets the criteria of both a
social and sustainability entrepreneurial organization. BP also exhibits criteria for
organizational resilience: two major crises in the 1970s and late 1990s were met by
re-organization (transformation) and novel market innovations (adaptations). BP
has promoted the organic food sector in Sweden, but not profited from this. In this
case study, resilience has enhanced sustainability in general, but trade-offs were also
identified. The emphasis on trust, local identity, social objectives and slow decisions
may have impeded both economic performance and new adaptations. Since the
successful innovation Ekolådan in 2003, crises have been met by consolidation rather
than new innovations.

Reprinted from Sustainability. Cite as: Larsson, M.; Milestad, R.; Hahn, T.;
von Oelreich, J. The Resilience of a Sustainability Entrepreneur in the Swedish
Food System. Sustainability 2016, 8, 550.

1. Introduction

In a world undergoing constant change, the perspective of resilience offers a
framework for facilitating sustainable development. Resilience is “the capacity of a
system to absorb disturbance and reorganize while undergoing change so as to still
retain essentially the same function, structure, identity, and feed-backs” [1], (p. 4).
For an ecosystem, this can involve dealing with overfishing or pollution, while for a
society, it involves an ability to deal with all kinds of disturbances. For a company,
it can involve handling increased competition or fluctuating demand. Since the
publication of Holling’s [2] article “Resilience and Stability of Ecological Systems,”
ecosystem resilience has been rather well researched. The resilience of social systems,
e.g., [3], as well as that of organizations and firms, e.g., [4,5], is gaining interest, as is
the resilience of social-ecological systems, such as food systems [6,7].
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The resilience approach focuses on the dynamic interplay between periods of
gradual and sudden change and considers ways to adapt to change [8]. Resilience is
thus a conceptual framework for understanding how persistence and transformation
coexist in living systems, including human societies and food systems. Central to
this paper is resilience thinking as a means of understanding the dynamics in a food
business organization.

The role of entrepreneurs is often emphasized in discussions about sustainable
development. One example from policy is the United Nations (UN) initiative
“Supporting Entrepreneurs for Sustainable Development” [9], aiming to develop
practical tools to help social and environmental entrepreneurs to scale up and
inspire new entrepreneurial ventures to deliver social and environmental benefits.
An example from social science is a special issue, Entrepreneurship and Sustainable
Development, of the Journal of Business Venturing, where attention is paid to social
and environmental entrepreneurs, e.g., [10].

According to Avery and Bergsteiner [11], operating on sustainable principles
can enhance business performance and resilience. This is certainly an entrepreneurial
challenge: “the choice to adopt a more sustainable strategy, one that research and
practice show leads to higher resilience and performance over the long term, remains
in the hands of each executive team” [11], (p. 13).

If strategies for environmental sustainability may enhance business resilience to
external turbulences, the reverse causal order is not true: strategies for increasing
business resilience may not benefit environmental sustainability unless this is the
focus. For example, since the last century until 2012, the fossil fuel sector has been one
of the most resilient globally and adapted to oil crises, but it has never contributed to
environmental sustainability.

Business resilience means the ability to renew itself after crisis. Such adaptive
capacity and renewal is the “natural consequence of an organization’s innate
resilience” [4], (p. 54). In other words, resilience is not just stability (not undergoing
change), but successfully adapting to external influences [8]. A business that
strives for sustainable development should contribute to social, environmental
and economic development in its production while at the same time remaining
flexible and resilient [12]. Sustainability requires resilience: if a sustainability
entrepreneurship cannot adapt to change, it may be unable to contribute to desired
changes in the long run. A company’s efforts to be resilient, however, are not
necessarily supported by government action [5].

In this paper, we explore the resilience of a business with a dual social and
environmental orientation, a business that claims to contribute to the sustainable
development of the food system. Two research questions are explored: (1) What
constitutes social and sustainability entrepreneurship in this case? (2) What
determines the organization’s resilience? We approach these questions through
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a case study of a business that has experienced periods of growth, conservation,
release (caused by a rapid decline in demand) and re-organization. This makes it an
interesting case from the perspective of organizational resilience.

2. Entrepreneurship and Resilience

2.1. Entrepreneurs and Entrepreneurship

Entrepreneurs and entrepreneurship have been examined by scholars in several
disciplines and have therefore been described in different ways. Entrepreneurship
should promote a sense of ownership, long-term commitment, learning and strategic
thinking and should facilitate decision making under uncertainty [13]. Most research
focuses on economic aspects of entrepreneurship [14], but the role of entrepreneurs
in achieving sustainable development, an aspect of entrepreneurship that is of
interest in this paper, has received increasing interest, e.g., [9,10,15]. Some authors
focus on entrepreneurship’s social aspects. Social entrepreneurs, or those engaged
in community business entrepreneurship, can contribute to economic, as well as
social development [16,17]. Thake and Zadek [18] describe these businesses and
organizations as community-based social entrepreneurs. Social entrepreneurs often
adopt a not-for-profit form, but this is not always the case. A social entrepreneurship
organization, what Bacq and Janssen [19] call a “social entrepreneurial venture”
(SEV), must meet three criteria: (1) its social mission must be explicit and central;
(2) its business idea, that is, the productive activity of goods or services generating
an income, must go hand in hand with its social mission; and (3) the legal framework
does not define SEVs, e.g., the social mission and purpose should not be defined by
or limited to being a not-for-profit organization.

Besides social entrepreneurship, various concepts have been used to describe
environmentally- oriented forms of entrepreneurship [12]. Social entrepreneurs
“tailor their activities to be directly tied with the ultimate goal of creating social
value” [17], (p. 22), and environmental entrepreneurs tailor theirs to environmental
concerns [20,21]. Ecopreneurship, according to Schaper [20,21], uses more sustainable
business practices; the motivations and orientations of green entrepreneurs have
been investigated by Walley et al. [22], who found that many green start-ups are
driven by economic motives as much as they are by wider sustainability goals.

Steyaert and Katz [23], (p. 193) foresee a “new multiverse of entrepreneurship”
including “social, cultural, ecological, civic ( . . . )” entrepreneurship. A suitable
label for the business studied here might be, following Parrish and Tilley [24],
sustainability entrepreneur. Schaltegger and Wagner [25] argue that while the
literature on social entrepreneurship has focused on societal goals, seeing economic
profit as a means only, the literature on environmental entrepreneurship has focused
on integrating environmental goals with the business case as a strategy to make
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profits. Sustainable entrepreneurship, they argue, integrates all dimensions of
sustainability and treats profits as both a means and an ends. Parrish and Tilley [24]
indicate that sustainability entrepreneurship supports sustainable development in a
broad sense and generates a reinforcing cycle of benefits to the entrepreneur, to other
people and to the surrounding environment.

Central to entrepreneurship is social capital. Trust, reciprocity and common
norms are central aspects of social capital [26]. Trust is crucial for establishing an
entrepreneurial society, one “in which individuals in all kinds of organizations and in
all aspects of life behave in an entrepreneurial manner” [13], (p. 34). Social capital and
trust can be viewed as constituting a comparative advantage that an entrepreneur
or a group of entrepreneurs enjoy over competitors. Trust reduces transaction costs
and makes co-operation easier [27,28]. Trust improves relations with staff and clients
and can also be an outcome of a long-term perspective on environmental and social
responsibility [11].

2.2. Resilience and the Adaptive Cycle

Folke [8], (p. 259) argues that resilience “incorporates the idea of adaptation,
learning and self-organization in addition to the general ability to persist
disturbance”. Thus, the adaptive capacity of an organization is part of its
resilience. To build resilience in social-ecological systems (SESs), diversity in the
decision-making structure is critical and can be applied locally [28,29], as well as
regionally and globally [30]. To enhance resilience, social capital and trust have been
shown to be important [31,32].

Resilience is a descriptive term, retaining essentially the same function is
“good” only to the extent that this function is desirable [33]. Since increasing the
organically-grown acreage in Sweden is a politically decided goal (states as 20%
organically-grown acreage), the resilience of the organic food system has normative
connotations [34]. Resilience and adaptation are used in what follows to describe the
socio-economic situation in our case study. Detailed empirical studies are needed
because it is only after an extreme crisis that the degree of an organization’s resilience
becomes fully visible [35]. Lengnick-Hall et al. [36] argue that organizational resilience
is enhanced by learning and innovation among individual employees, which in
turn can be promoted by human resource management. Learning and innovation
are also emphasized in the reconstruction/reorganization phase (see Figure 1) by
Linnenluecke et al. [35].

During periods of political or economic turbulence or environmental change,
resilient communities and organizations are well prepared and quick to recover
from the challenges they face [35]. Diversified production can absorb shocks and in
practice acts as insurance for the local economy. Sources of organizational resilience
include wisdom, perceptual stance and contextual integrity [37], which also provides
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authenticity [38]. Resilience is eroded when rigidities are built up in organizations,
resulting in low capacity for adaptation and renewal when crises emerge.

Holling [39] illustrated these dynamics as an “adaptive cycle”, a description
that should be thought of as a metaphor, a heuristic or conceptual model that
can facilitate the understanding of complex systems, including organizations (see
Figure 1). Initially, it was used to study the dynamics of ecosystems where ecologists
had observed that periods of exploitation, for example, the rapid growth that follows
a forest fire, were followed by periods of slower growth and accumulation of energy
and structure. The adaptive cycle added the release and reorganization phases.

Figure 1 illustrates how longer periods of stability and the slow accumulation
of resources alternate with shorter periods of turbulence [40]. Periods of turbulence
are characterized by rapid reorganization and are sometimes used to illustrate what
Schumpeter [41] called creative destruction, when turbulence breaks down structures,
in turn creating opportunities for innovation. During the reorganization phase in
Figure 1, there is a possibility that the organization might transform and take an
unexpected turn and develop in a new direction. This phase is unpredictable, and
there is a risk that capital could be drained. The adaptive cycle can be applied
to different systems and different scales. Resilience at a higher scale, e.g., a large
corporation, may require transformations of smaller units of this corporation, just
like resilience of the biosphere requires transformation of the food and energy
systems [42]. The adaptive cycle is used below to illustrate periods of growth and
crisis in an organically-certified business in Sweden.

3. Case-Study Approach: Materials and Methods

3.1. The Case Study

Biodynamiska Produkter (Biodynamic Products; BP) is a not-for-profit
foundation “providing consumers with organic and biodynamic food of high quality,
in a way that enables farmers to continue developing” [43]. This dual aim is meant
to provide favorable long-term conditions for organic/biodynamic farmers. BP
consists of four parts: a fruit and vegetable box scheme (Ekolådan), a wholesaler, a
trading company and two production units (an organic fruit farm and an organic
market garden in Sweden). BP is a fully-certified organic business situated in
Järna, 40 kilometers southwest of Stockholm. This area is the most important
anthroposophic cluster in Sweden, of which BP has been an integral part since
its start in 1966. Anthroposophy is based on the philosophical teachings of Rudolf
Steiner (b. 1861, Austria) and entails biodynamic agriculture, education, healthcare
and more. Järna today is the anthroposophical center of all the Nordic countries.
Anthroposophically-inspired businesses and organizations in Järna include Waldorf
Schools and the Steiner College, the Vidar Clinic, Ekobanken (a not-for-profit bank),
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several farms and market gardens, food-processing concerns (e.g., Saltå Kvarn) and
food distributors, including BP. The trading division of BP co-operates with similar
organic mid-scale initiatives in Europe that together (i.e., not in the conventional
retail network) source items, such as coffee, bananas and other fruits from overseas.
Since these products come to ports in the Netherlands, BP has one employee there,
as well. The wholesaler, which supplies restaurants, kitchens, organic shops and its
own box scheme, buys all produce and processed products from Sweden, Europe
and overseas.

The most recent and most important (in terms of publicity) part of BP is its box
scheme, Ekolådan, studied in detail in this paper. The boxes delivered by Ekolådan
contain only organic or biodynamic produce, but the box itself does not carry any
visible label - neither Sweden’s organic certification, KRAV [44], nor the European
Union’s (EU) organic label, nor the Demeter label. Demeter is the international
organization certifying biodynamic products, which is a special type of organic
food [45]. The Swedish branch of Demeter is located in Järna. After buying the fruit
and vegetables from farmers, Ekolådan/BP alone has control over the rest of the value
chain until the boxes are delivered to consumers’ doors. Every box also contains a
newsletter, including the names and locations of all of the farmers that contributed the
produce for the box. In this way, Ekolådan wants to establish a relationship between
consumers and producers. Since Ekolådan’s establishment in 2002/2003, the chain
of actors between the producers/farmers via the foundation (BP) and Ekolådan
to final consumers has been fairly stable. Some producers have been added over
time, and the number of customers has varied; those customers include individuals,
households and offices. BP and Ekolådan share the same economic accounts and
workforce (Figure 2), but BP is the overarching business and decision-making unit.
Thus, Ekolådan is a part of BP and is not run as a business of its own.

BP and Ekolådan are interesting for several reasons. First, they claim to
support an environmentally-friendly food chain. Second, BP has a long history
of experiencing ups and downs. Ekolådan has also experienced turbulence, but
during a shorter period. Third, Ekolådan is different from all other actors on the box
scheme market in Sweden in that it is run by a not-for-profit foundation.
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Figure 1. The dynamics of ecological, economic or social systems can be described
in terms of an adaptive cycle with four phases: growth, conservation, release
and reorganization. Long periods of stability and slow accumulation of structure
(short arrows, from exploitation or growth to conservation, r to K) alternate with
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K to Ω to α, and finally, to some new r phase). If the new r phase is fundamentally
different from the previous r phase, a transformation has occurred. Modified from
Holling [46].
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3.2. Methods

Having identified the central respondent for this case study, we used a snowball
sampling technique [47], whereby the initial respondent was asked to identify other
relevant respondents, including people he thought would present a perspective
different from his own. The key respondent (R1) has multiple roles within BP and
Ekolådan. He is the chairperson of BP and responsible for project development,
as well as for BP’s banana imports. We conducted three interviews with him.
In addition, we chose to interview five more respondents: the current newsletter
writer of Ekolådan, who was also a former quality manager and was responsible for
the box contents (R2); Ekolådan’s senior purchaser (R3); one biodynamic farmer with
long-term ties to Ekolådan (R4); the person responsible for customer service (R5);
and BP’s founder and former CEO (R6) (see Table 1).

Table 1. The respondents and number of interviews.

Respondent Position at Ekolådan/BP Number of
interviews *

R1 Chair of BP’s board 3
R2 Newsletter writer, former quality manager 1
R3 Senior purchaser 1
R4 Farmer delivering to BP and Ekolådan 2
R5 Responsible for customer service 1
R6 Founder and former CEO of BP 1

* Not counting follow-up interviews conducted by telephone or e-mail.

Semi-structured interviews were conducted [48]. Of nine interviews, six took
place in person and three by phone. All but two interviews were carried out in 2014;
the last two took place in May and June 2015. An interview guide was used, but room
was allowed for additional questions and explanations. When needed, follow-up
questions were asked via e-mail or telephone. The interviews focused on resilience
and adaptation, trust and economic sustainability. Some questions were of a general
character (e.g., when the company/initiative was started and by whom; how suitable
partners were identified initially). Other questions were more specific, including how
the food chain is organized (e.g., the importance of trust and how trust is built in
the business); on the balance between quality differentiation, volume and economic
performance (e.g., the qualities the company uses to differentiate their products from
other products); on business logics (e.g., what actors are seen as strategic partners);
communication (e.g., on the views of biodynamic and organic, growth, quality, etc.);
handling change (e.g., what the main critical phases had been; what have been the
main barriers to growth). The interviews were recorded and all interviews, except
two, were fully transcribed. The last two were partly transcribed. The transcripts
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and notes were analyzed thematically. All respondents, except for Respondent 6,
currently have a professional relationship with the business.

4. Social and Sustainability Entrepreneurship in BP and Ekolådan

4.1. BP as a Social Entrepreneurship Organization

Following Bacq and Janssen [19], a social entrepreneurial venture (SEV) must
meet three criteria (Table 2). Criteria 1 and 2 are reflected in BP’s charter (Table 2,
Box 1). BP has consistently built its own independent and complete organic
food chain, from farmer to consumer. BP’s approach has privileged independent
control over growth. One respondent (R1) described this as “klein aber mein”
(German expression meaning “small but mine”). Over the years, BP has experienced
different legal frameworks without shifting its focus. After a few years as a private
company, BP became a foundation in 1974 (R6). This was not a purpose of its
own, but merely a way of raising capital to develop the business without risking a
violation of BP’s core purpose, as stated in the charter, that is to support biodynamic
activities (see Box 1). BP supported organic/biodynamic food production when it
was a private company and continues to do so today as a foundation (R6); hence, the
third criterion is also fulfilled (Table 2). R1 described it as “exciting to keep it as a
foundation—[there’s] no private owner, [and] we have no real requirements regarding
profits, except for our own, so we must make a profit to be able to develop . . . What’s
not re-invested is given away . . . You don’t have a profit-hungry owner chasing you.
You can dare to engage in projects that business-wise are high risk, to say the least, if
you find them culturally valuable”. Another respondent expressed similar thoughts:
“a fundamental value” of Ekolådan that distinguishes it from other actors is that
“we’re not here to make money” (R2).

Box 1. The BP charter.

BP’s charter states that its aim is to “trade in and contribute to processing of produce that,
to the extent possible, has been produced according to the biodynamic methods developed
by Rudolf Steiner. The Foundation also aims in its operations to fulfil an alternative
within business . . . Any profits from the foundation’s operations, after allocations for
consolidation and development of the operations have been made, will be handed over
as a gift to anthroposophical activities, prioritizing research, education, and information
in biodynamic operations. Operations shall be run in continuous co-operation with the
consumers and producers of the company’s products, and its operations shall mirror the
consumers’ demand for biodynamic foods and the producers’ ability to grow and sell
these”. [49] (Authors’ translation.)

202



Table 2. Criteria for classification as a social entrepreneurial venture. SEV, social
entrepreneurial venture.

Criteria Defining a Social
Entrepreneurship Venture * Biodynamic Products

1. Its social mission must be
explicit and central.

“Any profits from the foundation’s operations . . .
will be handed over as a gift . . . ” **

2. Its market orientation must be
consistent with its social mission.

“Operations shall be run in continuous co-operation
with the consumers and producers of the company’s

products, and its operations shall mirror the
consumers’ demand for biodynamic foods and the

producers’ ability to grow and sell these”. **

3. The legal framework does not define
SEVs; they can be found in the private

for-profit sector and in the public sector.

Both structures, private company and foundation,
have been shown to suit BP’s purposes.

* Bacq and Janssen [19]; ** According to BP’s charter [49].

The social aspects of entrepreneurship were also emphasized by the producer
delivering to BP. On the importance of social responsibility, respondent R4, a
biodynamic farmer, said: “at our farm, production is environmentally sound, but
we also create job opportunities and we make a large social contribution in hosting
some 50 pupils at different periods over the year”. This practice could be expanded
so that each farm hosts one or two persons with special needs and provides housing
for elderly individuals, R4 reasoned. “What I want to see is that a well-functioning
biodynamic farm not only is a farm producing products but also is a place where
social responsibility is exercised” (R4). Thus, the social imperative was present both
at the farm level and at BP itself.

The business studied was characterized by a high degree of trust and social
capital. The importance of trust was mentioned by almost all of the respondents:
“To stand for what we say we do is of utmost importance” (R5); “I have never been
at a company where so much is built on trust as here” (R2). R1 remarked, “I think
that we live out of trust . . . people think we are honest . . . it is our only capital.
And being such a small company on such a tough market, I think we would have
been gone long ago without it”. He continued, “Sometimes we’re a bit slow and not
always very professional, but everyone knows—we are always there”.

One example of this trust, or perhaps lack of professionalism, is the attitude
towards written contracts. R3 usually told producers that “we can have [formal]
contracts if you want,” but “I’ve never used contracts as long as I have been here”.
The view that contracts are overrated was shared by respondent R4, who thought it
was better to “try to be as accurate as possible” than to promise and not be able to
live up to something. The only time contracts were used was when payments were
made in advance (R1).
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4.2. Sustainability Entrepreneurship

Although contested [50], organic food is generally seen as environmental friendly,
and support for organic farming has found a place in environmental policy both
in Sweden and in the EU. BP has a history as an early adopter of new trends, of
introducing new organic products and of catalyzing the organic market as such in
Sweden. According to R3, “BP has been around for 40 years, and we have increased
and decreased in size over the years. We have adapted and learnt continuously . . .
For example, we were first in introducing [organic] coffee; now everyone has coffee,
and our brand is very small. We were first with Ekolådan [as an organic box scheme in
Stockholm]. We built Änglamark [the organic brand of Coop, a large retailer], before
they started to run it themselves. We packed and distributed plenty of products to
different retailers, which we don’t any more. We imported pears and apples and
other fruit from Latin America, until all the others started doing it; now we have quit.
We adapt all the time”. Another respondent described BP as leading its competitors:
“This company has always been ahead . . . we were first in organic meat . . . first in
serving retailers . . . first with organic bananas . . . but then the large [actors] enter
the scene” (R1).

With its focus on both environmental and social sustainability, BP fits well with
how Schaltegger and Wagner [25], (p.224) describe sustainability entrepreneurship:
“attempts not only to contribute to sustainable development of the organization
itself, but also to create an increasingly large contribution of the organization to
sustainable development of the market and society as a whole, [requiring] substantial
sustainability innovations”. Other criteria for sustainability entrepreneurship, given
by a literature review, are also fulfilled by BP (Table 3); the last criteria being resilience,
which is analyzed below.

Table 3. Summary of the findings concerning the constituents of sustainability
entrepreneurship in the case of Biodynamic Products (BP).

Sustainability Entrepreneurship Attribute Reference Findings in BP

Ethical business case related to social
and environmental sustainability.

Bacq and Janssen [19];
Schaltegger and Wagner [25].

BP is clearly value-driven,
based on its charter.

High level of trust within staff
and towards clients.

Avery and Bergsteiner [11];
Schaltegger and Wagner [25].

Trust-building is a key characteristics
of the whole business model.

Promoting a cause beyond
the success of the business.

SEEDS [9]; Parrish and
Tilley [24].

BP did not scale up itself, but helped
forming a niche, which inspired other

entrepreneurs to expand the
organic market.

Long-termism. Gibb [13]; Schaltegger and
Wagner [25].

The charter of BP emphasizes
long-term strategies over

short-term success.

High adaptive capacity, including renewal
after crises (resilience) and innovation. Schaltegger and Wagner [25]. Both BP and Ekolådan have survived

crises by innovation.
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5. The Resilience of BP and Ekolådan

We now describe important phases in the history of BP and Ekolådan through
the resilience lens, using the adaptive cycle. Doing this highlights the organization’s
dynamics, strengths and weaknesses and allows us to discuss them. We describe
BP’s history in three phases (1966–early 1980s, late 1980s–2002, 2003–2015), of which
the last focuses on Ekolådan.

5.1. Biodynamic Products, 1966–Early 1980s (Cycle I)

Phase r to K (growth), Cycle I: BP was started by R6 in 1966 as a private company
that bought products from producers and delivered to a large number of stores
that specialized in healthy food (R6). The producers were not certified by any
organization, neither KRAV, nor Demeter had been established in Sweden at the
time. Instead, BP, or rather, R6 himself, guaranteed that the products were cultivated
without any use of “poison” (indeed, retailers advertised the produce as “grown
without poison”). Demand was greater than supply, and BP advertised for new
producers interested in converting to “non-poisonous production”. However, BP
could not assist farmers financially to convert, and this impeded the growth of the
market. As a way of generating the capital needed for the expansion of BP and to
guarantee that the foundational idea of BP of supporting organic agriculture would
not be violated over time, the private company was converted into a foundation in
1974. R6 formulated the foundation’s charter himself (see Box 1) and, together with a
few others, formed an interim board of directors (R6). This board contacted potential
donors and asked for a contribution to facilitate the expansion and the survival of the
business. The fundraising was successful, and donors included other businesses with
a mutual interest in the growing sector: farmers and retailers, as well as individuals
engaged in what later became organic and biodynamic farming. In 1974, Stiftelsen
Biodynamiska Produkter (Biodynamic Products Foundation; BP) was established
with R6 as its first CEO.

Phase K to Ω (release), Cycle I. Profitability remained poor after the transformation
to a foundation and in 1975/1976, R6 reluctantly left the position as CEO. The board
wished to see more professional management, and an external CEO was recruited.
In retrospect, R6 said the decision had been the right one.

Phase Ω to α (re-organization), cycle I: After the transformation to a foundation and
the change of CEO, both investments and profitability increased, and this increased
margin was needed to support the external activities mentioned in the charter (see
Box 1). Until 1978, R6 was employed by BP as responsible for sales and producer
contacts. He was a member of the board until 1980, but since then, he has had no
formal contact with the foundation (R6) (Figure 3).
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5.2. Biodynamic Products, Late 1980s–2002 (Cycle II)

Phase r to K, Cycle II: In the late 1980s, Coop, one of the largest retailers in
Sweden, asked BP for help establishing its own organic brand. The retailer lacked
a large network of organic producers, something that BP had. For BP, this was an
opportunity to distribute products to a larger group of customers and to enlarge
the organic market, albeit under the retailer’s brand. It was a difficult decision for
BP, because it would mean that Coop, with an increasing range of organic products,
would start competing with an important group of BP customers, namely health
stores. If BP turned down the retailer’s offer, the retailer would develop its own
supply chain and perhaps compete with BP and decrease its market shares, according
to R1. Retailers were set to enter the organic food sector more substantially. BP opted
to engage in the collaboration; Coop became the first major retailer in Sweden to
realize the potential of organic food. In the early 1990s, other retailers followed,
and BP was contracted by SABA, a large wholesaler, to deliver organic produce
throughout Sweden. Thanks to this arrangement, BP could sell large quantities of
fruit and vegetables from a range of European producers.

Phase K to Ω, Cycle II: This expansion phase was followed by some backlashes.
In the mid-1990s, SABA wanted to introduce its own list of organic products with
their own supply chains. Retailers who wanted to buy organic produce straight from
BP were told to buy from SABA instead. Otherwise, they would not have access to
SABA’s main list of products, SABA threatened. As a result, BP lost customers and
had to close its packaging unit and lay off a number of employees (R1). At about
the same time, in the second half of the 1990s, Coop ceased selling BP’s coffee brand
without notice. This was yet another indicator of the risks of relying too heavily on
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retailers. Meanwhile, a reaction from the health stores facing increased competition
from retailers was to stop selling food that required refrigerated display.

