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Abstract

Food systems face the challenges of both providing more food for a growing human population
and rebuilding and maintaining ecosystem stocks and services. “Sustainable intensification” to
achieve these and other objectives has become an important policy goal. Progress towards
sustainable intensification can be evaluated against a range of intensification outcomes such as
food production, farmer incomes, and nutritional well-being, as well as against a series of
sustainability measures. The agricultural literature about sustainable intensification is growing,
but our review suggests that relatively few studies have adopted designs and methods required
to understand the range of outcomes that would be important for achievement of sustainable
intensification. Many analyses of sustainable intensification options suffer from narrow (model)
boundaries, limited understanding of how system components interact, and from a short-term
perspective that ignores longer-term impacts of sustainable intensification options. Our
principal objective is to illustrate how system dynamics concepts and empirical models can help
to address each of these limitations. We therefore develop conceptual models to indicate how
general classes of sustainable intensification options could be analyzed, and use an empirical
system dynamics model of a farm household in Kenya to illustrate the potential for and
challenges of sustainable intensification.



Introduction

The conference theme indicates the necessity of “reinventing” systems to address the
challenges of a growing human population and the inherent biophysical limits of our planet.
This is perhaps nowhere more important than in food systems.

Although the trend in global hunger reduction continues, 805 million people were estimated to
be chronically undernourished in 2012-14 (FAO et al., 2014). Global demand for food is
increasing and may continue to do so for decades due to an expanding and more demanding
(transition to diets with more processed foods and resource intensive animal products) world
population. At the same time, agriculture already now has major global environmental impacts
(Foley et al., 2005; Millennium Ecosystem Assessment, 2005). About one quarter of global
greenhouse gas emissions, for example, result from land clearing, animal husbandry, and
fertilization (Burney et al., 2010). Climate change (e.g., Godfray et al., 2011; Schmidhuber &
Tubiello, 2007) and the evolution of supply chains in many developing nations (Gémez et al.,
2011) pose additional challenges to food systems.

To meet the world’s future food needs, food provision must grow substantially while, at the
same time, agriculture’s environmental impacts must shrink considerably. Food systems thus
must become more intensive, but also more sustainable, and sustainable intensification has
quickly turned into an important paradigm for the further development of food systems (e.g.,
Garnett et al., 2013; Godfray et al., 2010; Foley et al., 2011; Tilman et al., 2011).

Food systems, at a minimum, comprise the sets of activities involved in food production;
processing and packaging; distribution and retail; and consumption (Ericksen, 2008). A food
system includes the determinants and outcomes of its activities. The determinants describe the
bio-geophysical as well as the social, economic and political environments that determine how
food system activities are performed (food system drivers). These activities lead to a number of
social, environmental and food security outcomes. Food system activities and outcomes
eventually result in processes that feed back to environmental and socioeconomic drivers
(Ericksen, 2008). Food systems are characterized by complex interactions across multiple
domains, powerful feedback loops, large time delays, and counterintuitive system behavior
(Hammond & Dubé, 2012).

Feedback loops, for example, link food system activities with their environmental as well as
their health determinants. Although growing empirical evidence points at the importance of the
links and feedbacks between food system activities, the environment and the health system,
they have not been extensively modeled (Hammond & Dubé, 2012). Feedback loops are also at
the heart of various types of development traps such as natural resource traps, poverty traps,
and combinations thereof. A central feature of such traps is the existence of thresholds in
assets that define whether a reinforcing feedback loop acts like a vicious or virtuous cycle. Such
thresholds characterize e.g. households that are unable to escape from poverty and associated
food insecurity (Stephens et al., 2012).

Accumulation is equally central to food systems. Environmental resources needed for food
sector activities include but are not limited to stocks of land, water, and nutrients. The
condition of these resources affects their productivity and thus the outcome of food system



activities. Food system activities involve inventories of food that is produced, food that is
processed and distributed, and food that is available for consumption. Managing accumulations
is thus relevant not only in natural resource management situations such as soil nutrient
management (Saysel, 2014) but also in the operation of value chains (e.g., Sterman, 19893,
1989b) and in commodity cycles (Arango & Moxnes, 2012).

Given the dynamic complexity inherent in food systems in general and in sustainable
intensification specifically, the purpose of this paper is to discuss how system dynamics
concepts and models can facilitate the analysis and achievement of sustainable intensification
in light of the multiple challenges the concept presents

Literature review

"Sustainable intensification" is a paradigm or policy goal that strives to utilize existing
agriculture land to produce greater yields, better nutrition and higher net incomes while
reducing reliance on external inputs such as pesticides and synthetic fertilizers and lowering
greenhouse gas emissions and other negative environmental impacts. This ought to be done in
a way that is equitable and efficient, resilient to future shocks and stresses, and that rebuilds
the stock of natural environmental capital as well as the flow of environmental services such as
carbon sequestration, flood protection, groundwater recharge and landscape amenity value
(Garnett, et al., 2013; The Montpellier Panel, 2013).

The main goal of sustainable intensification is to raise productivity (as distinct from increasing
the volume of production) while reducing environmental impacts, that is, raising yields per unit
of input (including nutrients, water, energy, capital, and land) as well as per unit of undesirable
output (such as greenhouse gas emissions or water pollution) (Garnett & Godfray, 2012). The
extent to which overall food production needs to increase in the coming decades depends on
progress on improving other food system activities and drivers such as governance, waste,
dietary patterns, and population growth (Campbell et al., 2014).

