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Summary

Summary

In the light of climate change, rising demands for agricultural products and the
intensification and specialization of agricultural systems, ensuring an adequate and
reliable supply of food is fundamental for food security. Maintaining diversity and
redundancy has been postulated as one generic principle to increase the resilience
of agricultural production and other ecosystem services. For example, if one crop
fails due to climate instability and extreme events, others can compensate the losses.
Crop diversity might be particularly important if different crops show asynchronous
production trends. Furthermore, spatial heterogeneity has been suggested to
increase stability at larger scales as production losses in some areas can be buffered
by surpluses in undisturbed ones. Besides systematically investigating the
mechanisms underlying stability, identifying transformative pathways that foster
them is important.

In my thesis, I aim at answering the following questions: (i) How does yield stability
differ between nations, regions and farms, and what is the effect of crop diversity on
yield stability in relation to agricultural inputs, climate heterogeneity, climate
instability and time at the national, regional or farm level? (ii) Is asynchrony between
crops a better predictor of production stability than crop diversity? (iii) What is the
effect of asynchrony between and within crops on stability and how is it related to
crop diversity and space, respectively? (iv) What is the state of the art and what are
knowledge gaps in exploring resilience and its multidimensionality in ecological
and social-ecological systems with agent-based models and what are potential ways
forward?

In the first chapter, I provide the theoretical background for the subsequent analyses.
I stress the need to better understand the resilience of social-ecological systems and
particularly the stability of agricultural production. Moreover, I introduce diversity
and spatial heterogeneity as two prominently discussed resilience mechanisms and
describe approaches to assess resilience.

In the second chapter, I combined agriculture and climate data at three levels of
organization and spatial extents to investigate yield stability patterns and their

relation to crop diversity, fertilizer, irrigation, climate heterogeneity and instability
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Summary

and time of nations globally, regions in Europe and farms in Germany using
statistical analyses. Yield stability decreased from the national to the farm level.
Several nations and regions substantially contributed to larger-scale stability. Crop
diversity was positively associated with yield stability across all three levels of
organization. This effect was typically more profound at smaller scales and in
variable climates. In addition to crop diversity, climate heterogeneity was an
important stabilizing mechanism especially at larger scales. These results confirm
the stabilizing effect of crop diversity and spatial heterogeneity, yet their importance
depends on the scale and agricultural management.

Building on the findings of the second chapter, I deepened in the third chapter my
research on the effect of crop diversity at the national level. In particular, I tested if
asynchrony between crops, i.e. between the temporal production patterns of
different crops, better predicts agricultural production stability than crop diversity.
The stabilizing effect of asynchrony was multiple times higher than the effect of crop
diversity, i.e. asynchrony is one important property that can explain why a higher
diversity supports the stability of national food production. Therefore, strategies to
stabilize agricultural production through crop diversification also need to account
for the asynchrony of the crops considered.

The previous chapters suggest that both asynchrony between crops and spatial
heterogeneity are important stabilizing mechanisms. In the fourth chapter, I
therefore aimed at better understanding the relative importance of asynchrony
between and within crops, i.e. between the temporal production patterns of different
crops and between the temporal production patterns of different cultivation areas of
the same crop. Better understanding their relative importance is important to inform
agricultural management decisions, but so far this has been hardly assessed. To
address this, I used crop production data to study the effect of asynchrony between
and within crops on the stability of agricultural production in regions in Germany
and nations in Europe. Both asynchrony between and within crops consistently
stabilized agricultural production. Adding crops increased asynchrony between
crops, yet this effect levelled off after eight crops in regions in Germany and after
four crops in nations in Europe. Combining already ten farms within a region led to
high asynchrony within crops, indicating distinct production patters, while this

effect was weaker when combining multiple regions within a nation. The results
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suggest, that both mechanisms need to be considered in agricultural management
strategies that strive for more resilient farming systems.

The analyses in the foregoing chapters focused at different levels of organization,
scales and factors potentially influencing agricultural stability. However, these
statistical analyses are restricted by data availability and investigate correlative
relationships, thus they cannot provide a mechanistic understanding of the actual
processes underlying resilience. In this regard, agent-based models (ABM) are a
promising tool. Besides their ability to measure different properties and to integrate
multiple situations through extensive manipulation in a fully controlled system,
they can capture the emergence of system resilience from individual interactions and
feedbacks across different levels of organization. In the fifth chapter, I therefore
reviewed the state of the art and potential knowledge gaps in exploring resilience
and its multidimensionality in ecological and social-ecological systems with ABMs.
Next, I derived recommendations for a more effective use of ABMs in resilience
research. The review suggests that the potential of ABMs is not utilized in most
models as they typically focus on a single dimension of resilience and are mostly
limited to one reference state, disturbance type and scale. Moreover, only few
studies explicitly test the ability of different mechanisms to support resilience. To
solve real-world problems related to the resilience of complex systems, ABMs need
to assess multiple stability properties for different situations and under
consideration of the mechanisms that are hypothesized to render a system resilient.
In the sixth chapter, I discuss the major conclusions that can be drawn from the
previous chapters. Moreover, I showcase the use of simulation models to identify
management strategies to enhance asynchrony and thus stability, and the potential
of ABMs to identify pathways to implement such strategies.

The results of my thesis confirm the stabilizing effect of crop diversity, yet its
importance depends on the scale, agricultural management and climate. Moreover,
strategies to stabilize agricultural production through crop diversification also need
to account for the asynchrony of the crops considered. As spatial heterogeneity and
particularly asynchrony within crops strongly enhances stability, integrated
management approaches are needed that simultaneously address multiple resilience
mechanisms at different levels of organization, scales and time horizons. For
example, the simulation suggests that only increasing the number of crops at both

the pixel and landscape level avoids trade-offs between asynchrony between and
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within crops. If their potential is better exploited, agent-based models have the
capacity to systematically assess resilience and to identify comprehensive pathways

towards resilient farming systems.



Zusammenfassung

Zusammenfassung

In Anbetracht des Klimawandels, steigender Nachfrage nach landwirtschaftlichen
Produkten und der weitgehenden Intensivierung und Spezialisierung
landwirtschaftlicher =~ Systeme ist eine ausreichende wund zuverldssige
Nahrungsmittelproduktion zentral fiir die Erndhrungssicherheit. Eine hohe
Nutzpflanzenvielfalt und rdumliche Heterogenitdt konnen helfen, die Resilienz
bzw. Widerstandsfahigkeit der landwirtschaftlichen Produktion zu starken. Fallt
zum Beispiel die Ernte einer Nutzpflanze aufgrund einer Diirre aus, konnen andere
die Verluste ausgleichen. Auflerdem konnen Produktionsverluste in einigen
Gebieten durch Uberschiisse in anderen Gebieten kompensiert werden.

In meiner Arbeit habe ich mittels umfassender Landwirtschafts- und Klimadaten
und statistischer Analysen untersucht, wie sich insbesondere Nutzpflanzenvielfalt
und Klimaheterogenitit auf zeitliche Ertragsstabilitat auswirken. Zudem habe ich
evaluiert, ob asynchrone Produktionstrends unterschiedlicher Nutzpflanzen den
stabilisierenden Effekt einer hohen Nutpflanzenvielfalt erkldren konnen. Aufierdem
habe ich den Effekt asynchroner Produktionstrends unterschiedlicher Nutzpflanzen
und von unterschiedlichen Anbaugebieten derselben Nutzpflanze in Bezug auf
Produktionsstabilitdt verglichen und mit einer Computersimulation eruiert, wie
diese Mechanismen durch Diversifizierung verdndert werden. Zum Schluss habe
ich untersucht, wie umfassend die Resilienz 6kologischer und soziodkologischer
Systeme mittels agentenbasierter Modelle bislang erforscht wurde.

Die Untersuchungen dieser Arbeit zeigen, dass Nutzpflanzenvielfalt die
landwirtschaftliche Produktion auf samtlichen untersuchten Organisationsebenen
stabilisiert. Asynchrone Produktionstrends unterschiedlicher Nutzpflanzen kénnen
erkldren, warum eine hohere Diversitat die Produktion stabilisiert. Daneben sind
asynchrone Produktionstrends unterschiedlicher Anbaugebiete besonders wichtig.
Meine Simulation zeigt, dass nur eine Diversifizierung auf Feld- und
Landschaftsebene asynchrone Produktionsmuster zwischen Nutpflanzen und
Anbaugebieten gleichzeitig erhoht oder zumindest keine der beiden Mechanismen
verringert. Agentenbasierte Modelle bieten die Moglichkeit, Resilienz systematisch

zu untersuchen und Wege aufzuzeigen, die zu resilienteren Anbausystemen fiihren.
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Zusammenfassung

Meine Ergebnisse unterstreichen die Notwendigkeit umfassenderer Ansdtze um
eine resiliente, produktive und nachhaltige landwirtschaftliche Produktion in Zeiten
globaler Veranderungsprozesse zu erreichen. Dies beinhaltet insbesondere eine
Diversifizierung der Nutzpflanzen auf unterschiedlichen Ebenen unter
Beriicksichtigung der zeitlichen Produktionstrends sowie eine nachhaltige Nutzung

landwirtschaftlicher Betriebsmittel.
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Introduction

1 Introduction

1.1 Resilience of social-ecological systems

In a world undergoing unprecedented change, understanding the resilience of
social-ecological systems, i.e. their ability to absorb change while maintaining
functioning and thus persist, is of utmost importance and fundamental to sustain
the ecosystem services that humans rely on (Berkes and Folke, 1998; Biggs et al.,
2012, 2015; Holling, 1973; Oliver et al., 2015). Resilience has therefore become an
increasingly popular concept in science and policy (Donohue et al., 2016). Since
agriculture is the most dominant form of land use and essential for human survival,
understanding the resilience of agricultural production is particularly important
(Campbell et al., 2017). Agriculture is a social-ecological system characterized by the
complex interactions between natural processes, which are related to climate and
the resources agriculture depends on, and social processes, which are related to the
behavior of farmers, markets and consumers. Both kinds of processes act across
different spatial and temporal scales, which is distinctive for social-ecological
systems (Schliiter et al., 2012).

Shocks, i.e. extreme disturbance events, affecting agricultural production are a threat
to food security, in particular if they occur in multiple regions simultaneously
(Bailey et al., 2015; Knapp and van der Heijden, 2018; Mehrabi and Ramankutty,
2019). This in turn may lead to regional food shortages, income deficits, price spikes
and civil unrest (Bailey et al., 2015; Battisti and Naylor, 2009; Gilbert and Morgan,
2010; Myers et al., 2017; von Uexkull et al., 2016). As agriculture is largely climate-
dependent, climate shocks and variation directly affect production stability and
possibly erode resilience (Ray et al., 2015). In the light of climate change and rising
demands for food, resilient agricultural systems are therefore fundamental to
enhance the reliability of agricultural production and thus food security (Knapp and
van der Heijden, 2018; Schmidhuber and Tubiello, 2007; Valin et al., 2014).

With a coverage of 12% of the earth’s ice-free land surface and increasingly
intensified management practices, agriculture substantially contributes to the
degradation of natural habitats, the creation of simplified landscapes, soil erosion,
depletion of freshwater resources, eutrophication and greenhouse gas emissions

1
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(Bailey et al., 2015; Foley et al., 2005; Ramankutty et al., 2008; Seppelt et al., 2016;
West et al., 2014). Accordingly, agriculture plays a major role in the transgression of
most planetary boundaries, as well as in the loss of biodiversity and ecosystem
services (Beckmann et al., 2019; Campbell et al., 2017; Iverson et al., 2014; Sirami et
al.,, 2019; Steffen et al., 2015; Tscharntke et al., 2015). Moreover, unsustainable
agricultural practices undermine the long-term productivity and resilience of
agricultural systems (Bailey et al., 2015). Besides the direct degradation of natural
resources that agriculture relies upon or the contribution to climate change that
potentially undermines agricultural production, the ongoing trend towards
monocultures erodes fundamental resilience mechanisms including diversity and
heterogeneity from the field to the landscape scale (Lin, 2011; Ortiz-Bobea et al.,
2018). Therefore, potential future needs to increase agricultural production due to
population growth, altered consumption patterns and rising demands for bioenergy
cannot be achieved at the expense of further environmental degradation and the
mechanisms underlying the resilience of agricultural production (Bailey et al., 2015;
Foley et al., 2011; Rueda and Lambin, 2014).

1.2 Resilience mechanisms: diversity and spatial heterogeneity
In resilience theory, maintaining diversity and redundancy has been postulated as a
central principle to increase the resilience of social-ecological systems (Biggs et al.,
2012; Kremen and Merenlender, 2018; Mijatovic et al., 2013; Weise et al., 2020). One
aspect of this principle is related to species diversity, which has been investigated
for a long time in ecology. According to the insurance hypothesis, large numbers of
species providing the same or similar function imply greater chances that some will
maintain functioning even if others fail (Yachi and Loreau, 1999). Likewise, the
portfolio effect predicts that stability progressively increases with diversity as the
fluctuations of more species are averaged (Doak et al., 1998; Tilman, 1999), i.e. the
risk is spread (Weise et al., 2020). Another aspect of this principle relates to spatial
heterogeneity (Biggs et al., 2012; Cumming et al., 2016). For example, undisturbed
areas can buffer negative effects in disturbed areas. Therefore larger-scale resilience
might be higher as local shocks are more likely to be buffered.
Synchrony or asynchrony is another important resilience mechanism, yet related to
both species diversity and spatial heterogeneity (Loreau and De Mazancourt, 2008;
Mehrabi and Ramankutty, 2019). On the one hand, species that show asynchronous
2
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trends better contribute to temporal stability as they complement each other, also
termed ‘response diversity’ in biodiversity research (Elmqvist et al., 2003). On the
other hand, different areas better increase larger-scale temporal stability if they are
affected asynchronically by disturbances (Mehrabi and Ramankutty, 2019).