Phase Ω to α, Cycle II: Early in the 21st century, Saltå Kvarn, a mid-sized
organic mill, importer and distributor of flour, muesli, pasta, dried fruit, and so
on, approached BP. Owing to the geographical proximity and joint history in the
biodynamic movement, Saltå Kvarn initiated negotiations with BP around merging
the two organizations into one private company. BP hesitated for several reasons.
One related to the aim in BPs charter of financially supporting organic/biodynamic
production. Would this continue in the future if new owners joined the company?
Another concern for BP was that Saltå Kvarn aimed to increase sales of its own
products to retailers. BP, having had several bad experiences collaborating with
retailers, was more reluctant about this development. BP eventually rejected the
merger (Figure 4).
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Figure 4. BP’s development during the period of late 1980s–2002 through the
resilience lens/Holling’s adaptive cycle, starting with cooperation with Coop.

In 2002, volumes were lower than they had been in the early 1990s, when
BP had its own packaging operation and before many health stores had stopped
selling fruit and vegetables that need refrigeration. The supply offered by major
retailers was poor, and many organic/biodynamic farmers were on the verge of
closing their businesses. The idea emerged to organize a food chain without retailers.
This was an opportunity for BP, on the one hand, to offer farmers stable demand
at stable prices and, on the other hand, to offer consumers organic/biodynamic
products. The innovation that emerged was the box scheme Ekolådan. After the
introduction of Ekolådan, BP’s development has fluctuated along with Ekolådan’s
ups and downs, since it has become the dominant part of BP. Hence, the third cycle
focuses on Ekolådan.
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5.3. Ekolådan, 2003–2015 (Cycle III)

The first Ekolådan boxes were delivered in autumn 2003. R1, chairperson of BP,
recruited an external project leader who brought the idea from the U.K. and who
contacted and recruited R2 (R1; R2).

Phase r to K, Cycle III: After a modest start with 13 boxes delivered in October
2003, the word spread, and the number of boxes delivered rapidly increased (R2).
The growth phase can partly be explained by good timing. Ekolådan was the first
of its kind in the Stockholm region (R2). Early on, Ekolådan received frequent
media coverage (R2), which catalyzed interest. Hardly any resources at all were
spent on advertising. Instead, the news was spread by word of mouth and through
presentations about Ekolådan at events (R1). The increased demand called for a
larger organization. The number of employees rose from 10 to more than 30 (see
Figure 5) in Ekolådan alone. The number of boxes delivered peaked in 2008–2009, at
some 4500 per week (R1) (see Figure 5).
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Phase K to Ω, Cycle III: In 2008–2009, three unrelated events occurred that
affected both Ekolådan and BP in a most concrete way. First, on a macro level,
the global financial crisis hit the market with full force. Customers unsubscribed
from Ekolådan, citing their reduced income (R2). Second, on a local level, competitors
now were on par with Ekolådan. BP had perhaps been the first to market an
organic box scheme in the Stockholm region, but other actors soon copied the box
concept or developed similar products. Retailers introduced web stores with home
delivery. Others introduced home delivery of ready-made food bags with recipes
and matching ingredients. There were niche deliveries for large or small households,
for low carb/high fat diets, for vegetarians, and so on. Several actors claimed
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to have “as much organic food as possible,” thereby competing for Ekolådan’s
customers (R2). Finally, large retailers also improved their supply of organic fruits
and vegetables. When Ekolådan was launched, these retailers had very few organic
fruits and vegetables, and what they had was expensive and of poor quality: “The
organic [food you found] was hidden in a corner at Konsum [a Coop supermarket].
It was old and wrinkled and labelled KRAV [organic], and it cost twice as much
as these other shining vegetables and fruits” (R2). However, a few years later, the
major retailers could compete with specialty retailers, offering large quantities of
attractively-displayed organic fruit and vegetables at competitive prices. Thus, one
of Ekolådan’s unique selling points had been lost. The increased competition was a
more severe blow for Ekolådan than the global financial crisis was (R1).

The drop in demand was severe and sharp. The number of boxes delivered
fell by 50% in 2009, plummeting from 4500 per week to 2250 (see Figure 5). In the
period 2009–2012, Ekolådan ran a deficit, and the BP board discussed the possibility
of closing the division altogether (R2).

Phase Ω to α, Cycle III: The reduced number of boxes called for a smaller work
force. The number of Ekolådan and BP employees combined had increased from
22 in 2005 to 49 in 2008, peaking at 53 in 2010 before decreasing to 34 in 2014 (see
Figure 5). During the decline and consolidation period, the chair of the board took
over responsibility for staff issues and was in fact the one who laid off personnel
(R1). According to R1, “We experienced the growth as rather organic. We probably
fooled ourselves and hired too many people too fast. We probably should have been
more cautious”.

Phase α to r, Cycle III: The decline in demand was eventually halted. The period
2012–2014 was characterized by consolidation. The number of employees now
correlated with incoming orders, and an increase in demand was seen for the first
time since the crisis. By 2014, some 2600 boxes were being delivered per week (R1),
and that number stabilized in 2014–2015 (R5; see Figure 5). The increase from the
post-crisis low of 2250 boxes per week to today’s 2600 corresponds to 16% growth in
absolute terms. However, in relation to the market and to competitors, it was losing
market shares. Thus, Ekolådan might still be in a challenging period characterized by
reorganization and tough competition. We return to this question in the Discussion
Section (Figure 6).
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adaptive cycle.

5.4. On a Conservative Business Profile

Over the years, BP has experienced phases of continuous growth followed by
periods of crisis. Lately, Ekolådan has increased its sales, but it has not kept pace
with the market for organic food. R6 reflected on this and emphasized that BP has
been managed in an economically-responsible fashion, noting his own respect for
the financial management. He did wish, however, that BP had been more growth
oriented and bolder in its choices. R1 was ambiguous when it came to the rather
conservative business profile of BP. On the one hand, he acknowledged that a more
aggressive attitude could have benefitted BP, but this would have required more
capital for marketing and product development. One of BP’s weaknesses, according
to R1, is that the foundation is specialized: it carries only organic products and has a
limited assortment. Customers who desire a larger range of products might turn to
another wholesaler. Overall, R1 believed it had been the right decision to remain a
foundation, but BP’s lack of capital was a disadvantage and meant that BP “can be
seen as slow” by others.

In the early days of Ekolådan, the managers found the slow decision making
frustrating. Nevertheless, “in retrospect, one can see that perhaps it was good to
stay calm” (R2). Slow decision making might have benefitted Ekolådan during the
crisis inasmuch as at the moment when Ekolådan was “almost at a closing down
scenario,” it kept going and focused on improving its operations and becoming more
efficient (R1). One respondent (R5) saw a danger in adapting Ekolådan to a changing
environment. “I believe it is very important to protect our trademark and not try to
follow the latest trend . . . this is what we stand for, and this is what we deliver, and
we will continue to do so”. Thus, the organizational form as a foundation implies
built-in resistance. A foundation reacts more slowly than a private company does.
“A generational shift is about to take place in the house . . . and with that I believe
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there will be changes . . . What is good is the foundation. You can’t do just anything;
the fundamental idea must be kept” (R3).

Another issue that emerged in the interviews was the problem BP had
communicating its values to consumers, despite the fact that each Ekolådan box
was accompanied by a newsletter with an editorial. Initially, when Ekolådan
was introduced, the founders had chosen not to mention Järna or Demeter and
to distance themselves from anthroposophy. When competition increased, and
there arose a need to distinguish Ekolådan from its competitors, its identity as a
foundation in Järna became something worth communicating. What had previously
been seen as “ugly German labels” and “anthroposophically old” was now seen as
“genuine” (R2). For example, “Today I believe that Järna still stands for something
trustworthy, something that has a quality” (R2). However, the values BP stands for
are not communicated by the organic labels. According to R1, the importance
of organic labelling is “close to zero for Ekolådan”. Since KRAV is used by
mainstream producers, “labelling in general has lost its meaning for us niche traders”.
One respondent asked, “Why should we have the same labelling as Chiquita?” (R1).
In other words, being a small cutting-edge company, why should Ekolådan use the
same label as a mainstream multinational company only certifying a small part of
its products? Thus, the values must be communicated in another way, and BP has
not yet found such a channel. For example, no resources at all were being spent on
advertising during our study period.

6. Discussion and Conclusions

6.1. Social and Sustainability Entrepreneurship

Our results suggest that this case meets the criteria for both a social and an
entrepreneurial venture [19] (Table 2) and the broader framework of sustainability
entrepreneurship (Table 3). BP has a strong commitment for creating social value, and
the business has a clear environmental profile, to support environmentally-friendly
food production and consumption. BP could be an environmental entrepreneur [20,21],
but sustainability entrepreneurship fits better, since this term integrates all aspects of
sustainability, including innovation [25].

By supporting other businesses in its network, BP supports not only organic
development, but also, and not least, economic development on the local and regional
levels. It can therefore be argued that BP is well suited to contribute to the sustainable
development of the region in general and of the food system in particular. However,
BP has not managed to profit from the organic food boom in Sweden, which they
had contributed to by several innovations. Even if making profits has never been the
main objective, our interviews reveal some disappointment concerning the economic
performance. The reasons for this seem to be related to both BPs social goal of using
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surplus to support organic farming rather than investing in the business and the
strong focus on resilience.

6.2. The Resilience of BP

BP exhibits several of the characteristics that may determine organizational
resilience: renewal and innovation; flexible organizational culture; high level of
trust; strong local identity; and value-based authentic trademark (Table 4). While
resilience generally supports, and provides a more evolutionary understanding of,
sustainability (e.g., handling crises by innovations and adaptations), this case study
also suggests some trade-offs between resilience and sustainability. We identified
three possible trade-offs or complex relations: trust, value-driven local identity
and slowness related to the organizational form. First, trust and social capital
build resilience. For BP, common norms, specifically, a shared understanding of
the importance of environmentally-friendly food production and the practice of
not relying on written contracts, point to the importance of trust and reciprocity.
However, in some cases, the high level of trust has been used to justify a lack of
business orientation, e.g., it took several years to reduce the level of staff after the
drastic decline in sales of Ekolådan, which threatened the sustainability of the whole
box scheme (Figure 5).

Second, concerning complex relations, the value-driven local identity enhances
the trademark and consumer loyalty, but also conservatism; this neither promotes
resilience (innovation and adaptation) nor sustainability (in terms of business
orientation and a more “aggressive attitude”, as noted by R1). Third, the
organizational form of a foundation entails more internal control than that of a
listed company. Focusing on controlling the local value chain has increased the
robustness and adaptive capacity of the overall community. This is supported by
Johannisson [51]. Nevertheless, BP is subject to tough competition, which sometimes
compels timely adaptations. However, decision making in a foundation can be
slow, and this could reduce the company’s resilience ([4], p. 54) since adaptation
opportunities are not realized. On the other hand, one respondent argued that slow
decisions probably saved Ekolådan from going out of business.

Olsson et al. [29] argue that social transformation is needed when moving from
a less desired trajectory to one where the capacity to manage for sustainability is
strengthened. Regarding BP, transforming a private company into a non-profit
foundation could be viewed as an attempt to increase the organization’s resilience by
shifting to a more stable organizational form. In a study of the transformation of the
dairy industry in Australia, Sinclair et al. ([7], p. 371) argue that “in some situations
adaptation is an inadequate response to changing conditions and a transformation is
required”. They view adaptation and transformation as different degrees of change
along a continuum where transformation represents the highest level. Deliberate
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transformations are often carried out with the intention of obtaining a specific
goal [52]. In this case, one could argue that transforming the private company
into a foundation was a deliberate transformation, at least in organizational terms,
intended to reach the goal of supporting biodynamic agriculture and increasing the
organizational resilience of BP.

Table 4. Summary of findings concerning the constituents of organizational
resilience and how these criteria are met by Biodynamic Products (BP).

Organizational Resilience Reference Findings in BP

Ability to renew itself and
self-organize after crisis

Hamel and Välikangas [4];
Folke [8]

BP has shown capacity for
self-organization and renewal

after crises in the mid-1970s and
late 1990s.

Adaptation is sometimes not
enough, and transformation

is required
Sinclair et al. [7]

BP has, over time, both adapted
(in terms of products) and

transformed (in organizational
form) depending on conditions.

The importance of control
and independence Milestad [6] BP has privileged independence

and control over growth.

Learning and innovation,
especially in the α phase

Linnenluecke et al. [35];
Lengnick-Hall et al. [36]

BP has innovated continuously,
introducing organic coffee, fruits
and meat in Sweden, as well as

the box scheme Ekolådan.

Organizational culture and
working environment that
stimulates flexibility and

innovation

Lengnick-Hall et al. [36]
BP fosters trust, informality and

flexibility with employees,
promoting experimentation.

Value-based contextual
integrity and wisdom

generates authenticity, trust
and loyalty

Kantur and İşeri-Say [37];
Cameron et al. [38]; Aldrich
and Meyer [31]; Bernier and

Meinzen-Dick [32]

BP enjoys a strong local
trademark and integrity as

idealistic biodynamic enthusiasts.
This provides authenticity, trust
and loyalty among customers:

“They know what we stand for”.

In a socio-economic system, accumulated capital (e.g., skills, productivity,
networks, mutual trust) is developed and integrated during the progression from
r to K in an adaptive cycle (e.g., Figure 1) [40]. Farmers delivering products to
Ekolådan considered themselves fairly economically diversified, relatively stable
and well prepared to tackle change and turbulence [53]. In terms of Figure 1, they
have moved from r to K. If or when change arises, the supplying farmers are thus
arguably prepared to handle the release phase in Ω. Of interest for the development
of Ekolådan and BP is, of course, the larger development of organic food in Sweden.
In the period 2008–2014, the total increase in sales amounted to more than 150%,
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and demand increased steadily even during the financial crisis [54]. During the last
few years, demand has increased at an accelerating rate. In 2013, the increase was
13% [55]; in 2014, it was 38% [56]; and in 2015, the increase in organic sales was
39% [57]. This can be contrasted with the development of Ekolådan: sales have
increased by 16% from 2009 to today. This result is somewhat contradictory. On the
one hand, it is a sign of an increased interest in BP’s and Ekolådan’s products (organic
food), and BP has clearly played an important role in the market’s development in
Sweden. On the other hand, BP has not managed to capitalize on this increased
demand to which it has contributed. Our results suggest that this is due to a
combination of competition from conventional retail, the cautious attitude internally
and the difficulty BP has in reaching consumers who now face multiple organic
options. The growth in the number of delivered boxes suggests that Ekolådan has
consolidated and recovered from the 2009 crisis. However, Ekolådan underperforms
vis-à-vis the market and is vulnerable to new competition since the concept is easy
to copy.

6.3. Conclusions

Sustainability entrepreneurship means, “promoting a cause beyond the success
of the business” (Table 3), and for BP, controlling the company and the food chain has
been prioritized over increasing volumes. BP has contributed to local and regional
sustainable development for almost 50 years. Over the years, the market has grown
more rapidly than BP itself, and their sales have not increased at the same rate as the
market has developed. The organization catalyzed the expansion of organic fruit and
vegetable sales and led the way by introducing a range of other organic products
in Sweden. However, there are trade-offs between sustainability entrepreneurship
and organizational resilience, which the BP case highlighted. Sustainability requires
transformation after crisis, not merely adaptation, which can be illustrated with the
adaptive cycle. While a case study cannot be generalized, we find the application of
the adaptive cycle of business development and its implications for transformative
innovation clarifying. Case studies have a role to play in knowledge building around
adaptive cycles in business development and the business ecosystem that is required
for this to be successful. This case study should assist in building a stronger dynamic
business theoretical model that can address the lack of dynamic models in this area.
The existing models are very profit-driven and lack sustainability as an integral
aspect to their modelling.
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An Interpretive Framework for Assessing
and Monitoring the Sustainability of
School Gardens
Francesco Sottile, Daniela Fiorito, Nadia Tecco, Vincenzo Girgenti
and Cristiana Peano

Abstract: School gardens are, increasingly, an integral part of projects aiming to
promote nutritional education and environmental sustainability in many countries
throughout the world. In the late 1950s, FAO (Food and Agriculture Organization)
and UNICEF (United Nations Children’s Fund) had already developed projects to
improve the dietary intake and behavior through school and community gardens.
However, notwithstanding decades of experience, real proof of how these programs
contribute to improving sustainability has not been well-documented, and reported
findings have mostly been anecdotal. Therefore, it is important to begin a process
of collecting and monitoring data to quantify the results and possibly improve their
efficiency. This study’s primary goal is to propose an interpretive structure—the
“Sustainable Agri-Food Evaluation Methodology-Garden” (SAEMETH-G), that is
able to quantifiably guide the sustainability evaluation of various school garden
organizational forms. As a case study, the methodology was applied to 15 school
gardens located in three regions of Kenya, Africa. This application of SAEMETH-G
as an assessment tool based on user-friendly indicators demonstrates that it
is possible to carry out sustainability evaluations of school gardens through a
participatory and interdisciplinary approach. Thus, the hypothesis that the original
SAEMETH operative framework could be tested in gardens has also been confirmed.
SAEMETH-G is a promising tool that has the potential to help us understand school
gardens’ sustainability better and to use that knowledge in their further development
all over the world.

Reprinted from Sustainability. Cite as: Sottile, F.; Fiorito, D.; Tecco, N.; Girgenti, V.;
Peano, C. An Interpretive Framework for Assessing and Monitoring the Sustainability
of School Gardens. Sustainability 2016, 8, 801.

1. Introduction

School gardens are increasingly part of projects related to the promotion of
environmental and nutritional education in many countries throughout the world.
In school garden projects, fruits and vegetables are grown in areas around or near
the school, sometimes providing a small-scale staple food source, as well as other
complementary activities. However, this is not a new approach; already in the
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1950s, FAO (Food and Agriculture Organization) and UNICEF (United Nations
Children's Fund) had begun the “Applied Nutrition Projects” meant to improve
nutrition through school and community gardens. Numerous other interventions
by government and non-government organizations followed, aiming to spread the
development of a “garden culture”. In what are commonly considered the developed
countries, a “garden-based learning” (GBL) approach has prevailed, where gardens
are laboratories for learning science, environmental studies, as well as topics such as
art and literature.

In the report, “Revisiting garden-based-learning in basic education”, published
by FAO and UNESCO in 2004 [1], the authors document how there was already a
strong movement in the 1800s tied to scholastic gardens, both in Europe (especially
in Austria), as well as in North America. At the beginning of the 20th century, the
great American horticulturalist, Liberty Hyde Bailey wrote:

“... to open the child’s mind to his natural existence, develop his sense of
responsibility and of self dependence, train him to respect the resources of the
earth, teach him the obligations of citizenship, interest him sympathetically in
the occupations of men, touch his relation to human life in general, and touch
his imagination with the spiritual forces of the world” [2]

emphasizing how experiential learning, ecological literacy, and environmental
awareness, as well as technical agricultural subjects, could all be integrated within
a garden. It is interesting to note how some of the key principles of sustainable
development, such as inter- and intra-generational equity and the interrelation
between multifaceted aspects, have already been mentioned in relation to a school
curriculum almost 80 years before in the 1987 Brundtland report (known as “Our
Common Future”) [3].

In the southern hemisphere, the tableau is more variable: the origins of school
gardens are less documented and quite often not institutionalized in official school
curricula. In these cases, their design focused on the principal aim, which was
not always achieved [3], of supplying food for school meals and improving the
children’s nutrition and health. Similarly to what happened previously in developed
countries [4], youths who live in urban areas (but not only) have less and less
experience with natural ecosystem complexity and are becoming strangers to the
source of the food that they consume, with evident nutritional imbalances that cause
important health problems, such as obesity [5–7].

By putting together these considerations, we can see how the perception of
school gardens is still evolving and represents a response to the increasingly pressing
needs for greater food security, environmental protection, more secure livelihoods,
and better nutrition [8]. A school garden is both a sustainable action by itself, as well
as a generator of other sustainable actions [9].
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From the many analyses carried out on various projects [10–13], it has clearly
emerged that for a school garden to be successful, some key “active ingredients”
are always needed [14]. The school garden must be designed and carried out
together with the local community and must correspond to the socio-cultural
and environmental place, particularly for crop choices and garden management.
Successful school garden projects do not just aim to involve the school’s children, but
also the school’s directors, teachers, and parents, or rather school garden programs
can and must have multiplying effects, encouraging the creation of private gardens in
the case of school-age children, as described by Drescher [3]. Furthermore, regarding
a successful program’s objectives, gardens must build ties and synergies between
learning, nutrition, health, agriculture, and sustainability [15].

One of the most interesting aspects of school gardens is their ease of realization;
they can be developed both in rural and urban contests, with limited financial
investments and manual labor needs. Furthermore, the potential use of domestic
organic waste for compost provides the opportunity to institute an efficient use of
limited resources and to close the nutrient cycle. This benefits the environment and
forms a sustainable system [16–18]. Furthermore, another important contribution
to sustainability comes from the large variety of crops, including those belonging
to the local germoplasm [19], that can be found in school gardens and that create
systems that are much more diversified in respect to the widespread agricultural
models, even the small-scaled ones [20]. Finally, to reduce environmental risks, the
crops are almost always cultivated in conditions that reduce the necessity for external
inputs to a minimum (for example the creation of compost, use of legume species,
and crop rotation) and that maximize quality yields. All of this shows how school
gardens can be a new gymnasium for sustainable education [21]. Thus, they should
be proposed as more than an educational objective, but as the very method where
the message, as well as the structure, practices, and the entire educational system
are all congruent [22]. In fact, in the last few years we have rediscovered an interest
in education that includes nature activities (excursions in parks, observations of the
wild flora and fauna, etc.), the impact of every-day life (education on waste, recycling,
separated trash collection, home water-use, energy saving), and even agriculture and
animal husbandry. The underlying theme is education on the relationships between
humans and ecosystems, which was already delineated by Stapp in 1969 [23]. This
widespread and growing attention towards environmental themes comes from a need
to feel that one is making a contribution, and is fundamental because it is directed
towards new generations, and to solving conflicts between the current model of
development dominant in the population and the limits imposed by the finiteness of
Earth’s ecosystem [21].

In line with what has been sustained until now, it is possible to synthesize the
objectives of the current school gardens as (1) reaching a better understanding of
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biological processes, sustainable agricultural practices, and environmental sensibility;
(2) providing better information regarding healthy food choices, favoring the
assumption of a varied diet, and guaranteeing irrigation water and sanitary services;
and (3) reducing the cost of food and providing a safety net for the poor, giving
them the possibility to cultivate their own food. Notwithstanding more than 50 years
of experience regarding healthy food with school garden programs, the evidence
that these gardens contribute in an integrated way to sustainability, with nutritional,
educational, and economic results is not well documented and is largely anecdotal.
Although many quantitative and qualitative studies have shown positive outcomes
in the areas of food behavior (especially for vegetable intake) [4,24], and academic
performance (especially for disruptive students) [25], there is the need to learn
from these programs in a more structured way and to collect data to improve their
efficiency and quantify the results obtained in terms of sustainability. The lack of an
integrated evaluation of school gardens undermines the multifaceted contribution
that they produce for society.

This work’s objective is to evaluate the environmental, social, and economic
sustainability of school gardens by applying an interpretive structure called the
“Sustainable Agri-Food Evaluation Methodology-Garden” (SAEMETH-G), derived
from an analogous model built for small scale agro-food systems [26]. SAEMETH-G
situates itself within the studies that aim to translate the general principles of
sustainability into practical and operational tasks for small agricultural systems
by directly involving the users [27,28].

2. Materials and Methods

2.1. Geographical Location and Selected School Gardens

The study was carried out in Kenya in the counties of Embu, Muranga, and
Nakuru (Figure 1). School gardens are widespread in these three counties, fulfilling
educational, as well as community, needs in a regional context where agriculture
is one of the principal sources of livelihood for the population. School gardens
play a fundamental role in maintaining an awareness of how agriculture works;
outside of school gardens, agriculture is almost completely absent from the school
curriculum and the majority of young people who complete their primary and
secondary education did not receive any training for an agricultural career.

School gardens initiatives are carried out by several different participants: they
can come directly from government institutions or through agricultural extension
officers, NGOs, foreign donors, or directly as a teachers’ initiative. In this area,
the local section of the Ministry of Agriculture is very active: numerous school,
family, and community gardens have been formed thanks to the support and training
provided by the Ministry (4K-Club), which is also working to promote the principles
of organic farming.
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Many local NGOs, including PICE (Progressive Initiatives for Community
Empowerment), and NECOFA (Network for Ecofarming in Africa), in collaboration
with foreign NGOs and associations, are operating in the three counties with the
primary objective of educating the local community and sustainably using the
existing human and natural resources to improve economic and social wellbeing. In
Nakuru County alone, there are 90 vegetable gardens promoted by the Slow Food
Foundation for Biodiversity through the project “10,000 gardens in Africa” [29].Sustainability 2016, 8, 801  4 of 15 
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Figure 1. Map of Kenya and the counties (underlined in red) where the school
gardens included as case studies are located.

For the selection of the 15 case studies, we used a qualitative targeted sampling
procedure [30], individuating the most representative school gardens of the various
counties. In total, 15 gardens were selected with sizes that varied between 90 and
5000 m2. The 15 gardens show different forms of interaction and participation among
students, teachers, and the local community. Table 1 shows an overview of the
selected school gardens.
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Table 1. Overview of the selected school gardens.