Figure 1 describes a theoretical model of sustainable intensification. It lists the various inputs as
well as outputs of the sustainable intensification process and links inputs with outputs through
three intensification pathways (The Montpellier Panel, 2013):

* Ecological intensification: Application of agricultural ecological processes such as
intercropping, integrated pest management, conservation farming or organic farming.

* Genetic intensification: Use of modern plant and livestock breeding to increase yields,
improve nutritive value, create resilience to pests, diseases and climate change.

* Socio-economic intensification: Creation of enabling environments such as markets,
building social and human capital.

Figure 1 also provides a range of sustainability measures, that is, criteria for evaluating whether
intensification is also sustainable.



INPUTS
DIRECT: INDIRECT:

« Labour « Financial capital
« Water « Knowledge
/ « Inorganic chemicals « Infrastructure
and/or organic matter « Technology
« Biodiversity

« Markets
SUSTAINABILITY

MEASURES
/2

. Sam_e or less land and W_ater FARMER &
» Efficient, prudent use of inputs

COMMUNITY

* Minimised GHG emissions Y
* Increased natural capital \&.‘/ F
» Strengthened resilience .
» Reduced environmental impact
OUTPUTS
PRODUCTION INCOME NUTRITION |

Figure 1: Theoretical model of sustainable intensification (The Montpellier Panel, 2013: 12)

Sustainable intensification denotes an aspiration of what needs to be achieved. The paradigm
itself does not privilege any particular agricultural production system over another, which has
led both to confusion about and criticism of the concept (Garnett & Godfray, 2012). The merits
of different approaches should be rigorously tested and assessed, taking biophysical and social
contexts into account. Consequently, implementation of sustainable intensification is context-
and location-specific (Garnett, et al., 2013).

Table 1 provides an overview of farming practices and technologies that support the ecological
or genetic intensification of agricultural production. The table is based on several review
articles such as Foley, et al., 2011; Godfray, et al., 2010; Pretty et al., 2010; Pretty et al., 2011,
The Montpellier Panel, 2013; Tilman et al., 2002. The table is limited to agricultural production
and thus excludes strategies such as waste reduction or changes in diets. It also does not
discuss the creation of enabling environments or the development of social, human or financial
capital.



Table 1: Farming practices and technologies for sustainable intensification

Intensification Practices and . - Limitations/
R Outputs Sustainability measures
Strategy technologies comments
Knowledge and labor
. . . N intensive
. Higher diversity of Substitution of . .
Intercropping . . . Difficult to practice at
produce inorganic fertilizer
scale
May reduce yields?
Knowledge and labor
Integrated pest | Higher diversity of | Substitution of intensive
ntegrated pes igher diversity o ubstitution o e .
& P g y . Difficult to practice at
management produce pesticides
scale
Ecological May reduce yields?
intensification
Prevention of soil
High elds i erosion
. igher yields in .
Conservation ghery Improvement of soil Knowledge and labor
. water scarce . . .
agriculture fertility intensive
seasons . .
Accumulation of soil
organic carbon
. . Wide range of
Organic Lower yields when . g Knowledge and labor
. . sustainability . .
farming practiced at scale . intensive
improvements
Higher yields Improved yields
Higher .
& . Improved nutrition
nutritive values
Resistance to Depend on Capital intensive
pests and Resilient yields requirements fo': Unclear accessibility
Genetic diseases complementary inputs and affordability
intensification Unclear long-term

Resistance to

climatic Resilient yields
variability
Nitrogen .

Lower requirements of
uptake and . ) .
L inorganic fertilizer
fixation

effects (e.g.
resistance)

The review articles summarized in Table 1 mainly document the impact of a series of
individually-implemented farming practices and technologies on selected sustainable
intensification outcomes. However, these reviews do not entirely fit with the comprehensive
definition of sustainable intensification, because they fail to consider all (or at least several)
production, income and nutrition outcomes as well as all sustainability criteria simultaneously.
For example, crop yields may have been increased, but there was no reporting of
environmental effects such as leaching of nitrogen and phosphorous into ground or surface
water from the same study. This implies that relatively few studies have adopted the design




required to understand the range of outcomes that would be important for demonstrating
achievement of sustainable intensification.

Dynamic complexity of sustainable intensification

Figure 2 interprets the sustainable intensification literature from a system dynamics
perspective at a highly aggregated level. The processes displayed in Figure 2 are inspired from
Gerber, 2015, Stave & Kopainsky, 2015), and Stephens, et al., 2012) and the literature quoted
therein. Processes are generic as much as possible but mainly represent selected aspects of a
developing country context with mixed crop-livestock farming systems and high prevalence of
food insecurity.

In line with the theoretical model for sustainable intensification (Figure 1), the diagram in
Figure 2 differentiates between inputs to and outputs from a sustainable intensification process
as well as sustainability measures. Water and nutrients, both stocks, represent inputs to the
sustainable intensification process (variables in bold and italics). Animal production and crop
production are indicators to measure production outcomes while consumption shortfall
represents a nutrition outcome. Income outcomes are directly represented by the stock of
household cash assets (variables with a dark grey background), and in keeping with the
economic model of the household (Singh et al., 1986) models consumption in value terms
based on total accumulated cash values of production. Finally, variables with a light grey
background indicate sustainability measures. The land and water stocks keep track of whether
the sustainable intensification process complies with the requirement of using less land and
water for generating the same outcomes. Inorganic fertilizer is an example of a non-renewable
input that needs to be used efficiently and prudently. Greenhouse gas emissions resulting from
animal husbandry and deforestation as well as nutrient losses provide information on the
environmental impact of the sustainable intensification process. The stock of soil organic
matter provides one example of natural capital that needs to be increased.

