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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.
Keywords: conventional agriculture; organic farming; system dynamics; food system; food and
nutrition security; vulnerability; resilience; feedback loops; causal loop diagram

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].
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.
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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 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
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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 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 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
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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].
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
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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 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
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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
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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
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Table 1. Summary of historically observed trends * in indicative outcomes of the European food system
Table 1. Summary of historically observed trends * in indicative outcomes of the European food
along with their desired/undesired trends in the face of disturbances.
system along with their desired/undesired trends in the face of disturbances.
Indicative Outcome

Observed
Trend 1

Desirable
Trend 1

Undesirable
Trend 1

V/R 2

Food and nutrition security
Food production

supply = demand

Yield
Price of food 3

stable

volatile

+
−
−

Socio-economic welfare
Profits 4,5
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−

Environmental welfare
Natural resource condition

−

* Time
range
the historically
observed
trends
are indicated
theSections
text of 3.1–3.3;
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3.1. Food and Nutrition Security

3.1. Food and Nutrition Security

In the 1950s–1960s European food producers were primarily concerned with the quantity of foods
In the 1950s–1960s European food producers were primarily concerned with the quantity of
they needed to supply to overcome the post-war shortages in food availability [65–67]. As a result, food
foods they needed to supply to overcome the post-war shortages in food availability [65–67]. As a
production
has production
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a leap
forward,
which
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mainly
to yield
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result, food
has
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a leap
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mainly
to yield
rather
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of than
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English
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context.
took nearly
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years for
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2 t/ha,40
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
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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 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 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
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(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 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
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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 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 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
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inputs to animal production at the expense of crop production [41]. Similar tradeoffs occur when
12 of 32
considering agricultural production for food and for other uses than food like biofuels, textiles, etc.

Sustainability 2016, 8, 971

genetic potential

+

agriculture land
yield

+

+

+

+

+

food available
for consumption
+

food production
R1a
mechanization

+

use of external
inputs

R1b +

intensification
costs of machinery
& external inputs
+

R1c

food consumption

+
machinery

labour

-

-

labor reduction

+

profits
+

+ subsidies
-

total costs

reinvestment in
machinery & external
inputs
costs of
labour

+

attractiveness of
machinery & external
inputs

+
+

reinvestment in
labour

Figure 3.
mechanization
andand
intensification
reinforcing
feedback
loops
Figure
3. Causal
Causalloop
loopdiagram
diagramrepresenting
representing
mechanization
intensification
reinforcing
feedback
(respectively
R1a,
R1b)
driving
food
production
growth
under
conditions
of
rising
profits;
some
links
loops (respectively R1a, R1b) driving food production growth under conditions of rising profits;
are
omitted
for
visual
clarity.
some links are omitted for visual clarity.