County Initiative School Locality Size m2 Participant Start Date

Nakuru 1 Slow food Primary School Langa Langa town 3030 80 2012
Nakuru 2 ONG Necofa Primary School Village di Tayari 90 40 2012
Nakuru 3 Slow food Primary School Village di Kangawa 500 48 2011
Nakuru 4 ONG Ygep Secondary school Village di Temoyetta 3500 156 2010
Nakuru 5 ONG Necofa Primary School City of Elburgon 1000 52 2005

Muranga 1 Agricultural extension officer Primary School Village of Karega 1500 30 2010
Muranga 2 Agricultural extension officer Primary School Village of Nyako 2450 30 2010
Muranga 3 Agricultural extension officer Primary School Village of Ngungugu 375 30 2009
Muranga 4 Agricultural extension officer Primary School Village of Kiganjo 2450 30 2010
Muranga 5 Agricultural extension officer Primary School Village of Thika Greens 3000 40 2010

Embu 1 Local agriculture ministry Primary School City of Embu 1500 26 2010
Embu 2 School teachers Primary School City of Embu 5000 35 2004
Embu 3 Local agriculture ministry Primary School Village of Manyatta 4000 32 2003
Embu 4 School teachers Secondary school City of Runyenjes 4000 22 2012
Embu 5 Local agriculture ministry Secondary school City of Embu 2000 16 2011

2.2. SAEMETH-G Method: Dimensions, Components, and Indicators of Sustainability

The SAEMETH-G method has been developed as an attempt to make the concept
of sustainability operative in school gardens, taking into consideration the triple
bottom line of social, environmental, and economic sustainability. The sustainability
assessment framework’s construction was based on an interdisciplinary dialogue
among a team of five Kenyan and 10 Italian experts, including the authors of the
present work.

The 15 experts were both the heads of theoretical projects (professors,
teachers, and researchers) but, most of all, of practical school garden projects
(agronomists, managers of cooperative development projects, NGOs) addressing
social, environmental, and economical themes. The team was composed to include
different school garden stakeholders.

The construction of the framework moved across three levels of increasing
complexity: first the selection of the sustainability dimensions; then, the
individuation of the components; and, finally the choice of proper indicators as
described in Table 2. Three focus groups were organized to support the exchange
among research participants across the three levels of the framework elaboration.
The socio-cultural, agro-environmental, and economic dimensions of sustainability,
already selected for the SAEMETH framework for small agri-food system [26], were
considered to also be well-suited for school gardens.

Regarding the weight of the dimensions, the outcome of the exchange among
the research stakeholders, reached during the first focus group, was to attribute an
equal importance (equal weight = maximum 100 for each measurement) to each of
the three dimensions in the total measure of sustainability.

226



Table 2. Dimension numbers (Level 1), components (Level 2), and indicators
(Level 3) of school garden sustainability.

Level 1: Dimension Socio-Cultural Agro-Environmental Economic

Level 2: Component

Internal
relationships

External
relationships

Biodiversity Culture/terroir
Farming practices Productive

process Energy

External input
Selling

Level 3: Indicator
(number of indicators) 19 22 9

The definition of the components and the attribution of weights to the
components (Level 2) of the various dimensions with the equal weights system
led to the following outcome:

• for the social-cultural dimensions: two components were selected (internal and
external relationships) with a weight equal to 50;

• for the agro-environmental dimensions: five components were selected
(biodiversity, culture/terroir, farming practices, productive process, energy)
with a weight equal to 20; and

• for the economic dimensions: two components were selected (external input,
products sold) with a weight of 50.

This structure reflects the trade-offs made between the considered objectives and
the priorities emphasized by the research team starting directly from the proposals of
the different stakeholders [27]. By following the approach used for the formulation
of SAEMETH [26], and already successfully applied by Van Calker et al. [31] and
by Meul et al. [32], the research team tried to mediate the subjectivity of the school
garden sustainability components in order to have a framework that allows data
collection to be standardized and results to be comparable.

The selection, test, and refinement of the indicators were the most challenging
part in terms of time and debate. Various indicators were tested for each component
as well as various maximum and minimum values for these indicators. This pilot
phase involved three school gardens (one for each county). Quantitative and
qualitative data were considered for the indicator selection. For each of the chosen
indicators, we have defined a minimum threshold (0 = for the worst situations) and a
maximum (10 = the best situations); the reference values are, in some cases, derived
through the best techniques available, in other cases through the results of an ad hoc
questionnaire and through the proposals of experts. Finally, a set of indicators was
agreed upon for the assessment of the 15 selected school gardens for the socio-cultural
(Table 3), agro-environmental (Table 4), and economic (Table 5) dimension.
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Table 3. Indicators and definition for Level 3 relative to the socio-cultural dimension.

Level 1
Dimension

Level 2
Component Level 3 Indicator Indicator Definition Data

Type *
Indicator
Weight **

Socio-
Cultural

Internal
relationships

Decision-making structure Transparency and clarity
between the producers b 5

Organization of the group Presence/absence of an
organization of producers b 5

Involvement of
younger generations

% of young people per the
total product a 5

Role of younger generations
% of young people pursuing
the strategy of garden
management

b 5

Involvement of women % of women per total
of product a 5

Role of women
% of women pursuing the
strategy of garden
management

b 5

Use of the products Rediscovery of
historical recipes a 5

Contribution to the
diversification of the diet

The garden allows you to
diversify the diet b 5

Knowledge is transferred to
the population in the garden Sharing decisions and choices a 5

Participation of the producers How often the group meets a 5

External
relationships

Vertical transmission
of knowledge

Recognition of the role of
older generations a 5.55

Relationships with public and
private institutions

Improvement of the
relationships with public
institutions and private
entities and the possibility of
influencing public policy

b 5.55

Relationships with the
local network

There has been an
improvement in the
local population

a 5.55

Communication Knowledge is transmitted to
the population in the garden b 5.55

Communications systems Social networks are used to
promote the garden b 5.55

Events Participation in events related
to the Food Network a 5.55

Transmission of knowledge The group transfers
knowledge to children b 5.55

Relationship with suppliers There is a direct relationship b 5.55

History and territory The garden has strengthened
the area's history b 5.55

* a = quantitative data; b = questionnaire; ** the weights sum up to 100 for each Level
1 dimension.
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Table 4. Indicators and definition for Level 3 relative to the agro-environmetal dimension.

Level 1
Dimension

Level 2
Component Level 3 Indicator Indicator Definition Data

Type *
Indicator
Weight **

Agro-
environmental

Biodiversity

Number of species % diversification of products a 6.66

Number of local
varieties/breeds

% of local varieties/breeds
grown a 6.66

Varieties/Race Number of varieties/breeds a 6.66

Culture/terroir

Systems Traditional practices affecting
orchard management b 5

Deforestation Slash-and-burn b 5

Type of fences Type of material used
for the fences b 5

Traditional tools Use of traditional tools
for cultivation b 5

Farming
practices

Seeds % in-house production of
propagation material a 1.81

Forest and woody
plants

% in-house production
of propagation material a 1.81

Rotations % crop rotations a 1.81

Intercropping % intercropping with
other plant species a 1.81

Green manure Using green manuring a 1.81

Composter Compost is created b 1.81

Organic fertilization % use of natural fertilizers a 1.81

Fertilization % use of synthetic
chemical fertilizers a 1.81

Defense products % use of synthetic
chemical pesticides a 1.81

Natural defense
products % use of natural pesticides a 1.81

Irrigation Water conservation and an
efficient use of resources b 1.81

Productive
process

Transformation
Rediscovery or

experimentation with
transformed products

a 10

Conservation Improvement of
conservation quality a 10

Energy Water source Type of water used
for irrigation b 10

Renewable energy Use of renewable
energy sources a 10

* a = quantitative data; b = questionnaire; ** the weights sum up to 100 for each Level
1 dimension.
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Table 5. Indicators and definition for Level 3 relative to the economic dimension.

Level 1
Dimension

Level 2
Component Level 3 Indicator Indicator Definition Data

Type *
Indicator
Weight **

Economic

External
input

Buying
seeds-seedlings-saplings % products bought a 7.14

Buying forest plants % products bought for
forest plants a 7.14

Buying compost % compost bought a 7.14

Buying chemical fertilizers % products bought for the
chemical fertilizer a 7.14

Buying chemical
herbicides/pesticides

% products bought for the
chemical defense a 7.14

Buying natural
pesticides/herbicides

% products bought for the
natural defense a 7.14

Land Type of contract that regulates
the possession of the garden b 7.14

Selling
Selling products % of products sold on total a 25

Type of sales Commercial network used b 25

* a = quantitative data; b = questionnaire; ** the weights sum up to 100 for each Level
1 dimension.

2.3. Collection and Statistical Elaboration of the Data

The data were collected for each garden during two visits, lasting about three
hours each, (interviews were conducted with at least 30% of the people involved)
including a meeting with the project manager in loco conducted by an expert trained
in our method. The training program of the expert, carried out in Italy, included a
theoretical part with lessons on how to obtain the information on a specific indicator
as well as training in the field developed in gardens located in the cities of Turin
and Palermo (Italy). At the end of the training period, the expert was well versed in
asking for and verifying responses in a standardized way. English was used as the
reference language. The interviewer was always accompanied by a translator, who
translated the question into Swahili or, where necessary, into the local dialect.

Once the data had been collected, they were first elaborated and viewed
graphically, similarly to SAEMETH [26], by putting dimensions, components, and
indicators together so that they could be analyzed both singularly and as a whole,
considering different scales of analysis (the 15 school gardens, a single school garden,
a single dimension, a single component). For the information regarding Level 1
(dimension), the data have been visibly grouped together in a bar graph. For
Level 2, a radar chart shows all of the components of total sustainability together,
independently of their size. This operation is made possible by the equal-weights
approach regarding the size pertaining to each one. This tool supports school gardens
coordinator to conceive of their achievements in a holistic way. The indicator values
of the analyzed systems are positioned along the axes of a radial diagram scaled
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from 0 to 100, from the worst (0) to the best (100); therefore, the external ring of the
diagram represents the optimal values measured for each component. Furthermore,
for Level 2, a principal components analysis (PCA) was performed in order to show
the behavior of the components in the school garden’s sustainability assessment.
Kaiser-Meyer-Olkin and Barlett’s sphericity tests were used to test and analyze the
appropriateness of the PCA. For an easier interpretation of the PCA results, varimax
rotation was applied. For Level 3, a cluster analysis was used in order to show the
trend of the 50 indicators in relation to the 15 school gardens. Ward’s method of
hierarchical clustering with squared Euclidean distance was applied to explore the
sample grouping. All of these statistical analyses have been performed with SPSS
software 13.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Application of SAEMETH-G: Level 1—Dimensions

The bar graph (Figure 2) shows the total sustainability of value each school
garden. Only the Iruguini Garden (Muranga 1) exceeds the threshold of 200, showing
positive values (the minimum sustainability threshold was equal to 50 for each single
dimension—defined by the research team) for all of the three dimensions. All of the
other school gardens registered a total sustainability value comprised between 150
and 190. In the case of the gardens of Embu (1, 2, and 4) and Nakuru (2 and 4), the
agro-environmental dimension is less than 40, indicating problems relative to the
cultivation techniques adopted.
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Furthermore, it shows how socio-cultural and economic sustainability are
positive elements for all of the analyzed school gardens. In particular, the values
reached by the socio-cultural scale underline how important the school garden
is as a gymnasium for interpersonal relationships inside and outside students’
school journey.

3.2. Application of SAEMETH-G: Level 2—Components

The radar graphs (Figure 3) show the distribution of the various components
(expressed as percentages) in each garden, aggregated according to geographical
location. It is one of the possible result representations. This way of gathering
the data has been selected in order to look for the presence of a trend within the
territorial context defined by the county (homogeneity of climate conditions, ethnicity
know-how in garden management).

In all of the three territories, and in all of the gardens, the internal relationships
and culture and regional components reach values above 70%. It is particularly
interesting to note that, in addition to the indicators regarding the involvement of
women and youths, those that regard the internal relationship component, and most
of all, the indicator for diet diversification, reached elevated thresholds. In contrast,
external relationships were seen to be lacking, showing a certain difficulty by the
schools to communicate their own activities to the outside world through any means
of communication.

Regarding the components of the agro-environmental dimensions, no
particularly virtuous situations are to be seen, with the exception of the biodiversity
component, which reaches values near 80% (most of all in Nakuru and Muranga 1).

All of the schools taken into consideration consumed all of what they grew in
their gardens (in the school canteen and/or events), so that the sales component
was 0. Even if the schools tended to own the land and not use synthetic
products, the acquisitions component (in particular seeds and forest plants) was
moderately elevated. In particular, the Embu 3 and Muranga 3 garden were the least
self-sufficient.
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3.3. Principal Components Analysis (Level 2) and Cluster Analysis (Level 3)

With the aim of evaluating which of the Level 2 components were the most
influential in determining the value of sustainability, a PCA was carried out with the
data relative to all of the gardens in all of the geographic locations.

The primary purpose of the PCA is to reduce the nine components
(representatives of analyzed phenomenon as derived from their articulation into
indicators) in some latent variables by performing a linear transformation of the
variables. Therefore, the variable with higher variance (highlighted in bold) is drawn
on the first axis, the second on the second axis, and so on. In order to reduce
the complexity, the main (for variance) among the new latent variables (factors) is
usually analyzed.

As can be observed in Table 6, Factor 1 is explained by the indicators aggregated
in an input and acquisition process. Factor 2 is connected to the agro-environmental
indicators, grouped into Biodiversity and Agricultural Practices, while Factor 3
emphasizes aspects that are more socio-cultural and regard generational exchange
such as culture, region, and internal relationships. The fact that these three principal
components are represented by factors included in the three considered dimensions
(socio-cultural, agro-environmental, and economic) clearly shows that the indicators
chosen by the stakeholders for these representations are reliable and demonstrates
the relevance of all three dimensions (Figure 4).
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Table 6. The rotated component matrix where the factor loadings were obtained by performing a 
PCA (principal component analysis).  

Component 
Factor

1 2 3 4 5 
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Farming_practices 0.133 0.845 0.113 −0.155 −0.031 

Energy 0.106 0.069 0.041 −0.011 0.979 
External_input 0.644 0.590 −0.152 0.320 0.030 

Selling −0.785 0.238 0.287 −0.015 −0.379 
Extraction method: principal component analysis. Rotation method: varimax with Kaiser 
normalization. The factor loadings with the highest positive impact on factor expression are typed in 
bold. Factor 1 is well explained by the agro-environmental and economic dimensions, Factor 2 from 
agro-environmental dimension, and Factor 3 from both the socio-cultural and the 
agro-environmental dimensions. 
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The analyzed gardens were aggregated according to the geographic areas, with the exception of 
the Nakuru 4 and Embu 5 gardens. This kind of analysis made it possible to show how the similar 
climate conditions and the cultural component of the local populations had a particular influence on 
every-day actions. In fact, the Muranga county gardens, all aggregated into a single cluster, were 
able to strongly influence the practices and processes characteristic of the Kikuyu culture, the 
ethnicity dominant in the area [33]. 

Figure 4. Graphic representation of components performed by using the data of
all the gardens analyzed through the PCA (principal component analysis). The
environmental dimension is well represented by the components on Factor 2,
while Factors 1 and 3 are explained by components that belong indistinctly to
socio-cultural, environmental, and economic dimensions.

Table 6. The rotated component matrix where the factor loadings were obtained by
performing a PCA (principal component analysis).

Component
Factor

1 2 3 4 5

Internal_relationships 0.156 −0.270 0.863 0.163 0.133
External_relationships −0.021 −0.013 0.072 0.986 −0.012
Productive_process 0.842 0.103 0.171 −0.079 −0.004

Biodiversity −0.495 0.717 −0.169 0.241 0.223
Culture_terroir −0.134 0.229 0.857 −0.065 −0.088

Farming_practices 0.133 0.845 0.113 −0.155 −0.031
Energy 0.106 0.069 0.041 −0.011 0.979

External_input 0.644 0.590 −0.152 0.320 0.030
Selling −0.785 0.238 0.287 −0.015 −0.379

Extraction method: principal component analysis. Rotation method: varimax with Kaiser
normalization. The factor loadings with the highest positive impact on factor expression
are typed in bold. Factor 1 is well explained by the agro-environmental and economic
dimensions, Factor 2 from agro-environmental dimension, and Factor 3 from both the
socio-cultural and the agro-environmental dimensions.

Finally, to show the homogenous presence able to characterize the sustainability
of the analyzed gardens, a cluster analysis (Figure 5) was carried out taking into
consideration all of the Level 3 elements (indicators). The cluster analysis is a
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multivariate statistical analysis technique able to logically group the countings in
order to minimize the differences inside the groups and to maximize the differences
among groups.

The analyzed gardens were aggregated according to the geographic areas, with
the exception of the Nakuru 4 and Embu 5 gardens. This kind of analysis made it
possible to show how the similar climate conditions and the cultural component of
the local populations had a particular influence on every-day actions. In fact, the
Muranga county gardens, all aggregated into a single cluster, were able to strongly
influence the practices and processes characteristic of the Kikuyu culture, the ethnicity
dominant in the area [33].Sustainability 2016, 8, 801  12 of 15 
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Figure 5. Dendrogram showing homogenous groups of the school gardens case
studies. The Ward’s method of hierarchical clustering produces a cluster which
evidences homogenous groupings per county with respect to values accounting
for all of the selected indicators. Classes of similar school gardens are grouped
all together.

4. Discussion

SAEMETH-G is an interpretative framework for assessing and monitoring
the sustainability of school gardens, inspired by the SAEMETH method [26]
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for evaluating small-scale crops. It is based on the parity of socio-cultural,
agro-environmental, and economic dimensions of sustainability (in terms of weight
due to an acknowledgement of the same level of relevance) with the aim of facilitating
a synthetic vision of the school gardens, as a multifaceted learning tool [34].

Its application on the 15 case studies in Kenya has demonstrated the
functionality of a method proposed for a wide-spectrum and integrated evaluation of
school gardens as a mix of quantitative and qualitative data. For some components
and indicators of the agro-environmental and economic dimensions in particular,
a quantitative approach has been possible (for example, the evaluation of the
lifecycle and of the calculation of net margins). However it is clear that there
are several constraints to exactly measuring some features of school gardens: the
cost of the harvest and analysis of the data might be high and, furthermore, quite
often these data are unavailable. The choice of using a large number of qualitative
indicators, on one hand, penalizes the possibility of a precise analysis of a single
indicator but, on the other hand, allows for a wider perspective of the capacity of an
environmentally-, economically-, and most of all socially-sustainable system inside
a school curriculum [9]. The method has shown a substantial flexibility and, thus,
can also be applied to different models of school gardens (managed by teachers, by
local agricultural officers, by local NGOs). In fact, the analyzed gardens include
all of the aspects of experiential education tied to local knowledge even though
they represent different school garden programs. There are good reasons to believe
that the garden micro-system as a sustainable action (albeit with variable margins
of improvement according to the specific situation). It is a way of working on the
approach children have toward sustainability [9]. Thus, it is hoped that these kinds
of learning laboratories will continue to spread.

According to the ecological principal of interdependence [35], in which
variations in an ecosystem’s components produce variations of other components,
virtuous processes at a scholastic level can also generate changes at the family and
community level [36].

The participation of all of the subjects involved in the realization and
management of school gardens together with experts, including those outside the
academic world, in various phases of the methodology has, furthermore, carried out
a fundamental role in the development of SAEMETH-G, the importance of which
has already been shown in other works, such as that of Olsson and Folke [37].

Aside from analyzing single SAEMETH-G gardens, the methodology was seen
to be useful for comparing different systems at a school level, and could also be
applied in the future to analyze school garden in other geographical contexts as
well as other kinds of gardens such as community gardens. It could also become
a supporting tool for monitoring the sustainability performance of school gardens
over time by identifying possible spaces for improvement.
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However, it is important to strengthen this research with other case studies with
the objective of better understanding the importance of the synergies between the
components and indicators in order to further refine the point-system criteria. In
addition, the analysis of these synergies could reduce the number of indicators and
make the method more widely applicable for explaining complex systems in simple
ways. At the moment the framework is also still weighed down by the remarkable
training that is necessary for those carrying out the data collection.

5. Conclusions

Among the different instruments that can favor an interdisciplinary and
every-day approach to sustainability, caring for a school garden has revealed itself to
be particularly effective across different nations and cultures. Furthermore, many
different school subjects can be involved in the educational activities connected to it
and it can play a fundamental role in bridging the gap perceived by new generations
between the production and consumption of food.

Clearly, the school garden offers a “learning space” that is potentially more
innovative and experiential than traditional school contexts. It should also be
recognized that the school garden experience is not always as easy to implement as
it seems because it requires not only adequate space and tools, but also teachers with
appropriate skills (theoretical and practical management).

SAEMETH-G has shown itself to be an analysis method that is sufficiently
flexible to be applied to models that are managed in different ways, even if based on
approaches with a similar foundation. Additionally, even though the selected case
studies received a good sustainability score on average, the method has contributed
to showing the necessity of intervening in the training and productive processes with
the aim of improving some fundamental aspects of sustainability, most of all in the
agro-environmental field. Gardens may suffer when practical and theoretical skills
are lacking, particularly when training is unavailable. In such cases, school-garden
experiences can be improved by providing the teachers who manage the gardens
(and activities related to them) with more scientific and informative support and
by designing the school garden to be a complete agro-ecological system, complete
and as independent as possible from external inputs and the associated negative
externalities. In this way, the resulting garden can become a key part of a systemic
education that supports an understanding of local and global issues.
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Integrated Multi-Trophic Recirculating
Aquaculture System for Nile Tilapia
(Oreochlomis niloticus)
Puchong Sri-uam, Seri Donnuea, Sorawit Powtongsook and Prasert Pavasant

Abstract: Three densities of the sex-reversed male Nile tilapia, Oreochromis niloticus
(20, 25, 50 fish/m3) were cultivated in an integrated multi-trophic recirculating
aquaculture system (IMRAS) that involves the ecological relationship between several
living organisms, i.e., phytoplankton, zooplankton, and aquatic plants. The results
indicated that, by providing proper interdependency between various species of
living organisms, the concentrations of ammonia, nitrite, nitrate, and phosphate in
the system were maintained below dangerous levels for Nile tilapia throughout the
cultivation period. The highest wet weight productivity of Nile tilapia of 11 ˘ 1 kg
was achieved at a fish density of 50 fish/m3. The aquatic plants in the treatment tank
could effectively uptake the unwanted nitrogen (N) and phosphorus (P) compounds
with the highest removal efficiencies of 9.52% and 11.4%, respectively. The uptake
rates of nitrogen and phosphorus by aquatic plants could be ranked from high to
low as: Egeria densa > Ceratophyllum demersum > Vallisneria spiralis and Vallisneria
americana > Hygrophila difformis. The remaining N was further degraded through
nitrification process, whereas the remaining P could well precipitate in the soil
sediment in the treatment tank.

Reprinted from Sustainability. Cite as: Sri-uam, P.; Donnuea, S.; Powtongsook, S.;
Pavasant, P. Integrated Multi-Trophic Recirculating Aquaculture System for Nile
Tilapia (Oreochlomis niloticus). Sustainability 2016, 8, 592.

1. Introduction

A rapid increase in the world population has accelerated the demand for
food, and this leads to challenges in providing an adequate supply of nutrients
via intensive agriculture. Typical agricultural systems, particularly aquaculture
systems, are mono-cultured where the target aquaculture species such as fish or
shrimp is cultivated in a batch mode. The system has to be large enough that the left
over feed and wastes from the culture are being naturally treated with several types
of microorganisms inhabiting the system. However, it is quite common to have a
high-density culture where the system has to be fed with a large quantity of feed
and in certain cases with extra aeration. In this case, problems always arise when
the waste cannot be adequately treated, resulting in an unsuitable living conditions
for the culture. This can lead to stress which negatively affects the growth and
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the productivity of the system. One attempt to deal with this problem is to have
a recirculating system where the unwanted waste is taken out of the culture tank
and treated very effectively elsewhere. Recirculating aquaculture system (RAS) is an
integrated closed cultivation system where the circulation between the cultivation
and treatment tanks helps maintain the quality of the water. This clean water allows
a better control of disease [1] and promotes a better growth of aquatic animals which
enhances the productivity of the system. In addition, the treatment tank can also act
like a holding basin when the cultivation tank needs to be emptied for maintenance.
This ability to collect clean water eliminates the need of water from the external
irrigation system and prevents unnecessary contamination which might come from
external sources. In RAS, wastewater from an aquatic culture containing major
nutrients such as nitrogen and phosphorus compounds is not only treated by typical
nitrification and denitrification processes in the biological filters [2–6] or integrated
biofloc systems [7–11], but also by the uptake of vegetable/ornamental or aquatic
plants [12–16]. By providing a proper balance between these various species, this
RAS shares a common important concept with an integrated multi-trophic system,
which is the synergistic relationship between the living organisms that helps promote
the sustainability and the economics of the whole system. In multi-trophic systems,
such waste will be used as feed for other organisms, e.g., aquatic plants, simulating
the symbiotic relationship in natural ecosystems. The design of this multi-trophic
aquaculture is quite important as this will affect the economics of the aquaculture.
Well selected food-chain-like organisms enable the farmers to generate more income
from by-products that can be harvested from the system. There is a therefore a
clear need to develop the multi-trophic recirculating aquaculture system (MRAS)
prototype as an integrated closed loop system for Nile tilapia-plankton-aquatic plant
cultivation in Thailand to ensure future success of the system and to help guarantee
the security of the food supply for the quickly increasing global population.

In this work, this multi-trophic recirculating aquaculture system was based on
Nile tilapia (Oreochromis niloticus) as the major species. Due to their rapid growth
rate and high resistance to disease, Nile tilapia is one of the most farmed aquatic
animals [17–21]. Moreover, they require relatively low oxygen for survival [22–24]
and a natural surface oxygen transfer is generally adequate for their effective growth.
This excludes the need for surface aeration which is a major electricity cost for the
system. However, typical culture practice for Nile tilapia still does not incorporate
the concept of RAS which renders the culture system susceptible to several
environmental disturbances such as water quality, natural drought, etc. Moreover,
Nile tilapia excrete waste in the form of nitrogen and phosphorus compounds, which
if not treated properly can exert negative effects on the environment [15,25–28].
Nitrogen and phosphorus excreted from Nile tilapia are used as the feed for
microalgae which in this case is Chlorella sp. This algal species could grow reasonably
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well in a tropical climate and therefore could be cultured with minimal maintenance.
The biomass of Chlorella sp. is fed to Moina macrocopa tanks which can be more easily
harvested when compared to Chlorella sp., whose small size leads to harvesting
difficulties. The remaining nitrogen and phosphorus waste are used to grow
ornamental aquatic plants (Egeria densa, Ceratophyllum demersum, Hygrophila difformis,
Vallisneria spiralis and Vallisneria americana) which can also be harvested, where the
clean water is recirculated back to the fish tank. With this configuration, the system
will more effectively utilize the feed and the farmers will benefit from having a
variety of products apart from the major aquacultural species (the economics of the
culture system were further improved using the combination of phytoplankton or
microalgae cultivations and zooplankton). The symbiotic mechanism of the various
organisms constitutes the novel concept of the integrated multi-trophic recirculating
aquaculture system (IMRAS) which is the main focus of this research.