In the agricultural context, research has focused on agricultural productivity for a
long time, although understanding the stability of crop production and its
underlying drivers has gained more attention recently (Knapp and van der Heijden,
2018; Ray et al., 2015). For example, temporal yield stability has been compared
between different cropping systems and the synchrony of the production of major
crops has been assessed globally (Knapp and van der Heijden, 2018; Mehrabi and
Ramankutty, 2019). Moreover, it has been found that climate variability reduces
yield stability, while crop diversity and agricultural inputs are enhancing it (Gaudin
et al., 2015; Raseduzzaman and Jensen, 2017; Ray et al., 2015; Renard and Tilman,
2019). However, these studies typically focused on one level of organization and a
limited number of crops or stability mechanisms. Accordingly, the relationship of
different mechanisms and across different levels of organization and scales is poorly

understood.

1.3 Assessing resilience

Resilience is a multidimensional concept. On the one hand, it encompasses the three
fundamental stability properties recovery, resistance and persistence (Oliver et al.,
2015; Standish et al., 2014). Recovery specifies the process of a state variable
returning to the values prior to a disturbance and is typically quantified as the time
needed until a state variable reaches pre-disturbance levels. Resistance characterizes
the limited change of a variable after a disturbance, and persistence is related to the
existence of a system as an identifiable unit, described by specific state variables
remaining within a certain range. On the other hand, these stability properties can
only be applied to specific situations, which are defined by the considered level of
organization, state variable, reference state, disturbance, and spatial and temporal
scale (Grimm and Wissel, 1997).

In practice, (in)variability is often used as a proxy to assess temporal stability and
resilience because a system showing lower variation usually has higher chances that
state variables remain within the ranges required for the persistence of a system

(Wang and Loreau, 2016). Other stability properties are often difficult to quantify,
3
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for example because unambiguous definitions of a system to determine persistence
or of reference states to assess recovery and resistance do not exist (Egli et al., 2019).
In the agricultural context, quantitative and data-based studies typically measure
the coefficient of variation, its inverse or related metrics to evaluate the temporal
(in)stability of yields or production (Gaudin et al., 2015; Knapp and van der Heijden,
2018; Raseduzzaman and Jensen, 2017; Ray et al., 2015; Renard and Tilman, 2019)
Agent-based models complement empirical research, which is, for logistic reasons,
limited in coping with these multiple dimensions, and are a promising tool to assess
resilience more comprehensively (Egli et al., 2019). Besides their ability to integrate
multidimensionality through extensive manipulation of reference states,
disturbances and scales in a fully controlled system, agent-based models can capture
the emergence of system resilience from individual interactions and feedbacks
across different levels of organization and based on different state variables.
Besides their ability to deal with the multidimensionality of resilience, computer
simulations and particularly agent-based models can help to identify strategies that
increase the resilience of agricultural systems and potential transformative
pathways to implement them (Bai et al., 2016; Brown et al., 2016). Therefore, such
approaches are promising to support the fundamental transformation that is needed
to achieve productive, sustainable and resilient agricultural systems (Bailey et al.,
2015; Campbell et al., 2017; Kremen and Merenlender, 2018).

1.4 Objectives and overview

As outlined above, there is a strong need to better understand the mechanisms
enhancing the temporal stability and resilience of agricultural systems and to
identify pathways to foster them. Accordingly, this thesis aims at investigating the
effect of crop diversity, spatial heterogeneity and asynchrony on the temporal
stability of agricultural production across multiple levels of organization and scales.
To investigate the potential of dynamic modeling approaches beyond data analysis,
the thesis reviews the use of agent-based models in exploring resilience and
discusses their capacity to support the identification of pathways to strengthen these
mechanisms in different contexts.

This thesis consists of four studies. In the first study (Chapter 2), I combined
agriculture and climate data at three levels of organization and spatial extents and

used statistical analyses:
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e To investigate how yield stability differs between individual nations,
regions and farms and in relation to all nations, regions and farms.

e To study the effect of crop diversity on yield stability in relation to
agricultural inputs, climate heterogeneity, climate instability and time at the
national, regional or farm level.

In the second study (Chapter 3), I deepened my research on the effect of crop
diversity on the national level and regarding the stability of total agricultural
production. In particular, I contrasted the effect of crop diversity and asynchrony
between crops, i.e. between the temporal production patterns of different crops:

e To test if crop asynchrony better predicts agricultural production stability
than crop diversity.

Drawing from the insights of the two previous studies, I investigated different facets
of asynchrony using agricultural data in regions in Germany and nations in Europe
(Chapter 4). I aimed at better understanding the relative importance of asynchrony
between and within crops, i.e. between the temporal production patterns of different
crops and between the temporal production patterns of different cultivation areas of
the same crop. The main objectives were:

e To investigate the effect of asynchrony between and within crops on
production stability.

e To assess the effect of crop diversity and space on the asynchrony between
and within crops, respectively.

The first three studies mainly focused on the determinants of agricultural stability
at different levels of organization and scales. However, these statistical analyses
were restricted by data availability and focus on correlative relationships, thus they
could not provide a mechanistic understanding of the actual processes underlying
resilience. Moreover, the analyses were restricted to temporal stability as one aspect
to approximate resilience. In Chapter 5, I therefore reviewed the use of agent-based
models in resilience research:

e To summarize the state of the art and knowledge gaps in exploring
resilience and its multidimensionality in ecological and social-ecological
systems with agent-based models.

o To suggest ways forward for a more effective use of agent-based models in

resilience research.
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In Chapter 6, I finally provide a synthesis of the four studies and showcase potential
next steps to identify suitable management strategies and transformative pathways

towards stable and resilient agricultural systems.
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2 Crop diversity stabilizes agricultural production across scales!

2.1 Abstract

Stabilizing agricultural systems enhances the reliability of agricultural production
and food security. While crop diversity has been found to stabilize agricultural
production, it is unclear whether this holds across different levels of organization
and in relation to different agricultural management and climate. We combined data
at three levels of organization and spatial extents to investigate yield stability
patterns and their relation to crop diversity, fertilizer, irrigation, climate
heterogeneity and instability and time of nations globally, regions in Europe and
farms in Germany. Yield stability decreased from the national to the farm level.
Several nations and regions substantially contributed to larger-scale stability. Crop
diversity was positively associated with yield stability across all three levels of
organization. This effect was typically more profound at smaller scales and in
variable climates. Our results confirm the stabilizing effect of crop diversity, yet its

importance depends on the scale, agricultural management and climate.

2.2 Introduction

Stable agricultural systems are fundamental to enhance the reliability of agricultural
production and thus food security (Knapp and van der Heijden, 2018), in particular
in the light of climate change and rising demands for food (Challinor et al., 2014;
Valin et al., 2014). Although understanding the stability of crop production and its
underlying drivers has gained more attention recently (Gaudin et al., 2015; Knapp
and van der Heijden, 2018; Mehrabi and Ramankutty, 2019; Raseduzzaman and
Jensen, 2017; Ray et al.,, 2015; Renard and Tilman, 2019), their relationship across
different levels of organization is poorly understood. For example, stability at the
national level is expected to be higher compared to the farm level as it generally
increases with scale (Kouadio and Newlands, 2015). Likewise, stability across

multiple nations or farms is likely to be higher than the stability of individual nations

1 Under review as: Egli, L., Schréter, M., Scherber, C., Tscharntke, T., Seppelt, R. Crop diversity stabilizes
agricultural production across scales. Ambio. (11. August 2020)
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or farms, and different regions differ in their contribution to larger-scale stability
(Mehrabi and Ramankutty, 2019).

Resilience theory suggests that crop diversity reduces risks and increases resilience
in agricultural systems, i.e. the ability to maintain functioning in the face of
disturbance and change (Biggs et al., 2012; Kremen and Merenlender, 2018; Mijatovi¢
et al., 2013). If one crop fails due to climate instability and extreme events, others can
compensate the losses (Lin, 2011; Raseduzzaman and Jensen, 2017; Yachi and
Loreau, 1999). This hypothesis is related to the portfolio effect or insurance
hypothesis (Doak et al., 1998; Tilman, 1999; Yachi and Loreau, 1999). Recent studies
support theory and found that crop diversity is stabilizing agricultural production
(Gaudin et al., 2015; Renard and Tilman, 2019). Agricultural inputs such as fertilizer
and irrigation further stabilize yields (Knapp and van der Heijden, 2018; Ray et al.,
2015; Renard and Tilman, 2019; Rist et al., 2014), potentially instead of or in addition
to crop diversity. During the last decades, dependency on fertilizer and irrigation
and the spatial coverage of their application has heavily increased, and hence
yielded large production gains (Foley et al., 2011; Tilman et al., 2001). Furthermore,
spatial heterogeneity is likely to stabilize agricultural production (Biggs et al., 2012;
Kouadio and Newlands, 2015). Given that climate instability and weather are major
determinants of yield stability (Ray et al., 2015), climate heterogeneity potentially
stabilizes production as it fosters asynchronous production patterns that balance
overall production (Mehrabi and Ramankutty, 2019).

Here, we compiled long-term data at three different levels of organization and
spatial extents (national-level data at the global extent, regional-level data in Europe,
farm-level data in Germany) to analyze patterns of total yield stability in relation to
agricultural management and climate. We quantified yield stability at various levels
to investigate how yield stability differs between different individual nations,
regions and farms and in relation to all nations, regions and farms. We then used
linear mixed-effect models to study the effect of crop diversity on yield stability in
relation to agricultural inputs, climate heterogeneity, climate instability and time at

the national, regional or farm level.
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2.3 Materials and Methods

2.3.1 Data sources and treatment

We collected agricultural and climate data across three levels of organization and
spatial extents and aggregated them for ten-year time intervals. At the national level
we collected global data for five time intervals (1968-1977, 1978-1987, 1988-1997,
1998-2007, 2008-2017) mainly from the FAOSTAT database (Table 2.1). At the
regional level, we extracted data for the NUTS 2 regions (where applicable) in
Europe for four time intervals (1978-1987, 1988-1997, 1998-2007, 2008-2017). We used
agricultural production data from the EUROSTAT database (Table 2.1), while we
assigned national data from FAOSTAT to each region within a nation regarding
agricultural inputs because higher resolution data was incomplete or not available.
At the farm level, we collected data in Germany for two time periods (1998-2007,
2008-2017), largely using the ‘Testbetriebsnetz’ dataset, a comprehensive assessment
of management and socio-economic variables on a large subset of farms across
Germany (Table 2.1). Since irrigation is hardly reported in this dataset, we assigned
irrigation data reported at the federal state level from EUROSTAT to the respective
farms. To describe climate heterogeneity and instability, we used the University of
Delaware gridded monthly air temperature and precipitation data at 0.5 degree
spatial resolution for all levels of organization (Table 2.1). Details on the underlying
data sources can be found in Table 2.1. To exclude nations, regions or farms (further
referenced as “units’) where crop cultivation is of very minor relevance, we sorted
them by the average cropland area over all reported years in descending order and
included units up to a cumulated cropland area of 99.9% of the total cropland area
of all units. At the national level, we further excluded Egypt, Guinea, Kenya,
Mozambique, North Korea and Zambia due to data quality issues and Ireland,
Netherlands, New Zealand because they use much of their fertilizer on pastures
(Renard and Tilman, 2019).

2.3.2  Yield stability

To calculate yield stability, several preparation steps were needed. We converted
crop-specific production from tons to calories using standardized nutritive factors
(Table 2.1). We only included crops, for which nutrient data could be clearly
assigned. For each time interval, we only included crops for which time series were

complete and where both production and harvested area were reported. This

9
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yielded 131 crops globally, 29 crops for Europe and 24 crops for Germany. At the
reginal level, this led to the exclusion of the regions in France, Spain and the UK in
the most recent time interval (2008-2017). For each unit and year, we then summed
calorie production of all crops and divided it by the totally harvested area to obtain
overall yields in kilocalories per hectare. To account for stability independent of
long-term trends, we time-detrended annual yield data by regressing annual total
calorie production on year squared for each time interval and unit (Renard and
Tilman, 2019). We calculated yield stability as the mean of the non-time-detrended
yield divided by the standard deviation of time-detrended yields for each time
period following Renard and Tilman (2019) and Mehrabi and Ramankutty (2019).
For the German data, we excluded two farms in 2008-2017 as yield stability values
were very implausible (>10'5 compared to a mean value of 10.97 for all other farms).
In a next step, we calculated larger-scale yield stability across all nations, regions or
farms either with or without the unit. When calculating larger-scale yield stability,
we only included the crops grown in the respective unit. For example, if a given
region cultivated wheat, maize and potatoes, we calculated European stability (with
or without the target region) only with these crops. We then divided yield stability
of each unity by the respective large-scale stability to evaluate its performance
relative to the larger scale (relative yield stability). A value above 1 would indicate that
the stability of the unit is higher than the larger-scale stability. Finally, we divided
larger-scale stability by the larger-scale stability without the respective unit to test
its contribution to larger-scale stability (yield stability contribution). A value above 1
would indicate that the unit is positively contributing to larger-scale stability.

2.3.3  Explanatory variables

We used crop diversity, fertilizer, irrigation, temperature and precipitation
heterogeneity, temperature and precipitation instability, and time as explanatory
variables of yield stability. Regarding crop diversity, we calculated effective
diversity as the exponential of the Shannon diversity of the harvested areas of the
different crops for each year and unit (Hill, 1973) and calculated mean values for
each time interval. To account for land-use intensity, we included fertilizer usage
and irrigation. For the national level, we calculated national-level mean nitrogen
fertilizer application for each time interval and unit relative to the respective mean
cropland area. We used cropland area instead of the sums of the harvested areas of

the crops considered as this would potentially overestimate fertilizer application per
10
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area because we did not include all crops (see above). For irrigation, we used the
mean area equipped for irrigation relative to agricultural land for each time interval
and unit. We also used national fertilizer and irrigation data for the regional level as
we wanted to cover a large temporal extent regarding agricultural production data
(40 years), for which subnational data on agricultural inputs is largely incomplete.
For farm-level data in Germany, we used expenditure for fertilizer as a proxy for
actual application as the latter has not been reported before 2017. For irrigation, we
used federal state level data from EUROSTAT (relative to the total utilized
agricultural area) as irrigation is only reported irregularly in the farm-level data. We
then calculated mean values of fertilizer and irrigation for each time interval and
unit, and standardized fertilizer expenditure by mean total agricultural area (see
above). To describe climate heterogeneity and instability, we used gridded monthly
temperature (°C) and precipitation (cm) data on 0.5 degree resolution for all levels
of organization (Table 2.1). We extracted climate data only within cropland area
extent of the year 2000 (aggregated to the same resolution as climate data taking
pixel sums) and during the growing season of major crops (Table 2.1). For the
aggregated ‘cropland mask’ we only included pixels that reported more than 1 km?
of cropland to not overestimate the influence of pixels where agriculture has a very
minor relevance. We then aggregated the climate data to the target spatial unit using
cropland area-weighted standard deviations and means. We used mean standard
deviations for each time interval and unit to describe temperature and precipitation
heterogeneity. Since farm locations were only reported at the district level (1 = 30)
for data security reasons, we calculated the mean of the total harvested area of all
crops considered for each time interval and farm to approximate temperature and
precipitation heterogeneity at the farm level. Moreover, we calculated temperature
and precipitation instability as the negative of the mean temperature and
precipitation, respectively, over its standard deviation for each time interval and
unit or district for the farm level analysis (Renard and Tilman, 2019).