When
When deciding
deciding “how”
“how” to
to produce,
produce, no
no matter
matter whether
whether this
this concerns
concerns crop
crop or
or animal
animal production
production
(or
extent
labor
cancan
be substituted
withwith
machinery
and and
external
inputs.
The
(or other
otheruses),
uses),totoa acertain
certain
extent
labor
be substituted
machinery
external
inputs.
feedback
mechanism
in Figure
3 shows
thatthat
when
fossil
fuel
and
other
The feedback
mechanism
in Figure
3 shows
when
fossil
fuel
and
otherexternal
externalinputs
inputsare
areavailable
available
and
inexpensive, there
thereis is
a strong
incentive
to invest
anddiesel-powered
use diesel-powered
machinery
and
and inexpensive,
a strong
incentive
to invest
and use
machinery
and off-farm
off-farm
sourcedinstead
inputsof
instead
of increase
labor to increase
yields [2,9,10,96,97].
otherhigher
words,costs
higher
sourced inputs
labor to
yields [2,9,10,96,97].
In other In
words,
of costs
labor
of
labor increase
the attractiveness
of investing
in and
using machinery
and
external
inputs
increase
the attractiveness
of investing
in and using
machinery
and external
inputs
instead.
Theinstead.
success
The
success ofand
machinery
and external
inputshigher
in delivering
higher yields,
higher
of machinery
external inputs
in delivering
yields, translating
into translating
higher foodinto
production
food
production higher
and accordingly
higher profits,
strengthens
itself mechanization
leading to further
and accordingly
profits, strengthens
itself leading
to further
(R1a, mechanization
Figure 3) and
(R1a,
Figure 3)
andFigure
intensification
Figure
3) of farm practices.
Simultaneously,
because of
intensification
(R1b,
3) of farm(R1b,
practices.
Simultaneously,
because of
decreasing reinvestment
in
decreasing
reinvestment
in laborwith
andmachinery
hence its replacement
machinery
external
inputs,
thea
labor and hence
its replacement
and externalwith
inputs,
the stockand
of labor
is forced
into
stock
of labor
is forcedspiral
into athat
reinforcing
spiral
that gradually
leads
to labor reduction
reinforcing
downward
graduallydownward
leads to labor
reduction
(R1c, Figure
3) [79,96,97].
(R1c, Food
Figure
3) [79,96,97].
production
is embedded in ecosystems, implying that it is based on the condition of natural resources
production
is embedded
in ecosystems,
implying
is based on
of natural
resources
such Food
as soil,
water, air,
biodiversity,
nutrients and
fossil that
fuelsit(Figure
4). the
Ascondition
the natural
resource
base
such
as soil, food
water,production
air, biodiversity,
nutrients
and fossil fuels
(Figurethe
4). conditions
As the natural
resource
base is
is limited,
cannot
grow infinitely.
The worse
of natural
resources,
limited,
food
production
cannot grow
infinitely.
worse theland
conditions
of natural
resources,
the
the lower
yield
can be achieved
and/or
the lessThe
agricultural
is available
for food
production.
lower
yield can be achieved
and/or and
the less
agricultural
land is available
for food
The
The flows—degradation
(outflow)
regeneration
(inflow)—that
influence
the production.
stock of natural
flows—degradation
(outflow)
and
regeneration
(inflow)—that
the of
stock
of natural
resources are determined,
among
other
things, by the
implementedinfluence
management
agroecosystems
resources
are determined,
other things,
by thefood
implemented
management
of agroecosystems
(i.e., the ‘what’
and ‘how’among
to produce).
Intensive
production
practices that
depend on use
(i.e.,
the ‘what’
andtend
‘how’
to produce).
Intensive food
production
practices
depend on use
of
of external
inputs
to degrade
the productive
natural
resources
by theirthat
overexploitation
(e.g.,
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
phosphate
rock [98–100],
fossil fuelsFor
[101,102],
etc.)
pollution
(e.g., nutrient
leaching
[88],
GHG
emissions [103],
etc.) [7,8,104–107].
instance,
theand
stronger
the reinforcing
feedback
loops
driving
emissions
[103], etc.) [7,8,104–107].
For instance,
theand
stronger
the reinforcing
feedback(R1b,
loopsFigure
driving
use of diesel-powered
machinery (R1a,
Figure 3)
synthetic
nitrogen fertilizers
3),
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 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
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(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
condition
of natural
resources
in a stable of
state.
The resources
balancingasfeedback
loop B1
(FigureThe
4) sets
limits
to overuse
or pollution
(degradation)
natural
their condition
worsens.
limit
is to
overuse
or
pollution
(degradation)
of
natural
resources
as
their
condition
worsens.
The
limit
is
signaled
signaled to food producers through, for instance, declining yield or rising costs of acquiring
to food
producers through,
for instance,
rising
costs
of acquiring
non-renewable
non-renewable
natural resources
(e.g.,declining
phosphateyield
rock,orfossil
fuels)
when
they become
scarce.
However,
the signal
is often either
missing
or fuels)
too weak
and they
too delayed
forscarce.
food producers
to notice
natural
resources
(e.g., phosphate
rock,
fossil
when
become
However,
the signal
it
and
implement
on
time
more
environmentally
benign
practices
that
decrease
degradation
(e.g.,
by
is often either missing or too weak and too delayed for food producers to notice it and implement
reduced
use
of
external
inputs)
and/or
increase
regeneration
(signified
with
dashed
lines
in
Figure
on time more environmentally benign practices that decrease degradation (e.g., by reduced 4)
use of
[11,15,64].
The
longer increase
the food regeneration
producers do (signified
not recognize
worsening
external
inputs)
and/or
withthedashed
linescondition
in Figureof4)natural
[11,15,64].
resources and do not desire and effectively implement regenerative practices, the lower is the actual
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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
Sustainability
2016, 8, 971
14 of 32
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
natural resources with the application of external inputs (R2, Figure 4) rather than implementation of
substitution
of natural resources with external inputs to produce food is a vicious circle that locks
regenerative practices, which, in turn, further worsens the condition of natural resources. The
farmers into dependence on the use of external inputs.
reinforcing feedback loop driving substitution of natural resources with external inputs to produce
Food producers require knowledge to know how to best organize food production (Figure 5) (i.e., to
food is a vicious circle that locks farmers into dependence on the use of external inputs.
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tied to local ecosystem in which food production takes place. For instance, while the same principles
practices (e.g., rotation, ploughing, etc.). The tacit knowledge is localized as it is closely tied to local
of growing crops are widespread, tacit knowledge allows food producers to apply these principles
ecosystem in which food production takes place. For instance, while the same principles of growing
differently in different local conditions and hence produce better results. With the widespread
cropsapplication
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food
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are sufficient for food producers to achieve desired yield, the relationship between food producers
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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
Sustainability
2016, 8, 971
15 of 32fades
away, whereas uniform and spatially standardized knowledge accompanying use of external inputs
and
is disrupted.
Accordingly,
the stock
of tacit
required
to managefeedback
the
builds
uplocal
andecosystems
replaces the
former type
of knowledge
[117].
Theknowledge
function of
the balancing
local
ecosystems
fades
away,
whereas
uniform
and
spatially
standardized
knowledge
loop B3 (Figure 5) is to signalize the loss of tacit knowledge through decreasing yield. Yet the warning
accompanying use of external inputs builds up and replaces the former type of knowledge [117]. The
sign is hugely disregarded by food producers or masked by the large and powerful institutions which
function of the balancing feedback loop B3 (Figure 5) is to signalize the loss of tacit knowledge through
lie upstream (and downstream) of the farm [11,117].
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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
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).
influenced by trade arrangements (B6, Figure 6).
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On the supply side (B4, Figure 6), a large number of food producers compete with each other.

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
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which in turn, bids the price of food down. Declining price of food, all else equal, diminishes profits
market. However, greater food production increases the stock of food available for consumption,
and hence discourages food producers from investing in increasing food production (B4, Figure 6).
which in turn, bids the price of food down. Declining price of food, all else equal, diminishes profits
On the demand side (B5, Figure 6), the population consumes (and wastes) the supplied food
and hence
discourages food producers from investing in increasing food production (B4, Figure 6).
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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,
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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
Sustainabilityby
2016,
8, 971
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32
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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
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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 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 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).
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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.
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
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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 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 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).
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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 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.
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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 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), 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?
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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, 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].
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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 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 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
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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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