Figure 2 describes an example of a reinforcing and a balancing loop. It is selective in that it does
not represent the full range of feedback loops responsible for the development of
intensification outcomes and sustainability measures over time. For example, the figure does
not include content about economic components, particularly price dynamics. For more detail
about how crop and animal production would be valued, cf. for example Stephens, et al., 2012).
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Figure 2: Representation of sustainable intensification principles in system dynamics terms

Figure 3 provides a refined representation of sustainable intensification. Compared to Figure 2,
it adds structures for ecological as well as genetic intensification based on the sustainable
intensification practices and technologies listed in Table 1 (structures highlighted with bold
arrows). Ecological intensification pathways are described by the links from ,livestock’ to
,manure from livestock’ to ,manure application to land’, which adds to the ,soil organic matter’
stock. Soil organic matter is also built through the application of crop residues (stemming from
crop production) to land. A third ecological intensification pathway originates from the use of
nitrogen fixing crops in ,crop production’ that add to the stock of nutrients in topsoils.

Genetic intensification in Figure 3 originates either from a stock of genetic potential that
defines the production limit of crops. Genetic intensification could also strengthen the link
between livestock and animal production by increasing the productivity of livestock. Additional
entry points for genetic intensification are improvements in plant uptake efficiency or in the
efficiency of water use, represented in the link between available water and yield.

With the addition of the intensification pathways, Figure 3 describes a series of reinforcing
ecological feedback loops (where crop production feeds the accumulation of ecological
resources such as soil organic matter and nutrients, which in turn increase crop production) and
also a reinforcing socio-economic loop (where the accumulation of livestock increases
household income, which, in part, can be re-invested in livestock and continue adding to this
stock or other technologies or resources that promote sustainability). A balancing feedback



loop regulates the need for additional agriculture land depending on the gap between required
and possible consumption.

For the analysis of the potentials and limitations of sustainable intensification, the feedback
loops in Figure 3 have a number of implications. The different ecological feedback loops are
reinforcing in nature, however, they have to respect mass balance. Increasing production can
lead to increased accumulation of soil organic matter (through the application of crop residues)
and nutrients in topsoil (through the cultivation of nitrogen fixing legumes), which in turn
increases production. However, the maximum of nutrients that can be returned to the soil
through these processes cannot exceed the amount of nutrients that were taken up by crops
during plant growth. Thus, although there are a number of reinforcing feedback loops, they do
not generate unlimited exponential growth.

The reinforcing feedback loop between livestock, ecological resources and production helps
rebuild soil organic matter and provides a renewable source of nutrients. Animal production
also improves nutrition outcomes and household income. On the other hand, however,
livestock is an important contributor to greenhouse gas emissions. The beneficial impacts on
some sustainability measures and sustainable intensification outcomes can be accompanied by
some serious negative environmental impacts.

Genetic intensification pathways, on the other hand, are likely to have fewer negative impacts
from the processes displayed in Figure 3. If a genetic improvement in crops results in greater
nutrient uptake, this could reduce/deplete the soil nutrient stock more rapidly. Genetic
intensification, however, raises a number of questions regarding equity (are the technologies
available and accessible to all farmers?), resilience (dependency on external input supplies;
limited agrobiodiversity and diversity of farm management practices) and impacts on other
sustainable intensification outcomes that cannot be answered from an analysis of the feedback
loops in Figure 3. Some of these issues are mentioned in the limitations/comments column in
Table 1.

In conclusion, a conceptual analysis of sustainable intensification from a system dynamics
perspective highlights the difficulty of developing and implementing farming practices and
technologies to comply with all dimensions of sustainable intensification and to create
synergies between outcomes instead of generating undesired outcomes over time.
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Figure 3: Refined representation of sustainable intensification principles in system dynamics
terms (newly added or strengthened structures highlighted with bold arrows)

Figure 3 shows only a selection of processes responsible for crop and animal production and
their environmental impacts. Nevertheless, the number of feedback loops and accumulation
processes illustrated in the figure are evidence of the dynamic and complex nature of
sustainable intensification. A growing number of studies thus emphasize the need for a systems
perspective and for the integration of inputs from many disciplines and stakeholder
perspectives (e.g., Hammond & Dubé, 2012; Liu et al., 2015; Tedeschi et al., 2011 ; van Ginkel et
al., 2013).

As a consequence, systems modeling studies have become more frequent in the agricultural
sciences (e.g., Nicholson, 2007; Parsons, Nicholson, Blake, Ketterings, Ramirez-Aviles, Cherney,
et al., 2011; McRoberts et al., 2013; Whitman et al., 2011). Social-ecological systems modeling,
for example, is an emerging field that formalizes the multiple relationships in social-ecological
systems (SES), of which food systems are a prominent example. Although SES research is
primarily problem-oriented, the majority of existing SES models is largely theoretical (Schllter
et al., 2012). Agent-based SES models mostly address theoretical issues by providing conceptual
models rather than solutions to empirically measurable issues (Janssen & Ostrom, 2006). An
additional salient research need in the field of SES modeling is to more explicitly model
feedbacks between the social and ecological systems (Schliter, et al., 2012).



Another important feature of existing systems modeling studies is that they often lack
sufficiently broad model boundaries for assessments of sustainable intensification. For
example, many crop-growth simulation models have been applied to assess the impacts of
management changes and external factors such as climate change (e.g., Turner & Rao, 2013;
Webber, 2014) but the model boundaries are often quite narrowly focused on an individual
field or plot.