Our final datasets consisted of 602, 355 and 6384 data points at the national, regional
and farm level, respectively, representing 137 nations, 165 regions and 5183 farms.
Data for multiple time intervals was available for 97.8%, 74.5% and 23.2% of these

nations, regions and farms, respectively.
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2.3.4  Statistical analyses

We used the statistical software package R 3.6.1 (R Core Team, 2019) run via RStudio
(RStudio Team, 2015) for data analysis. To assess distributional assumptions in the
response variable, we used the ‘fitdistrplus’ package in R (Delignette-Muller and
Dutang, 2015). Yield stability was clearly log-normally distributed (a normal
distribution had a AAIC of +1130.74, +80.31 and + 27531.98 units compared with the
log-normal for yield stability at the national, regional and farm level, respectively).
To equalize spread and reduce leverage, we square root-transformed fertilizer and
irrigation for all levels of organization and log-transformed area harvested at the
farm level. We scaled explanatory variables (mean-centered and divided by their
standard deviations) to reduce remaining collinearity between main effects (Gelman
and Hill, 2006) and to make regression coefficients comparable. At the farm level,
we removed time due to its high correlation with temperature and precipitation
instability (ISpearman’s rhol < 0.7), and precipitation instability because it inflated
variance inflation factors. We then used a linear mixed-effects model using the
‘nlme’ library in R (Pinheiro et al., 2019) fitting a random intercept for nation, region
as a nested effect of nation and farm as a nested effect of district, respectively, for
the three levels of organization. We tested the dependence of yield stability on
effective crop diversity, fertilizer, irrigation, temperature and precipitation
heterogeneity (national and regional level), area harvested (farm level), temperature
and precipitation instability and time for all levels of organization. Moreover, we
included all pairwise interactions with crop diversity to test whether the effect of
crop diversity is lower if agricultural inputs and climate heterogeneity are high,
higher if climate instability is high and if it decreased over time. All explanatory
variables at all three levels of organization had variance inflation factors below 4,
indicating that multicollinearity was successfully removed.

For data security reasons, the farm level data is only available at the Johann Heinrich
von Thiinen-Institut, Braunschweig, Germany. All other data that support the
findings of this study, as well as related codes for data preparation and analyses are

openly available on GitHub: https://github.com/legli/AgriculturalStabilityScales

2.4 Results
Generally, nations reached higher yield stabilities than regions and farms (Figures
2.1-2.2). In particular, nations in Central and South America, partially Central and

14


https://github.com/legli/AgriculturalStabilityScales

Crop diversity stabilizes agricultural production across scales

West Africa, South Asia, Southeast Asia and China showed high stability. In Europe,
regions with low stability were mainly found in Spain, Sweden and parts of Eastern
Europe. High stability regions were mainly found in the UK, France, Northern Italy
and Germany. Average stability of farms was generally higher in districts in Western
and Southern Germany, while lowest values were reached in Eastern Germany.
Individual yield stability, i.e. that of a single nation, region or farm, was typically
lower compared to the stability over all nations, regions or farms (Figures 2.2, A2).
In only 6.3% of all cases, nations reached higher stability compared to global
stability. In contrast, 14.6% and 16.3% of the regions and farms reached higher
stabilities compared to the stability over all regions and farms, respectively. The
difference between individual and larger-scale stability was most profound at the
national level. Spatial patterns were similar to actual stability values (Figures. 2.1,
A2).

Most nations (71.4%), regions (64.8%) and farms (71.9%) contributed to larger-scale
stability (Table 2.2, Figure A3). On average over all time intervals, Brazil, Nigeria,
India and China contributed most to global stability, while the United States,
Ukraine and Russia contributed least. Regions in the United Kingdom, Northern
France, Germany and Italy, and Finland contributed most to European stability. On
average, farms hardly contributed to larger-scale stability (average contribution for

farms contributing to larger-scale stability was 1.001).
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Stability
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Figure 2.1 Yield stability for nations (a), regions in the European Union (b) and farms in
Germany (c). Values are averaged over all time periods (1 = 137 for the national, n = 165 for
the regional and n = 5183 for the farm level). Farm values are aggregated to the district level
(mean values of the underlying farms), assuming that they are representative for the

respective district. Units excluded from the analyses are shown in white.
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Figure 2.2 Whisker plots for yield stability of nations (a), regions (b) and farms (c) compared
to larger-scale yield stability over all nations (‘Global’), regions (‘European’) and farms
(‘German’) for all time periods (n =602 for the national, n = 355 for the regional and n = 6384
for the farm level). Yield stability was log-transformed. Larger-scale stability was calculated
as the stability over all nations, regions or farms (only including the crops grown in the

respective unit).

Table 2.2 Yield stability contribution of nations and regions that increased or decreased global
or European stability by more than 5%, on average over all time intervals. Yield stability
contribution was calculated as the larger-scale stability over all nations or regions divided by
the larger-scale stability without the respective nation or region (only including the crops

grown in the respective unit).

Country Yield stability Region (Counry) Yield stability
contribution contribution

China 1.15 Piemnte (Italy) 1.07

India 1.12 Scotland (UK) 1.05

Brazil 1.07

Indonesia 1.05

e - Castile-Leon (Spain) 0.95

Russia 0.94 Andaluisa (Spain) 0.94

United States 0.9 Castille-La-Mancha 0.87

(Spain)

Crop diversity was positively and significantly associated with yield stability across

all levels of organization (Figures 2.3, Al; Table A1l). Fertilizer also showed a positive

17



Chapter 2

association at all levels, but was insignificant at the national level. Precipitation
heterogeneity showed a strong and significant positive relationship with yield
stability at the national and regional level, while area harvested (used as a proxy for
climate heterogeneity) was positively associated with yield stability at the farm
level. Temperature instability was negatively associated with yield stability at all
levels of organization, but was insignificant at the regional level. The same applied
for precipitation instability at the national and regional level. At the national level,
precipitation heterogeneity had the highest positive effect size, while at the regional
and farm level this applied for fertilizer and crop diversity, respectively. Time was
negatively associated with yield stability at the farm level.

At the national level, the positive association of crop diversity with yield stability
was highest if irrigation was low and if precipitation instability was high (Figure
2.4). At the regional level, this association was highest if irrigation was high (Figure
2.5). At the farm level, the positive relationship of diversity was most profound in
farms with high irrigation, low area harvested and high temperature instability
(Figure 2.6).

The explanatory power of the models was 0.34 (R2 marginal) and 0.58 (R2
conditional) for the national, 0.36 and 0.62 for the regional and 0.1 and 0.48 for the

farm level, respectively.

2 National b Regional ¢ Farm
0.4+4 0.4+4 0.4 1
0.3 034 T 0.3

0247 024 021
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Standardized regression coefficient
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Figure 2.3 Determinants of yield stability at the national (a), regional (b) and farm level (c).

Regression coefficients (+ SE) are shown for fixed effects included in the linear mixed-effects
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models at the national (1 = 602), regional (n = 355) and farm level (n = 6384). Yield stability

and area harvested were log-transformed, irrigation and fertilizer were square-root-

transformed. Each explanatory variable was standardized to zero mean and one standard

deviation across all nations, regions or farms and time intervals. *P < 0.05;**P < 0.01; **P <

0.001; NS = not significant.
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Figure 2.4 Effect of crop diversity in combination with irrigation (a) and precipitation

instability (b) on yield stability at the national level (1 = 602). Predicted values for yield

stability were back-transformed from log-transformation. Predictions were calculated using

the observed range of the focal explanatory variable, while keeping all the other variables at

their mean values. Only interactions with p-values < 0.1 are shown.
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Figure 2.5 Effect of crop diversity in combination with irrigation on yield stability at the
regional level (n = 355). Predicted values for yield stability were back-transformed from log-
transformation. Predictions were calculated using the observed range of the focal
explanatory variable, while keeping all the other variables at their mean values. Only

interactions with p-values < 0.1 are shown.
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Figure 2.6 Effect of crop diversity in combination with irrigation (a), area harvested (b) and
temperature instability (c) on yield stability at the farm level (1 = 6384). Predicted values for
yield stability were back-transformed from log-transformation. Predictions were calculated
using the observed range of the focal explanatory variable, while keeping all the other

variables at their mean values. Only interactions with p-values <0.1 are shown.
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2.5 Discussion

Our results suggest that yield stability generally increases at larger scales. On the
one hand, mean national-level stability was 84% and 105% higher compared to the
regional and farm level, respectively, although these differences might be partially
explained by different sets of crops considered. On the other hand, stability over all
nations, regions or farms was on average 2.3, 1.5 or 1.4 times higher compared to
individual stability. The benefits of scale are most likely related to increasing spatial
heterogeneity and better opportunities to buffer local disturbances (Allred et al.,
2014; Biggs et al., 2012; Marchand et al., 2016). The importance of scale in stabilizing
yields has certain implications for recent discussions on the regionalization of food
systems (Opitz et al., 2016). They indicate that limiting the spatial scale of the
production might increase the vulnerability to disturbances, hence trade is a
potentially important resilience mechanism (Marchand et al., 2016). Additionally,
market access has been found to enhance food security (Sibhatu and Qaim, 2018).
However, agricultural management can potentially reduce the dependency on trade
to stabilize production. Moreover, reshaping regional food systems bears a great
potential to promote more holistic agricultural approaches (see below) and to
promote food security even in the Global North (Hendrickson, 2015; Opitz et al.,
2016). Consequently, fostering food system resilience requires a combination of
ecological and socio-economic approaches at multiple levels and scales
(Hendrickson, 2015).

We identified several nations and regions that substantially contribute to larger-
scale stability. For example, China, India, Brazil and Indonesia increased global
stability by more than 5% each on average. In contrast, Russia and the United States
substantially decreased global yield stability. Regarding the United States, this is
most likely related to a high specialization on certain crops that contribute
substantially to global production (Ortiz-Bobea et al., 2018). Indeed, production of
maize, soybean and, to some extent, wheat in the Midwest have been found to
increase the variance of the global production of these crops (Mehrabi and
Ramankutty, 2019). From a global perspective, strategies to improve stability in
areas that decrease global stability are of high priority. Farms only had a marginal
influence on larger-scale stability as it is unlikely that individual farms have an effect

on the combined stability of thousands of farms across Germany.
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Our results suggest that crop diversity is a key mechanism to increase yield stability
across all levels of organization. At the farm level, it even had by far the largest
positive effects of all explanatory variables considered. We found evidence that the
positive effect of crop diversity on yield stability was higher in variable climates,
supporting resilience theory (Biggs et al., 2012; Yachi and Loreau, 1999). Moreover,
at the national level this effect was highest when irrigation was low, highlighting its
relevance in the absence of technological means to address yield stability. However,
this effect was inverse at the regional and farm level, suggesting that combined
efforts are needed to increase yield stability. At the farm level, the positive
association of crop diversity was highest in small farms. Additionally, the absolute
effect of crop diversity increased from national to farm level (Figures 2.4-2.6, grey
line). These findings suggest that crop diversity is particularly relevant at smaller
scales. To our knowledge, this is the first study that investigated the effect of crop
diversity at different scales using a large and comprehensive sample size. Thus, it
provides a valuable extension to previous findings at the national (Renard and
Tilman, 2019) and local scale (Gaudin et al., 2015).

Except for irrigation at the regional level, agricultural inputs were positively
associated with yield stability. In contrast to findings of Renard and Tilman (2019)
however, they were insignificant at the national level, probably due to additional
variables and interactions included here. Fertilizer had the strongest positive
association at the regional level, suggesting that agricultural inputs are not only
relevant to close yields gaps (Mueller et al., 2012), but also to increase their stability
(Knapp and van der Heijden, 2018; Renard and Tilman, 2019). However, this
dependency on agricultural inputs has serious implications for biodiversity and
ultimately human well-being (Beckmann et al., 2019; Loos et al., 2014; Tscharntke et
al., 2012; West et al., 2014), and associated specialization may also increase climatic
sensitivity of agriculture (Ortiz-Bobea et al., 2018). Furthermore, the resources
needed are limited and both nitrogen fertilizer and irrigation already reached a
peak-year (Seppelt et al., 2014). Accordingly, more integrated approaches to tackle
the multiple challenges agricultural landscapes face today such as crop
diversification, renewable inputs and other agroecological principles are needed
(Gurr et al,, 2016; Kremen and Merenlender, 2018). For example, more diverse
cropping systems, beyond just organic agriculture, could potentially achieve higher

production than today (Knapp and van der Heijden, 2018; Seufert et al., 2012), thus
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providing a viable option to feed the world more sustainably (Muller et al., 2017)
and to conserve biodiversity and ecosystem services (Iverson et al., 2014; Sirami et
al., 2019; Tscharntke et al., 2015).