2. Materials and Methods

2.1. System Setup

In this work, a duplicate cultivation of sex-reversed male Nile tilapias
(Oreochromis niloticus) was carried out in the control and treatment systems. In the
control cultivation, fish were cultured in the oval shape opaque fiber (diameter 0.8 m,
depth 0.4 m, working volume of 200 L) where the water was not circulated and not
treated (representing typical cultivation practice). On the other hand, the treatment
system consisted of a series of tanks connected together as shown in Figure 1. This
system, called an integrated multi-trophic recirculating aquaculture system (IMRAS),
included a fish tank (Section 2.2), phytoplankton tank (Section 2.3), zooplankton tank
(Section 2.4) and aquatic plants tank (Section 2.5). The water in the aquatic plants
tank was pumped to the fish tank using a submersible pump. An overflow conduit
was installed from the fish tank to the phytoplankton tank and the aquatic plants
tank. A valve was provided to allow a partial overflow of the water from the fish
tank to the phytoplankton tank. This valve remained open until the phytoplankton
tank was filled up, at which point the valve was shut and the tank was then operated
in a batch mode for the cultivation of Chlorella sp. as described in Section 2.3. Once
the stationary growth phase was reached, the phytoplankton culture was transferred
to the zooplankton tank as feed for Moina macrocopa as described in Section 2.4, and
the overflow valve was turned on again. A part of the water from the fish tank
continuously overflowed to the aquatic plants tank before being pumped back to the
fish tank to finish the cycle. The water pumping rate was set at 700 mL/min which is
equivalent to a recirculation with a hydraulic retention time of one day.
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Figure 1. Integrated multi-trophic recirculating aquaculture system (IMRAS) setup.

During the experiment, the growth rates of Nile tilapia, Chlorella sp., Moina
macrocopa, and aquatic plants, along with the water quality such as concentration of
ammonia, nitrite, nitrate, phosphate, alkalinity, temperature and dissolved oxygen
(DO), were measured following the standard methods for water and wastewater
analysis [29].

2.2. Fish Tank (Nile Tilapia)

The fish tank was made from fiber glass with a working volume of 1000 L
(dimension: length 1.7 m, width 1 m, depth 0.6 m). An air compressor (LP100, Resun)
was used to provide dissolved oxygen at a level greater than 5 mg/L and also to
promote liquid circulation. This level of dissolved oxygen was reported to be enough
for growth of this fish [30].

The experiment started with three different fish stockings, i.e., 20, 25 and
50 fish/m3, with an initial average weight of 2 g/fish. This was meant to examine
the effect of fish density on the final productivity, where 50 fish/m3 represents a
typical high density culture whilst 20 and 25 fish/m3 a low density culture. Feeding
was provided twice a day (morning and evening) each at 5% of the total fish weight.
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The commercial feed composition was 28% crude protein (as provided by Charoen
Pokphand Foods PCL, Thailand: nitrogen and phosphorus content were 5.24% and
1.14% of dry weight matter). This amount of protein was recommended as suitable
for Nile tilapia by Ribeiro et al. [31]. Note that during the experiment, the weight of
all fish was recorded at every 28 days. The experiment was carried out for 112 days
before harvest.

At the end of the experiment, the weight gain (g), daily weight gain (g/d), feed
conversion ratio (FCR) and survival rate (%) are calculated as follows:

Weight gain pgq “ Final wet weight pgq ´ Initial wet weight pgq (1)

Daily weight gain pg{dq “
Weight gain pgq

Cultivation time pdq
(2)

FCR “
Total amount o f f ish f eed f ed pgq

Total wet weight gain pgq
(3)

Survival rate p%q “
Total number o f f ish at f inal p f ishq
Total number o f f ish at initial p f ishq

ˆ 100 (4)

In addition, Nile tilapia sample was analyzed for its moisture content, dry
weight matter and chemical compositions in order to calculate nitrogen and
phosphorus mass balances.

2.3. Phytoplankton Tank (Chlorella sp.)

Chlorella sp. was cultivated with the modified M4N medium [32,33] where
KNO3 and K2HPO4 were omitted as N and P sources were obtained from the fish
excrete. The culture tank was made from transparent glass with a working volume
of 100 L (length 1.5 m, width 0.28 m, depth 0.24 m). The initial biomass density was
0.01 g/L (106 cell/mL) with a continuous aeration rate of 0.1 vvm (10 L/min). A
sample was collected once a day to measure dry weight. Chlorella sp. was harvested
as it entered the stationary growth phase (generally after 4 days of cultivation) and
was used as a feed for Moina macrocopa.

2.4. Zooplankton Tank (Moina macrocopa)

The zooplankton tank was made from fiber glass with a working volume of
100 L (diameter 0.8 m, depth 0.2 m). Chlorella sp. as harvested in Section 2.3 was
used in the cultivation of Moina macrocopa with an initial concentration of 0.1 g/L.
An aeration rate of 0.01 vvm (1 L/min) was supplied at the center of the tank in
order to increase the level of dissolved oxygen in water and also to prevent cell
precipitation. Moina macrocopa generally spent 4 days to reach its stationary phase
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in which it was harvested with 150 µm plankton net. The culture water after cell
removal was sent to be treated in the aquatic plants tank (Section 2.5).

2.5. Aquatic Plants Tank

The aquatic plants tank was the major component of the treatment because
most nitrogen and phosphorus compounds were removed here and used for the
growth of the aquatic plants. Moreover, aquatic plants could capture the suspending
sediment from the fish tank, which helped maintain not only the level of nitrogen
and phosphorus, but also the clarity of the water in the system. The aquatic plants
tank was made from fiber glass with a total working volume of 800 L (length 1.4 m;
width 1.2 m; depth 0.53 m). The tank was operated under outdoor condition to utilize
sunlight as an energy source for the growth of the aquatic plants.

In this tank, soil was filled at the bottom at the height of 5 cm, where the water
depth was 48 cm. Several aquatic plants, i.e., Hygrophila difformis, Vallisneria spiralis,
and Vallisneria americana, each with initial fresh weight of 100 g were planted and
distributed evenly in the soil, whereas Egeria densa and Ceratophyllum demersum (100 g
each) were floated on the water surface. Aquatic plants were harvested every 14 days
such that the remaining weight of each plant was equal to the initial fresh weight
(100 g each). The harvested aquatic plants were analyzed for their dry weights,
moisture contents, nitrogen and phosphorus balances.

3. Results and Discussion

3.1. Growth of Nile Tilapia

The integrated multi-trophic recirculating aquaculture system (IMRAS) was
operated without replacing the water (fresh clean water was regularly added to
replenish water lost by evaporation) for 336 days or three fish crops and the growth
of the fish was demonstrated in Figure 2. The results indicate that the fish in the
low density system (20 fish/m3) grew at a faster rate when compared with those
from the higher fish densities (i.e., 25 and 50 fish/m3). However, the system with the
fish density of 50 fish/m3 provided the highest total productivity (wet-weight) of
11 ˘ 1 kg fish/m3 whereas the densities of 20 and 25 fish/m3 could only produce
a total wet-weight of 6.8 ˘ 0.3 and 5.3 ˘ 0.5 kg fish/m3, respectively. The average
wet-weight of Nile tilapia at density of 50 fish/m3 increased from 2.4 ˘ 0.6 g/fish
to 240 ˘ 16 g/fish within 112 days of growth which corresponds to the average
daily weight gain of 2.1 ˘ 0.1 g/fish-day. Feed conversion ratio (FCR) and survival
rate were 1.5 ˘ 0.2 and 91% ˘ 1%, respectively. These are reasonably good when
compared with the results obtained from the other density condition and therefore
the density of 50 fish/m3 was selected for further investigation. The summary of
growth characteristics (weight gain, daily weight gain, FCR, and survival rate) is

247



given in Table 1. Note that the growth characteristics obtained from this system is
comparable to those from other reported systems, e.g., the daily weight gain from
the “recirculating greenwater system” was 1.75 g/fish-day [34] and from the “cage
culture system” was 1.15 ˘ 0.02 g/fish-day [35].
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Figure 2. Growth curve of Nile tilapia (note that error bars in this report represent
standard deviation of the duplicate results).

Table 1. Growth characteristics of Nile tilapia in the treatment system (mean value).

Growth Parameter
Fish Stocking (Fish/m3)

20 25 50

Initial mean weight (g) 2.6 ˘ 0.5 2.6 ˘ 0.6 2.4 ˘ 0.6
Final mean weight (g) 344 ˘ 69 252 ˘ 37 240 ˘ 16

Weight gain (g) 342 ˘ 15 249 ˘ 3 237 ˘ 16
Daily weight gain (g/d) 3.1 ˘ 0.1 2.23 ˘ 0.03 2.1 ˘ 0.1

Feed Conversion Ratio; FCR 1.36 ˘ 0.06 1.2 ˘ 0.1 1.5 ˘ 0.2
Survival rate (%) 95 86 ˘ 3 91 ˘ 1

Productivity (kg/m3) 6.8 ˘ 0.3 5.3 ˘ 0.5 11 ˘ 1

It should be mentioned here that the results seem to indicate that there is a
trade-off between the higher growth obtained from the low density culture and
the total weight gain of the fish in the high density culture, and in this case, the
high density resulted in greater productivity. However, the systems employed
in this work were continuously aerated, which eliminates the effect of night-time
oxygen depletion that might occur from the intensive oxygen consumption through
respiration. In large scale systems, this aeration might not be practically feasible, and
the nocturnal depletion of oxygen might occur and lead to a different conclusion.
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3.2. Growth of Chlorella sp. and Moina macrocopa

Chlorella sp. could grow reasonably well from 0.01 to 0.2 g/L (Figure 3, ♦) within
4 days considering that the system was operated under uncontrolled environmental
parameters (light intensity and temperature). Figure 4 illustrates that such growth
could be significantly enhanced if the cultivation parameters, e.g., temperature, light
intensity and exposure period, could be well controlled [36]. With the outdoor
Chlorella culture as a feed, Moina macrocopa could grow well and the density increased
from 0.1 to 0.4 g/L within 4–5 days (Figure 3, ∆) which was slightly better than the
value reported in previous literature [37].
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The results demonstrate that it was possible to enhance the economics of the
system by introducing proper bio-components in the food chain. In this case, a
high value animal feed Moina macrocopa (2–3 $/kg) was introduced to convert and
upgrade the low value Chlorella biomass which was again fed on NH3 excreted from
the fish culture. It is interesting to observe that, during the growth of Chlorella sp.,
NH3 was being used for growth and the concentration of NH3 dropped significantly.
The level of NH3 bounced back again (Figure 3, #) as Moina macrocopa grew and it
also excreted NH3 during its growth stage.

3.3. Growth of Aquatic Plants

Figure 5 illustrates the wet-weights of the five aquatic plants which were harvested
every 14 days. The different plants grew at different rates but the productivities of
all aquatic plants followed the same pattern. Most plants grew at a relatively slow
rate at the beginning which was due to the limited nitrogen source. In other words,
the initial concentrations of nitrogen and phosphorus levels from the fish tank that
flew into the aquatic plants tank were inadequate for growth (as the fish was still
small). The growth rate increased considerably particularly for Egeria densa and
Ceratophyllum demersum during the first 42 days, implying that there were more
abundant nitrogen/phosphorus compounds not only due to the accumulation of
the uneaten or remaining feed, but also from the acquisition of the plants to the
environment of the tank. The other plants, i.e., Hygrophila difformis, Vallisneria spiralis,
and Vallisneria americana, also grew at a faster rate but the changes in the growth rate
were not as obvious when compared to the two species mentioned above. The total
fresh weight of all aquatic plants could be ordered from high to low as follows:
Egeria densa (14.9 ˘ 0.7 kg), Ceratophyllum demersum (13.2 ˘ 0.5 kg), Vallisneria
americana (3.87 ˘ 0.09 kg), Vallisneria spiralis (3.67 ˘ 0.03 kg), and Hygrophila difformis
(1.74 ˘ 0.06 kg).

It is noted that aquatic plants directly assimilated nitrogen and phosphorus
into the biomass. However, the analysis of N balance in the following section
shows that this nitrogen assimilation only accounted for a small fraction of nitrogen
input (in animal feed), and most of the nitrogen was lost from another unknown
mechanism which, in this case, was believed to be the conversion of NH3 and NH`

4
to NO´

3 via nitrifying bacteria and perhaps also via the denitrifying activities as
the level of oxygen under the water level in the tank could well exhibit anaerobic
condition. These groups of bacteria were generally found in the sediment of the
culture tank [38,39].

Aquatic plants were also reported to have beneficial effect as they acted like a
filter for the suspended sediment [40]. This helped enhance the level of dissolved
oxygen (DO) in the fish tank, as this sediment is usually organic matters which
could undergo aerobic decomposition in the fish tank. Preventing this organic
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decomposition therefore eliminated the unnecessary oxygen uptake in the fish tank
resulting in a better control of DO level in the cultivating system [41,42].

Sustainability 2016, 8, 592  8 of 15 

 

Figure 5. Average harvested weight of aquatic plants (14‐day harvesting interval). 

It is noted that aquatic plants directly assimilated nitrogen and phosphorus into the biomass. 

However,  the analysis of N balance  in the  following section shows  that  this nitrogen assimilation 

only accounted for a small fraction of nitrogen input (in animal feed), and most of the nitrogen was 

lost from another unknown mechanism which, in this case, was believed to be the conversion of NH3 

and NH4 	to NO3   via nitrifying bacteria and perhaps also via the denitrifying activities as the level 

of oxygen under the water level in the tank could well exhibit anaerobic condition. These groups of 

bacteria were generally found in the sediment of the culture tank [38,39]. 

Aquatic plants were also  reported  to have beneficial  effect as  they acted  like a  filter  for  the 

suspended sediment [40]. This helped enhance the level of dissolved oxygen (DO) in the fish tank, as 

this  sediment  is usually organic matters which  could undergo aerobic decomposition  in  the  fish 

tank. Preventing this organic decomposition therefore eliminated the unnecessary oxygen uptake in 

the fish tank resulting in a better control of DO level in the cultivating system [41,42]. 

The findings from this section suggest that the selection of the aquatic plant species used in the 

treatment  tank  should  be  carefully  considered  to  ensure  high  treatment  efficiency  and  also  a 

reasonably  level of economic benefit. The rapid growth plants must be used  to provide a reliable 

water treatment/filtering capacity whereas the slow growth plants should also be provided as they 

are usually of high value and could enhance the feasibility of the system. 

3.4. Water Quality 

Figure 6 illustrates nitrogen and phosphorous compounds profiles in the fish and aquatic plant 
tanks where nitrogen  (NH3,	NH4 , NO2   and NO3 )  and phosphorous  (PO4 )  levels  in both  tanks 

continuously increased during the first 50 days and remained constant until the end of experiment. 

Maximum nitrogen and phosphorous concentrations  in  the  fish  tank were 0.38 ± 0.02, 0.57 ± 0.02,   

55 ± 2 mgN/L and 0.32 ± 0.03 mgP/L, for ammonia, nitrite, nitrate and phosphate, respectively. These 

levels of nitrogen compounds were still lower than the dangerous level for Nile tilapia (dangerous 

level  indicated by  the dash  line  in Figure 6 as suggested by Hart et al.  [43]; Liao and Mayo  [44]; 

Masser et al.  [45]), but still higher  than  those  in  the aquatic plants  tank where  the corresponding 

concentrations were  reduced  to  0.28  ±  0.02,  0.33  ±  0.02,  38  ±  2 mgN/L  and  0.20  ±  0.02 mgP/L, 

respectively.  This  indicates  that  the water  in  the  treatment  system  could  be  self‐cleaned  by  the 

provided concocted ecosystem. It is noted that the levels of ammonia, nitrite, nitrate and phosphate 

at the end of the control system were 0.52 ± 0.04, 1.20 ± 0.04, 135 ± 11 mgN/L and 2.45 ± 0.04 mgP/L 

which were relatively high, indicating inadequate treatment capacity in such a system. 

Figure 5. Average harvested weight of aquatic plants (14-day harvesting interval).

The findings from this section suggest that the selection of the aquatic plant
species used in the treatment tank should be carefully considered to ensure high
treatment efficiency and also a reasonably level of economic benefit. The rapid
growth plants must be used to provide a reliable water treatment/filtering capacity
whereas the slow growth plants should also be provided as they are usually of high
value and could enhance the feasibility of the system.

3.4. Water Quality

Figure 6 illustrates nitrogen and phosphorous compounds profiles in the fish and
aquatic plant tanks where nitrogen (NH3, NH`

4 , NO´
2 and NO´

3 ) and phosphorous
(PO3´

4 ) levels in both tanks continuously increased during the first 50 days and
remained constant until the end of experiment. Maximum nitrogen and phosphorous
concentrations in the fish tank were 0.38 ˘ 0.02, 0.57 ˘ 0.02, 55 ˘ 2 mgN/L and
0.32 ˘ 0.03 mgP/L, for ammonia, nitrite, nitrate and phosphate, respectively. These
levels of nitrogen compounds were still lower than the dangerous level for Nile tilapia
(dangerous level indicated by the dash line in Figure 6 as suggested by Hart et al. [43];
Liao and Mayo [44]; Masser et al. [45]), but still higher than those in the aquatic plants
tank where the corresponding concentrations were reduced to 0.28˘ 0.02, 0.33˘ 0.02,
38 ˘ 2 mgN/L and 0.20 ˘ 0.02 mgP/L, respectively. This indicates that the water
in the treatment system could be self-cleaned by the provided concocted ecosystem.
It is noted that the levels of ammonia, nitrite, nitrate and phosphate at the end of
the control system were 0.52 ˘ 0.04, 1.20 ˘ 0.04, 135 ˘ 11 mgN/L and 2.45 ˘ 0.04
mgP/L which were relatively high, indicating inadequate treatment capacity in such
a system.
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Figure 6. Concentration of ammonia, nitrite, nitrate, and phosphate in fish and
aquatic plants tank (mg/L). (A) Total ammonia nitrogen (NH3 and NH`

4 ); (B) Nitrite
nitrogen (NO´

2 ); (C) Nitrate nitrogen (NO´
3 ); (D) Phosphate phosphorous (PO3´

4 ).

Dissolved oxygen (DO) gently decreased both in the fish and aquatic plant
tanks. The initial DO concentrations in both tanks were 6.45 and 5.97 mg/L and
the final concentrations were 5.55 and 4.65 mg/L, respectively (Figure 7A). In the
fish tank, the reduction in DO would be due to a greater need for oxygen from the
larger fish [46]. On the other hand, despite oxygen generated from photosynthesis,
more oxygen was also required in the aquatic plant tank due primarily to the
decomposition of uneaten feed and fish feces and nitrogen compounds through
nitrification reaction. DO in the Chlorella sp. and Moina macrocopa tanks remained
mostly unchanged (data not shown) indicating that the activities of the tank could
be maintained regardless of the conditions in the other tanks.

Figure 7 also demonstrates the variation in temperature, alkalinity and pH in
the system. Due to a large quantity of water, the uncontrolled system temperature
was in the range of 27–32 ˝C with an average of 28–29 ˝C which was considered
within the optimum range (25–30 ˝C) for Nile tilapia (Figure 7B) [47–49]. Figure 7C
demonstrates that alkalinity dropped with time which was potentially due to
the activity of nitrifying bacteria and some other algae that might grow in the
system. However, Hart, O’Sullivan, Teaching and Aquaculture [43] suggested that
the alkalinity for aquatic animals should be maintained above 100 mg-CaCO3/L,
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therefore, NaHCO3 was added to stabilize the level of alkalinity above this level. The
addition of NaHCO3 could also stabilize the pH value in the system, and Figure 7D
illustrates that pH (at 2 p.m.) could be naturally controlled within the range of 6–8.5
which was safe for the living organisms involved in the ecology of this system.
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Figure 7. Water qualities in fish and aquatic plant tanks: Dissolved oxygen (A);
temperature (B); alkalinity (C) and pH (D).

3.5. Nitrogen and Phosphorus Mass Balances

Figure 8 is the summary of the flow of nitrogen compounds within IMRAS.
In this experiment, total nitrogen input (790.63 g) came from the use of fish feed
throughout the 112 days of each crop. A large quantity of nitrogen (301.13 g¨N or
38.09% of the total nitrogen input) could be converted to Nile tilapia. This level is
more or less within the range reported elsewhere [16,50]. The remaining nitrogen
was converted to: Chlorella sp. (7.64 g or 0.97%), Moina macrocopa (1.88 g or 0.24%),
and aquatic plants (75.29 g or 9.52%). Some nitrogen, e.g., ammonia, nitrite, nitrate
(about 91.10 g or 11.52%) was still dissolved in the water at the end of the experiment.
Some of nitrogen (48.31 g or 6.11%) might still be adsorbed in the soil while some of
nitrogen was not measured directly but calculated as the unaccounted nitrogen. As
much as 265.30 g (33.56%) could undergo the decomposition reaction carried out by
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denitrifying bacteria residing within the eco-system such as in the soil sediment in
the aquatic plants tank.

Similarly, Figure 9 displays the flow of phosphorus within IMRAS where the
total phosphorus entering the system was 172.01 g (mostly in the fish feed). The
amounts of phosphorus converted to Nile tilapia, Chlorella sp., Moina macrocopa and
aquatic plants were 52.75 g (30.67%), 1.20 g (0.70%), 0.22 g (0.13%), and 19.61 g
(11.40%), respectively (Figure 9). Again, some phosphorus was still soluble in the
water at the end of the experiment and this accounted for about 2.65% (or 4.55 g) of the
total phosphorus input. Some of phosphorus (7.07 g or 4.11%) might still be adsorbed
in the soil while some of phosphorus was not measured directly but calculated as
unaccounted phosphorus. As much as 86.60 g or 50.35% of phosphorus could not
be accounted for by the measurement employed in this work. This phosphorus
was anticipated to remain partially in the excretion matrix and some could be
assimilated to the microorganisms cultivated within the system. It is noted here
that the remaining phosphorus in the sediment could pose some concerns on the
long-term operation of this system and will need to be extracted at some point.Sustainability 2016, 8, 592  11 of 15 
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Figure 10 summarizes that nitrogen and phosphorous of 1311 ˘ 26 mgN/m3/d
and 230 ˘ 21 mgP/m3/d were converted to Nile tilapia mass with an initial fresh
weight of 2.4 ˘ 0.6 g/fish and with a density of 50 fish/m3. This was from the
cultivation period of 112 days where the final fresh weight was 240 ˘ 16 g/fish.
Phytoplankton and zooplankton could only convert a small fraction of nitrogen and
phosphorous to biomass, i.e., at about 41 ˘ 7 mgN/m3/d and 6 ˘ 1 mgP/m3/d.
Nitrogen and phosphorous of 328 ˘ 80 mgN/m3/d and 85 ˘ 16 mgP/m3/d,
respectively, were converted into all aquatic plants (Egeria densa, Ceratophyllum
demersum, Vallisneria americana, Vallisneria spiralis, and Hygrophila difformis). Nitrogen
and phosphorous amounts of 397 ˘ 108 mgN/m3/d and 20 ˘ 3 mgP/m3/d,
respectively, were dissolved in the water. Nitrogen and phosphorous amounts of
210 ˘ 31 mgN/m3/d and 31 ˘ 6 mgP/m3/d, respectively, were adsorbed in the soil,
while nitrogen of 1155 ˘ 114 mgN/m3/d and phosphorous of 377 ˘ 17 mgP/m3/d
could not be utilized. This finding suggested that the remaining nitrogen and
phosphorous could still be utilized by aquatic plants provided that there is enough
area for the plants to grow. A rough linear estimate recommended that the area
for the aquatic plants should increase 4–5 times to accommodate the amount of the
remaining nitrogen and phosphorus.
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4. Conclusions

This work demonstrates the success of the implementation of a closed-loop
aquacultural system where a treatment tank is introduced. Although the results
revealed that most of the nitrogen and phosphorus were unaccounted for by the
fish, planktons and aquatic plants as they were taken up by other metabolisms in the
sediment, the introduction of the treatment tank helps to complete the ecology of the
system by providing proper conversion of the waste generated by the fish, as some
of this waste was converted into valuable products, in the case of phytoplankton,
zooplankton, and aquatic plants. Not only does this system benefit from these
added-value by-products, but it also enables the recirculation of the culture water,
enhancing the reliability of the water management within the system. With the
treatment tank, the water quality, ammonia, nitrite nitrate, phosphate, pH and DO
could be effectively controlled at safe levels for the cultivation duration of 112 days,
and the observed fish productivity was reasonably high.
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Urban Cultivation and Its Contributions to
Sustainability: Nibbles of Food but Oodles
of Social Capital
George Martin, Roland Clift and Ian Christie

Abstract: The contemporary interest in urban cultivation in the global North
as a component of sustainable food production warrants assessment of both its
quantitative and qualitative roles. This exploratory study weighs the nutritional,
ecological, and social sustainability contributions of urban agriculture by examining
three cases—a community garden in the core of New York, a community farm on
the edge of London, and an agricultural park on the periphery of San Francisco. Our
field analysis of these sites, confirmed by generic estimates, shows very low food
outputs relative to the populations of their catchment areas; the great share of urban
food will continue to come from multiple foodsheds beyond urban peripheries,
often far beyond. Cultivation is a more appropriate designation than agriculture
for urban food growing because its sustainability benefits are more social than
agronomic or ecological. A major potential benefit lies in enhancing the ecological
knowledge of urbanites, including an appreciation of the role that organic food may
play in promoting both sustainability and health. This study illustrates how benefits
differ according to local conditions, including population density and demographics,
operational scale, soil quality, and access to labor and consumers. Recognizing the
real benefits, including the promotion of sustainable diets, could enable urban food
growing to be developed as a component of regional foodsheds to improve the
sustainability and resilience of food supply, and to further the process of public
co-production of new forms of urban conviviality and wellbeing.

Reprinted from Sustainability. Cite as: Martin, G.; Clift, R.; Christie, I. Urban
Cultivation and Its Contributions to Sustainability: Nibbles of Food but Oodles
of Social Capital. Sustainability 2016, 8, 409.