In the next section, we use an existing system dynamics model to studying sustainable
intensification in a specific food system. This is a problem-oriented application that includes
selected indicators from the entire range of production, income and nutrition outcomes and
that allows evaluating synergies and trade-offs created by different sustainable intensification
strategies.

Case study system dynamics model

To illustrate the usefulness of SD modeling for assessments of sustainable intensification
concepts and the challenges involved in achieving it, we apply the previously-developed Crops,
Livestock and Soils in Smallholder Economic Systems (CLASSES) model (Stephens, et al., 2012).
CLASSES contains some but not all of the pathways depicted in Figures 2 and 3, but serves as a
useful means of illustrating empirical modeling of sustainable intensification processes and
highlighting key challenges. CLASSES describes conditions for a typical smallholder farm
household in highland Kenya. These households follow a mixed livelihood strategy, growing
some combination of annual food crops, perennial cash crops and perennial fodder crops,
maintaining small livestock herds, engaging in either unskilled or — if the household has
adequate educational attainment — skilled wage labor, and receiving income transfers (often
from family members residing elsewhere). Although smallholder farming systems are diverse,
we represent each of these elements of the livelihood strategy with the dominant activity
observed in highland Kenya (Brown et al., 2006). Maize represents the dominant annual food
crop in the region, Napier grass represents the primary fodder crop, tea represents a common
perennial cash crop, and livestock are represented by crossbred dairy cattle. Wage labor is
represented by opportunities for skilled and unskilled off-farm employment, and income
transfers are represented by remittance payments.

Model structure

The model has three primary modules that interact with each other over the course of 100
quarters (25 years). A crop and soil module describes the different cropping choices (how much
land to be allocated to maize, Napier grass and tea each quarter) and subsequent yield and soil
nutrient dynamics on the farm (in terms of soil organic matter, soil nitrogen and phosphorus
stocks). A livestock module describes the livestock herd dynamics, tracking the number,
physiological state and productivity of individual dairy cattle and their feed requirements. An
economic module links farmer decision making on resource (land, labor and fertilizer) allocation
to these activities each quarter and to the observed outcomes from each of the above
activities, which can be complemented by off-farm skilled and unskilled employment



opportunities. Stephens, et al., 2012 describe CLASSES in more detail and discuss its application
to household-level food security indicators.

Several important reinforcing feedback processes link the crop and livestock modules, which
determine dynamic behavior (Figure 4). One important reinforcing process (indicated by red
arrows) is that larger maize crop harvests lead to greater cash accumulation (through increased
maize grain values), which facilitates the acquisition of livestock assets (and more crop residues
to feed them). More livestock also results in more milk production, which increases household
cash available (in addition to food availability). The crop and soils module plus the livestock
module comprise the model’s biophysical system.
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Scenarios and variables

To illustrate the application of CLASSES to sustainable intensification, we examine three
scenarios and the dynamic behavior of five variables. The Baseline scenario assumes the
household with 0.35 ha of arable land divided into 10 plots produces only a maize crop twice
each year (during the long rainy season and the short rainy season) for 25 years without the use
of inorganic fertilizers. This is rather typical of the sites in Kenya for which the model was
developed, although we choose a farm size smaller than the average to illustrate a resource-
poor household that is often the target for sustainable intensification efforts. One
intensification scenario, Maize Fertilizer, assumes continuous cropping of maize twice each
year, but with fertilization based on recommended application of 123 kg/ha diammonium
phosphate (DAP, which contains both nitrogen and phosphorus to support maize plant growth)
on all 10 maize plots beginning at quarter 20. Although this is a simplistic scenario in terms of
management practices, it is one potential means of system intensification, in terms of
increasing yields per unit land area (even if it ignores potential environmental impacts involved
in the production and transportation of the fertilizer). It is consistent with the Montpellier Panel
(2013) recommendation for “more effective inputs of water and nutrients...” . A second
intensification scenario, Maize Napier Heifer, assumes that households will crop both maize and
Napier grass on 5 of 10 plots (total area 0.175 ha for each crop), and will begin the simulation
with one bred heifer that will give birth to a calf and produce milk. The integration of crops and
livestock has long been viewed as a means of intensifying cropping systems (Mclntire et al.,
1992) and in many regions this process continues to play an important role in the evolution of
agricultural systems. The Montpellier Panel (2013) noted that “exploiting synergies between
crops and livestock” is one approach to achieve intensification.

We evaluate the impact of the two intensification scenarios on five variables that represent the
three different components of Sl discussed in the Montpellier Panel (2013) framework. Maize
production per harvest per farm represents the “Production” component of the framework,
cash and livestock assets of the household represents the “Income” component, and the
amount of money required to purchase maize grain to cover any shortfall of own maize
production compared to household minimum consumption needs represents the “Nutrition”
component of the framework. We also examine two variables that are related to production
and environmental effects: total soil organic matter (SOM) and losses of nitrogen (N) to the
environment outside the farm. SOM has a number of beneficial effects in cropping systems
(Victoria, 2012) and N emissions from the farm tend to have negative environmental effects
(such as eutrophication of waterways and greenhouse gas emissions). All simulations are run
for 100 quarters (25 years) in Vensim Pro® using Euler integration with a time step of 0.015625
quarters.

Simulation results

The Maize Fertilizer strategy is effective at increasing total maize production relative to the
Baseline over 25 years (Figure 5), increasing average maize yields and total production by 29%.
However, yields show a decreasing trend after about quarter 40, indicating the level of
fertilization would need to increase over time to support sustained yields. Maize production is
actually nearly 20% lower with livestock on the farm, despite yields per unit land area that are

11



highest of three scenarios (increasing by more than 60% compared to the Baseline) because
half of the farm’s land is now allocated to growing forage rather than the food crop. However,
maize production with livestock also does not decline over time, due to N and P accumulation
in the soil.