Precipitation heterogeneity was positively associated with yield stability, most likely
because it leads to asynchronous or contrasting production patters between and
within crops (Mehrabi and Ramankutty, 2019; Suweis et al., 2015). For example,
some areas in a certain year experience production losses due to bad conditions,
while others experience favorable conditions that compensate them. As the relative
effect of precipitation heterogeneity was highest at the national level, the relevance
of this mechanism might increase with scale, i.e. opposite to the effect of crop
diversity. Therefore, understanding the linkages of scale and the performance of
different stabilizing mechanisms is a promising avenue for future research.

We found that climate instability substantially decreased yield stability, in particular
at the national level. Thus, expected increases in climate instability in the light of
climate change may not only lead to yield losses but also to lower temporal stability
of yields (Challinor et al.,, 2014; Liang et al., 2017). In the European and German
context, climate seems to play a minor role, i.e. effect sizes were comparable or even
lower than the effect sizes of crop diversity and agricultural inputs. European
agriculture benefits from a comparably stable climate and is largely intensified
(Vaclavik et al., 2013). Accordingly, until now climate instability can be buffered by
agricultural management. This has also been observed for agricultural productivity
in the United States (Liang et al., 2017).

The study presented here includes two major limitations. First, data quality at all
levels of organization is limited. For example, several datasets had to be rescaled
due to different spatial resolutions and many units were excluded due to data gaps.
Nevertheless, the consistency of certain patterns across different levels of
organization and the alignment with previous findings and theory increase their
reliability. Second, the explanatory power of the fixed effects included in our
statistical models (R2 marginal = 0.10-0.36) indicates that important drivers of yield
stability are missing, potentially related to pesticide use, capital stock, market access
and land-use history, for which temporal and spatial data coverage is yet limited.
This study opens new avenues for future research. Future assessments could include

different crop varieties and functional traits as they most likely play a fundamental
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role for resilience (Ficiciyan et al., 2018). Further studies could include other aspects
of resilience, disturbances and agricultural diversity (Cottrell et al., 2019; Egli et al.,
2019; Letourneau et al., 2011; Lin, 2011). Moreover, the processes driving agricultural
specialization, for example economic globalization, and their consequences need to

be mechanistically investigated (Lambin and Meyfroidt, 2011; Magliocca et al., 2013).

2.6 Conclusion

Our study suggests that crop diversity consistently increases yield stability across
different levels of organization and that this effect is higher in variable climate and
at smaller scales. In contrast, precipitation heterogeneity is particularly stabilizing
yields at larger scales. Our results also show that agricultural inputs mainly have a
stabilizing effect, while climate instability reduces stability. These findings
emphasize the need for integrated land-use planning including diversification of
farming systems from the farm to the national level and sustainable usage of
agricultural inputs, also given the environmental and socio-economic risks of

primarily focusing on technological measures.

Acknowledgements

L.E. acknowledges funding from the Helmholtz Association (Research School
ESCALATE, VH-KO-613). We thank Volker Appel for the approval to use the
‘Testbetriebsdaten” and Heiko Hansen and Jan Heuer for data provision and
valuable support. We thank Volker Grimm and Zia Mehrabi for constructive

discussions and Mick Wu for statistical support.

24



National food production stabilized by asynchrony

3 National food production stabilized by crop asynchrony?

3.1 Introduction

Recently, Renard and Tilman (2019) reported that crop diversity stabilizes national
food production. They analyzed the dependence of national caloric yield stability
over 176 crops on effective crop diversity, climatic instability, agricultural
management, warfare and time. Effective crop diversity was calculated as the
exponential value of the Shannon diversity index of crop harvested areas. We here
suggest that two additional aspects should be considered in the discussion on the
diversity-stability nexus. First, besides yield stability, the stability of overall
production is also a relevant aspect of food security. Second, actual benefits of crop
diversity are not related to harvested areas per se but to the temporal production
patterns of the cultivated crops (Mehrabi and Ramankutty, 2019). We hypothesize
that planting multiple crops stabilizes agricultural production only if they
experience asynchronous production trends, e.g. due to distinct responses to
climatic, economic and political shocks (Lesk et al., 2016; Suweis et al., 2015). Here,
we use statistical models to test if crop asynchrony even better predicts agricultural

production stability than crop diversity.

3.2 Materials and Methods

We largely used the same datasets as Renard and Tilman (2019) (Tables A2, A3) and
derived the same explanatory variables used in their analysis, including effective
crop species diversity (FAO, 2019), irrigation (FAO, 2019), nitrogen use intensity
(FAO, 2019), warfare (Marshall, 2016), temperature and precipitation instability
(Klein Goldewijk et al., 2017; Sacks et al., 2010; Willmott and Matsuura, 2001) for five
ten-year intervals between 1961-2010 (see Appendix 7.2.1 for details) to predict the
stability of total caloric production (FAO, 2019, 2001). We additionally calculated
synchrony between crop-specific calorie production (Loreau and De Mazancourt,
2008; Mehrabi and Ramankutty, 2019), an index bounded between zero and one,

2Under review as: Egli, L., Schréter, M., Scherber, C., Tscharntke, T., Seppelt, R. National food production
stabilized by crop asynchrony. Nature. (11. August 2020)
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where one indicates full synchrony. Asynchrony was then calculated by subtracting
synchrony from 1 so that higher values indicate higher asynchrony. We used total
production instead of yield stability as the response variable because this offers
additional insights to food security and because this can be directly related to
asynchrony (see Appendix 7.2.1 for details). Moreover, total production
incorporates the effects of changes in cropland area resulting from farmers’ planning
decisions and global market dynamics.

First, we investigated the relationship between effective crop species diversity and
crop asynchrony and tested if this relationship changed over time as crop
homogenization occurred during the last decades (Khoury et al., 2014). We used a
linear mixed-effects model with random slopes for diversity, and random intercepts
for time intervals to predict crop asynchrony. Second, we investigated how crop
diversity, crop asynchrony or both affect caloric production stability. For this, we
constructed the main linear regression model used in Renard & Tilman (2019) using
production stability as response variable (see Appendix 7.2.1 for details). We then
ran two additional regression models, one where we replaced crop diversity by crop

asynchrony and one where we added crop asynchrony.

3.3 Results

Crop diversity and crop asynchrony were correlated (|Spearman’s rhol =0.49, P <
0.05; Figure 3.1a). However, the positive effect of crop diversity on asynchrony
decreased over time (Figure 3.1a), indicated by a better performance of a linear
mixed-effects model including time interval (AIC = -340.22) compared to a linear
model including crop diversity only (AIC = -336.88). The positive effect of crop
asynchrony on caloric production stability was more than three times the effect of
crop diversity (Figure 3.1b; Table A4). Other predictors showed similar trends,
although the effect of nitrogen use intensity, time and precipitation instability was
stronger in the diversity model, while the effect of irrigation was lower and
insignificant. Moreover, the explanatory power of the model increased from R2 =
0.28 in the crop diversity model to R2 = 0.60 in the asynchrony model (Table A4). In
the model including both predictors, the stabilizing effect of crop asynchrony was
even stronger and the effect of crop diversity turned negative (Figures 3.1b, A4), but
explanatory power only increased by 0.01 (Table A4). Although crop diversity and
asynchrony were correlated, multicollinearity was not an issue in the combined
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model (variance inflation factors below 2). Given that crop asynchrony was a strong
predictor of caloric production stability, we further explored their relationship in the
most recent time interval (2001-2010). Highest national crop asynchronies were
mainly observed in South and Southeast Asia, China, Central America and parts of
Africa (Figure 3.2). These countries typically showed high production stability and
all countries with high asynchrony achieved at least medium stability. Highly stable
countries with low to medium asynchrony were mainly found in North and South
America (Figure 3.2). The 29 countries with low asynchrony and stability, for
example Russia, Argentina and Australia contributed to more than 11% of the total

crop caloric production.
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Figure 3.1 Crop asynchrony as a function of crop diversity (a) and determinants of national
caloric production stability (b). Crop asynchrony as a function of crop diversity using a
linear mixed-effects model with random slopes for diversity, and random intercepts for time
intervals. Dots show national data colored by time interval (1 = 590). Regression coefficients
(£ SE) for all variables in the linear regression models including crop diversity (green), crop
asynchrony (blue) and both (orange) (1 = 590). Caloric production stability was log-

transformed, irrigation and nitrogen use intensity were square-root-transformed. Each
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predictor variable was standardized to zero mean and one standard deviation across all

nations and time intervals. *P < 0.05;**P < 0.01; ***P < 0.001; NS = not significant.
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Figure 3.2 National crop asynchrony and caloric production stability worldwide. Crop
asynchrony and caloric production stability are shown for the 2001-2010 interval and

grouped by tertiles (1 = 136). Countries excluded from the analysis are shown in white.

3.4 Discussion and Conclusion

Our analysis provides an important extension to the results presented by Renard &
Tilman (2019). We found that the relationship of crop diversity and crop asynchrony
decreased over time, which is a potential consequence of increasing homogeneity of
global food supplies (Khoury et al., 2014). Most importantly, we identified that
asynchrony is one important crop property (or trait) that can explain why a higher
diversity supports stability of national food production. Crop diversity as such
provides only limited insights into the mechanism underlying stability. Benefits of
crop diversity depend on the actual production patterns of the cultivated crops.
Therefore, strategies to stabilize agricultural production through crop

diversification also need to account for the asynchrony of the crops considered.
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The results from the crop diversity model are largely similar to the findings of
Renard and Tilman (2019) because the different response variables (caloric yield vs.
production stability) were highly correlated (ISpearman’s rhol = 0.84, P < 0.05).
However, the effect of irrigation was less stabilizing for production compared to
yield stability and the opposite was true for nitrogen use intensity. Moreover, overall
production stability significantly decreased over time, which has serious
implications for food security.

Asynchrony emerges from distinct responses of crops to climatic, economic and
political shocks (Lesk et al., 2016; Suweis et al., 2015). While there is increasing
knowledge about the underlying drivers of overall production losses (Cottrell et al.,
2019), little is known about the effects on individual crops in various environmental
and socio-economic contexts, in particular regarding their temporal variance (Knapp
and van der Heijden, 2018; Mehrabi and Ramankutty, 2019) at the farm level, where
management decisions are made. Moreover, growing crops in different seasons is
additionally expected to increase asynchrony, which should be further investigated.
Likewise, we need to better understand the conditions under which asynchrony is
needed for and beneficial to stability. Spain, for example, experienced medium
asynchrony but low stability in 2001-2010, while the opposite was true for Germany.
In countries with low crop asynchrony and stability, planting additional crops with
different responses to climatic and market disturbances may be a viable option to
increase stability and thus food security (Knapp and van der Heijden, 2018), in
particular in the light of climate change and rising perturbations in global markets
(Suweis et al., 2015). On the national level, this is especially relevant for countries
facing severe food insecurity such as Malawi. For countries such as Russia and
Argentina, which recently experienced low asynchrony and stability, but
contributed to more than 5% of the global crop calories, increasing crop asynchrony
is an important aspect to consider from a global perspective. Growing trade and
dietary changes might further lead to crop homogenization (Khoury et al., 2014;
Mehrabi and Ramankutty, 2019) and thus pose risks on the stability of national and
global food production.
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4 Disentangling the effects of asynchrony between and within

crops on the stability of agricultural production?

4.1 Abstract

Asynchrony between the temporal production patterns of different crops
(‘asynchrony between crops’) and between the temporal production patterns of
different cultivation areas of the same crop (‘asynchrony within crops’) have been
proposed as important mechanisms to buffer climate variability and other
disturbances and thus to stabilize agricultural production. Better understanding
their relative importance is important for agricultural management, but so far this
has been hardly assessed. We used crop production data to investigate the effect of
asynchrony between and within crops on temporal production stability and their
relationship to crop diversity and space, respectively, in regions in Germany and
nations in Europe. We found that both asynchrony between and within crops
consistently stabilized agricultural production. Adding crops increased asynchrony
between crops, yet this effect levelled off when exceeding eight crops in regions in
Germany and when exceeding four crops in nations in Europe. Combining already
ten farms led to high asynchrony within crops in regions, indicating distinct
production patters. Combining multiple regions within a nation also increased
asynchrony within crops, but values remained relatively low, indicating that regions
in European countries show similar temporal production patterns. Our results stress
the need to consider both mechanisms to foster resilient farming systems in the light
of climate change, rising demands for agricultural products and the intensification

and specialization of agricultural systems.

4.2 Introduction
Climate variation and other disturbances are important determinants of the
variability of agricultural production (Cottrell et al., 2019; Ray et al., 2015; Renard

and Tilman, 2019; Suweis et al., 2015). Therefore, buffering variation and

3 In preparation: Egli, L., Seppelt, R. Disentangling the effects of asynchrony between and within crops
on the stability of agricultural production.
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disturbances is fundamental to enhance the reliability of agricultural production and
thus food security (Knapp and van der Heijden, 2018; Schmidhuber and Tubiello,
2007). Understanding the mechanisms stabilizing agricultural production has
gained more attention recently (Gaudin et al., 2015; Knapp and van der Heijden,
2018; Mehrabi and Ramankutty, 2019; Raseduzzaman and Jensen, 2017; Ray et al.,
2015; Renard and Tilman, 2019). Asynchrony between the temporal production
patterns of different crops (‘asynchrony between crops’) and between the temporal
production patterns of different cultivation areas of the same crop (‘asynchrony
within crops’) have been suggested as key factors to stabilize agricultural production
(Mehrabi and Ramankutty 2019; Chapter 3).

Asynchrony between crops mainly emerges from distinct temporal production
patterns of different crops (Mehrabi and Ramankutty, 2019). Increasing crop
diversity stabilizes agricultural production if they experience asynchronous
production trends, e.g. due to distinct responses to climatic, economic and political
shocks (Lesk et al., 2016; Suweis et al., 2015); the same stabilizing mechanism due to
‘response diversity” of different species of the same guild is discussed in biodiversity
research (Elmqvist et al., 2003). Therefore, asynchrony is one important property that
can explain why a higher diversity supports the stability of national food production
(Chapter 3).