1. Introduction

There is a widespread resurgence in urban food growing. One sign of its
popularity is the endorsement of political leaders. For example, Michelle Obama
planted a garden in 2009 with the help of schoolchildren—the first White House plot
since Eleanor Roosevelt’s World War II Victory Garden. The rise in interest is also
indicated by a change in the status of urban food growing: increasingly it is referred
to as urban agriculture by academics [1] and others. As pointed out in the New York
Times, it has become a bandwagon phenomenon: “In recent years, chefs, writers,
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academics, politicians, funders, activists and entrepreneurs have jumped on the hay
wagon for urban agriculture” [2] (p. D1).

The designation as agriculture, rather than gardening, projects a new frame and
a larger scale that raise research questions about urban food growing’s output and
sustainability. We address these questions based on three case studies: a community
garden, a community farm, and an agricultural park. The study is exploratory
and descriptive, and addresses only cities of the global North; the picture is quite
different in the global South [3–5], which is home to 80% of urban croplands [6].
Furthermore, the study does not consider the practice that some have advocated
of growing food in underground chambers using artificial light [7], because it is a
thermodynamic nonsense. Photosynthesis captures a tiny percentage of incident
radiant energy; therefore, the energy used to illuminate plants grown underground
is necessarily one to two orders of magnitude greater than the energy content of
the plants. Allow for the inefficiencies in converting primary energy to light and
the imbalance between the source and the product gets worse by typically a further
order of magnitude. Growing food without daylight may have a role for mushrooms,
which, traditionally and iconically, can be managed by keeping them in the dark and
intermittently covering them in fertilizer, but not more generally and not for any
main dietary constituent. Underground growing of photosynthesizing plants has
no place in a serious discussion of sustainable food production, whether or not it is
organic. As one researcher has commented: “why (does) it make sense to put a lot of
intellectual activity and resources into something that negates the direct use of our
one and only absolutely renewable resource—the sun—and totally replace it with
artificial light?” [8] (p. 5).

There are compelling background reasons for the mounting interest in urban
food growing. The world has a rising and increasingly urban population [9]. There
will be 2 billion more people to feed by 2050, when around 70% of our population
of 9 billion will be urban, compared to 50% today. This is projected to increase food
demand from a growing and richer population by 2050. The extent of the increased
demand is uncertain, but estimates range up to 70% more crop calories than produced
in 2006 ([10] cited in [11]). Urbanization leads to loss of farmland [12]. Between 1970
and 2000 the land equivalent of Denmark was converted from farmland to urban
settlement globally. The projection for 2000 to 2030 is the equivalent of Mongolia,
36 times the area of Denmark. Thus, at the same time that more food will be needed,
less farmland will be available.

To exacerbate the problem, climate change is projected to result in farm yield
loss [13,14]. Although there is debate around how large the loss may be, there is
agreement that food security is one of the principal concerns humanity must address
in the context of global climate change. For example, the United States, the world’s
third largest food producer and largest food exporter [15], projects its yield of major
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crops to decline by mid-century due to soil degradation, rising temperature, and
precipitation extremes [14].

As a consequence of these global trajectories, agriculture faces the major
challenge of increasing production levels substantially and doing so sustainably.
Designating the upsurge in urban food growing as agriculture implies that increasing
output in cities can contribute significantly to meeting these challenges. To avoid this
implicit assumption, we propose the term cultivation.

There is also a foreground context for the rising interest in urban food
growing: the environmental movement and related campaigns for organic, locally
sourced, healthy, and sustainable diets. Community food growing evokes a cultural
orientation different from that of traditional urban allotments and domestic gardens.
Domestic gardening is a private and individual activity. Allotments are on common
land but are allocated to individuals; they were institutionalized as compensation for
the land clearances involved in the emergence of industrial agriculture in the late
18th and early 19th centuries in northwestern Europe [16]. In the United Kingdom,
statutory allotment sites receive protection under the Allotment Act of 1925, although
there are fewer safeguards for private and temporary sites [17]. Current urban food
growing arose in the late 20th century, largely as neighborhood mobilizations to
reclaim vacant and derelict lots in post-industrial cities of North America and Europe.

An analysis in the United Kingdom found that the “sense of community
participation and empowerment . . . links examples of community gardening” [18]
(p. 285). Community food growing can enhance the creation of locally specific social
capital in urban areas. More recent studies of U.K. community food-growing schemes
and networks have reinforced this point, and identified a wide range of associated
social processes: for example, grassroots innovation and informal local research and
development; demonstration projects; opening up debate with existing actors in food
systems; and expanding the range of alternatives to established practices [19,20].
Involvement in community food-growing is associated with opportunities for people
“to engage more actively around issues of food, health, waste, community and
environment” [19] (p. 31). Such findings underline a key point in our analysis: urban
food-growing is primarily about cultivation of social skills, capabilities, and virtues
that can contribute to sustainable urban living, rather than about major additions to
food production. We describe this set of features as social sustainability services.

2. Methodology

In the context of this paper, urban refers to metropolitan areas—cities (core)
with their nearby suburbs (edge) and distant exurbs (periphery). In this exploratory
qualitative research into social contributions, we visited three field sites, representing
a range of scales, social activities, and locations. Two of the sites exemplify common
modalities of the new urban food growing: one very small inner city community
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garden (“The Garden”, specifically Manhattan’s West Side Community Garden)
and one larger suburban farm (“The Farm”, Sutton Community Farm on the
outskirts of South London). The Garden was selected because an author was a
member and had begun to study it in 2011. The Farm was selected because it
had been the subject of recent research [21], including a Life Cycle Assessment
(LCA); one author had worked on a similarly sized commercial market garden
(known locally as a “smallholding”) at that location some 50 years previously. The
third case (“The Park”, Sunol Agricultural Park near San Francisco) represents
an emergent modality: a larger agricultural park in a peri-urban location; it was
selected because it represented another variation in urban food growing in yet
another metropolis. Two of the authors visited the Garden in 2012 and the Park
in 2014. All three authors visited the Farm in 2013. Data collected through these
field visits comprised observations, documentary and verbal information provided
by informants, supplemented by archival data made available by informants and
by online research. The principal informants were the President of the Garden,
the Manager of the Farm, and the President of Sustainable Agriculture Education,
parent of the Park. For the discussion in this paper, the primary qualitative data are
supplemented by average estimates of potential production; see Section 4.

Urban cultivation’s contributions to social sustainability require this kind of
empirical scrutiny. One methodological tool available for this task is Life Cycle
Assessment. LCA was originally developed to assess the environmental costs
associated with the full supply chains delivering products and services, and has since
been expanded to include the economic costs. For example, an LCA study of the
suburban Farm included in this study [21] found that it could produce reductions in
greenhouse gas (GHG) emissions as compared to supermarket food chains provided
that the Farm concentrated on crops usually grown in heated greenhouses or flown
in from warmer climates. Such niche crops are also the major sources of its income.
However, while GHG emissions are one key indicator of environmental performance,
they are only one of a suite of sustainability metrics that includes aspects not
addressed by conventional LCA, including labor issues and social dynamics [22].
Another challenge facing sustainability research is identifying not just the dietary
and GHG-reducing aspects of a mode of food production but also the social and
ethical benefits. Production, distribution and consumption are to be seen not just as a
one-way flow of resources from supplier to consumer, leaving impacts in their wake,
but as a channel by which benefits can flow from the consumer (of food or land use)
to other agents [23]. Adapting LCA to this kind of case represents a methodological
challenge. The guidelines on social LCA [24] are still very much in the developmental
phase [25] and are in any case directed at detecting social “bads” in international
supply chains rather than the local social benefits that are among the drivers for
urban cultivation. Further development of social LCA depends on the execution
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of case-by-case studies, using methods and approaches appropriate to the specific
scope and scale.

The Garden, Farm, and Park cases illustrate that: “To be a viable alternative
in cities and compete with other land uses, the justification for urban agriculture
must include the ecological and cultural function these systems offer, in addition
to the direct benefits of food produced” [26]. At the three sites examined here, the
viability of the activity depends not just on inputs like imported compost but also
on consumers—of vegetable boxes delivered to the doorstep in the case of the Farm,
of cultural programs at the Garden, and of farming educations at the Park. The
social benefits, as counter-posed to the environmental and economic ones, of urban
cultivation accrue mainly at a local level rather than being distributed along a supply
chain; they are outside the familiar framework of LCA and can flow laterally to the
residents of an activity’s catchment area; e.g., in the form of educations. Therefore,
the kind of field investigation carried out here will remain essential.

3. Results: The Three Cases

3.1. The Garden

The Garden emerged in the context of the massive 1970’s Urban Renewal
Program in the slums of post-industrial U.S. cities [27]. The City of New York
evicted tenants and razed tenement buildings in much of Manhattan’s Upper West
Side, leaving brownfield land available for redevelopment and gentrification [28].
A high-rise condominium building was built on a site which included the future
Garden and another was awaiting capital investment. In the meantime the site
became a dump for abandoned automobiles and other urban detritus.

The dump site was transformed into a verdant garden in a spontaneous response
by local residents to clean up a dangerous area in their midst that was also an
eyesore. With construction imminent, the neighborhood was assisted in saving this
open space by the local Community Board and the national Trust for Public Land.
City government officials and real estate developers acquiesced, in part because
community gardens enhance property values and thereby add to tax revenues—while
also of course adding to value for property owners. In an analysis of community
gardens established in New York City between 1977 and 2000, Voicu and Been
found that “gardens were located on sites that acted as local disamenities within
their communities . . . after opening gardens have a positive impact on surrounding
property values, which grows steadily over time” [29] (p. 268). The City administered
a “sunshine test” and approved the site as a garden, with two stipulations for
becoming untaxed land: that it would be open to the public and would pay for
its upkeep.
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The Garden is located near the geographic center of New York City’s Manhattan
Borough. The land, 0.15 hectare, is governed by a board elected annually from its
300+ paid members. Membership is open to the public at a nominal annual fee. Only
about 1/3 of the Garden’s space is used to grow food. Gardeners work on raised
beds of 2.8 m2. Of the remaining garden space, 1/3 is devoted to horticulture and
1/3 is dominated by an amphitheater used for cultural productions.

Gardeners reported that they do not grow much food—enough vegetables to
add to several meals a week over the harvest period. “I just grow some nibbles,”
one gardener said. Several informants related that growing food was not the main
reason they gardened; rather, it was because they liked to garden. “I enjoy my green
thumbs,” one reported. Also, many gardeners said that they liked the cooperative
aspects of the Garden and enjoyed its features—a quiet, safe, and green retreat amid
the Manhattan skyscrapers.

The Garden depends on a steady replenishment of labor to take care of its
three large compost bins and to keep public areas tidy, as well as to raise money. It
requires about $75,000 annually to operate. The bulk of the money goes to maintain
pavements, towards insurance, and to purchase gardening supplies and tools. The
Garden has no paid labor. Finding volunteer labor has been a general problem
for community gardens. The work required is skilled and this limits the available
pool. The largest source of gardeners is women, mainly retirees. New York City’s
gardens have declined in number since the mid-1980s largely due to a lack of
participation—many rely on only a few tireless souls [30].

The Garden provides a range of cultural programs that attract thousands of
visitors who are potential sources of finance and labor. The programs include music,
theatre, poetry, film, and arts and crafts presentations. The Garden’s signature
cultural event is its annual spring Tulip Festival, when some 12,000 blooming flowers
attract visitors from around the world [31].

3.2. The Farm

The Farm comprises 2.9 ha, 1.4 of which are tilled. It lies in the Borough of
Sutton at the southern edge of greater London, in what is termed the Green Belt in
the U.K. planning system. It occupies greenfield land but the soil is very poor. Until
the 20th Century lavender (Lavandula) had been grown on the site as it can thrive
in poor soil. The land use was changed as part of the mid-20th century drive to
increase food production in the United Kingdom and took advantage of labor from a
nearby camp for prisoners of war. Fifty years ago, the smallholding was operated
by a family who lived there; it depended on high value glasshouse crops, primarily
salad vegetables and cut flowers sold via large wholesale markets in London, with
high inputs that included horse manure. There are now 500 m2 of polytunnels at the
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Farm, providing for year-round production, but it requires large inputs of compost,
an expensive appetite for a non-residential farm with no manure-producing animals.

The Farm is London’s largest community farm. It was started in 2010 with the
blessing of Surrey County Council, the local government authority, which owns
the land and collects ground rent. The Farm is a cooperative and plans to offer
shares within its local community. Other examples of similar social enterprises
engaged in scaling up urban food growing include Urbivore in Stoke [32], Farmscape
in Los Angeles [33] and Lufa Farms in Montreal [34].

The Farm is not solvent and there are no plans to make a profit. The goals are to
make it pay for itself and to become a platform for food growing activities in the local
community; examples include providing gardening experiences to school children
and to disabled people. However, because of the Farm’s location and the lack of local
public transport, a visit must be a planned event.

While salad crops are still the most profitable output, accounting for around
1/3 of income and only 1/7 of acreage, the produce is consumed more locally
than 50 years ago. About 3/4 is distributed to retail customers in vegetable boxes;
this scheme currently has 142 customers, with a capacity for 350. The remaining
1/4 is sold wholesale, largely to local restaurants and cafés. The demographics of
vegetable box customers reflect the local residential area: they are largely middle
class. Many are seasonal customers who grow their own vegetables and therefore
buy much less in the summer. The Farm’s unsold produce is collected by a local
charity that makes soup from it. Its two major expenses are compost (purchased
from a local municipal site), for which haulage is the principal outlay, and water
for irrigation.

The Farm’s manager is a university graduate who used to be a chef and became
interested in food security issues. He has organized an apprentice scheme at the
Farm. His view is that expertise in managing small scale farms is generally lacking
in the United Kingdom. The Manager also organizes volunteer gardeners, some of
whom are employees of local businesses which pay them as they work on the Farm
as part of a Corporate Social Responsibility program.

Most of the Farm’s tilled land is devoted to leaf crops but it has not applied for
Organic Certification. The Manager said that its production is “based on organic
principles” and is open to anyone who wants to come and see for themselves. The
Farm uses a small tractor but most of its work is manual. The sole full-time employee
is the Manager. A “sustainable farming” apprentice grower is paid for three days
per week. One grower is paid for one day per week. The vegetable box scheme
has one employee working 3.5 days per week to deal with customers, and two
drivers are employed, each for one day a week. The total paid labor is equivalent to
2.7 full-time workers.
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3.3. The Park

The Park is located in Sunol, an unincorporated former railway town in Alameda
County in the San Francisco metropolitan area. Sunol’s annual sunshine days are
about twice the U.S. average. The Park is adjacent to a Water Temple, a well-known
local feature commemorating the opening of a water supply system. The land is
owned by the San Francisco Public Utilities Commission (a water supplier) and is
managed by Sustainable Agriculture Education (SAGE). The Park was set up in 2006
with the mission to foster sustainable farming and public education programs while
protecting natural resources. It rents the land and is currently home to six small-scale
organic farming enterprises on 6.5 of its 7.3 hectares. The Park is an example of
an incubator farm. One of its models is the Agriculture and Land-based Training
Association in Salinas (a farming town 129 km south of the Park and not in the San
Francisco metropolitan area), which pioneered a farmworker-to-farmer program.
The Salinas program trains Latino farmworkers to take on farm management and
operation. The Park aspires to do something similar but in an urban periphery
setting. Its brochure states that: “AgParks are an innovative, scalable model that
facilitates land access for beginning and immigrant farmers, local food provision
for diverse communities, resource conservation, public education, and job training
opportunities.”

While nominally in a metropolitan area, the Park is remote: there are no
significant sources of laborers nearer than Pleasanton, 8 km to the northeast. The
land was a hay field until it was taken over by SAGE, which acts as a non-profit
intermediary between the farmers and the water utility. It collects rents and other
charges from farmers and arranges a supply of irrigation water. It also maintains
Organic Certification and permits for chickens. SAGE promotes mutual learning
among the farmers, and implicitly tries to screen out any who are not serious
or competent.

The soil of the Park is thin clay and very arid—not unlike the soil at the Farm,
but much drier—so plentiful irrigation is essential. Compost must be applied at least
annually to condition the soil and to ensure water retention. Aphid infestation is a
particular problem. Organic practices are de rigueur so there is no input of synthetic
fertilizers or pesticides. There is no access to grid electrical power.

About 2000 schoolchildren visit the Park annually, mainly from Oakland, also
in Alameda County and about 25 km away. The children are aged 10–12 and are
largely from low-income families; 60% are on their school district’s Free & Reduced
Meals Plan. SAGE tries to charge $2 per head as a contribution towards payments
to the water utility but do not always succeed. SAGE also helps schools find grants
towards the cost of bussing children.

A young and aspiring farming couple have been at the Park since March 2014,
initially on 0.4 ha but now on 0.8 ha—the Happy Acre Farm. One was previously
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a manager at a farmer’s market; the other had worked on an organic farm. The
couple used their first season to learn the ropes; i.e., what could successfully be
grown and what was to be avoided—for example, not growing crops when “bugs”
would seriously attack them. The first task was to remove the Bermuda grass
(Cynodon dactylon) that covered the site. They did this by an undercutting technique
taught by a local specialist who is something of a farming guru. They were greatly
helped by another farmer; he taught them husbandry practices, introduced them to
customers, and gave them some seeds. The couple emphasized that contact with
more experienced farmers is one of the benefits at the Park.

The couple plan to keep themselves by farming but not to employ anyone, at
least in the short term; in any case they recognize that finding laborers is problematic
and expensive. They plan to augment income from produce by selling processed
goods such as jellies and preserves and by running classes on making such goods.
The couple plan to grow arugula (or rocket: Eruca sativa) on a rotation of three crops
per year, hoping that this intensity of production will enable them to live off the land.
They also plan to introduce chickens for their eggs and meat. The chicken paddock
will be moved around to fertilize the soil, subject to SAGE regulation of how long
land must be left fallow between keeping chickens and growing food on it.

Happy Acre Farm has been distributing produce to restaurants. In 2015,
following a break of several months when they were not farming, the couple started
a box system with the help of the Community Supported Agriculture program. This
program, modeled on that developed in Switzerland and Japan in the 1960s, was
adopted by the U.S. Department of Agriculture in the mid-1980s as a vehicle to help
low income farmers find capital, labor, and dependable markets [35]. Associations of
individual consumers pledge to financially support one or more local farms, sharing
the risks and benefits of food production with growers. This particular farming
duo will do the distribution themselves, using their own truck. They have targeted
Oakland as a market and are hoping to distribute to neighborhood hubs from which
individual consumers will collect produce. They have already spent about $25,000 on
their enterprise for insurance, seeds, tools and transport fuel. They pay SAGE $2,000
per annum per acre for land rent and water. They buy compost from a supplier
recommended by SAGE and plan on paying about $150 for 5 tons of compost per
acre per annum.

3.4. Comparing the Three Cases

All three sites are nominally within the metropolitan areas of very large cities.
The Garden is the most centrally located, followed by the Farm and then the Park,
the most outlying. The Garden is an example of an inner city brownfield site
co-opted for social benefits; it is completely dependent on volunteer labor and
contributions. The Farm is an example of a low-productivity greenfield site that has
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been transmuted into a social enterprise with some income for a paid work force.
The Park is an incubator farm that collects rent from aspiring farmer-entrepreneurs.
While the Garden supplies its own compost, the Farm and the Park must haul in large
quantities. The Garden’s relatively low water needs are supplied by a sufficiently
damp microclimate but the Farm and the Park must import large quantities of
irrigation water.

All three sites have outreach educational programs for their local communities.
While the Garden has several schools a short walk away, children visiting the Farm
and the Park must be transported. The Garden gets a large number of walk-in users
and provides a sizeable cultural program, while the Farm and the Park produce
considerably more food. The Garden can be described as place-based because it is
embedded within a neighborhood, while the Farm and the Park are interest-based as
their service areas are rather large districts [36].

The three cases illustrate the core-edge-periphery trinity of urban form, with
the Garden being 8 km from its urban center (seat of the central city’s government),
the Farm 16 km, and the Park 32 km. The core encompasses a built-up, high-density
center; the edge encompasses the city-to-suburb transition area; the periphery, the
suburb-to-exurb transition area. Both population density and land value decline with
distance from the center. Thus, the proportion of land available for growing food
increases with distance from the core; at the same time fewer people have access to
the land and distribution to consumers requires longer delivery journeys. In addition
to residential density, cultural diversity declines with distance from city cores in
these three metropolitan areas. The diversity includes the largest pool of potential
urban gardeners: poor immigrants with farming experience.

4. Results: Food Production

4.1. Food Production Metrics

The food growing potentials of the Garden, the Farm, and the Park are shown
in Table 1, estimated using average data for metric tons produced per hectare [37]
rather than the actual outputs of the three sites. For these estimates, the sites are
assumed to be devoted to fruit and vegetable production, although all three currently
grow some flowers for aesthetic, commercial, and pollinating purposes.
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Table 1. Annual potential fruit and vegetable production of the Garden, Farm,
and Park 1.

Garden Farm Park

Growing area (hectares) 0.05 1.42 6.48
Potential production (kilograms) 2 535 16,264 3 69,336

Persons per day fed 4 4 111 475
1: Assumes one harvest per annum for field crops; 2: Yield figure is 10.7 metric tons/ha
from Garnett [37]; 3: Includes two annual harvests from polytunnels, which account for
7% of output; 4: Based on a consumption level of 0.4 kg, the minimum recommended by
WHO [38].

The World Health Organization recommends the consumption of at least
0.4 kilograms of fruit and vegetable per day in a healthy diet [38]. This is also
a reasonable proxy for a sustainable plate, needed to “provide good nutrition” [39].
The “healthy” and “sustainable” plates both focus on higher portions of fruit and
vegetable and lower portions of meat than are common in “Northern” diets. Using
that minimal standard, the Garden can provide fruit and vegetable for four persons
per day, the Farm for 111 persons, and the Park for 475 persons. This represents
just “nibbles” of food for two reasons. Firstly, the recommendation of the U.K.
National Health Service is that fruit and vegetables comprise 1/3 of a plate. At least
as yet, none of the three sites produces any of the food comprising the remaining
2/3 of the plate, including grains, milk and dairy, meat and fish. Secondly, the
food output does not approach serving a substantial portion of even fruit and
vegetables for the populations of the sites’ catchment zones. These catchment zones
comprise the areas from which the Garden, Farm, and Park draw the largest share
of their members/customers/tenants/visitors, and in which they provide social
sustainability services.

Comparison of the food production of the three sites as compared to their
catchment area populations reveals a very low per-person output. The Garden’s
output would provide fruit and vegetables for just 0.002% of the residents of its
Upper West Side district (within a radius of 2.1 km), and just 0.02% of the residents
of its immediate neighborhood (within a radius of 0.3 km) consisting of two of the
23 census tracts on the Upper West Side. The Farm’s output would provide for only
0.06% of the residents of its district (within a radius of 2.4 km—Sutton borough)
and just 0.24% of the residents of its immediate neighborhood (within 0.8 km—the
suburb of Carshalton). The Park’s production would provide for just 0.03% of its
district’s population (within 24 km—Alameda County) and only 0.1% of the residents
of its neighborhood (within 12 km, consisting of its surrounding six suburban cities).
Looking at this data from another perspective, it would take over 4500 gardens
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to provide the fruit and vegetable components of their diet for the people in its
immediate neighborhood; over 400 farms and over 1000 parks to do the same.

Thus the three cases—Garden, Farm, and Park—illustrate the problem of
scale facing urban food production. Other studies reflect a similar pattern: very
low current output and low potential output, relative to the provision of healthy
plates. Within London, current production is estimated as 1–2% of potential output;
full potential output would still represent only 18% of current fruit and vegetable
consumption [37]. Studies of other cities show comparable results: Cleveland [40],
Detroit [41], New York City [42], Oakland [43] and Oxford [44]. These six urban areas
grew an average of 2–3% and have an (unweighted) average maximum projected
output of 20% of the fruit and vegetables consumed by their inhabitants. However,
these figures are based on uniform distributions of consumption across urban
populations; if urban produce is consumed by specific groups, the benefits may
be more significant (see below).

There is wide variation among all seven urban sites, a finding that underscores
the value of a case-by-case analysis of urban food growing. A major source of
variation is between successful cities such as London, New York, and San Francisco,
and distressed cities such as Detroit and Cleveland. The latter cities have considerably
more available land; in Detroit, “abandoned houses, vacant lots and empty factories
make up about a third” of the landscape [45] (p. 47) and therefore it demonstrates
the highest level of potential production.

In reality, reaching the potential outputs will have to overcome some daunting
conditions and issues. Cities struggle today to maintain their current green spaces.
In London, the area of domestic gardens, which comprise 25% of the land upon
which fruit and vegetables would be grown, is declining: between 1998 and 2008 it
fell by 12% while the area of hard surfacing increased by 26%, largely paved over
for car parking [46]. Land availability is but one example of an imposing array of
structural challenges to scaling up urban food production. Globally, the land area
used to produce just the vegetables in a healthy or sustainable diet is equivalent to
about 3/4 of all urbanized land [47]. It is evident that there is not nearly enough
arable land in urban areas to produce more than a small portion of the fruit and
vegetables consumed by their residents. Of course, this leaves the remaining 2/3 of
the sustainable plate unaccounted for.

More Food Production?

What are the possibilities of creating more urban food growing land by utilizing
brownfield sites and by converting green spaces to food production? Both options
have major drawbacks. With regard to brownfield sites, the condition of the soil is
questionable. For example, a study of lead contamination in Oakland sites found a
high level of variability that must be considered when undertaking food growing [43].
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With regard to conversion of green spaces to food growing, there are issues of
competition in supporting sustainability: these spaces already provide for carbon
sequestration, urban cooling, and biological diversity. Any land use change to food
production will have an uneven profile with regard to its environmental costs and
benefits [48].

One solution proposed for the lack of arable urban land is vertical farming, or
“z-farming” for zero acreage [49,50]. However, there are major sustainability obstacles
for high-rise farming, including the inputs of energy for artificial lighting to grow
plants away from windows (see earlier comments on underground farming, which
are also relevant here) and the industrial fertilizers needed to optimize yields from
hydroponic production [51]. These inputs add substantially to the environmental
impacts: findings from a recent life cycle study indicate that “vertically grown
produce has a carbon footprint that is much higher than conventionally grown
produce” [52] (p. 76).