However, none of the three strategies is sufficient to prevent declines in SOM (Figure 6).
Fertilization slows the rate of SOM decrease, and livestock more so, but continuing decreases in
SOM could present an issue at some time in the future, which is inconsistent with the strictest
definition of sustainability (over an indefinite or infinite time horizon). In addition, N outflows
from the farm increase with both intensification scenarios (Figure 7) and by a large amount
when livestock are present. The latter is primarily due to leaching of N in the form of nitrates
because the amount of manure applied is large relative to the land area. (Leaching could be
reduced through lower application of manure without a reduction in maize yields, although we
do not explore that management alternative in detail here.) Gaseous losses of N in the form of
the greenhouse gas nitrous oxide also occur from manure in storage when livestock are
present. Thus, although the intensification scenarios examined increase yields, they are not
completely consistent with a sustainable system without potential for significant environmental
impacts.
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Livestock and cash assets are increased by both intensification strategies (Figure 8 and Figure
9), which suggests that intensification is achieving the objective of increased “income” (given
that assets represent the accumulation of income over expenditures). The increase in average
cash assets is about 40% with fertilization compared to the Baseline, and although crop yields
are increased the household also incurs expenses for fertilizer. Livestock and cash assets are
nearly ten times higher with intensification through the incorporation of livestock, but the
variation is also much larger. This variation arises primarily due to variation in milk sales, which
occur only for mature female animals during the lactation period (there are numerous periods
where no milk is available for sale and the household incurs other expenses for maintenance of
the livestock herd). This high degree of variability and occasional period when cash assets with
livestock are below those for the scenarios where only maize is cropped may be a significant
concern to farm households and policymakers.
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Figure 9: Simulated Cash Assets, Maize Only and Two Intensification Strategies

Food insecurity (indicated here as the value of the shortfall of own maize production compared
to minimum household consumption requirements) occurs in part of every year other than
right after maize harvest beginning in year 4 (quarter 20) for the Baseline scenario (Figure 10).
Given the land available for planting to maize and yields, households cannot produce sufficient
maize to meet their minimum consumption requirements once soil nutrients decline to a
threshold level. These shortfalls initially occur only after the grain from the maize crop planted
for the short rains is exhausted, but as the soil nutrients are depleted over time (Figure 7) and
yields decrease (Figure 5), the shortfalls become more frequent and their values larger.
Fertilizer use changes this pattern so that the shortfalls are made smaller and then disappear
after quarter 32, but then return in a persistent manner after quarter 64. Incorporating
livestock into the system reduces the frequency and extent of shortfalls, but does not eliminate
them. These results suggest that neither intensification strategy will completely and
permanently eliminate consumption shortfalls—even if they make marked improvements
compared to less intensive management practices.
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Figure 10: Simulated Value of Staple Food Consumption Shortfall, Maize Only and Two
Intensification Strategies

Discussion and conclusions

The purpose of this paper was to discuss how system dynamics concepts and models can
facilitate the analysis and achievement of sustainable intensification. For this purposed, we
reviewed the sustainable intensification literature, identified the dynamic complexity involved
in the design and evaluation of sustainable intensification interventions, and presented a case
study system dynamics model that illustrates some of the issues arising from an integrated,
systems-oriented analysis of a concrete food system.

While our case study system dynamics model allowed evaluating changes in all categories of
important outcomes (production, income, and nutrition) and against a series of sustainability
measures, it was limited to the analysis of selected ecological intensification pathways. Further
developments of the model would have to include additional ecological and especially genetic
as well as socio-economic intensification pathways.

Another limitation of the CLASSES model in the context of sustainable intensification is its fairly
narrow geographical focus. Often, success can be achieved on a small scale such as a plot, farm
or community. The challenge, however, lies in scaling up success to a regional or national food
system (The Montpellier Panel, 2013). The contribution of system dynamics to sustainable
intensification studies is in the integrated analysis of direct and indirect, short- and long-term
consequences of sustainable intensification practices and technologies. However, system
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dynamics is less suitable for an analysis of emerging behavior across geographical levels
(Kopainsky et al., 2015).

Despite the limitations of our case study, the simulation runs performed with the CLASSES
model generated a number of important insights. From the perspective of a system dynamicist,
the results for the key indicators are perhaps unsurprising, given that they embody commonly
understood principles such as policy resistance, unintended consequences and dynamic
complexity. However, these principles are NOT commonly understood or appreciated in much
of the agricultural literature and(or) development practice, and therein lies much of the yet-to-
be developed complementarity of SD and sustainable intensification. Although alternative
scenarios could be developed that would likely demonstrate these outcomes to a lesser degree,
these would seem likely to occur in some form for most intensification processes. However,
many of the proponents of sustainable intensification appear at best to not fully appreciate
these possibilities, the need for and feasibility of simulation modeling to provide relevant
insights, or to have at their disposal empirical tools such as CLASSES that could assist in
understanding trade-offs and formulating higher-leverage intensification interventions. Thus,
the current assessment of sustainable intensification options often seems to suffer from narrow
(model) boundaries (consideration of only one set of outcomes rather than a broader range),
limited understanding of how system components interact, from the inability to infer dynamics
based on conceptual systems models (even if these latter implicitly recognize the importance of
feedback loop processes), and from a short-term perspective that prevents studying the long-
term impacts of sustainable intensification practices and technologies. Our empirical example
thus illustrates how the development and analysis of system dynamics models can help to
address each of these limitations. Regarding the last aspect, for example, our case study
showed that initial improvements in intensification and sustainability could not be sustained
over time.