Asynchrony within crops is mainly related to space and more importantly to spatial
heterogeneity (Kouadio and Newlands, 2015). For example, different cultivation
areas of the same crop experience different climatic conditions. If these conditions
lead to asynchronous temporal production patterns, e.g. to a production surplus in
one place and a loss in the other, the two places stabilize each other (Mehrabi and
Ramankutty, 2019). Therefore, larger areas with high spatial heterogeneity can better
buffer local shocks, e.g. related to climate or weather events, political changes and
mismanagement (Cottrell et al., 2019; Suweis et al., 2015). In particular, spatial
climate heterogeneity has been found to increase production stability (Chapter 2).
The relevance of different stabilizing mechanisms additionally differs across
different levels of organization and scales. For example, it has been found that the
stabilizing effect of crop diversity is particularly high in smaller farms, while spatial
climate heterogeneity is more important at the national level (Chapter 2). Therefore,
a better understanding of the effect of different stability mechanisms across different

spatial scales is needed to advance resilience research (Cumming et al., 2016).
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While the effect of asynchrony between and within crops has been recently assessed
individually, their relative importance to stabilize agricultural production has been
hardly assessed. However, this is important to inform agricultural management
strategies that seek to foster the stability of agricultural systems. In this study we
aim at addressing the effect of asynchrony between and within crops on the
temporal stability of agricultural production in regions in Germany and nations in
Europe, i.e. at different levels of organization. Moreover, we assessed their

relationship to crop diversity and space, respectively.

4.3 Materials and Methods

4.3.1 Methodological summary and data availability

We used crop production data to study the effect of asynchrony between and within
crops on the stability of agricultural production in regions in Germany and nations
in Europe, i.e. at different levels of organization. For each region in Germany we
derived asynchrony between the total crop-specific temporal production patterns,
and the asynchrony between the temporal production patterns of the same crop in
different farms in two time periods (1998-2007, 2008-2017). For each considered
nation in Europe, we calculated asynchrony between crops and between the
temporal production patterns of the same crop in different regions within this nation
in four time periods (1978-1987, 1988-1997, 1998-2007, 2008-2017). For both nations
and regions, we assessed the effect of crop diversity and space on asynchrony
between and within crops, respectively.

We used the statistical software package R 3.6.1 (R Core Team, 2019) run via RStudio
(RStudio Team, 2015) for analyses. For data protection reasons, the farm level data
is only available at the Johann Heinrich von Thiinen-Institut, Braunschweig,
Germany. All other data that support the findings of this study (Table 4.1), as well
as related codes for data preparation and analyses are openly available on GitHub:

https://github.com/legli/Asynchrony.
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43.2 Methodological details

We collected German and European agricultural data for different time periods. In
Germany, we collected data in Germany for two time periods (1998-2007, 2008-2017),
using the ‘Testbetriebsnetz’ dataset, a comprehensive assessment of management
and socio-economic variables on a large subset of farms across Germany (Table 4.1).
For the European data, we extracted data for the NUTS 2 regions (where applicable)
for four time intervals (1978-1987, 1988-1997, 1998-2007, 2008-2017) using
agricultural production data from the EUROSTAT database (Table 4.1). To exclude
farms or regions where crop cultivation is of very minor relevance, we sorted them
by the average cropland area over all reported years in descending order and
divided it by the total cropland area of all farms or regions and calculated the
cumulative sum. We only included farms or regions up to of 99.9% of the cumulative
sum.

To calculate production stability, several preparation steps were needed. We
converted crop-specific production from tons to calories using standardized
nutritive factors (Table 4.1). We focused on 12 major crops (Table 4.2). For each time
interval, we only included crops for which time series were complete and where
both production and harvested area were reported. For each year, we then summed
calorie production of all crops across all farms within each district
(‘Regierungsbezirk’) (German data) or across all regions within each nation
(European data) to obtain overall production in kilocalories. To account for stability
independent of long-term trends, we time-detrended annual production data by
regressing annual total calorie production on year squared for each time interval
(Renard and Tilman, 2019). We calculated production stability as the mean of the
non-time-detrended production divided by the standard deviation of time-
detrended production for each time period following Renard and Tilman (2019) and
Mehrabi and Ramankutty (2019). Likewise, we calculated time-detrended
production for each crop. We then derived synchrony between crops during the ten
years following Loreau and De Mazancourt (2008) and Mehrabi and Ramankutty
(2019) with the ‘codyn’ package (version 2.0.3) in R (Hallett et al., 2016), which we
then subtracted from 1 to receive asynchrony (Chapter 3). Next, we calculated crop-
specific asynchrony between the time-detrended production in farms or regions

where a given crop was reported. We averaged these values over all crops using
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harvested area-weighted means to estimate asynchrony within crops of regions in
Germany and nations in Europe.

Based on the derived metrics, we tested the dependence of production stability on
asynchrony between and within crops. Therefore, we fitted a linear mixed-effects
model using the ‘nlme’ library in R (Pinheiro et al., 2019) including a random
intercept for region for the German data and for nation for the European data.
Next, we investigated the effect of the number of crops on asynchrony between
crops, and of the number of farms (Germany) or regions (Europe) on asynchrony
within crops. Within each region or nation we started with the most abundant crop
and then iteratively added crops with decreasing abundance. For each number of
crops we derived asynchrony between crops for each region or nation as described
above. Likewise, within each region or nation, we iteratively added farms or regions,
starting with the one with the highest total harvested area, and derived asynchrony

within crops as described above.

Table 4.2 Crops included in the different analyses (G = Germany, E = Europe).

Crop Analysis
Barley G E
Maize G, E
Millet E
Potato G, E
Rapeseed G E
Rice E
Rye G E
Sorghum E
Soybean G E
Sugar beet G E
Sunflower G E
Wheat G, E

4.4 Results
Both in Germany and Europe, asynchrony between and within crops were positively
associated with stability (Figure 4.1; Table 4.3). The effect of asynchrony within crops

was stronger, yet insignificant in Europe.
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301

204 NS

Regression coefficient

Asynchrony between
crops

Asynchrony within
crops

Asynchrony between
crops

Asynchrony within
crops

Figure 4.1 Observed effect of asynchrony between and within crops in regions in Germany
(a) and nations in Europe (b) on production stability. Regression coefficients (+ SE) are
shown for fixed effects included in the linear mixed-effects models for Germany (1 = 60) and
Europe (1 = 44) and indicate the change of production stability by one unit of change in
asynchrony between and within crops (R2m = 0.76, R2c = 0.82; R2m = 0.16, R2c = 0.34). *P <
0.05;,**P < 0.01; ***P < 0.001; NS = not significant.

Table 4.3 Determinants of stability for regions in Germany (1 = 60) and nations in Europe (n
= 44). Regression coefficients are shown for fixed effects included in the linear mixed-effects
models and indicate the change of production stability by one unit of change in asynchrony

between and within crops.

Germany Europe
Variable Estimate (SE) T p-value | Estimate (SE) T p-value
(Intercept) -13.49 (2.14) -6.31 <0.0001 | 6.19 (2.68) 2.31 0.03
Asynchrony between | 16.2 (2.33) 6.95 <0.0001 | 8.47 (4.09) 2.07 0.05
crops
Asynchrony within 26.43 (2.6) 10.16 <0.0001 | 11.02 (6.69) 1.65 0.11
crops
R2 marginal 0.76 - - 0.16 - -
R2 conditional 0.82 - - 0.34 - -
AIC 284.87 - - 282.67 - -

Increasing the number of cultivated crops increased asynchrony between crops
(Figure 4.2a, b). However, when exceeding eight crops the effect leveled off and then
slightly decreased in regions in Germany. In nations in Europe it leveled off when

exceeding four crops but then increased again after eight crops. Already when
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considering only a few farms within a region, high asynchrony within crops was
achieved and maximum values were achieved with around 100 farms or more
(Figure 4.2c). Considering multiple regions within a nation also increased
asynchrony within crops, but mean values remained below 0.4 and the effect leveled

off after approximately ten regions (Figure 4.2d).
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Figure 4.2 Effects of adding crops (a, b) and farms (c) or regions (d) on asynchrony between
and within crops, respectively, in regions in Germany (a, c) and nations in Europe (b, d).
Lines show mean values over all regions or countries. Shaded areas show standard

deviations.
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4.5 Discussion

Our results suggest that both asynchrony between and within crops are important
mechanisms to stabilize agricultural production. However, in regions in Germany,
the effect of asynchrony within crops was more than 60% higher, while it was
insignificant in nations in Europe. To our knowledge, this is the first study that
systematically compares their relative importance. Accordingly, this study specifies
why climate heterogeneity stabilizes agricultural production (Chapter 2) and
compares the effect of asynchrony within crops to the effect of asynchrony between
crops, which has been previously studied individually (Mehrabi and Ramankutty,
2019; Chapter 3). In contrast to Mehrabi and Ramankutty (2019), it additionally
relates these mechanisms to production stability at different levels of organization.
We found that the effect of asynchrony between crops was substantially weaker than
the effect of asynchrony within crops in Germany. This suggests that some crops
react similarly to climate and other disturbances and thus experience comparable
production trends. While crop diversity increases asynchrony between crops, this
effect levels off or even turns slightly negative when exceeding eight crops in regions
and four crops in nations. Likewise, it has been found that also when much more
crops are considered, crop diversity and asynchrony are only partially correlated
and that the effect stagnates at some point (Chapter 3). Therefore, strategies to
stabilize agricultural production also need to account for the asynchrony between
crops. Nevertheless, planting crops with similar production patterns enhances
redundancy, which in turns contributes to the resilience of food systems (Biggs et
al., 2012; Garnett et al., 2020; Hendrickson, 2015; Lin, 2011).

The effect of asynchrony within crops was more than 60% higher than the effect of
asynchrony between crops in regions in Germany. This is because already few farms
within a region can achieve a high asynchrony within crops. However, in Europe it
was insignificant, potentially because regions in Europe often face similar conditions
and are largely intensified (Vaclavik et al., 2013). Therefore, asynchrony between
regions within a country was relatively low and leveled off when exceeding
approximately ten regions, which probably also explains the lower explanatory
power of the respective regression model. Nevertheless, stability generally increases
from smaller (e.g. farm level) to larger levels of organization (e.g. national level), in

particular if spatial heterogeneity is high (Biggs et al. 2012; Allred et al. 2014;
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Kouadio and Newlands 2015; Chapter 2). This effect could be even stronger if areas
beyond national boundaries would be included as their climate is more
independent, thus contributing to stability at a larger scale (Mehrabi and
Ramankutty, 2019). Consequently, we can hypothesize trade to be another relevant
stability mechanism as it increases the spatial production base and decreases the
vulnerability to local disturbances (Marchand et al, 2016). Contrasting the
importance of local vs. larger-scale mechanisms for the stability of agricultural
production is an important avenue for future research, also in the light of recent
discourses on the resilience of globalized vs. regionalized food systems (Garnett et
al., 2020; Hendrickson, 2015).

Regional agricultural census data only provide limited insights into the effects of
agricultural management. Therefore other tools such as computer simulations need
to be developed to investigate management approaches that increase asynchrony
between and within crops simultaneously and avoid potential trade-offs. While crop
diversification typically increases asynchrony between crops, asynchrony within
crops needs to be addressed by altering landscape configuration, e.g. by increasing
the spatial fragmentation of crop distribution (Lin, 2011). Besides their potential
stabilizing effects, related measures could also benefit overall productivity,
biodiversity and ecosystem services more generally (Kremen and Merenlender,
2018; Li et al., 2020; Seppelt et al., 2020, 2016).

Adapting measures to buffer climate variability, climate change and other
disturbances requires actions at multiple levels of organization (Hendrickson, 2015;
Ziervogel and Ericksen, 2010). Besides institutional and political context, farm level
responses are essential in this regard (Reidsma et al., 2010). Therefore, approaches
incorporating farmer characteristics, including agent-based models (An, 2012;
DeAngelis and Grimm, 2014), are essential to better understand land-use system
dynamics (Brown et al., 2014) and the conditions favoring asynchronous production.
Further studies could incorporate other aspects of asynchrony and its underlying
drivers, for example related to growing crops in multiple seasons, as well as different
farm and disturbance types (Reidsma et al. 2010; Cottrell et al. 2019; Chapter 3).
Uncovering a wide range of mechanisms working at different levels of organization,
scales and time horizons will be needed to identify comprehensive pathways
towards productive and resilient farming systems (Battisti and Naylor, 2009; Lesk et

al., 2016; Valin et al., 2014; Weise et al., 2020).
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4.6 Conclusion

Our study suggests that both asynchrony between and within crops are important
mechanisms to stabilize agricultural production at different levels of organization.
Increasing the number of crops enhances asynchrony between crops, but this effects
levels off at some point due to redundancy, while cultivating crops in few distinct
farms already drastically increases asynchrony within crops. Our findings add
valuable insights to recent discussions on resilience mechanisms and emphasize the
need for integrated management approaches from the farm to the landscape level to
foster resilient farming systems in the light climate change, rising demands for
agricultural products and the intensification and specialization of agricultural

systems.
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5 Exploring resilience with agent-based models: state of the art,
knowledge gaps and recommendations for coping with

multidimensionality*

5.1 Abstract

Anthropogenic pressures increasingly alter natural systems. Therefore,
understanding the resilience of agent-based complex systems such as ecosystems,
i.e. their ability to absorb these pressures and sustain their functioning and services,
is a major challenge. However, the mechanisms underlying resilience are still poorly
understood. A main reason for this is the multidimensionality of both resilience,
embracing the three fundamental stability properties recovery, resistance and
persistence, and of the specific situations for which stability properties can be
assessed. Agent-based models (ABM) complement empirical research, which is, for
logistic reasons, limited in coping with these multiple dimensions. Besides their
ability to integrate multidimensionality through extensive manipulation in a fully
controlled system, ABMs can capture the emergence of system resilience from
individual interactions and feedbacks across different levels of organization. To
assess the extent to which this potential of ABMs has already been exploited, we
reviewed the state of the art in exploring resilience and its multidimensionality in
ecological and social-ecological systems with ABMs. We found that the potential of
ABMs is not utilized in most models as they typically focus on a single dimension of
resilience by using variability as a proxy for persistence, and are limited to one
reference state, disturbance type and scale. Moreover, only few studies explicitly test
the ability of different mechanisms to support resilience. To overcome these
limitations, we recommend to simultaneously assess multiple stability properties for
different situations and under consideration of the mechanisms that are
hypothesized to render a system resilient. This will help us to better exploit the

potential of ABMs to understand and quantify resilience mechanisms, and hence

4 Published as: Egli, L., Weise, H., Radchuk, V., Seppelt, R., Grimm, V., 2019. Exploring resilience with
agent-based models: State of the art, knowledge gaps and recommendations for coping with
multidimensionality. Ecological Complexity 40, 100718. https://doi.org/10.1016/j.ecocom.2018.06.008
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support solving real-world problems related to the resilience of agent-based

complex systems.