Rooftop gardens are another fashionable initiative that does not stand up to
examination as a serious contribution to sustainable food production—as distinct
from “green roofs,” which can play a role in helping to mitigate urban heat
islands [53]. Self-evidently, the area available for rooftop cultivation is strictly
limited. Rooftop greenhouses are difficult to integrate into the waste management
and recycling systems of their buildings [54]. Furthermore, roofs do not provide
pavement level viewing and open access; in the absence of access to people other than
the residents of the building, they cannot provide the social sustainability services of
cultivation at ground level (see below).

In the end, the hope that urban food production might produce enough food to
support the population within its borders is a utopian goal. The greatest opportunity
for urban areas to reach a higher level of food security lies in the next tier of available
land that is beyond the urban periphery: the broader region that is still largely rural.
For example, in 2009–2010, 57% of London’s consumption of fruit and vegetables
was grown in the rural hinterland beyond its urban and peri-urban zones [55].

However, even assuming a full development of the broader foodshed region,
it will still be necessary to bring in food, including cereal grains and exotic foods,
frequently internationally traded. These imports are determined on a national case
basis. For example, the United Kingdom’s imported exotics include bananas, citrus
fruits, coffee and tea. While our ancient ancestors ate only what they could find
by walking within a hunter-gatherer food system, we humans of the Anthropocene
have global-range appetites met by industrial-scale production and transport of
agricultural products.

273



5. Results: Sustainability Services

5.1. Ecological Sustainability

Like all urban green spaces, the Garden, Farm and Park make contributions
to ecological sustainability—by providing natural habitats, improving soil quality,
reducing soil erosion, and mitigating the city heat island effect [17,53,56]. They may
also reduce the runoff loss of rainwater exacerbated by the concreting over of cities
and their environs [17]; this is significant where, as in London, a principal aquifer
lies below the city.

In some respects, food growing plots may contribute more than other urban
green spaces to ecological sustainability. However, a locally sensitive design is crucial
in maximizing their potential. For example, Kulak et al. [21] carried out an LCA of the
same Farm examined here. They found that reductions in greenhouse gas emissions
are gained from an appropriate choice of local crops that can substitute for foods
with high carbon footprints. Such crop prioritizing for sustainability also can be
applied to broader multi-foodshed areas, as has been done for New York State [57].

Another way in which food growing may outperform other urban green
spaces is that it shelters more biological diversity through its wide variety of
flora—agricultural and horticultural. A key component of this diversity is the
presence of bees to pollinate plants. The Farm in Sutton has three hives tended by a
volunteer keeper and is close to woodland and commercial hives, while marigolds
and other flowers are grown to encourage pollination. The Park in Sunol grows
wild flowers and is serviced by bee colonies in its semi-rural locale. Despite being in
the middle of a large city, the Garden in New York City has a good supply of bees
from hives on nearby roofs and wild colonies in nearby Central Park [58]. Thus, all
three sites support bee populations by providing a diversity of flora, paralleling the
practice of spacing ribbons of flowers amidst mono-crop fields in rural areas.

5.2. Social Sustainability

Although its contribution to dietary provision will always be slight, urban
food growing can contribute to two other components of social sustainability:
environmental justice and public health. Both are needed now more than
ever—environmental justice because of dramatically widening inequalities [59] and
public health because of the new obesity epidemic [60]. There is abundant evidence
of the ways in which urban green spaces contribute to physical, psychological,
and social health [17,61–68], and growing evidence of their contributions to
environmental justice. With regard to public health, gardening provides easily
accessible opportunities for physical, mental, and social well-being. Growing food is
a physical pursuit. Its physicality ranges from the fine motor involvement of cutting
flower stems to the aerobic gross motor tasks of turning compost. While gardening
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promotes physical health, it also “has been observed to be a way to relax and release
stress” [61] (p. 28). Finally, all types of urban green space provide natural locales for
people living in densely-populated built environments. Access to nature can be a
form of therapy, allowing for solitude, serenity, and reflection. This has been found to
be related to mental health by mitigating a psychological nature deficit disorder [65].

With regard to environmental justice, urban food growing appears to produce
more than just “nibbles of food” for some socially excluded sub-groups. One
study shows that it can make a significant contribution to the tables of low-income
immigrants from agricultural backgrounds [69]. Another study shows that it can
make a substantial input to improving the diets of low-income persons with high
rates of obesity and diabetes and with limited sources of fresh produce [70]. However,
these are special cases, in which volunteer and experienced gardeners had convenient
access to free plots of arable land, whereas this access is not usually available to
low-income residents of cities in the global North.

Even a very small food growing space can contribute to environmental justice.
An apt example is the half-acre Brook Park Community Garden in the Mott
Haven neighborhood of the Bronx borough, one of the poorest communities in
New York City. It employs a dozen teenage boys with criminal records to grow
serrano peppers (Capsicum annuum), working under court orders as an alternative to
incarceration. Their small stipends come from the profits from selling the garden’s
“Bronx Greenmarket Hot Sauce” [71].

However, it is in education, rather than environmental justice or public health,
that the Garden, the Farm and the Park make their most impressive contributions
to social sustainability. The inter-generational principle of sustainability relies
on ecological education. The Garden reserves six plots for schoolchildren who
participate in an ecology learning module during which they grow vegetables.
As a follow-up to their experiences, children and their teachers have constructed
several raised beds in their schoolyard. In New York City, the number of registered
school-based gardens has multiplied six-fold [72]. (It is noteworthy that most of the
adult participants in the Garden have had previous gardening experience, many in
their childhoods.) The Farm operates a funded school program, the Green Grub Club,
in which pupils and staff, after school, grow, cook and eat vegetables. In addition, 16
students and their caretakers from a local school participate in a sponsored Disabled
Farming Assistance program.

The Park, like the Garden and the Farm, operates environmental education
programs for school pupils. In an increasingly important aspect of education, the
Park also provides a rare learning opportunity for urban young people to start farms.
Increasing urbanization has progressively reduced the number of persons with
farming knowledge. In 2012, the average age of U.S. farm operators was 58.3 years,
up 1.2 years from 2007 and, continuing a 30-year trend, the number of beginning
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farmers was down 20% from 2007 [73]. This loss of farming expertise threatens
both food security and climate change resilience. The Park addresses both, by
inhibiting the conversion of farmland to settlement and by training a new generation
of aspiring farmers. SAGE specializes in conserving peri-urban food growing based
on the model of the European Association of Peripheral Parks, Fedenatur, used, for
example, in Barcelona, Lille and Milano. The Sutton Farm addresses the same issues
on a smaller scale by providing a sustainable farming apprenticeship program.

Informal education is also part of urban cultivation. For example, whether
the land-limited Garden should grow food or flowers is a subject of continuing
debate. There are four parties to the debate. Foodists make an environmental
justice argument for converting flower plots to vegetables in order to shorten the
queue for beds (now a year’s wait) and to provide more opportunity for low-income
persons to grow food. Ornamentalists make an aesthetic point about the beauty
of flowers and gardening’s social psychological rewards, which constitute a public
health benefit. Pragmatists make an economic argument that flowers attract people
who then contribute money and labor to the Garden. Ecologists make a sustainability
case for the biological diversity added by flowers and the bees that depend on them.

A latent result of the Garden’s debate is its contribution to the ecological
knowledge of its participants. Gardeners hear from each other about some of the
complexities of flora production and its relationship to sustainability. This communal
learning is an example of the synergies that exist between ecological and social
sustainability [74] and supports the argument here that small inner-city plots mainly
have social value. The communality is a basis for the development of social capital
rooted in its use value.

Growing food is both a physical and a mental activity. It simultaneously involves
an active mind and body; thus, it is an embodied experience [75,76]. For this reason,
it may have more learning impact in a person’s life than do other environmental
education activities. Communal learning takes place in urban food growing through
a sharing of ecological observation and monitoring by gardeners [77]. There is
also experiential learning, which can stimulate change in individual lifestyles. For
example, food growers may gravitate to healthier diets (with more vegetables) and
they may also take up sustainable practices such as composting. A good number
of the Garden’s members regularly carry food waste from their apartments to its
compost bins, whether or not they have plots to tend.

6. Discussion

6.1. Urban Cultivation and Its Future

The estimates in Table 1 indicate that urban food growing in the global North
does not now, and likely will not in the future, make more than a trivial direct

276



contribution to food security. There is significant growth potential, with wide
variations in the upper limits of production based on local circumstances, but urban
food production can at best supply a limited proportion of some components of
the diet of urban populations. There are strong structural factors that constrain
production. The fundamental limitation is a lack of arable land. Field cultivation
is simply beyond the land capacities of urban agglomerations. Cities can produce
a small portion of the fruit and vegetable consumption of their residents but they
lack the potential to grow the basic food of humanity—cereal grains, which are
the stuff of the “staff of life.” Cereals supply over half of the dietary energy of
the human population [78] and large rural fields will remain the venue for their
efficient production. Research indicates that peak economic efficiency is achieved
in production units of 160–325 ha for soybean and 325–490 ha for corn ([79] cited
in [80]).

Cities are places where great numbers of people live in small areas; they do
not contain the expanses of ground level land fully exposed to the sun needed for
field crops. Instead of food growing being the goal, it is more realistic to cast it as
a secondary gain. This reasoning underlies our suggestion that cultivation rather
than agriculture is the appropriate designation for urban food growing: cultivation
better captures the sensibility as well as the output of this activity. Agriculture
combines two Greek roots: agros for field and cultura for cultivation. As compared
to agriculture, cultivation covers a range of etymological meanings beyond food
production, including education and development, all of which are insufficiently
recognized in the contemporary enthusiasm for urban food growing.

As to the future, the differences among the three sites of this study illustrate
a dilemma for urban cultivation. The Garden is too small to provide a significant
food output but has a high social amenity value due to its location and accessibility.
The Farm is large enough to provide marketable food and some jobs, but its location
makes its social value educational rather than amenity-based. The Park is too remote
to provide for general environmental education (in a sustainable way) but the same
remoteness allows for large tracts of land suitable for providing specialized farming
educations. Given the demand and price for land in successful cities such as London,
New York City and San Francisco, the distinction between urban and peri-urban
and the demand for urban land are likely to persist although the pressures are
currently mitigated in distressed cities like Detroit. At least for the present, being in
the Green Belt provides a measure of protection against encroaching development
for the Farm. The same can be said of the Park, although its relative remoteness
already provides some measure of protection. Additionally, cultivable land can be
generated by integrating it into urban new build and re-build plans. A study in
Waterloo, Ontario, found that about half the land in its suburbs had the potential
to support cultivation [81]. However, as we have indicated, assuring the land is
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not contaminated and can be sustainably converted from lawns to gardens is a
formidable task.

6.2. A Systematic Scaling of Urban Cultivation

Despite scaling and sustainability obstacles, there is space available to continue
the increase of food growing across urban areas—parcels of varying sizes of
affordable and arable land. This growth should strive to meet local, national, and
global sustainability standards, not only for its food production but also with regard
to its ecological and social dimensions. These sustainability assessments will be better
served if they take a systems perspective of urban food growing, with links among
sites in the core, edge and periphery [80]. Such a system can connect diverse willing
and able growers and consumers to accessible sites of arable land. Recognizing
that urban and peri-urban cultivation play different roles in foodsheds suggests a
different approach to land distribution: planning and regulation on a regional or
ecosystem basis.

Foodshed is a concept that was developed by Hedden [82] in his 1929 book:
“How Great Cities Are Fed”. Hedden contrasted foodsheds with watersheds by noting
that water flows depend on natural land elevations while food movements are based
in economic markets. The term was reintroduced by Getz [83] in a 1991 article on
permaculture. More recently it was used to describe “the geographic areas that feed
population centers” [84] (p.1). One part of the foodshed is the urban nexus of core,
edge, and periphery. The three sites examined here illustrate the wide variations in
access to land, to people, and to sustainability benefits that exist in a metropolitan
area across these three zones (see Table 2).

Table 2. Schematic for the coordination of a potential urban cultivation system.

Access to Sustainability Benefits

Site Scale Area Land People Food Ecological Social

Garden micro core very low very high very low very low very high

Farm meso edge low high low low mod-erate

Park macro periphery moderate moderate moderate low low

One type of facility, the food hub, may be well placed to coordinate these
variations to best advantage. Food hubs are urban facilities that engage in aggregation
(which can include growing), preparation, distribution, and marketing of food. They
tend to be social enterprises that make small profits and receive benefits (including
tax relief) from local government [85]. Food hubs are proliferating rapidly—over
60% of those in a U.S. national study had begun operation in the last five years [86].
From that survey, the three most common food hub customers are restaurants, small
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grocery stores and school food services. About 3/4 of their customers live within
160 km. Food hubs are usually sited in the moderately dense urban edge. They are
possible lynchpins in local food systems because they are best positioned to reach
an entire urban nexus efficiently—inward to the core and outward to the periphery.
There is potential for the network of food banks—a response to economic hardship
and hunger in towns and cities in the United Kingdom and United States in recent
years—to evolve into a system of food hubs that could offer not only access to
affordable food but also services concerning nutrition, healthier living and urban
cultivation. A U.S. initiative, the Healthy Food Bank Hub [87], is a case in point. We
suggest that the food hub innovation is an important field for further research on
sustainable urban cultivation.

7. Conclusions

The three cases examined here provide a new perspective on the current
widespread enthusiasm for urban food growing. While structural limits will prevent
urban food growing from becoming urban agriculture (at least in cities of the global
North), there is a strong case to be made for it on the grounds of its contributions to
social sustainability. Urban agriculture can produce little more than “nibbles” of food
but it can contribute “oodles” of social sustainability services [19,20]. Identifying the
real benefits enables some forms of urban cultivation, most obviously underground
or “vertical” farming, to be recognized as no more than “magical realism.” Realistic
assessment leads to a basis for promoting urban cultivation as part of the physical
and social structure of urban areas, and highlights a potentially important systemic
role for Food Hubs.

To assess the real role of urban cultivation, we should perhaps be looking at food
provision differently. If the food system is recognized as involving produce supplied
by oligopolistic intermediaries (retailers) from ever more consolidated primary
producers (industrial scale farmers), many parallels with energy generation and
distribution become apparent, suggesting a need for reforms to promote sustainability
and, in particular, resilience [88]. Urban cultivation is a local phenomenon, the base
level in a food system approach ([89] cited in [90]). Its unique grassroots activities
contain and incubate adaptive, flexible possibilities for social sustainability services
whose effects can extend throughout food systems.

What if we actively promoted food hubs to produce some food but primarily
as vehicles to promote the social dimension of sustainability, with sub-stations in
residential areas (allotment tillers, keen back garden food growers, and community
gardeners) acting as the equivalent of a localized energy grid? As with decentralized
or community energy, the aim would not be to achieve self-sufficiency and grid
independence, except at the margins, but instead to boost system-wide resilience via
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redundancy, diversity and storage–and also to generate social benefits, such as local
collaboration and trust, healthier lifestyles and grassroots innovative capacities.

As for boosting sustainable food production, enhancing food security depends
on surmounting an inventory of difficult challenges: (a) reducing waste, which
accounts for up to 1/3 of production through the food chain [91]; (b) shifting crops
away from animal feeds and biofuels to human foods, which can increase global
calorie availability by up to 70% [92], and at the same time shifting to sustainable
plates on the consumption side [93–96]; and (c) adopting sustainable intensification
practices in which productivity is raised without increasing environmental impact
and without using more land [5]. The looming food security threat will not
be tempered by the limited amount of food that can be grown in urban areas.
Nevertheless, urban food growing can play a small but significant role in evolving a
sustainable food system by contributing both to reducing waste and to the adoption
of sustainable plates—through the provision of environmental, dietary, and farming
education, for example.

While this study is limited to just three cases, the results indicate some useful
areas for further research, particularly in exploring the role of urban food growing in
contributing to social sustainability services. Science has provided the basic ecological
metrics needed to specify parameters for sustainable food security. The present gap
in our knowledge is an understanding of the processes and practices necessary to
develop the corresponding parameters within social structures—society has been the
neglected child in the sustainability family. Urban cultivation provides a potentially
informative vehicle for assessing the value and scope of social sustainability services
and their synergies with ecological sustainability and food production. The success
of assessment depends on the development of empirical measures of “soft data,”
positive services such as environmental education. This form of assessment requires
a different approach from the “hard data” approach of conventional environmental
LCA, focused on negative impacts, and suggests a direction in which social LCA
should be developed.
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Agroforestry—The Next Step in Sustainable
and Resilient Agriculture
Matthew Heron Wilson and Sarah Taylor Lovell

Abstract: Agriculture faces the unprecedented task of feeding a world population
of 9 billion people by 2050 while simultaneously avoiding harmful environmental
and social effects. One effort to meet this challenge has been organic farming, with
outcomes that are generally positive. However, a number of challenges remain.
Organic yields lag behind those in conventional agriculture, and greenhouse gas
emissions and nutrient leaching remain somewhat problematic. In this paper, we
examine current organic and conventional agriculture systems and suggest that
agroforestry, which is the intentional combination of trees and shrubs with crops or
livestock, could be the next step in sustainable agriculture. By implementing systems
that mimic nature’s functions, agroforestry has the potential to remain productive
while supporting a range of ecosystem services. In this paper, we outline the common
practices and products of agroforestry as well as beneficial environmental and social
effects. We address barriers to agroforestry and explore potential options to alter
policies and increase adoption by farmers. We conclude that agroforestry is one
of the best land use strategies to contribute to food security while simultaneously
limiting environmental degradation.

Reprinted from Sustainability. Cite as: Wilson, M.H.; Lovell, S.T. Agroforestry—The
Next Step in Sustainable and Resilient Agriculture. Sustainability 2016, 8, 574.

1. Introduction

Agriculture shapes our planet in profound ways. Roughly 38% of the
land surface of the earth is used to grow food, making agriculture the largest
anthropogenic land use [1]. Expansion in agricultural land is the leading cause
of deforestation and native habitat loss [2,3], a situation that has led to declines in
wildlife, including birds [4], insects [5], and mammals [6], some of which are now
considered endangered species [2]. Nutrient leaching from fertilizer results in the
eutrophication of waterways, leading to oxygen deficient “dead zones” in water
bodies around the world [7,8]. Agriculture is the largest human-caused contributor
to the greenhouse gas emissions implicated in climate change [1,9].

Humans are not exempt from these effects. Pesticides in measurable quantities
can be found in many environments, including the human body [10,11]. In
the United States alone, the human health cost of pesticide poisoning has been
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estimated at $1.2 billion per year [12], and excess nitrate in drinking water caused by
over-fertilization can cause illness and is costly to clean up [13–15].

In addition to environmental and human impacts, there are disconcerting
implications for the resilience of our agricultural systems [16]. Worldwide, just fifteen
crops produce 90% of food calories, with wheat, rice, and maize alone supplying
60% [17]. A majority of these crops are grown in vast tracts of annual monocultures
which have a high risk for pest and disease outbreaks [18,19]. The Irish potato
famine of 1845–1850 contributed to the deaths of over a million people and is a stark
reminder of what can happen when disease destroys a single crop that is relied upon
too heavily [20]. These monocultures require yearly replanting, high inputs, and
weed control [21], and it has been suggested that this cycle of plant-fertilize-spray
tends to serve the interests of the large agribusiness companies who supply the
inputs for this system more than furthering the goal of feeding the world [22].

The long-term sustainability of any agricultural system requires that soils stay
productive and that necessary inputs remain available in the future. However, soil
loss occurs more rapidly than soil creation in many agricultural landscapes [23], and
the soil that remains tends to decline in quality [24]. Heavy reliance on fossil fuels
in the form of liquid fuel and fertilizer makes agriculture subject to fluctuations in
fuel costs and supply [25]. One-way fertilizer nutrient flows simultaneously cause
pollution and scarcity. Phosphorus is one example: this essential plant nutrient is
expected to become increasingly expensive to mine and process, while, at the same
time, phosphorus runoff causes eutrophication of water bodies [26,27].

In the near future, our agricultural systems will also have to adapt to a changing
climate that is expected to bring more extreme weather events like droughts and
floods, in addition to increases in outbreaks of diseases and pests [28]. The changes
will be more severe in the developing world, where poverty hinders people’s ability
to adapt [29,30]. The Dust Bowl of the 1930s is an example of destructive agricultural
practices paired with an extreme drought that led to catastrophic consequences [31].
Agricultural overreach along with the inability to adapt to changes in climate has
toppled civilizations, from the ancient Mesopotamians to the Mayans [32,33].

2. The Rise of Organic Farming

Organic agriculture arose as an alternative to the conventional farming
paradigm, pioneered by early practitioners such as Rudolf Steiner in Europe in the
1920s, Sir Albert Howard and Lady Eve Balfour in the UK and J.I. Rodale in the United
States in the 1940s, and Masanobu Fukuoka in Japan in the 1970s and 1980s [34].
Several terms were used in these agricultural movements, including “organic”,
“biodynamic”, “ecological”, and “biological” [35]. In 1990, the United States
Department of Agriculture (USDA) standardized the definition of organic production
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in the US, giving consumers and producers alike a common understanding of what
“Certified Organic” means [35].

Although differing slightly by country and certifying agency, the main
guidelines for organic management prohibit the use of synthetically produced
pesticides and fertilizers, genetically modified organisms (GMOs), and the
prophylactic use of antibiotics in livestock feed. Soil quality must be maintained
through various practices such as crop rotation, cover cropping, or mulching [36].
Animals under organic management must be fed certified organic feed and ruminants
must have access to pasture for a prescribed number of days [36]. Fertility is typically
maintained by leguminous cover crops, applications of manure and compost,
biologically derived inputs such as blood and feather meal, and mined mineral
substances [36]. Weeds in organic grain and vegetable systems are usually controlled
through tillage, though cover cropping and crop rotation also play an important role
in breaking up weed cycles [37]. Pests control entails providing habitat for beneficial
predators, selecting resistant plant stock, and using biologically derived pesticides as
a last resort when needed [36].

The guidelines of organic production usually lead to more sustainable outcomes
on the ground. Organic farms foster higher biodiversity than conventional farms,
including insects, plants, soil biota, and even birds and larger animals [38–40]. Often,
organic farms are more diverse in their cropping systems due to the inclusion of
livestock and longer crop rotations [10]. The use of mechanical and cultural control
methods for weeds and other pests can leave low levels of these populations that
further contribute to biodiversity [40]. Soil quality tends to improve under organic
management based on measurements of soil organic matter [39,41], though no-till
conventional agriculture measured highest of all in some studies [9]. Although
organic yields typically lag behind conventional yields [42], in drought years the
opposite has been shown, which is attributed to the higher water holding capacity
of soils under organic management [43,44]. Overall, organic production uses less
energy per production unit due to the high energy costs of conventional fertilizer
and pesticides [39,44,45].

Worth noting is the fact that, although organic certification makes hard
distinctions about the use of pesticides, synthetic fertilizers, and GMO technology, a
wide spectrum of practices are available for both conventional and organic producers
that have beneficial environmental outcomes. Cover cropping, integrated pest
management, application of manure and composts to build soil organic matter, crop
rotation, and the integration of livestock and crops are important tools that should
not be overlooked when considering impacts. Indeed, in some studies that compared
organic vs. conventional crop systems, the authors conclude that improvements
under organic management were likely due to practices like manure application and
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cover cropping that were included in the organic system which could be employed
in a conventional system to similar effect [46–48].

3. Challenges in Organic Agriculture

Even with the good intentions of organic certification practices, most organic
crop production systems utilize the same basic methodology as conventional farming,
and therefore can have some of the same negative consequences. The pattern
of cultivating annual monocultures that require yearly replanting, application of
fertilizer, intensive weed control, and highly mechanized equipment to accomplish
the work remains relatively unchanged, especially at scales larger than small market
gardens [49]. The undesirable conventional tools are simply swapped out for those
that are more benign: organic seeds for GMO seeds, cultivation or mulch instead
of herbicides for weed control, and cover crops and manure for fertilization instead
of fossil-fuel derivatives [36]. Although these changes can lessen environmental
impacts, they may not eliminate them.

The issue of nitrogen leaching offers a good example of environmental impacts
that are not eliminated entirely. Even though some studies show an improvement
in nitrate leaching under organic management, the levels may still contribute to
groundwater pollution. Pimentel et al. compared three rotations with differing
sources of nitrogen: an organic rotation with legume cover crops, an organic rotation
with animal manures, and a conventional rotation utilizing synthetic fertilizers.
They found that leachate samples for all three treatments sometimes exceeded
the 10 ppm regulatory limit for nitrate concentration in drinking water. The
organic animal, organic legume, and conventional rotations lost 20%, 32%, and
20%, respectively, of the nitrogen applied to the crops in the form of nitrate [44]. In
Swedish studies, Bergström et al. concluded that organic sources of nitrogen leached
more than conventional fertilizers. They attributed this to the fact that the manures
and legume cover crops released the most nutrients during fallow periods or at times
that did not sync with nitrogen demand of the crop [50].

Even though soil quality can improve under organic management relative to
conventional management [39,44,51], soil loss and degradation are still risks due
to the fact that tillage is required for weed control and for incorporating biomass
from cover crops [37,46]. Tillage has been shown to have adverse effects including
compaction, erosion, and lowering of biological activity in the soil [23,52,53].
As reported in Arnhold et al., studies comparing erosion in organic and conventional
systems have had variable results that depend upon the crop rotation, crops used,
and tillage systems. The authors’ study in mountainous regions in Korea concluded
that soil loss under either conventional or organic management was too high for
sustained productivity [54].
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Recognizing the benefits of reducing tillage, there has been interest in adapting
no-till techniques for organic farming [37]. The process usually entails growing a
cover crop ahead of the main cash crop, then crushing it down mechanically and
planting through the residue [55]. If done correctly, weeds are suppressed by the
mulch and no cultivation is needed for that crop. However, it can be a challenge
to grow the necessary biomass in the cover crop to provide effective weed control,
and the technique may not be possible in water-limited environments due to water
competition by the cover crop [37]. Perennial weeds pose a particular problem, as
they are typically able to grow through the mulch [37,42,55].

Studies exploring the impact of organic agriculture on greenhouse gas emissions
have shown mixed results [35,41,56]. When measured on a per area basis, organic
systems may fare better than conventional systems, but when the yield gap in organic
is taken into effect, the emissions may be higher per unit of output [39,48]. Even
when soil carbon increases, other gasses such as nitrous oxide are emitted by annual
systems that contribute to climate change, negating potential benefits [9].