Given the importance of sustainable intensification and the challenges to accomplishing it, we
suggest that there are four main ways in which system dynamics can be applied to assess the
limits of sustainable intensification, understand potential trade-offs and to facilitate the
greatest degree of sustainable intensification possible. In line with (Stave, 2015), these four
ways are:

* Research: Develop models to explain observed behavior, build theory and identify areas for
further research. Example system dynamics models in food systems research are: Stave &
Kopainsky, 2015; Nicholson & Blake, 2004; Tedeschi, et al., 2011.

* Management/decision making: Develop models to identify and clarify the impact of policy
and management actions to change the system’s behavior. Example system dynamics
models in food systems research are: Kopainsky, et al., 2015; Kopainsky et al., 2012; Lellis
Vieira et al., 2011; Nicholson et al., 2011; Parsons, Nicholson, Blake, Ketterings, Ramirez-
Aviles, Fox, et al., 2011; Parsons, et al., 2011; Whitman, et al., 2011.

* Stakeholder engagement: Use system dynamics tools and techniques to increase shared
understanding (instead of simply eliciting knowledge from stakeholders) as well as identify
and clarify impact of policy and management actions. Example system dynamics
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applications in food systems research: Hovmand et al., 2010; Yadama et al., 2010; Hager et
al., 2015; McRoberts, et al., 2013; Schmitt Olabisi, 2010.

* Learning: Use system dynamics models to communicate key lessons about dynamic
complexity. Example system dynamics models in food systems research: Saysel, 2014; food
system examples in the Systems Literacy Project
(http://www.pbslearningmedia.org/collection/systemsliteracy/).

It is important to emphasize that the complexity and diversity of food systems around the world
and the range of uncertainty they face are such that there are no universal practices and
technologies for sustainable intensification (Janssen & Anderies, 2013; Ostrom et al., 2007;
Ostrom, 2009). Our explanations here focused on a discussion of relevant insights that arise
from a feedback perspective on sustainable intensification rather than on the identification of
case-specific policy and management actions.

When designing case-specific sustainable intensification actions, situations will inevitably arise
where there are trade-offs between the different outcome categories and between outcomes
and sustainability measures. In some cases, trade-offs might be minimized through changes to
governance systems. However, in many cases, this will not be possible and stakeholders will
need to make difficult decisions, ideally based on an informed scientific and socio-economic
evidence base, and taking into account long-term resilience as well as short-term costs and
benefits (Garnett & Godfray, 2012). It is in this context that system dynamics models can make
a powerful contribution, particularly initial higher-level research models that can be used to
test to which extent the full range of sustainable intensification options are achievable. Such
models also allow identifying the most important research needs and designing experiments
and studies that fill these needs.

References

Arango, S., & Moxnes, E. (2012). Commodity cycles, a function of market complexity? Extending
the cobweb experiment. Journal of Economic Behavior & Organization, 84(1), 321-334.
doi: http://dx.doi.org/10.1016/j.jebo.2012.04.002

Brown, D. R., Stephens, E. C., Okura Ouma, J., Murithi, F. M., & Barrett, C. B. (2006). Livelihood
strategies in the rural Kenyan highlands African Journal of Agricultural and Resource
Economics, 1(1), 21-36.

Burney, J. A, Davis, S. J., & Lobell, D. B. (2010). Greenhouse gas mitigation by agricultural
intensification. Proceedings of the National Academy of Sciences, 107(26), 12052-12057.
doi: 10.1073/pnas.0914216107

Campbell, B. M., Thornton, P., Zougmoré, R., van Asten, P., & Lipper, L. (2014). Sustainable
intensification: What is its role in climate smart agriculture? Current Opinion in
Environmental Sustainability, 8(0), 39-43. doi:
http://dx.doi.org/10.1016/j.cosust.2014.07.002

18



Ericksen, P. J. (2008). Conceptualizing food systems for global environmental change research.
Global Environmental Change, 18(1), 234-245.

FAO, IFAD, & WFP. (2014). The State of Food Insecurity in the World 2014. Strengthening the
Enabling Environment for Food Security and Nutrition. Rome: Food and Agriculture
Organization of the United Nations (FAO).

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., . .. Snyder, P. K.
(2005). Global Consequences of Land Use. Science, 309(5734), 570-574. doi:
10.1126/science.1111772

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., . . . Zaks,
D. P. M. (2011). Solutions for a cultivated planet. Nature, 478(7369), 337-342. doi:
http://www.nature.com/nature/journal/v478/n7369/abs/nature10452.html -
supplementary-information

Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G., Bloomer, P., . .. Godfray,
H. C.J. (2013). Sustainable intensification in agriculture: Premises and policies. Science,
341(6141), 33-34. doi: 10.1126/science.1234485

Garnett, T., & Godfray, H. C. J. (2012). Sustainable Intensification in Agriculture. Navigating a
Course through Competing Food System Priorities. A Report on a Workshop. Oxford,
United Kingdom: Food Climate Research Network, Oxford Martin Programme on the
Future of Food, University of Oxford.

Gerber, A. (2015, July 19-23, 2015). Agronomic theory in system dynamics. A case study from
Zambia. Paper presented at the 33rd International Conference of the System Dynamics
Society, Cambridge, MA.