5.2 Introduction

In a world undergoing unprecedented change, understanding the resilience of
agent-based complex systems, i.e. their ability to absorb change while maintaining
functioning and thus persist, is of utmost importance (Biggs et al., 2012, 2015;
Holling, 1973). Resilience has therefore become an increasingly popular concept in
ecology, socio-ecology and other environmental sciences, as well as in many
international bodies and conventions such as the Convention on Biological Diversity
(CBD), the Organisation for Economic Co-operation and Development (OECD) and
Wetlands International (Donohue et al., 2016). Increasing the capacity of agent-based
complex systems (Grimm et al., 2005) to sustain their functioning and services under
disturbances and ongoing change is of prime interest (Biggs et al., 2012; Oliver et al.,
2015).

However, putting resilience into practice is challenging. Inconsistent terminology
keeps hampering communication and understanding among theoreticians,
empiricists and policy-makers (Baggio et al., 2015; Brand and Jax, 2007; Donohue et
al., 2016; Grimm and Wissel, 1997; Pimm, 1984). In particular, the meaning of the
term ‘resilience’ differs widely between social and natural sciences. In social-
ecological research, ‘resilience’ is primarily an integrated and holistic approach
within sustainability science, which emphasizes social-ecological feedbacks, change
as inherent element of social-ecological systems, and the capacity of such systems to
adapt (Biggs et al., 2015). Quantification of resilience has so far not been a major
issue, which might be one of the reasons why putting resilience into practice is still
difficult.

In contrast, in ecology ‘resilience’ originally referred to the recovery of certain state
variables to pre-disturbance levels (Pimm, 1984). More recently, ecologists use
‘resilience’ as a multidimensional umbrella for the specific stability properties, or
dimensions, recovery and resistance (Oliver et al., 2015; Standish et al. 2014), which
are quantifiable (Table 5.1). Indeed, a few experimental studies quantified resilience
by measuring its multiple dimensions (Donohue et al., 2016; Hillebrand et al., 2018).
Biodiversity research, in particular, is focusing on the (in)variability of state

variables as a proxy for ’stability’ (Wang and Loreau, 2016) because a system
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showing lower variation usually has higher chances that state variables remain
within the ranges required for the persistence of a system. In this interpretation,
resilience, defined as the ability to function and persist despite disturbances and
change, is the consequence of recovery and resistance, which in turn may be
determined by mechanisms such as adaptive capacity or learning, which are also
discussed in social-ecological research. In addition to the multidimensionality of
resilience, assessments of its properties also depend on the levels of organization,
state variables, reference states, types of disturbance and scales considered (Biggs et
al., 2012; Carpenter et al., 2001; Grimm and Wissel, 1997). Consequently, in ecology
a reductionist interpretation of resilience prevails as resilience research often ends
up in more or less unrelated assessments of specific properties in specific ecological
situations (Grimm and Wissel, 1997).

To move on in resilience research, the holistic and reductionist interpretation of
resilience need to be reconciled. Although the old management slogan ‘If you can’t
measure it, you can’t manage it’ might represent a too narrow ‘command-and-
control’ notion of management, we argue that some quantification of resilience is
needed to assess the state of a system in response to changes or actions, and to
uncover the major resilience mechanisms. Therefore, we would ideally perform
controlled experiments within entire systems and simultaneously measure recovery,
resistance, and persistence, as well as (in)variability. To learn about the mechanisms
underlying resilience, we would implement possible mechanisms, such as those
listed by Biggs et al. (2012, 2015) or Desjardins et al., (2015), and measure the
different dimensions of resilience for different levels of organization, state variables,
reference states, types of disturbances, and spatial and temporal scales (Grimm and
Wissel, 1997). However, except for artificial systems in ecology such as micro- and
mesocosms or extremely simplified settings such as in behavioral economics, this is
hardly possible.

Consequently, modeling plays an important role for understanding agent-based
complex systems as it complements empirical research. Ecology in particular has a
long tradition in modeling because ecological systems are complex, large, and often
develop too slowly to be understood via short-term studies. Modeling also plays an
increasing role in social sciences (Edmonds and Meyer, 2017; Epstein, 2006; Gilbert
and Troitzsch, 2005; Tesfatsion, 2006). If a model captures multiple patterns

describing the system in reality, it can be used to systematically explore resilience
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mechanisms. Model predictions then can be tested in targeted surveys or
experiments, so that models informed by observations, and observations motivated
by model predictions, are truly integrated. Accordingly, modeling could facilitate
the consideration of the multidimensionality of resilience and thereby foster the
integration of the holistic and reductionist approaches to resilience.

Agent-based models (ABM) play a particularly important, but certainly not
exclusive, role in this context because decision-making agents, for example humans,
individuals of other species, or institutions, are the building blocks of agent-based
complex systems such as ecological systems, land-use systems, cities, or financial
markets. ABMs have been widely used to understand observed system-level
patterns mechanistically because these patterns emerge from individual variation,
local individual interactions and adaptive behavior (An, 2012; DeAngelis and
Grimm, 2014; Matthews and Gilbert, 2007). In social-ecological systems (SES), which
are characterized by feedbacks between ecological and social processes (Biggs et al.,
2015; Ostrom, 2009; Parker et al., 2008), ABMs are often used to better understand
resource use and its consequences for humans and ecosystems (e.g. Rammer and
Seid], 2015; Schliiter et al., 2009; Walker and Janssen, 2002).

ABMs have a great potential but their development, testing and analysis is
challenging, and the corresponding methods and strategies are complex. The
corresponding methodology developed slowly but also significantly over the last
two decades (Grimm et al., 2010, 2005; Grimm and Berger, 2016a; Heppenstall et al.,
2012; O’Sullivan and Perry, 2013; Robinson et al., 2007; Tesfatsion, 2006), but the
common practice of model analysis in terms of sensitivity, uncertainty,
understanding of emergence, and robustness is still quite limited (Schulze et al.,
2017).

Facing the high relevance of resilience research and the potential of ABMs to
advance this field by integrating holistic and reductionist approaches to resilience,
an overview on how resilience, and in particular its multidimensionality is
operationalized in ABMs is needed. Therefore, we aimed to summarize the state of
the art, identify possible knowledge gaps, and suggest ways forward for a more
effective use of ABMs for resilience research. We first provide relevant definitions

and concepts and then conduct a review of ABMs assessing resilience. Based on this
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we formulate general recommendations that might help developing and analyzing

ABMs in a way that delivers more comprehensive insights into resilience.

Table 5.1 Definitions, assessment, implications and examples of the stability properties

related to resilience.

Stability Definition/assessment Implications Example
property
Recovery Process of a state Measuring recovery Abundance after
variable returning to for different variables  disturbance through
the values prior to a may lead to different  a pesticide might
disturbance. / Time conclusions. recover quickly, but
needed until the state age and size
variable reaches pre- structure might take
disturbance levels much longer to
(dashed arrow Figure return to pre-
5.1). disturbance levels
(Galic et al., 2017;
Martin et al., 2014).
Resistance The change of a state Just referring to the

variable after a
disturbance
(‘amplitude’, solid
arrow Figure 5.1).
Comparison of
amplitude with and
without mechanisms
that are assumed to
affect resistance.

Buffer mechanisms:
Require observing the
variable of interest and
a variable that
measures buffer
capacity.

amplitude is merely
descriptive.

Better understanding
why resistance
emerges.

If a buffer works, the
variable of interest is
hardly affected by a
disturbance, but the
buffering capacity is
reduced. One
disturbance might be
buffered well but
reduces buffer
capacity for another
disturbance.

Productivity of a
low diversity system
might be more
affected by species
loss (Figure 5.1 B)
compared to a
diverse system
(Figure 5.1 A).

Size structure of
Daphnia magna
populations
buffered against
pesticides that
mainly affected
small individuals
and against
predators focusing
on larger ones.
Combination of both
disturbances leads to
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Stability Definition/assessment Implications Example
property
extinction (Gergs et
al., 2013).
Persistence Existence of a system Cannot only be Savannas are
through time as an directly assessed if a characterized by
identifiable unit, system definition both a tree cover of
described by specific exists and functional =~ not more than 20%
state variables and/or if structural and a scattered
remaining within a criteria for distribution of trees
certain range (shaded  quantifying when a (Calabrese et al.,
area Figure 5.1). system has lost its 2010).
identity are available
(Jax et al., 1998).
Variability / Change of a state Continuous variation
invariability variable over time might increase

(Arnoldi et al., 2016).
Often used as a proxy

resilience as it
supports
reconfiguration in
response to
disturbance (Holling
and Gunderson,
2002).

for persistence because
it is assumed that a
system showing lower
variation has higher
chances that state
variables remain
within the ranges
required for the
persistence of a
system.

5.3 The multiple dimensions of resilience

In ecology, the multidimensionality of resilience or stability has been acknowledged
for a long time (Grimm and Wissel, 1997; Pimm, 1984), although the term
‘multidimensionality’ has become more popular only recently (e.g. Donohue et al.,
2016). Recent reviews on resilience in ecology agree that resilience per se is not
quantifiable, but only its different dimensions, or components: recovery, resistance,
and variability (Oliver et al., 2015; Standish et al., 2014; Figure 5.1; Table 5.1). More
generally, also the persistence of systems can, at least in microcosms or models, be
quantified in terms of population persistence (e.g. Drake and Lodge, 2004), or

characteristic patterns in organization or spatial structure (Cumming and Collier,
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2005; Jax et al., 1998). Since these different stability properties are not always
correlated (Dey and Joshi, 2013; Tung et al., 2016), just looking at one of them only
gives limited insights into the emergence of resilience.

A second level of multidimensionality that is also increasingly acknowledged lies in
the fact that recovery, resistance, persistence and variability can only be applied to
specific situations, which are defined by the considered level of organization, state
variable, reference state, disturbance, and spatial and temporal scale (Grimm and
Wissel, 1997; they originally referred to ‘ecological situation’, but here we use the
more generic term ‘specific situation’). The assessment of the stability properties
does not only depend on the system of interest itself and its mechanisms, but also
on how we observe it. Different state variables and levels of organization (e.g.
individual agents vs. communities) may react differently to disturbances (Figure 5.1
A, B vs. E, F). Likewise, the way we define the reference state determines how close
a variable returns to its ‘normal’ state after a disturbance. For example, comparing
the state variable against a dynamic reference (temporal development of the state
variable without disturbance) may indicate slower recovery and larger amplitude
(Figure 5.1 C, D) than when compared to a static reference (Figure 5.1 A, B). Virtually
all stability properties, in particular variability and persistence, will depend on the
spatial and temporal scales considered (Cumming et al., 2016). For example, in
metapopulations the local existence of populations does not inform about regional
persistence (Hanski and Gilpin, 1991). Disturbances of populations by toxicants or
predators may affect different size classes so that consequences for resilience are not
captured by only considering total abundance (Gergs et al., 2013). In mesocosm
experiments addressing the response of aquatic invertebrate communities to a pulse
exposure of an insecticide, species composition changed strongly while two
ecosystem functions (primary production and respiration) hardly changed
(Radchuk et al., 2016). In all these cases a multidimensional view, considering
several state variables, levels of organization or disturbance type, provided insight

into the internal organization of the system and, hence, its resilience mechanisms.
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Figure 5.1 Schematic illustration of the three stability properties recovery, resistance, and
persistence assessed across the different dimensions of specific situations. A
multidimensional view is needed to learn more about the mechanisms underlying resilience,
i.e. the stability properties need to be assessed for different state variables, levels of
organization, disturbances, and spatial and temporal scales. Curves show the response of a
state variable to a disturbance (red line) in a system with (purple) and without (orange) a
resilience mechanism. The dashed arrow indicates recovery time, the solid arrow the
amplitude, which might indicate resistance. The operating space (shaded area) defines a
desired range, within which a state variable should remain that a system persists. The green
curve indicates a dynamic reference, i.e. the temporal development of the state variable

without disturbance. The different dynamics A-E are referred to in the main text.
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5.4 Literature review

5.4.1 Methods

We conducted a Web of Science Topic Search (TS) using the search term TS =
(‘individual* based* model* OR ‘agent* based* model*) AND resilience*. Our
search yielded 118 articles (3 July 2017). We excluded 29 paper because no ABM or
results were presented or because the ABM was not used to study resilience. Since
we were only interested in model applications to ecological and social-ecological
systems, we excluded articles investigating systems related to economy (n=10),
technology and human safety (n=10), sociology (n=3), medicine (n=2) or other
systems (n=3). We additionally included four articles that were reviewed in Parrott
etal. (2012) and An et al. (2014), but did not appear in our topic search. We evaluated
the retained 65 articles with respect to the modeled system, their operationalization
of multidimensionality of resilience and the representation of resilience
mechanisms. Methodological details and the definitions underlying our evaluation,
and detailed results can be found in Appendix 7.3.

5.4.2 Results

5.4.2.1 Stability properties

The reviewed models, mainly investigating social-ecological systems (Figure 5.2a),
usually studied specific stability properties in isolation. Only 15 studies included
one (n=13) or two (n=2) stability properties in addition to variability (Figure 5.2b). Of
all reviewed articles, 94% measured the variability of one (#=18) or more state
variables (1=43), while the other three stability properties where typically quantified
with only one state variable. Recovery was measured in eight studies and
persistence in nine studies, while resistance was hardly quantified (n=4).