Differences in yields between organic and conventional systems may also have
indirect environmental implications. Organic systems are generally agreed upon as
less productive, with an average decrease in yield of around 20% to 25%, though the
literature shows ranges anywhere from 5% to 50% depending upon the crop, soils,
intensity of management, and methods by which the study was conducted [38,42,57].
Critics argue that under organic management, more land would need to be put into
agricultural production in order to maintain global food security. This would result
in deforestation and other habitat loss, leading to an overall negative environmental
outcome [42,58].

Given these challenges within the organic/conventional debate, there seems
to be an opportunity to evaluate additional tools and techniques that may yield
other possible solutions. Instead of an ”either-or” approach to thinking about
our agricultural landscapes, a ”yes-and” mentality might be more useful. Indeed,
many have called for a multidisciplinary, multifunctional approach to designing
agroecosystems [24,39,59,60]. In terms of feeding the world while sustaining the
planet, perhaps Foley enunciates this best: “No single strategy is sufficient to solve
all our problems. Think silver buckshot, not a silver bullet” [1] (p. 65).

4. Agroforestry as a Transformative Solution

One multifunctional approach for our food system is agroforestry, the intentional
combination of trees and shrubs with crops or livestock. Agroforestry has been
recognized for nearly half a century as a sustainable agricultural practice [61], and
the concept of integrating trees into the agricultural landscape is as old as the practice
of cultivating land. The beneficial outcomes of agroforestry include reductions in
nutrient and pesticide runoff, carbon sequestration, increased soil quality, erosion
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control, improved wildlife habitat, reduced fossil fuel use, and increasing resilience
in the face of an uncertain agricultural future [21,62–67]. In short, adding trees and
other perennials to a landscape can help mitigate many of the harmful effects of
agriculture. The fact that it can simultaneously provide economic, ecological, and
cultural benefits gives agroforestry great potential as a land use strategy in both the
developing and developed world [68].

4.1. Agroforestry Practices and Products

In addition to the environmental benefits, agroforestry can supply products
such as timber, crops, fruits, nuts, mushrooms, forages, livestock, biomass, Christmas
trees, and herbal medicine [69]. A diverse portfolio of products would allow revenue
streams to be spread out over the short-term (crops, forage, livestock, mushrooms,
certain fruits like currants), medium-term (nuts, fruits such as apples or persimmons,
biomass, medicinal plants), and long-term (lumber, increased property value). This
diversity of products can also reduce risk for farmers, though it may require creative
marketing [69].

Different types of agroforestry are practiced across the world. Tropical
agroforestry has traditionally enjoyed more focus and has been more widely
adopted than temperate agroforestry. Systems like shade-grown coffee and tea
are well developed, and the availability of hand labor makes some tropical
agroforestry practices more practical than in areas where machine harvesting is
more common [31,70]. Culturally, agroforestry has played an important role
in both indigenous tropical areas and in temperate places like Europe, though
land abandonment and agricultural intensification in northern areas has led to
declines in traditional agroforestry practices [71]. This review focuses primarily on
temperate agroforestry.

There are five generally recognized agroforestry practices promoted in the
temperate zone, especially in North America: alley cropping, silvopasture, riparian
buffers, windbreaks and forest farming [67,69]. These practices fit within a variety of
cropping systems, topographies, and climatic zones.

4.1.1. Alley Cropping

Alley cropping involves growing field crops between rows of trees [72]. The
trees can be grown for timber or fruits and nuts, while the alley crops can include a
variety of grains, vegetables, or forages cut for hay. The crops provide short-term
income while the trees provide longer-term revenue. The tree and crop species also
may interact in ways that allow increased production due to the different niches
that the trees and crops occupy [73]. For example, one study in France showed
walnuts and winter wheat to be good companions because they grow at different
times of the year and have differing rooting depths. The researchers concluded that
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the system produces 40% more product per given area than if the two crops were
grown separately [74].

4.1.2. Silvopasture

Silvopasture incorporates livestock into an intentional mixture of trees and
pasture. Silvopasture is different from just “grazing the woods”, because the spacing
of the trees is carefully planned to allow enough sunlight for the forages below,
and the livestock are kept from damaging the trees. The trees offer protection for
livestock through shade during the heat of the summer and wind reduction in the
cold winter [75,76]. Additionally, the pasture quality in partial shade may increase,
although it is usually slightly less productive in terms of biomass [77]. Livestock
grazed on silvopasture versus open pasture show equal gains [76]. If the trees are
also being grown for timber, the long-term bottom line of the farmer will improve
without compromising current production [76].

4.1.3. Riparian Buffers

Riparian buffers are planted areas around waterways that are at risk from
erosion, nutrient leaching, or habitat loss [78]. Usually there are two or three
“zones” of vegetation that vary in composition based on the proximity to the
waterway, slope, and producer needs [69]. Riparian zones tend to be marginal
for agricultural production, making them prime candidates for alternative uses.
There has been concerted effort by the United States Department of Agriculture
(USDA) to implement conservation practices on areas around waterways due to their
beneficial impact on water and soil quality. The Environmental Quality Incentive
Program (EQIP) through the Natural Resources Conservation Service (NRCS) and
Conservation Reserve Program (CRP) through the Farm Service Agency (FSA) are
examples of some government funded initiatives [79].

4.1.4. Windbreaks

Windbreaks, also known as shelterbelts, were recognized early on as a useful
agroforestry practice. Windbreaks prevent wind erosion, provide habitat for wildlife,
and can increase water availability to nearby crops due to lower evapotranspiration
and the effects of catching snow [75]. More water can mean higher production,
leading to important economic benefits to farmers [80]. On a farmstead, windbreaks
can decrease the heating and cooling needs for living and working spaces by reducing
indoor air exchange caused by wind [81].

The Dust Bowl years in North America led to the U.S. government initiating
the Prairie States Forestry Project, a massive shelterbelt stretching from Canada to
Texas [75]. Another notable example is China’s Three-North Shelter Forest Program,
the world’s largest afforestation effort [82]. Started in 1978 and expected to be
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completed in 2050, it is known as ”China’s Great Green Wall” [82]. Similar strategies
have been employed in Russia, northern Europe, Australia, New Zealand and other
countries [75,80,83].

4.1.5. Forest farming

Forest farming includes practices such as raising mushrooms, harvesting
medicinal herbs like ginseng and goldenseal, and marketing woody ornamental
material [69]. This agroforestry approach usually occurs in established forests that are
grown for timber and allows for income generation without major disturbance [84].
Management of forest farming systems can range from intensive to minimal,
depending on the product and desired market. For example, woods-grown ginseng
may involve extensive site preparation, fertilizer, tillage, and fungicides that can
increase yields but are costlier and therefore riskier. Alternately, wild-simulated
ginseng may involve simply raking leaves back, planting seeds, and letting the
ginseng grow for several years until it is ready to harvest [69].

It is noteworthy that, of the five practices, only alley cropping and silvopasture
are typically practiced on land that is suitable for conventional agriculture. Even
then, conventional cropping is often continued for several years before the trees are
fully grown [69]. Riparian buffers, windbreaks, and forest farming usually occur
on field margins or on land not suitable for farming, although, in some cases, may
require setting aside some cropland to obtain the required width to be effective [85].
These practices therefore tend to complement, rather than compete with, existing
production systems and may provide ways to contribute to food security by using
resources that are otherwise underutilized.

In practice, agroforestry can contribute to either conventional or organic systems.
In either case, the beneficial effects of agroforestry can improve environmental
outcomes beyond what is already possible within each system. In this way,
agroforestry may be able to address some of the challenges outlined earlier for organic
agriculture, including soil loss, greenhouse gas emissions, and nutrient leaching. The
next section summarizes these benefits, as promoted in the agroforestry literature.

4.2. Benefits of Agroforestry

Agroforestry has positive effects on soil and water quality. Soil quality is
improved by increased levels of organic matter, more diverse microbial populations,
and improved nutrient cycling, which may increase crop productivity and the ability
to cope with drought [65,86,87]. The water quality benefits occur as non-point
source pollution from row crops is reduced by incorporating agroforestry vegetative
buffer strips [88–90]. On a “paired” watershed study in Missouri, agroforestry
and grass buffer strips reduced phosphorus and nitrogen loss from a corn-soybean
rotation [88]. The perennial vegetation increases above-ground biomass that slows
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runoff and can trap as much as 95% of the sediment at risk of being lost [91], while the
below-ground roots can take up 80% or more of excess nutrients as well as hosting
microbial populations that can break down pesticides [68,90,92].

The increase in soil organic matter in the form of carbon not only improves
the health of the soil, but it can also help reduce atmospheric carbon dioxide that is
implicated in climate change [23]. Compared to a monoculture of crops or pasture,
adding trees and shrubs to an agricultural landscape increases the level of carbon
sequestration [65,93]. Kim et al. did a meta-analysis on greenhouse gas emissions
in agroforestry and showed an overall mitigation of 27 ˘ 14 tons CO2 per hectare
per year. Biomass accounted for 70% of sequestered carbon, with the remaining 30%
sequestered in the soil [94]. A North American analysis performed by Udawatta
and Jose showed that agroforestry practices implemented on a modest scale could
potentially sequester 548.4 Tg carbon per year, enough to offset 34% of US emissions
from coal, oil, and gas [85].

The mechanisms for increased carbon sequestration include better erosion
control, more carbon being stored in woody perennials, reduced organic matter
decomposition, and the fact that crop biomass is not harvested in agroforestry to the
degree that it is in conventional systems [94].

The link between perennial systems and climate change may be an important
one. Robertson et al. studied the global warming potential of several annual and
perennial systems. They found that none of the annual cropping systems reduced
global warming potential, whether conventional, no-till, reduced input, or organic.
Although the cropping systems did accumulate carbon in the soil, the gains were
offset by nitrous oxide emissions. However, the perennial and early successional
forest treatments including alfalfa, hybrid poplar, and abandoned early successional
sites all reduced global warming potential. Mid-successional and late successional
systems stored less carbon per year as they matured. The authors concluded that
the best option for mitigation was the early successional forest system [9]. Many
agroforestry practices effectively mimic these early successional forests.

Reducing fossil fuel use is another important strategy for climate change
mitigation [95]. Bioenergy is one avenue to reduce fossil fuel dependence, but
there are concerns about using valuable cropland to grow crops for energy instead of
food [16]. Currently, 40% of the U.S. corn harvest goes to producing ethanol, which
seems counterproductive to the goal of reducing world hunger [16]. By producing
biomass from trees in combination with food on the same land, agroforestry may
be one way to contribute to a secure energy future without compromising food
production capabilities [96,97].

When comparing mixes of species (i.e., polycultures) with individual crops,
a useful measure is the LER, or Land Equivalent Ratio [98]. This metric considers the
yield of the polyculture and calculates the amount of land that would be required if
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the crops were grown separately. For example, when comparing loblolly pine and
switchgrass mixes with pure stands of each crop, Haile et al. noted that, although
each crop yielded less in the mix, the system produced an overall LER of 1.47 [99].
This means that if switchgrass and loblolly pine were grown separately, it would
require 47% more land than the agroforestry system to grow the same amount
of biomass.

Modeling of agroforestry systems in Europe using the Yield-SAFE (YIeld
Estimator for Long-term Design of Silvoarable AgroForestry in Europe) model
predicted LER values between 1–1.4 for scenarios in Spain, France, and the
Netherlands, indicating higher productivity when integrating trees and crops than
when grown separately [100]. In another study in Switzerland, agroforestry models
focusing on walnut (Juglans hybrid) and wild cherry (Prunus avium) showed that
in 12 out of 14 scenarios, mixing crops led to LER measurements higher than one.
In addition, 68% of the Swiss financial scenarios were found to be more profitable
than current practices [101].

When compared with conventional and organic monocultures, agroforestry
contributes to the conservation of biodiversity. Adding trees, shrubs, and other
perennial vegetation to an agricultural landscape provides habitat for greater
numbers and more diverse populations of wildlife [68,90]. In addition to intrinsic
value, biodiversity can provide useful services. More birds and predatory insects
can help keep pests under control [19,102]. Habitat for pollinator species can mean
better pollination of horticultural crops [103]. Even incidences of disease generally
decrease in more diverse populations, for both plants and wildlife [104,105].

Livestock can benefit from agroforestry as well. Windbreaks protect animals
from harsh winds, while shade provided by trees can increase comfort in the heat of
the summer and may encourage more even grazing over a paddock [71]. Forest-based
foraging systems for poultry and hogs can decrease the need for grain and provide
surroundings closer to these species’ natural habitat [106]. The cork oak dehesas of the
Mediterranean are an example of a multifunctional landscape that has endured for
hundreds of years, providing grass and acorns for grazing livestock and a valuable
cash crop in the form of bark for making traditional corks [107].

Compared to annual monocultures, perennial polycultures like agroforestry are
inherently more stable in the face of global market volatility and extreme climatic
events [16]. In the event of fossil fuel scarcity, mature fruit and nut trees would
continue to produce their products with relatively little interruption, though labor
may have to be substituted for other inputs. Not only do agroforests sequester
greenhouse gasses that are driving global climate change, they are also more resilient
to its likely effects. Deeper rooting systems and improved infiltration and water
storage lessen the impact of drought, while trees’ abilities to pump excess water out
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of the soil as well as withstanding inundation better than field crops means they are
also more resilient to floods [30].

Though often overlooked, there are additional cultural benefits to agroforestry.
Many landowners value the preservation of nature, both for its beauty and for
perceived benefits including a sense of improved health and the peace and quiet
of a rural life [108]. Research shows that aesthetics provided by practices such as
vegetative buffers are preferred by rural residents [109]. There are also opportunities
for recreation, including bird watching, nature hikes, and hunting [110].

5. Challenges to Agroforestry Adoption

The opportunities for agroforestry are exciting, but not without challenges.
Agroforestry adoption has been surprisingly low, considering the well-documented
benefits [111–113]. Barriers have included the expense of establishment [114],
landowner’s lack of experience with trees [108,113], and the time and knowledge
required for management [115].

Many farmers learn about new agricultural practices through extension
personnel or agricultural product dealers, and these professionals typically do not
have training or experience with agroforestry [116]. In addition, lack of established
demonstration plots makes it hard for landowners to see these systems in action [3].
Since many of the useful outcomes from agroforestry are less tangible or longer-term,
it may be difficult for landowners to envision them [117].

For agroforestry systems that produce edible products such as fruits and
nuts, the logistics of harvest can be challenging. For agroforestry systems to be
economically competitive, mechanization may be required for larger plantings [118].
This can be complicated if multiple fruit or nut species are grown.

Non-traditional markets and delayed profits may be another deterrent [108].
The economic feasibility of some agroforestry systems such as silvopasture have
been shown to be profitable, whereas other practices such as biomass plantings
or riparian buffers may need the development of markets that offer compensation
for the ecosystem services provided in order to make financial sense [62,97,119].
Social change and networking will also play a role as mindsets evolve to include
alternatives to the norm [112,114].

Moving Forward—Policy and Research Needs

Given these challenges, a number of strategies have been proposed to move
agroforestry forward. Policy changes could include increased funding for government
cost-share programs for installing practices and credits for environmental services
rendered, such as pollination and carbon sequestration [68,97,113,116]. Current
USDA programs through the NRCS and FSA often stipulate that land set aside
for conservation may not be harvested, but agroforestry systems could provide
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a harvestable product without compromising conservation potential. A policy
change to allow non-destructive harvest of consumable products from such systems
might encourage more farmers to adopt agroforestry practices, leading to better
conservation outcomes [68].

Although it is reasonable that the majority of government funding goes toward
major cropping systems such as corn and soybean, the fact that agroforestry has the
capability to remediate the negative effects of these very systems suggests it should
be given more attention [68]. Some of this support could be used for education
through extension and university programs [120]. In fact, education may be the
most important factor for adoption, as many studies on the adoption of conservation
practices cite lack of access to information and technical assistance as one of the
primary barriers [3,108,116,120].

The opportunity to expand the production potential of agroforestry systems is
underdeveloped. More research is needed to study the use of trees and shrubs to
provide marketable products [121]. Recently, interest has grown in the development
of multifunctional, edible polycultures that mimic natural ecosystems such as the
native oak savannas of the Midwest [122]. These polycultures include multiple crops
stacked together to take advantage of different ecological niches as well as to provide
multiple streams of income [123]. For example, field trials at the University of Illinois
at Champaign-Urbana were established to study a mixture of chestnuts, hazelnuts,
apples, currants and raspberries. Control plots of a conventionally managed corn
and soy rotation will allow for comparative analysis of a variety of environmental,
ecological, and economic metrics. A large-scale, replicated study established in 2015
will look at different spatial layouts of these polycultures compared to monocultures
of each species as they might be grown in a commercial orchard, in addition to being
able to compare them to a corn/soybean rotation. Included in the treatments are
plantings of native trees and shrubs that also have edible products, including aronia,
elderberry, pecan, pawpaw, persimmon, plum, and serviceberry. This native edible
plot explores what is possible within the confines of conservation easements that
mandate the use of native species [123].

6. Conclusions

Various pathways have been proposed to safely and sustainably feed a growing
population. Organic farming shows promise for lowering the use of agrichemicals
and improving certain environmental and human health metrics, while proponents
of conventional systems point out the advantages of using genetic engineering,
fertilizers, and pest control in improving yields.

Broader strategies include limiting the expansion of farmland via deforestation,
minimizing food waste, eating less meat, closing the yield gaps for underperforming
cropland in the developing world, and more efficient use of resources like water,
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fertilizer, and fuel [1,48]. These efforts, and others, will be needed as part of a
multi-faceted approach if we are going to successfully and sustainably feed the world.

Nature produces its bounty while requiring no plowing, no fertilizer, and no pest
control—in fact, no inputs of any kind. It runs entirely on solar energy and generates
no harmful waste products. Its biological diversity allows dynamic adaptation in
the face of external change. If our agricultural systems can more closely mimic
the functionality of nature, they can become more stable and resilient. Building
such a system is without a doubt a challenging task, requiring a variety of tools.
Agroforestry can provide the next step in sustainable agriculture by promoting and
implementing integrated, biodiverse processes to increase yields, decrease harmful
effects, and advance our understanding of the complex interactions involved in
increasing food production while minimizing damage.
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Genetic Engineering and Sustainable Crop
Disease Management: Opportunities for
Case-by-Case Decision-Making
Paul Vincelli

Abstract: Genetic engineering (GE) offers an expanding array of strategies for
enhancing disease resistance of crop plants in sustainable ways, including the
potential for reduced pesticide usage. Certain GE applications involve transgenesis,
in some cases creating a metabolic pathway novel to the GE crop. In other cases,
only cisgenessis is employed. In yet other cases, engineered genetic changes can be
so minimal as to be indistinguishable from natural mutations. Thus, GE crops vary
substantially and should be evaluated for risks, benefits, and social considerations
on a case-by-case basis. Deployment of GE traits should be with an eye towards
long-term sustainability; several options are discussed. Selected risks and concerns of
GE are also considered, along with genome editing, a technology that greatly expands
the capacity of molecular biologists to make more precise and targeted genetic edits.
While GE is merely a suite of tools to supplement other breeding techniques, if wisely
used, certain GE tools and applications can contribute to sustainability goals.

Reprinted from Sustainability. Cite as: Vincelli, P. Genetic Engineering and Sustainable
Crop Disease Management: Opportunities for Case-by-Case Decision-Making.
Sustainability 2016, 8, 495.

1. Introduction and Background

Disease management practices can contribute to sustainability by protecting
crop yields, maintaining and improving profitability for crop producers, reducing
losses along the distribution chain, and reducing the negative environmental impacts
of diseases and their management. Crop disease management supports sustainability
goals through contributions to food security, food safety, and food sovereignty for
producers and consumers alike [1].

While pesticides have done much to contribute to food security and food
sovereignty for many millions of people worldwide, pest and disease control through
the regular use of pesticides is neither desirable nor sustainable over the long
term. Pesticide use raises significant concerns over impacts on health [2–7] and the
environment [8–12]. Furthermore, we cannot address the challenges to sustainability
posed by synthetic pesticides by simply switching to the application of natural
pesticides, because the same concerns apply to them [12–19].
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Practices for managing crop diseases fall into four general categories: host
plant resistance, cultural practices, biological control, and chemical control. If
pesticide use is to be reduced, it will be necessary to depend more on the remaining
three approaches. Cultural practices (examples include crop rotation, polyculture,
manipulation of planting date, etc.) certainly play a central role in disease
management [20]. However, control achieved via cultural practices is sometimes
inadequate, impractical, or economically nonviable. Natural biological control
of plant pathogens is a fact of life, as it undoubtedly occurs at some level in all
agricultural soils. However, there are many destructive diseases for which years of
research have failed to lead to practical, commercially viable biocontrol options. Thus,
in order to reduce the need for pesticides while still attaining acceptable yields, it will
be critical to judiciously take full advantage of plant genetics. After all, if farmers are
to reduce pesticide use, they must have viable alternatives for controlling diseases.

Host plant resistance is an ecologically sound way to manage crop diseases.
Approaches to genetic crop improvement span an ever-expanding range of
techniques, from simple phenotypic selection through techniques of genome editing
(discussed below). Conventional breeding can often produce adequate levels of
disease control, and we can expect that all breeding techniques will continue to
play important roles indefinitely. However, when conventional breeding and other
management options are inadequate, or when linkage drag limits the usefulness of
conventionally derived traits, GE offers alternatives. As examples of diseases for
which GE presently appears to represent the only acceptable disease management in
culturally or economically important crops, consider papaya ring spot in Hawaii [21],
cassava brown streak disease in Africa [22], and citrus greening in Florida [23–25].
The loss of important crops to infectious diseases is completely contrary to the
principles of sustainability. Thus GE can make it possible to save crops in the
face of virulent disease epidemics, crops that may be integral to food security,
sources of farmer income, or culturally important dietary components. In addition,
GE can make it possible to reduce farmers’ dependence on pest-control products,
with undeniable benefits for sustainability. The deployment of Cry proteins for
insect control serves as an excellent example of how a GE approach can contribute
to sustainability through reduced application of pesticides, resulting in fewer
pesticide poisonings, increased biodiversity, and increased biocontrol services [26–35].
Certainly other examples seem eminently possible as we employ additional GE traits
for pest and disease control. One must also acknowledge that Cry proteins serve as
an example of how overreliance on single genetic traits can allow for pest evolution to
overcome such a trait [36–39]. In fact, this presents another justification for taking full
advantage of the opportunities offered by GE. Selection pressure towards virulence
is a “given” whenever managing pests and diseases. Breeders therefore need a wide
array of genetic options in order to diversify the arsenal of resistance traits deployed
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in crops, thereby reducing this selection pressure. As will be apparent in this review,
GE is greatly expanding the genetic options for disease control available to breeders.

2. Strategies for Engineering Resistance

There is a wide variety of published GE strategies for engineering disease
resistance, and ongoing research and expanding genetic resources [40] are likely to
lead to additional strategies. Furthermore, within most of those strategies, diverse
applications are conceivable. Taken together, these suggest that GE presents a vast
pool of genetic possibilities for future generations. This will allow breeding for
disease resistance to remain highly dynamic in the face of pathogen adaptation
towards virulence on resistant cultivars.

In contrast to typical pesticides, GE mechanisms are often designed to have
selective efficacy against particular target pathogens. High target selectivity is
advantageous, in that it minimizes health concerns for consumers as well as risks to
non-target biota in and around agroecosystems. However, the drawback is that one
GE trait is unlikely to protect against the full spectrum of damaging pathogens on a
given crop—which is also true of many conventional genes for disease resistance.

While it is difficult to foretell which GE strategies will have the greatest impact
on crop disease control in the coming decades, all those described below hold
promise and, in the author’s opinion, merit continued research attention. Some
have demonstrated proof-of-concept, while others have been evaluated in the field
and, in certain cases, introgressed into commercially viable varieties. All strategies
described below take advantage of—and in most cases, mimic—processes that occur
in Nature.

2.1. Boosting Plant Recognition of Infection

Plants have evolved to trigger basal defenses upon recognition of certain
conserved molecules of an invading pathogen. These molecules, which are highly
conserved evolutionarily and are metabolically important for the pathogen, are
referred to as pathogen-associated molecular patterns (PAMPs) [41–43]. Receptor
molecules in the host membrane recognize PAMPs and elicit a natural defense
response called PAMP-tiggered immunity (PTI). PAMP receptor molecules differ
among plant species. Thus, genes encoding PAMP receptors from crops and other
plants can be transformed into other crops, expanding the range of pathogen
molecules that trigger PTI in the latter [43]. A gene encoding a PAMP receptor
does not introduce a novel defense mechanism into the plant. The transferred PAMP
receptor merely allows the receiving plant to recognize infection, so it can respond
with its own, natural immune system. Increased resistance has been obtained using
this strategy against a range of bacterial diseases in both monocots and dicots [44–47].
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An important question is whether the transfer of PAMP receptors among plant
species would increase the risk of selection towards wider pathogen host ranges.
Since PAMPs are highly conserved molecules that are metabolically important for the
pathogen [44], rapid evolution of these molecules is unlikely. Rational deployment
strategies, such as those described in Section 3, can also reduce this risk.

2.2. Mining R Genes

PTI places strong selection pressure on pathogens to restore a virulent
host-parasite interaction. According to the prevailing model of disease resistance,
pathogens produce one or more effector molecules which enhance virulence, resulting
in effector-triggered susceptibility (ETS) [42,48,49]. Over evolutionary time scales,
plants respond to ETS by producing an intracellular receptor (R protein) which detects
the presence or activity of particular pathogen effectors, restoring a resistance response
called effector-triggered immunity or effector-triggered defense [41,42,48,50]. In the
face of a renewed defense response in the host, a pathogen may eventually evolve
to produce a new effector to restore compatibility. In turn, the plant may evolve a
new R protein. This coevolutionary, gene-for-gene, “molecular arms race” [48,50]
between pathogen effectors and their corresponding R proteins has yielded pools of
R genes (resistance genes) useful in breeding crops for disease resistance [42].