Godfray, H. C. J., Beddington, J. R,, Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., ... Toulmin,
C. (2010). Food security: The challenge of feeding 9 billion people. Science, 327(5967),
812-818.

Godfray, H. C. J., Pretty, J., Thomas, S. M., Warham, E. J., & Beddington, J. R. (2011). Linking
Policy on Climate and Food. Science, 331(6020), 1013-1014. doi:
10.1126/science.1202899

Gdémez, M. |., Barrett, C. B., Buck, L. E., De Groote, H., Ferris, S., Gao, H. O., ... Yang, R. Y.
(2011). Research principles for developing country food value chains. Science,
332(6034), 1154-1155. doi: 10.1126/science.1202543

Hager, G., Kopainsky, B., & Nyanga, P. (2015, July 19-23, 2015). Learning as conceptual change
during community based group interventions using system models. Paper presented at
the 33rd International Conference of the System Dynamics Society, Cambridge, MA.

Hammond, R. A., & Dubé, L. (2012). A systems science perspective and transdisciplinary models
for food and nutrition security. Proceedings of the National Academy of Sciences,
109(31), 12356-12363. doi: 10.1073/pnas.0913003109

Hovmand, P. S., Yadama, G., Chalise, N., Calhoun, A., & Conner, D. (2010). Combining group
model building and rapid rural appraisal in southeast rural India. Paper presented at the
28th International Conference of the System Dynamics Society, Seoul, Korea.

Janssen, M. A,, & Anderies, J. M. (2013). A multi-method approach to study robustness of
social—ecological systems: the case of small-scale irrigation systems. Journal of
Institutional Economics, 9(04), 427-447. doi: doi:10.1017/5S1744137413000180

19



Janssen, M. A,, & Ostrom, E. (2006). Empirically based, agent-based models. Ecology and
Society, 11(2).

Kopainsky, B., Huber, R., & Pedercini, M. (2015). Food provision and environmental goals in the
Swiss agri-food system: System dynamics and the social-ecological systems framework.
Systems Research and Behavioral Science, 32(4), 414-432. doi: 10.1002/sres.2334

Kopainsky, B., Troger, K., Derwisch, S., & Ulli-Beer, S. (2012). Designing sustainable food security
policies in sub-Saharan African countries: How social dynamics over-ride utility
evaluations for good and bad. Systems Research and Behavioral Science, 29(6), 575-589.
doi: 10.1002/sres.2140

Lellis Vieira, A. C. G., Nicholson, C. F., & Hobbs, P. (2011). Rural Development and System
Dynamics: An Ex Ante Evaluation of Conservation Agriculture to Improve Dairy Farming
Systems in the Brazilian Paraiba do Sul Valley. Paper presented at the IX Congreso
Latinoamericano de Dinamica de Sistemas y Il Congreso Brasilefio de Dinamica de
Sistemas, Brasilia, DF, Brazil.

Liu, J., Mooney, H., Hull, V., Davis, S. J., Gaskell, J., Hertel, T., . . . Li, S. (2015). Systems
integration for global sustainability. Science, 347(6225). doi: 10.1126/science.1258832

Mclntire, J., Bourzat, D., & Pingali, P. (1992). Crop - livestock interaction in sub-Saharan Africa.
Washington D.C.: The World Bank.

McRoberts, K. C., Nicholson, C. F., Blake, R. W., Tucker, T. W., & Diaz Padilla, G. (2013). Group
model building to assess rural dairy cooperative feasibility in South-Central Mexico.
International Food and Agribusiness Management Review, 16(3), 55-98.

Millennium Ecosystem Assessment. (2005). Ecosystems and Human Well-being: Synthesis.
Washington, DC: Island Press.

Nicholson, C. F. (2007). Review of Methods for Modelling Systems Evolution Discussion Paper
(pp- 130). Nairobi, Kenya: International Livestock Research Institute (ILRI).

Nicholson, C. F., & Blake, R. W. (2004). Transition Dynamics of Intensifying Pasture-based Cattle
Systems: A Conceptual System Dynamics Model for the Western Brazilian Amazon. Paper
presented at the 2nd International Symposium on Silvopastoral Systems, Mérida,
Mexico.

Nicholson, C. F., Tedeschi, L. O., & Lellis Vieira, A. C. G. (2011). The Application of System
Dynamics Modeling to Enhance Profitability and Sustainability in Latin American
Livestock Systems. (Aplicacion de Modelos en el Estudio de Sistemas Dindmicos para
Mejorar la Rentabilidad y Sostenibilidad de los Sistemas de la Produccion Ganadera en
América Latina). Paper presented at the Il Simposio Internacional Gendmicay
Modelacidn en los Nuevos Escenarios de la Ganaderia Bovina Tropical, Palmira,
Colombia.

Ostrom, E. (2009). A general framework for analyzing sustainability of social-ecological systems.
Science, 325(5939), 419-422. doi: 10.1126/science.1172133

Ostrom, E., Janssen, M. A., & Anderies, J. M. (2007). Going beyond panaceas. Proceedings of the
National Academy of Sciences, 104(39), 15176-15178. doi: 10.1073/pnas.0701886104

Parsons, D., Nicholson, C. F., Blake, R. W., Ketterings, Q. M., Ramirez-Aviles, L., Cherney, J. H., &
Fox, D. G. (2011). Application of a simulation model for assessing integration of
smallholder shifting cultivation and sheep production in Yucatan, Mexico. Agricultural
Systems, 104(1), 13-19. doi: http://dx.doi.org/10.1016/j.agsy.2010.08.006

20



Parsons, D., Nicholson, C. F., Blake, R. W., Ketterings, Q. M., Ramirez-Aviles, L., Fox, D. G, . ..
Cherney, J. H. (2011). Development and evaluation of an integrated simulation model
for assessing smallholder crop—livestock production in Yucatan, Mexico. Agricultural
Systems, 104(1), 1-12. doi: http://dx.doi.org/10.1016/j.agsy.2010.07.006

Pretty, J., Sutherland, W. J., Ashby, J., Auburn, J., Baulcombe, D., Bell, M., . . . Pilgrim, S. (2010).
The top 100 questions of importance to the future of global agriculture. International
Journal of Agricultural Sustainability, 8(4), 219-236.