5.4.2.2 Specific situations

Of the 65 studies, 46 addressed multiple dimensions of specific situations. Out of
these, 38 studies used different state variables corresponding to different levels of
organization (Figure 5.2c). Around half of the studies defined static (n=9, e.g. value
of a state variable prior to a disturbance; Figure 5.1 A, B) or dynamic reference states
(n=27, e.g. baseline scenario; Figure 5.1 C, D), of which two included more than one
reference state. While the majority of the reviewed studies explicitly modeled
disturbances (Figure 5.2d), only ten studies included more than one disturbance.

Press disturbances, altering the system permanently, were investigated in 13 studies.
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Most studies included a pulse disturbance which either occurred once (n = 10) or
multiple times (n = 24). Of all reviewed articles, ten assessed resilience at more than
one spatial scale and 13 focused on more than one temporal scale.

5.4.2.3 Resilience mechanisms

While the assessment of stability properties could be related to resilience
mechanisms in 56 articles, they were explicitly communicated in only 40 articles.
About one quarter of the studies investigated potential resilience mechanisms
directly, e.g. by contrasting system behavior with and without a proposed
mechanism.

5.4.3 Discussion

Our literature review shows that most existing models focus on a single dimension
of resilience; i.e. they use variability as a proxy for persistence or resilience, and are
limited to one reference state, disturbance type and scale. Less than one fourth of the
reviewed studies varied more than two dimensions of specific situations, and only
15 studies assessed multiple stability properties. Moreover, relatively few studies
explicitly test the ability of different resilience mechanisms to support resilience.
Accordingly, the potential of ABMs for rigorous manipulation of relevant
interactions and feedbacks across the dimensions of specific situations, and the
subsequent assessment of different stability properties to identify resilience
mechanisms has been exploited to a limited degree. This confirms previous findings,
e.g. regarding the lack of incorporation of alternative theories of human decision-
making (Groeneveld et al., 2017) or the limited analysis of ABMs developed for

social-ecological systems (Schulze et al., 2017).
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Figure 5.2 (a) Overview of the systems investigated in the 65 reviewed articles. (b) The
number of studies measuring the stability properties variability, recovery, resistance and
persistence. (c) The number of dimensions of specific situations varied in each study. (d) The

number of studies investigating no disturbance, press, pulse or multiple pulse disturbances.

5.5 Discussion and recommendations

Using the concept of resilience to guide the sustainable management of complex
ecological and social-ecological systems is attractive and has been called for by
international organizations. However, there are two main challenges. First,
resilience is a multidimensional concept necessitating the measurement of several
stability properties for different state variables, reference states, disturbance types
and spatial-temporal scales (Carpenter et al., 2001; Grimm and Wissel, 1997). Second,
measurements of several stability properties is prohibitively costly in empirical and
experimental conditions. In this context, ABMs provide a solution by allowing for
an extensive exploration of the multidimensionality underlying resilience at

relatively low costs.
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Despite the suitability of ABMs to study resilience, agent-based modeling is not a
panacea to resilience research and has to overcome several challenges. ABMs have
been criticized for their high complexity and uncertainty, and the consequent lack
of predictive power, validation and verification (Bankes, 2002; Grimm and
Railsback, 2005; Lempert, 2002; Matthews and Gilbert, 2007; Parker et al., 2003).
ABMs and models in general cannot capture the full complexity of real agent-based
systems. Therefore, reality checks with targeted empirical research and
observations, narratives of events and mechanisms that are not captured in data sets,
and “expert judgements’ can be critical (Millington et al., 2012; Topping et al., 2015).
Moreover, tools and approaches have been developed to increase rigor and
comprehensiveness of agent-based modeling (Grimm et al., 2005), as well as to
improve modeling practice to better inform decision-making (Grimm et al., 2014;
Schmolke et al., 2010).

Our review demonstrates that ABMs studying most dimensions of resilience and
specific situations have been developed, which provides insight into the resilience
of the modeled systems as well as the mechanisms underlying it. However, our
review also indicates that most of these dimensions have been studied in isolation.
Therefore and based on the overall progress that has been made in agent-based
modeling over the last 20 years, or so (An, 2012; Epstein, 2006; Farmer and Foley,
2009; Grimm and Berger, 2016a, 2016b; Matthews and Gilbert, 2007), we here make
three recommendations to advance ABM as a tool for resilience research in ecology
and socio-ecology (Table 5.2). These are heuristics rather than specific methods or
techniques, but we nevertheless hope that they help broaden the scope of future
studies.

First, we recommend quantifying two or more stability properties simultaneously.
The fact that resilience cannot be addressed with a single metric needs to be better
addressed in ABMs because the different stability properties are not necessarily
correlated (Dey and Joshi, 2013; Hillebrand et al., 2018; Tung et al., 2016), and
measuring only one stability property can mislead the management actions. For
example, Naghibi and Lence (2012) found that the impact of high flow events due to
river management on salmon population during the spawning period materialized

much earlier regarding recovery than regarding resistance. Therefore, just looking
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at resistance would underestimate the long-term impacts of high flow events, e.g. as
a result of opening a floodgate.

Regarding variability, instead of only looking at the change of a variable over time,
the coefficient of variation can be better compared among studies as it is
independent of the magnitude and allows for a closer integration of modeling and
empirical research, where this metric is commonly used (Donohue et al., 2016). On
a related note, we encourage modelers to address resistance in their resilience
assessments, which is often measured in empirical and experimental studies, albeit
mostly in laboratories and simplified, small systems. Only combined efforts and the
use of identical stability properties by empiricists and modelers will truly advance
our understanding of resilience and its application. Moreover, we suggest to not
only look at the change of the state variable, but also at the behavior of the
underlying buffer mechanisms, which has been hardly done in the reviewed studies.
These buffers may typically respond slowly, but changes can lead to nonlinear
changes or regime shifts once a certain threshold is exceeded (Biggs et al., 2012).
Regarding persistence, a system definition is required. For a population this is
straightforward in principle because extinction clearly defines how long a
population persisted. For real populations however, quasi-extinction may be more
relevant (Holmes et al.,, 2007) because it is usually impossible to show that a
population really went extinct, so that detection thresholds need to be defined. Also
for communities and ecosystems, the definition of such thresholds is required. The
arbitrariness of such thresholds can be reduced by their systematic variation, while
looking for abrupt changes in characteristics, functions, or services of a system. For
semi-arid savannas, for example, 20% tree cover is a generally accepted threshold
because higher values indicate bush encroachment due to overgrazing, which will
lead to the loss of the service ‘rangeland’ (Jeltsch et al., 1997).

Second, we propose to assess stability properties from different perspectives, i.e.
under different specific situations. This is important for both an improved
understanding of resilience, and the reconciliation of different management and
policy objectives (Donohue et al., 2016). Our review revealed that most models only
consider a few specific situations. Once a model of adequate complexity exists and
has proven to be structurally realistic (Grimm and Railsback, 2012; Wiegand et al.,
2003), many specific situations can be assessed, which will provide more

comprehensive insights into resilience. For example, a static reference state may be
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appropriate for a pulse disturbance, but including a press disturbance requires a
dynamic reference. Moreover, several state variables describing different levels of
organization often respond differently to changes and may require different
reference states. For example, Cordonnier et al. (2008) applied a management
perspective to assess the protective ability of managed forests stands against
avalanches and rock falls, by measuring how long several threat-specific state
variables stayed within favorable reference states. They found that only relatively
low thinning intensities protect against both threats, i.e. multiple dimensions needs
to be observed to guide proper management. Similarly, only a systematic
combination of various disturbances, potentially acting on different scales, allows to
disentangle multiplicative, synergistic and antagonistic effects (Belarde and
Railsback, 2016). Likewise, varying the spatial scale, in particular the size, of the
modeled system is a simple but often rewarding exercise, which is often ignored.
Exploring variability, recovery, or persistence for different system sizes can lead to
surprises because certain mechanisms may unfold only at larger scales, or break
down at smaller ones (Cumming et al., 2016).

Third, we advocate for starting model-based resilience analysis with hypotheses
about underlying resilience mechanisms and how one could quantify their effects.
Many resilience mechanisms have been proposed, but if, how and when they render
a system resilient remains often unclear (Biggs et al., 2012; Desjardins et al., 2015),
for instance, regarding the role of biodiversity for the resilience of complex systems
(Cardinale et al., 2012). Since many of the assumed mechanisms, such as learning
and adaption, are related to individual variation, interactions, decision-making and
feedbacks, ABMs offer a promising tool to uncover them. To this end, we
manipulate, or even deactivate a given mechanism, such as recolonization, social
influence on land-use practices, or learning, and explore how the different
dimensions of resilience change, across different situations. Ten Broeke et al. (2017),
for example, found that adaption through inheritance of specific traits (harvesting
and moving rates) could prevent the collapse of a stylized common-pool resource
system.

A stronger focus on resilience mechanisms can, in principle, reconcile the
reductionist and holistic interpretations of resilience to some degree: adaptive

capacity, for example, would no longer only reflect a way of thinking or dealing with
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agent-based complex systems, but we could quantify the effects of adaptive capacity
on resilience (measured by the three stability properties) and compare it with other

possible resilience mechanisms.

Table 5.2 Main recommendations to advance agent-based modeling as a tool for resilience

research in ecology and socio-ecology.

Aspect Recommendations

Stability properties ¢ Quantify multiple stability properties simultaneously because
they are not necessarily correlated
o Consider to measure variability as coefficient of variation
(ratio of standard deviation to mean) for better comparison
among studies and closer integration of empirical research
¢  Measure the behavior of the underlying buffer mechanisms
as their changes can lead to nonlinear changes or regime
shifts
¢ Define systems to assess persistence, e.g. by systematically
identify thresholds to measure quasi-extinction
Specific situations e Assess stability properties for different situations to foster a
more comprehensive understanding of resilience
e Assess the stability properties for several state variables
describing different levels of organizations to account for
potentially different conclusions about resilience
e  Use a dynamic reference state for press disturbances to
account for long-term changes
e Systematically combine various disturbances with different
strengths and acting on different scales to disentangle
multiplicative, synergistic and antagonistic effects
e  Explore stability properties for different temporal and spatial
scales because certain mechanisms may unfold only at larger
scales, or break down at smaller ones
Resilience mechanisms e  Identify potential resilience mechanisms
e  Explicitly test and manipulate mechanisms to see if, how, and
under what conditions they render a system resilient

5.6 Conclusion

In conclusion, we found that the reviewed studies typically focus on a single
dimension of resilience by using variability as a proxy for persistence, and are
limited to one reference state, disturbance type and scale. Moreover, only few
studies explicitly test the ability of different mechanisms to support resilience.

Therefore, we suggest that it is time to move on from focusing on a single attribute
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of resilience to reveal the multidimensionality of resilience, especially given that
ABMs provide a unique opportunity for doing so backed up by increasing
computational power. In particular, we propose using ABMs to systematically
assess multiple stability properties for different situations, while explicitly testing
the effect of potential resilience mechanisms. The recommendations presented here
will hopefully promote a more systematic and comprehensive exploration of the
multiple dimensions of resilience in ABMs. Such advancement will foster the
understanding of the mechanisms determining resilience, which is fundamental to

safeguard ecosystem services and to ultimately ensure sustainability.
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6 Discussion and outlook

6.1 Main results

The first major aim of this thesis was to analyze the stability of agricultural
production across various levels of organization and scales and its relationship to
crop diversity, spatial heterogeneity and asynchrony between and within crops
(Table 6.1). Stability has multiple dimensions and hence proxies, but for theses
analyses I focused on temporal stability, i.e. the temporal invariability of yields and
total production. The related analyses were based on extensive agricultural datasets,
climate data and statistical analyses. Acknowledging that data analysis only
examines correlative relationships of current or past situations, the second aim was
to review the state of the art and potential knowledge gaps in exploring resilience
and its multidimensionality in ecological and social-ecological systems with agent-
based models (ABM) and to derive recommendations for a more effective use of
ABMs in resilience research.

Scale is an important dimension when assessing the stability of agricultural
production. First, stability differs across scales. The second chapter shows that
national-level stability is more than 80% higher compared to regional and farm level
stability. Moreover, stability over all nations, regions or farms was typically higher
than individual stability. Second, the importance of different stability mechanism
varies with scales. For example, the absolute effect of one unit increase in crop
diversity was higher at the farm and regional level than at the national level and the
effect of diversity was strongest in small farms. Furthermore, at the national level,
spatial heterogeneity of precipitation reached the highest effect size, indicating that
this mechanism is particularly important at larger scales. Third, scale also has
implications for the management of stability mechanisms. Chapter 4 suggests that
combining multiple farms or regions strongly increases asynchrony within crops.
This effect could be even stronger if cultivated areas beyond national boundaries
would be included as their climate is more independent, thus contributing to
stability on a larger scale (Mehrabi and Ramankutty, 2019). Trade might be another
relevant stability mechanism as it increases the spatial production base and

decreases the vulnerability to local disturbances (Marchand et al., 2016). Therefore,

58



Discussion and outlook

the importance of scale merits further attention in recent discourses on the resilience
of globalized vs. regionalized food systems (Garnett et al., 2020; Hendrickson, 2015;
Marchand et al., 2016; Opitz et al., 2016). While my results confirm the widely
believed stabilizing effect of considering larger spatial scales, quantitative
assessments were rare, and I could show that stability mechanisms are also scale-
dependent. In contrast to scale, effects of diversity and heterogeneity on stability are
harder to predict intuitively.

This thesis suggests that crop diversity is a key mechanism to increase yield stability
across different levels of organization. At the farm level, it even had the largest
positive effects of all explanatory variables considered. At the national and farm
level, there is evidence that the positive effect of crop diversity on yield stability was
higher in variable climates, supporting resilience theory (Biggs et al., 2012; Yachi and
Loreau, 1999). Moreover, at the national level this effect was highest when irrigation
was low, highlighting its relevance in the absence of technological means to address
yield stability. However, this effect was inverse at the regional and farm level,
suggesting that combined efforts are needed to increase yield stability. Chapter 3
shows that crop diversity as such provides only limited insights into the mechanisms
underlying stability and that asynchrony is one important crop property that can
explain why a higher diversity supports stability of national food production. This
finding is confirmed in Chapter 4 that shows that crop diversity increases
asynchrony between crops, but only to a certain degree. Therefore, strategies to
stabilize agricultural production through crop diversification also need to account
for the asynchrony of the crops considered and with respect to different
environmental und socio-economic processes (Cottrell et al., 2019; Lesk et al., 2016;
Suweis et al., 2015).