One way GE can contribute to resistance breeding is through cisgenics:
engineering only with genetics obtained from a crop’s sexually compatible gene
pool [51]. Conventional breeding techniques are often suitable for introgressing
cisgenes into new varieties, in which case GE is unnecessary. However, in some
crops, such as potato, grape, banana, apple, and strawberry, conventional breeding
is exceptionally difficult or time-consuming. For crops such as these, cisgenes
can be transferred via GE [43,51,52], resulting in a genetic outcome that would
be conceivable—although perhaps impractical—by conventional means. A major
advantage of cisgenics over conventional breeding is that it circumvents linkage
drag [43,51].

For some plants, hybridization is difficult or impossible using current techniques.
In such cases, GE offers an alternative for introgressing R genes, even from plants
that are not part of a crop’s normal breeding pool. For example, in tomato, bacterial
leaf spot, a highly destructive disease, was controlled in the field with a single R gene
obtained from pepper [53,54]. Indeed, the level of control obtained was higher than
that obtained by any conventional breeding approach. This R gene is expected to
provide an alternative to the repeated use of foliar copper applications, benefiting
both field workers and the environment [54]. Other examples of “mining” of R
genes from related as well as unrelated plant species have been published for both
monocots and dicots [47,55,56]. Recent research has also shown that it is possible
to enhance disease resistance by modifying the target of a pathogen effector so that
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it recognizes other pathogen effectors [57]. For example, the target molecule of
pathogen effector “A” can be modified (with modest edits) so that its product is
activated (and thereby triggers a defense reaction) by another pathogen’s effector
“B.” This creative approach provides new disease resistance traits while avoiding any
transfer of genetic material. Durability of R genes could be enhanced by engineering
resistance based on recognition of effectors critical to pathogenicity [57].

It is worth recalling that R genes do not code for new biochemical pathways;
they merely code for receptor molecules. This allows the plant to recognize the
presence of an invading pathogen, thereby taking advantage of their native, natural
mechanisms of disease resistance.

Resistance conferred by individual R genes is often not durable, because
widespread deployment of an R genes selects for pathogen strains capable of
overcoming it [42,58–60]. The ability to “mine” R genes from plants outside of
a crop’s breeding pool may be especially important for sustainability, in that it opens
a vast pool of R genes potentially useful for breeding.

2.3. Upregulating Defense Pathways

Molecules involved in defense signaling, defense regulation, or other
processes can be upregulated, boosting general defense responses. Such defenses
include generation of reactive oxygen species, callose deposition, synthesis of
pathogenesis-related (PR) proteins, and increased activation of systemic acquired
resistance (SAR) [23,61]. As with the previously described strategies, this strategy
takes advantage of the plant’s own natural immune system and does not introduce
new metabolic pathways. This approach has been successful against bacterial
pathogens attacking several host species [62–64], and it offers promising results
for enhancing resistance to citrus greening [23], a disease of urgency for the citrus
industry. Upregulation of defense pathways was also successful against destructive
fungal pathogens, including Rhizoctonia solani (the cause of many diseases) and
Magnaporthe oryzae (the cause of rice blast) [61,65]. In both cases, resistance was
achieved by expressing a native rice gene under the control of a constitutive
promotor from maize, introducing neither a novel pathway nor a non-crop gene.
It may eventually be possible to upregulate defense responses using native cisgenic
promotors, avoiding the use of any DNA outside of the crop’s breeding pool.

2.4. Disarming Host Susceptibility Genes

Plants possess genes whose products are important in its normal physiology,
but in some way also function to facilitate pathogen infection and colonization. These
can be considered susceptibility genes [66]. (See the Supplemental Table 1 in [66] for a
long list of examples.) Changes in such genes by natural means can result in increased
disease resistance [47,67]. The same is true for GE-induced changes [66,68–70].
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While we must remain aware that susceptibility genes may have pleiotropic effects,
disarming susceptibility genes may hold promise for durable resistance for two
reasons: first, in some pathosystems, many host factors contribute to host-parasite
compatibility, offering many potential targets to disarm through very modest changes
in DNA sequence; and second, overcoming a disarmed susceptibility gene requires
the pathogen to gain a new function to replace the lost host factor it was exploiting.
Gaining a new function is not likely to be easily accomplished [66]. Disarming
susceptibility genes can be achieved without introducing a novel metabolic pathway
or leaving exogenous DNA in the final product.

2.5. Producing Antimicrobial Compounds

Genes encoding antimicrobial compounds can be expressed in crop plants,
resulting in restricted pathogen activity and, consequently, increased disease
resistance. As a result of citrus greening, a highly destructive bacterial disease,
the economic health and even survival of the Florida orange juice industry is
uncertain [25,71]. Thus far, the only potentially viable, environmentally acceptable
solution may be citrus trees that express antimicrobial peptides called defensins,
produced by genes obtained from spinach [25,72,73].

Resistance to diverse fungal diseases was obtained in grape and cotton when
plants were transformed to constitutively produce chitin-degrading enzymes [74,75].
All of the diseases controlled in these studies were caused by fungi that contain
chitin as an important component of their cell walls. The sources of the chitinase
genes were Trichoderma species, fungal parasites of other fungi. Plants may be
engineered to deliver pest-control substances that act in particular tissues or organs
of multicellular, anatomically complex pathogens [76], which may have particular
relevance to nematode control.

One advantage of transforming crops with genes for natural antimicrobial
substances is that one can employ in-vitro techniques of molecular evolution to
broaden the range of molecular targets of such antimicrobials [77]. Such techniques
potentially can be employed to reverse the buildup of pathogen resistance to
the antimicrobial.

Microorganisms could potentially serve as a source of many antimicrobial
compounds, though public acceptance of transgenes from microorganisms is
mixed [78]. In contrast to several strategies described in this review, this strategy
does not take advantage of existing defense mechanisms; rather, it creates a new one.

2.6. Silencing Essential Pathogen Genes

The presence of double-stranded RNA (dsRNA) in the cytoplasm of eukaryotic
cells triggers the natural and targeted process of post-transcriptional gene silencing
(RNA silencing, RNA interference, or RNAi) [79]. Through the use of genetic
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constructs with sequence identity to important pathogen genes (and, ideally, with
little to no identity to mammalian genes), RNAi can be elicited in plants to silence
such genes, resulting in reduced disease. In RNAi, no novel protein or biochemical
pathway is created in the crop; the natural process of RNAi is invoked in order to
silence a particular target gene in the pathogen.

The papaya industry in Hawaii was saved by transforming papaya with the
coat protein gene of papaya ringspot virus. This gene elicits RNAi against this
highly destructive virus [21,80]. Such a GE application mimics cross-protection,
a phenomenon in which symptoms due to severe strains of a virus can be reduced by
prior infection by a mild strain. Cross-protection is a perfectly natural phenomenon.
Unfortunately, implementing it for disease management has practical drawbacks [81],
which is why transgenic coat-protein-mediated resistance was utilized against this
devastating virus disease. While consumers may be hesitant to eat transgenic papaya
containing a viral coat-protein gene, they may be surprised to know that they are
eating complete virus particles in fruit harvested from non-transgenic, infected
trees, including fruit from cross-protected trees. RNAi provides control of other
destructive viruses of crops, including the viral complexes that attack cassava in East
Africa [22,82], soybean [83], and summer squash [84], and others [47,85].

Recent research clearly highlights the substantial potential which RNA silencing
offers for management of diseases caused by biotrophic fungi, necrotrophic fungi, and
oomycetes [86–91]. These studies report partial to complete control of diseases caused
by several of the most important pathogens worldwide. Likewise, gene silencing
holds much promise for pesticide-free nematode management [92–94]. Diverse
pathogenicity genes in nematodes present many molecular targets [95], highlighting
the promise RNA silencing holds for sustainable, long-term nematode management.

Some success in RNAi-based insect control has been obtained by feeding insects
dsRNA constructs that trigger RNAi [96,97]. Commercial products based on this
technology are being pursued. Since foliar applications of small RNAs require
no genetic changes in the plant, this technology may appeal to consumers for its
“non-GMO” status. Of course, compared to genetic changes, there are sustainability
costs (both economic and environmental) to the use of products that must be applied
repeatedly and indefinitely.

2.7. Modifying Host Targets of Pathogenicity/Virulence Factors

Certain plant pathogens produce molecules (virulence factors) that play a role
in virulence by binding to host target molecules [98]. The molecular targets of these
in the crop can be engineered so as to result in reduced binding, thereby increasing
disease resistance [99]. Genetic modification of targets of pathogen virulence factors
increases host resistance without introducing an exogenous biochemical pathway
into the plant, and also can be achieved without transgene insertion.
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2.8. Detoxifying Pathogen Toxins

Pathogen-produced toxins can disrupt important biochemical processes of their
hosts, thereby facilitating disease development [100]. In turn, plant resistance may be
conferred by a host enzyme that inactivates a pathogen toxin, whether that enzyme
is native [101] or the result of GE. As an example of the latter, the phytotoxin oxalic
acid is central to pathogenicity of Cryphonectria parasitica, the cause of catastrophic
epidemics of chestnut blight [102]. Significantly less disease development was
observed in American chestnut trees transformed with a wheat gene coding for the
production of the degradative enzyme, oxalate oxidase [103]. As another example,
a toxin-degrading enzyme encoded by a barley gene was transformed into wheat,
resulting in resistance in the wheat to the highly destructive disease, Fusarium head
blight [104]. In both examples, the gene constructs used included a viral promotor
and a bacterial selectable marker, so in their present configuration, these GE crops
clearly qualify as transgenic. However, these potential concerns may be addressed
by employing native promotors derived from the engineered crop and marker-free
transformation [85].

2.9. Engineering CRISPR/Cas Immune System

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is
a prokaryotic defense system that targets the DNA of invading viruses and
plasmids [105,106]. In this system, an endonuclease (commonly CRISPR associated
protein 9, abbreviated Cas9) is directed to cut the invading DNA at a particular
target, where the DNA sequence matches the sequence of an RNA guide strand
(gRNA) associated with Cas9. Plants can be transformed to produce both Cas9
and a target-specific gRNA, in order to cleave a specified target of invading DNA.
For example, a Cas9/gRNA complex can be engineered to target the replicating
DNA of Geminiviruses, which are highly destructive to crops in tropical and
subtropical climates [106–109]. Such an engineered Cas9/gRNA complex produces
a sequence-specific, targeted immune response which can result in significant host
resistance against a DNA virus. These laboratory-based results are exciting if they
are reproduced in the field, since conventional breeding has not been universally
successful against Geminiviruses [108,110]. A variety of viral genetic elements can
be successfully targeted [106,108], which would confer long-term utility to this
strategy. Crops engineered to express a CRISPR/Cas immune system are transgenic,
containing DNA sequences which are bacterial and viral in origin (coding for Cas9
and gRNA, respectively), which may hamper public acceptance.
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2.10. Reducing Infection Courts

Transgenic crops expressing δ-endotoxins (Cry proteins) from Bacillus
thuringiensis (Bt) have been used successfully to control certain insects. Another
benefit from the use of Bt corn has been the well-documented reductions in mycotoxin
contamination that sometimes occur. Reductions in both fumonisins and aflatoxins
have been reported in field studies on several continents [111–115]. These reductions
have been associated with reduced insect wounding on kernels expressing a
Cry endotoxin, resulting in fewer openings for infection by mycotoxin-producing
fungi [114,116]. The Bt trait is not a “silver bullet”, eliminating all mycotoxin risk.
However, reductions occur often enough that the Bt trait is commonly thought
to contribute to food safety and livestock health. It is interesting to note that the
application of synthetic insecticides to control kernel-feeding insects on non-Bt plants
also sometimes reduces insect feeding and fumonisin contamination. However, to
this observer, genetic approaches to reducing mycotoxin contamination are preferred
for considerations of both environmental protection and consumer health.

3. Deployment of GE Traits

Just as pathogen populations adapt to conventionally bred resistance, prudence
dictates that we anticipate the same in response to the deployment of engineered
resistance mechanisms. Reducing disease pressure through integrated disease
management remains an essential strategy for reducing selection pressure towards
overcoming resistance traits [117]. Thus, GE traits should be deployed in conjunction
with appropriate management practices for disease control. This will help to promote
sustainability by extending the useful life of resistance traits. In addition, GE traits
must be deployed with attention to genetic diversity. Widespread deployment of a
single gene conferring high levels of disease resistance imposes substantial selection
pressure for virulence, often resulting in pathogen strains highly virulent on plants
possessing that resistance gene [59,118,119]. Thus, the widespread deployment of
solo resistance genes—whether conventional or GE-derived—should not be expected
to provide sustainable disease control.

One way to introduce genetic diversity is via “stacking” multiple, distinct
resistance traits. Creating in planta diversity by gene stacking would be expected to
increase the durability of resistance traits, since the target pathogen must overcome
all genes in the stack to be fully virulent [37,43,52,58,62,66,120–122]. Stacking
conventional R genes with diverse biological effects on the pathogen has been shown
to increase resistance durability [58]. This suggests that traits based on distinct
GE strategies could also be stacked in order to disrupt the evolution of virulence.
Depending on the crop, stacking via GE may often be more practical than by other
breeding techniques [43]. Molecular tools also permit us to identify R genes that
correspond to “core,” conserved pathogen effectors [47], which may impose a high
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fitness cost on virulent pathogen strains. High-throughput techniques for cloning
R-genes [123,124] are expected to greatly expand the libraries of R genes available to
breeders. Plant artificial chromosomes [125] will likely facilitate stacking of numerous
genes performing diverse functions, thus increasing the durability of deployed genes.
Rotation of R genes may also contribute to durability [126]. A long-term, sustainable
approach to disease management may involve coordination of breeding programs
to systematically substitute or rotate stacked genes at periodic intervals. Deploying
diverse genetics through time in this way would further disrupt pathogen adaptation.

4. Selected Concerns

A variety of concerns are raised with respect to GE crops. In-depth consideration
of all of these lies beyond the scope of this paper. However, several selected concerns
are discussed below.

4.1. Flow of Recombinant DNA

Perhaps the most significant biological risk in the cultivation of GE crops is the
possibility of transgene flow to non-GE crops or to wild or weedy relatives [127].
Flow of genes into wild or weedy relatives can occur also from conventionally bred,
non-GE crops [128–130], even causing negative environmental consequences [131].
However, transgenesis may create a higher level of uncertainty in terms of
environmental risk. In wild or weedy relatives, transgenes may have no net impact
on fitness [132], or they may confer fitness costs [133], likely leading to a decline
in frequency of the transgene over time. Alternatively, a transgene may confer a
fitness advantage on the recipient species or population [134], which creates the
possibility of long-term ecological impacts. Of course, if engineered genetics are
cisgenes [43,51,52], ecological risks are no different than those that would result from
conventional breeding.

Crop residues are sources of environmental DNA [135], including transgenic
DNA. DNA from residues—transgenic or not—is potentially available for
transformation of soil microorganisms via natural processes [136]. Such events are
rare but possible [136–141]. For prevalent transgenes currently in use, the importance
of such a risk is unclear, for several reasons: these genes are already widespread
in the environment in their source organisms [137]; crop transgenes sometimes are
designed with eukaryotic promotors rather than prokaryotic ones; and they may not
be codon-optimized for a recipient microorganism. Certainly, assessing such risks
would be facilitated by a better understanding of the potential selective impact of
transgenes transformed into soil microorganisms [136,142].

Given the long-term uncertainties of uncontrolled dispersal of transgenes,
particularly via pollen, mitigation of risk is critical. Several basic precautions can be
taken, including spatial separation of GE and non-GE crops [143] and avoiding
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transgenic crops in areas where wild relatives occur. For plant species whose
pollen is almost completely free of chloroplasts, transgenes in chloroplasts would
reduce the risk of transmission [144], although the high transgene copy number in
chloroplasts may be physiologically taxing on the plant. Breeders can take advantage
of gametic incompatibility, which can block fertilization of non-GE corn kernels
by GE pollen [145]. Additional options exist for mitigating the risk of transgene
flow [130,144,146,147]. Since in some crops, the risk of transgene flow may be
greatly minimized but remain non-zero, some may argue for GE to be limited to
non-transgenic applications. Numerous non-transgenic approaches are described
above in Section 2, and more can be expected with continuing research.

4.2. Consumption of GE Crops

All share a concern for producing safe, wholesome food. This is a fundamental
requirement of the social pillar of sustainability. The weight of the evidence in
favor of safety of crop improvement using GE is overwhelming, as reflected in the
position statements of diverse, prestigious scientific societies [148–163]; scientific
review papers [164–171], and hundreds of peer-reviewed research papers. This is not
to suggest that there will never be a GE plant produced that has some unintended,
negative effect on a consuming animal or human. No one can assure against such
risk, whether the crop is conventional or GE. Rather, these facts support the notion,
commonly held among scientists, that what matters to food safety is not the process
used to create a plant, but the properties of the resulting plant [157,172–175]. In fact,
instead of posing a routine food-safety risk, the reverse is true: GE traits can actually
increase food safety as compared to conventional crops (see [176] and citations
in [177]).

In pondering questions of food safety, two additional facts seem important:

(1) Recombinant DNA is a completely normal part of our diet. Our crops
contain much natural recombinant DNA. Naturally produced recombinant
DNA can result from: meiotic recombination; the action of diverse and
often abundant mobile genetic elements; gene duplication; chromosomal
inversions and translocations; novel gene assemblies; shuffling of exons and
other gene fragments; chromosomal duplication; horizontal gene transfer; and
incorporation of viral genes. In fact, all land plants appear to be “natural
GMOs,” as all contain genes apparently acquired horizontally [178–194]. To my
knowledge, there is no published, validated research showing any fundamental
biochemical or biophysical difference between DNA recombined in a test tube
vs. that recombined in a living cell.

(2) Compared to other breeding techniques, targeted DNA manipulations achieved
during transgenesis, cisgenesis, intragenesis, or genome editing are no
more disruptive—and are commonly less disruptive—to a plant’s genome,
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transcriptome, proteome, and composition than other methods of crop
improvement [170,171,195–200]. If unanticipated health consequences from
GE manipulations merit concern, so do the unanticipated health consequences
of each new conventionally bred crop variety [201]. It does not matter that
breeding through phenotypic selection is a technique that is thousands of
years old—every plant is a unique genetic and epigenetic creation. Therefore,
every new plant presents unknown risks as a result of its unique genetic and
epigenetic heritage.

4.3. Corporate Influence

Consolidation of the seed industry has been substantial since the introduction
of GE crops [202,203]. This consolidation raises concerns as to whether food-system
challenges will be decided more based on corporate interests than by broader
considerations of sustainability. Related to this are concerns over patenting of GE
traits and the restrictions patenting places on farmers with respect to seed saving
and sharing [204–206]. In the developing world, where the food security of many
smallholders depends on saved or shared seed [207], such restrictions are an acute
concern (Figure 1). However, such restrictions are not universal, and royalty-free
distribution is certainly compatible with GE [22,208,209].
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Figure 1. Selected perspectives on genetically engineered (GE) crops. (a) Some
consider transgenic crops to be in conflict with their local culture; note the red
t-shirt: “NO to transgenics.” It is worth noting that some applications of GE do
not employ transgenesis and therefore may be more widely acceptable. (b) Many
smallholders are understandably concerned about the restrictions patents place on
seed saving and sharing. In developing economies, GE traits in the public domain
are likely to be the most accepted.
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In the USA, GE traits and crops are protected under both the Plant Variety
Protection Act and utility patents, the latter providing 20 years of protection
against unauthorized use or distribution of the trait and/or genotype by farmers,
plant breeders, and researchers [205,210–212]. Such patents protect the substantial
investment in their development, and provide benefits that accrue through crop
innovation. However, patent restrictions also pose risks to sustainability. Restrictions
on the free movement of germplasm among breeders may create risks to the
long-term diversity of crop genetics, and they can impede public crop improvement
programs [210,213]. In addition, patent restrictions have at least the potential to
constrain independent public research [211,214]. It is not surprising that utility
patents are sought for GE traits because of their very high development costs, which
can be well in excess of $100,000,000 [215]. Seed companies have little incentive
to develop and market crops that their competitors can also sell. However, it is
significant that patent applications by major seed companies have not been limited
to GE traits, as utility patent protection has also been sought for conventionally bred
traits [213] and genotypes. The current legal landscape allowing protection of plant
traits under utility patents was not created exclusively for GE crops. Rather, it is the
result of a series of federal legislative acts and Supreme Court decisions beginning
as early as 1930 [204,205]. Thus, even if a less aggressive patent landscape were
desirable from a sustainability standpoint, a move away from such protections of
intellectual property would likely require either a tectonic shift in market pressure
from consumers in support of initiatives such as the Open Source Seed Initiative [216]
or, literally, an act of Congress.

4.4. Other Concerns

Some express concern that GE crops promote large-scale agriculture, with an
associated loss of agrobiodiversity. It is true that present-day GE crops are often
suitable for large-scale farming. However, large-scale monoculture exists even in
non-GE crops, as it is driven by economies of scale and not by GE. Furthermore,
when GE traits are deployed in diverse germplasms, there appears to be little loss in
the genetic base [210]. GE is simply a suite of crop-improvement tools, which can be
applied to agriculture at any scale, depending on the particular circumstances. GE
traits can be introgressed into an unlimited number of local varieties, thus preserving
agrobiodiversity while allowing the benefits of GE traits to accrue to farmers,
consumers, rural communities, and/or the environment [22,209,217]. Furthermore,
large-scale crop production very likely will continue to play an essential role in food
and fiber production for the billions of us who depend on farmers. Food-system
challenges should not be framed as “either-or” situations. It is critical to work
towards increasing the sustainability of all farming systems, including large-scale
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systems, and the selective and wise use of GE crops can be expected to contribute
towards that goal at all scales of farming.

In some instances, populations may conclude that GE is incompatible with
their local food culture. While this concern lies outside the realm of scientific data,
scientists have an obligation to respect such concerns.

5. Genome Editing: More Precise, Dynamic Tools for GE

Biology is being revolutionized by genome editing based on CRISPR/Cas9
technologies. These technologies not only provide powerful tools for research and
therapeutics; they provide new methods for engineering crops to address genuine
human needs and environmental impacts of crop production. Until recently, most
applications of GE in crops involved insertion of DNA from an evolutionarily distant
organism via either the bacterium Agrobacterium tumefaciens (a “natural genetic
engineer”) or the “gene gun.” In contrast to plant transformation, genome editing
can produce defined genetic changes in targeted genes much like a word processor,
and with high efficiency and limited off-target changes [69,218–220]. Furthermore,
it can be done in ways that leave no trace in the plant of foreign DNA (such as
antibiotic resistance genes, plasmid fragments, etc.) [221,222]. Several examples
were cited in Section 2 of the successful application of CRISPR/Cas9 technologies in
developing crop disease resistance [69,70,106–109], and many others are expected.
Indeed, CRISPR/Cas9 technologies may facilitate the development of entirely novel
GE strategies not presented in this review.

Genome editing permits a more dynamic range of possibilities for genetic
changes beyond those provided by plant transformation. It has commonly used for
targeted mutagenesis and targeted modification: making very modest changes in
existing genes in live cells [69,105,219,223,224]. Genetic changes can be as limited
as a single nucleotide change, with no trace of introduced DNA. Thus, through
targeted mutagenesis via CRISPR-Cas9, it is possible to create a nontransgenic gene
edit that cannot be distinguished from a mutation that was naturally occurring or
that was introgressed by conventional breeding [221]. Many experts consider such
gene edits as excludable from GMO regulation [225] and argue that they should be
clearly distinguished from GMOs, referring to them as “genetically edited crops”
(GECs) [224]. Through homology-directed repair (HDR), genome editing can be used
to edit a crop’s genome so as to contain a novel functional DNA string identical to that
of any source organism, including unrelated ones [223,226,227]. One application of
HDR-based genome editing could be to edit a gene so as to match a gene from
a crop’s natural gene pool (=cisgenesis). Genome editing may thus be able to
expedite genetic outcomes achievable through conventional breeding. For example,
cisgenic applications of genome editing may present a particularly important
path to increased disease resistance in crops that are difficult to hybridize [43,51].
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Alternatively, HDR-based genome editing could conceivably be used to add a gene
sequence from some evolutionarily distant organism, which is the equivalent of
transgenesis [223,227] and therefore warranting regulatory scrutiny similar to that of
transgenic crops [225].

Experienced molecular biologists commonly report that implementing
CRISPR/Cas9 techniques is relatively straightforward, efficient, and low-cost, as
compared to other techniques of genome editing. Depending on the regulatory
environment, some applications of genome editing could help to “democratize”
GE making it more accessible to small seed companies, nonprofit organizations,
and governments in developing countries. In addition, it may facilitate beneficial
applications of GE beyond large-scale agronomic crops (corn, soy, cotton, etc.), which
currently dominate GE acreage globally.

6. Conclusions

The sustainability of food systems is a unifying interest that lies beyond
particular crop production approaches or philosophies. The critical question is not,
“Do certain GE strategies fit within a given production philosophy?” but rather, “Can
a given practice or technology take us further down the path towards sustainability?”
With respect to disease control, GE technologies, used wisely, certainly will permit the
expeditious introduction into crops of targeted, diverse resistance mechanisms that
mimic natural processes. While recognizing the important benefits GE technologies
offer, larger considerations merit attention, especially questions of public acceptability
and of whether there are any long-term ecological risks different from those posed by
conventional breeding. In considering such issues, it is important to remember that,
not only do diverse GE strategies exist, but diverse GE manipulations are possible,
ranging from very modest, targeted mutagenesis, through cisgenics and intragenics,
to insertion of transgenes from other crops, from other (non-crop) plants, and from
evolutionarily distant organisms. Thus, in considering socioeconomic and cultural
perspectives of GE, it is important to bear in mind this diversity of strategies and
applications: GE crops can differ markedly from one another.

All of the varied conventional breeding techniques in existence today will
remain the keystone of sustainable crop improvement, for several reasons. First, GE
is commonly not the best breeding approach. If conventional breeding techniques
permit breeders to meet their breeding goals, then these will often be preferred.
Second, even when a useful GE trait has been created, conventional breeding remains
necessary in order to introgress the trait into elite breeding lines. Finally, in any
given crop, a useful GE construct may target one or a few pathogens of particular
importance, but other breeding techniques still may be important for tackling disease
problems not targeted by available GE traits. Thus, GE should be understood,
not as the best approach to addressing sustainability challenges, but merely as a
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suite of tools that capitalizes on the knowledge that biologists gain through our
ongoing study of Nature. GE simply expands the breeding “toolbox,” providing
options to consider on a case-by-case basis for enhancing the sustainability of crop
disease management.
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