Pretty, J., Toulmin, C., & Williams, S. (2011). Sustainable intensification in African agriculture.
International Journal of Agricultural Sustainability, 9(1), 5-24.

Saysel, A. K. (2014). Analyzing soil nitrogen management with dynamic simulation experiments.
Paper presented at the 32nd International Conference of the System Dynamics Society,
Delft, The Netherlands.

Schliter, M., McAllister, R. R. J., Arlinghaus, R., Bunnefeld, N., Eisenack, K., Holker, F., . ..
Stoven, M. (2012). New horizons for managing the environment: A review of coupled
social-ecological systems modeling. Natural Resource Modeling, 25(1), 219-272. doi:
10.1111/j.1939-7445.2011.00108.x

Schmidhuber, J., & Tubiello, F. N. (2007). Global food security under climate change.
Proceedings of the National Academy of Sciences, 104(50), 19703-19708. doi:
10.1073/pnas.0701976104

Schmitt Olabisi, L. K. (2010). The system dynamics of forest cover in the developing world:
Researcher versus community perspectives. Sustainability, 2(6), 1523-1535.

Stave, K. (2015). System Dynamics for Environmental Applications. In M. Ruth (Ed.), Handbook
of Methods and Applications in Environmental Studies.

Stave, K., & Kopainsky, B. (2015). A system dynamics approach for examining mechanisms and
pathways of food supply vulnerability. Journal of Environmental Studies and Sciences,
5(3). doi: DOI 10.1007/s13412-015-0289-x

Stephens, E. C., Nicholson, C. F., Brown, D. R,, Parsons, D., Barrett, C. B., Lehmann, J., . . . Riha, S.
J. (2012). Modeling the impact of natural resource-based poverty traps on food security
in Kenya: The Crops, Livestock and Soils in Smallholder Economic Systems (CLASSES)
model. Food Security, 4(3), 423-439. doi: 10.1007/s12571-012-0176-1

Sterman, J. D. (1989a). Misperceptions of feedback in dynamic decision making. Organizational
Behavior and Human Decision Processes, 43(3), 301-335.

Sterman, J. D. (1989b). Modeling managerial behavior: Misperceptions of feedback in a
dynamic decision making experiment. Management Science, 35(3), 321-339.

Tedeschi, L. O., Nicholson, C. F., & Rich, E. (2011). Using System Dynamics modelling approach
to develop management tools for animal production with emphasis on small ruminants.
Small Ruminant Research, 98(1-3), 102-110. doi:
http://dx.doi.org/10.1016/j.smallrumres.2011.03.026

The Montpellier Panel. (2013). Sustainable Intensification: A New Paradigm for African
Agriculture. London: Agriculture for Impact.

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences. doi:
10.1073/pnas.1116437108

21



Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., & Polasky, S. (2002). Agricultural
sustainability and intensive production practices. Nature, 418(6898), 671-677.

Turner, N. C., & Rao, K. P. C. (2013). Simulation analysis of factors affecting sorghum yield at
selected sites in eastern and southern Africa, with emphasis on increasing
temperatures. Agricultural Systems, 121(0), 53-62. doi:
http://dx.doi.org/10.1016/j.agsy.2013.06.002

van Ginkel, M., Sayer, J., Sinclair, F., Aw-Hassan, A., Bossio, D., Craufurd, P., ... Ortiz, R. (2013).
An integrated agro-ecosystem and livelihood systems approach for the poor and
vulnerable in dry areas. Food Security, 5(6), 751-767. doi: 10.1007/s12571-013-0305-5

Victoria, R., Banwart, S., Black, H., Ingram, J. S. |, Joosten, H., Milne, E., & Noellenmeyer, E.
(2012). The benefits of soil carbon. Managing soils for multiple economic, societal and
environmental benefits. In UNEP (Ed.), Year Book 2012. Emerging Issues in our Global
Environment (pp. 19-33). Nairobi, Kenya: United Nations Environment Programme
(UNEP).

Webber, H., Gaiser, T., & Ewert, F. (2014). What role can crop models play in supporting climate
change adaptation decisions to enhance food security in Sub-Saharan Africa?
Agricultural Systems, 127(0), 161-177. doi: http://dx.doi.org/10.1016/j.agsy.2013.12.006

Whitman, T., Nicholson, C. F., Torres, D., & Lehmann, J. (2011). Climate Change Impact of
Biochar Cook Stoves in Western Kenyan Farm Households: System Dynamics Model
Analysis. Environmental Science & Technology, 45(8), 3687-3694. doi:
10.1021/es103301k

Yadama, G., Hovmand, P. S., Foundation for Ecological Security (Papagani Cell), & Chalise, N.
(2010, July 25-29, 2010). Community driven modeling of social-ecological systems:
Lessons from Andhra Pradesh, India. Paper presented at the 28th International
Conference of the System Dynamics Society, Seoul, Korea.

22