Chapter 2 indicates that spatial heterogeneity is an important stability mechanism,
in particular at larger scales. More specifically, it shows that precipitation
heterogeneity was positively associated with yield stability, most likely because it
leads to asynchronous or contrasting production patters within crops (Mehrabi and
Ramankutty, 2019; Suweis et al., 2015). This hypothesis is confirmed in Chapter 4,
i.e. asynchrony within crops had a strong positive effect on stability at the regional
and national level. The stronger effect of asynchrony within crops compared to

asynchrony between crops at the regional level is related to the fact that already few
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farms within a region can achieve a high spatial asynchrony within crops. This
finding also needs to be acknowledged in agricultural management. While crop
diversification typically increases asynchrony between crops, asynchrony within
crops needs to be addressed by altering landscape configuration, e.g. by increasing
the spatial fragmentation of crop distribution (Lin, 2011). Besides their potential
stabilizing effects, related measures could also benefit overall productivity,
biodiversity and ecosystem services more generally (Kremen and Merenlender,
2018; Li et al., 2020; Seppelt et al., 2020, 2016)

Besides the stability mechanisms related to diversity and redundancy, agricultural
inputs were mostly positively associated with yield stability. Fertilizer, for example,
had the strongest positive association at the regional level, suggesting that
agricultural inputs are not only relevant to close yields gaps (Mueller et al., 2012),
but also to increase their stability (Knapp and van der Heijden, 2018; Renard and
Tilman, 2019). However, this dependency on agricultural inputs has serious
implications for biodiversity and ultimately human well-being (Beckmann et al.,
2019; Loos et al., 2014; Tscharntke et al., 2012; West et al., 2014), and associated
specialization may also increase climatic sensitivity of agriculture (Ortiz-Bobea et al.,
2018). Furthermore, the resources needed are limited and both nitrogen fertilizer and
irrigation already reached a peak-year (Seppelt et al., 2014). Accordingly, more
integrated approaches to tackle the multiple challenges agricultural landscapes face
today such as crop diversification, renewable inputs and other agroecological
principles are needed (Gurr et al., 2016; Kremen and Merenlender, 2018).

I found that climate instability substantially decreased yield and production
stability, in particular at the national level (Chapters 2 and 3). Thus, expected
increases in climate instability in the light of climate change may not only lead to
yield losses but also to lower temporal stability of yields (Challinor et al., 2014; Liang
et al., 2017). In the European and German context, climate seems to play a minor
role, i.e. effect sizes were comparable or even lower than the effect sizes of crop
diversity and agricultural inputs. European agriculture benefits from a comparably
stable climate and is largely intensified (Vaclavik et al., 2013). Accordingly, until
now climate instability can be buffered by agricultural management. However, this
might change in the future, thus strategies to lower the vulnerability to climate
variation and shocks are crucial for the stability of agricultural production and food

security (Lesk et al., 2016). Chapter 4 suggest that planting additional crops that react
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differently to climatic disturbances and potentially increasing the spatial
heterogeneity of crop distribution is a promising avenue in this context.
Agricultural production and associated stability can be measured differently. For
Chapter 2, I used average yields per hectare, while in Chapters 3 and 4, I focused on
total production. Yield is a more standardized metric as it is independent of areal
changes. Besides yields, total production and its stability is also a relevant aspect of
food security. Moreover, the link between production-based crop asynchrony and
total production stability is clearer than the relationship of yield-based crop
asynchrony and overall yield stability. This is because less abundant crops have an
equal weight if asynchrony between crops is based on yields, but their actual
contribution to stability is limited.

Chapter 5 argues to assess different stability properties, situations and mechanisms.
While the previous chapters covered different spatial scales, variables and
mechanisms, I only focused on the temporal stability of agricultural yields and
production. However, assessing other stability properties in agricultural datasets is
challenging because clear definitions of reference states are difficult. Nevertheless,
statistical tools have been used to measure other facets of stability, for example, to
detect food production shocks based on outliers (Cottrell et al., 2019). Generally
however, statistical approaches only offer limited insights to causalities and
mechanisms.

Besides their capacity to provide a mechanistic understanding of certain processes,
agent-based models can incorporate different stability properties and situations
through extensive manipulation in a fully controlled system. However, Chapter 5
points out that the potential of ABM:s is not utilized in most models as they typically
focus on a single dimension of resilience and are mostly limited to one reference
state, disturbance type and scale. Moreover, only few studies explicitly test the
ability of different mechanisms to support resilience. To advance ABM as a tool for
resilience research in ecology and socio-ecology, two or more stability properties
should be quantified simultaneously because different stability properties are not
necessarily correlated (Dey and Joshi, 2013; Hillebrand et al., 2018; Tung et al., 2016),
and measuring only one stability property can mislead management actions.
Furthermore, stability properties should be assessed from different perspectives, i.e.

under different specific situations. This is important for both an improved
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understanding of resilience, and the reconciliation of different management and
policy objectives (Donohue et al., 2016). Finally, model-based resilience analyses
should start with hypotheses about underlying resilience mechanism and how one
could quantify their effects. Many resilience mechanisms have been proposed, but
if, how and when they render a system resilient remains often unclear (Biggs et al.,
2012; Desjardins et al., 2015).

Table 6.1 Synthesis of the investigated effects related to diversity on the stability of
agricultural production and related chapters in this thesis (brackets indicate that the effect
was not significant). Note that at the farm level, spatial heterogeneity was approximated

with the total area harvested.

National Regional Farm Chapter(s)
Crop diversity + + + 2,3
Spatial heterogeneity + + + 2
Asynchrony between + + 3,4
crops
Asynchrony within crops | (+) + 4

6.2 Limitations

The statistical analyses in Chapters 2 to 4 face four major limitations. First, data
quality at all levels of organization is limited. Besides qualitative and
methodological differences in the agricultural databases (Dunmore and Karlsson,
2008), several datasets had to be rescaled due to different spatial resolutions and
many units were excluded due to data gaps, which could affect my conclusions
(Verburg et al., 2011). Nevertheless, the consistency of certain patterns across
different levels of organization and the alignment with previous findings and theory
increases their reliability.

The second limitation is related to data availability. In particular, consistent datasets
at the subnational level covering a large spatial and temporal extent and including
an adequate number of crops are missing. Therefore, the analyses across different
levels of organization covered different extents (world, Europe and Germany), while
fixed system boundaries would be important to allow a more systematic and
rigorous comparisons. Recent efforts to compile gridded harvested area and

production data globally and for multiple decades could support a more systematic
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assessment of the relationships investigated, for example at different grain sizes,
once they are available for additional crops (Meyer et al., 2015; Ray et al., 2012).
Third, the explanatory power of several statistical models applied here was limited.
For example, the farm level model in Chapter 2 achieved a marginal R2 of only 0.1.
This indicates that important drivers of stability are missing, potentially related to
pesticide use, capital stock, market access and land-use history, for which temporal
and spatial data coverage is yet limited. Moreover, other disturbances besides
climatic variability are important in the agricultural context, for example in relation
to political changes and mismanagement (Cottrell et al., 2019; Suweis et al., 2015).
The fourth limitation relates to the fact that linear models are mainly suited to assess
associations between variables but not to identify causal relationships. Besides other
statistical approaches better addressing causal inference (Pearl, 2009), agent-based
models can provide a mechanistic understanding of the actual processes underlying
resilience. As discussed above, they can also better deal with the
multidimensionality of resilience.

Despite the suitability of ABMs to study resilience, agent-based modeling is not a
panacea to resilience research and has to overcome several challenges. ABMs have
been criticized for their high complexity and uncertainty, and the consequent lack
of predictive power, validation and verification (Bankes, 2002; Grimm and
Railsback, 2005; Lempert, 2002; Matthews and Gilbert, 2007; Parker et al., 2003).

6.3 Perspectives

In this thesis, I investigated the effect of crop diversity, spatial climate heterogeneity,
and asynchrony between and within crops at different scales using a large and
comprehensive database. In contrast to earlier studies, it more systematically
confirms the importance of crop diversity and spatial heterogeneity to stabilize
agricultural production. Moreover, agent-based models have been identified as a
promising tool to address the multidimensionality of resilience. However,
uncovering a wide range of additional mechanisms working at different levels of
organization, scales and time horizons will be needed to identify comprehensive
pathways towards productive and resilient farming systems (Battisti and Naylor,
2009; Lesk et al., 2016; Valin et al., 2014; Weise et al., 2020). Moreover, besides

stability, adequate production and productivity are fundamental to food security.
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Therefore, factors affecting both stability and productivity and potential trade-offs
need to be simultaneously studied in future (Bailey et al., 2015; Brown et al., 2016).
As diversity is central to resilience, the processes driving agricultural specialization,
for example economic globalization, and their consequences need to be
mechanistically investigated (Lambin and Meyfroidt, 2011; Magliocca et al., 2013).
Besides the diversity of different crops, future assessments could include different
crop varieties and functional traits as they most likely play a fundamental role for
resilience (Ficiciyan et al., 2018).

Further studies could incorporate other aspects of asynchrony and its underlying
drivers, for example related to growing crops in multiple seasons, different farm and
disturbance types (Cottrell et al., 2019; Loreau and De Mazancourt, 2008; Reidsma et
al., 2010; Chapter 3). While there is increasing knowledge about the underlying
drivers of overall production losses (Cottrell et al., 2019), little is known about the
effects on individual crops in various environmental and socio-economic contexts,
in particular regarding their temporal variance at farm level, where management
decisions are made (Knapp and van der Heijden, 2018; Mehrabi and Ramankutty,
2019).

Additional resilience mechanisms, for example related to function, adaption and
structure and also with respect to the multiple actors engaged in agricultural
production should be incorporated in future studies (Biggs et al., 2012; Weise et al.,
2020). Moreover, different stability properties should be considered, e.g. regarding
the recovery of different agricultural systems after shocks. Furthermore, practical
and innovative approaches to achieve resilience of food systems across the entire
supply chain and their upscaling potential needs to be investigated (Hendrickson,
2015; Nature Food, 2020). For example, regionalized food distribution networks that
increase redundancy, diversity and adaptive capacity, as well as food democracy
and sovereignty, e.g. through direct links of consumers and producers, and
agroecological approaches could be promising alternatives to the concentrated and
consolidated global food system and to simultaneously achieve resilience,
productivity and environmental sustainability (Bailey et al., 2015; Garnett et al.,
2020; Hendrickson, 2015; Kremen and Merenlender, 2018; Nature Food, 2020; Opitz
et al., 2016; Schipanski et al., 2016).

While agent-based models are a promising tool for resilience research, future ABMs

need to assess multiple stability properties for different situations and under
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consideration of the mechanisms that are hypothesized to render a system resilient.
Moreover, reality checks with targeted empirical research and observations,
narratives of events and mechanisms that are not captured in data sets, and ‘expert
judgements’ can be critical (Millington et al., 2012; Topping et al., 2015). Tools and
approaches that have been developed to increase rigor and comprehensiveness of
agent-based modeling, as well as to improve modeling practice to better inform
decision-making need to be further operationalized (Grimm et al., 2014, 2005;
Schmolke et al., 2010).

In the following, two directions of future research are illustrated. First, I show how
a simulation approach could help to identify management strategies that account for
asynchrony between and within crops. Second, I showcase the use of agent-based
models to find transformative pathways towards resilient farming systems.

6.3.1 Managing asynchrony

In Chapter 4, both asynchrony between and within crops have been identified as
important mechanisms to stabilize agricultural production. In a next step,
management approaches to increase asynchrony between and within crops
simultaneously need to be investigated and potential trade-offs need to be
identified. While crop diversification typically increases asynchrony between crops,
asynchrony within crops needs to be addressed by altering landscape configuration,
e.g. by increasing the spatial fragmentation of crop distribution (Lin, 2011).

To illustrate the potential effect of crop diversification and distribution here, I
developed a model that simulates a stylized landscape. I initialized the landscape
with varying size (5x5, 9x9 and 33x33 pixels) and number of crops (1 to 14), which I
allocated with equal area shares according to one of three management strategies. In
the specialized landscape the crops were cultivated in coherent larger patches, while
in the fragmented landscape, the crops were distributed randomly, yet still only one
crop was cultivated per pixel. In the diversified landscape, all crops were cultivated
in each pixel. I kept the crop distribution for each run (10 years) constant while I
changed annual temperature and precipitation stochastically. Based on the actual
crop distribution and climate, I calculated crop-specific annual suitability values
using crop-specific climate response functions to approximate production (Zabel et

al., 2014). Based on this, I calculated asynchrony between and within crops and
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averaged the values over ten repetitions for each configuration. Methodological
details are described in Appendix 7.4.1.

Independent of landscape size and management, crop diversity consistently
increased asynchrony between crops, although the effect stagnated or even
decreased when exceeding ten crops (Figure 6.1). This finding is similar to the
observations in Chapters 3 and 4, i.e. that crop diversity supports asynchrony
between crops only up to a certain degree due to redundancy regarding the response
to climate. In contrast, increasing crop diversity negatively affected asynchrony
within crops unless management was diversified or fragmented in large landscapes.
The major reason for this is that multiple crops that are only grown in monoculture
in a limited area can hardly buffer local climatic shocks. These findings indicate that
only a combination of crop and landscape diversification avoids trade-offs between
the two stabilizing mechanisms. Therefore, approaches and frameworks to increase
agricultural stability need to account for diversification from the field to the
landscape scale (Lin, 2011; Wanger et al., 2020)
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Figure 6.1 Simulated effect of increasing crop diversity in stylized landscapes of varying size
and under different management strategies (diversified, fragmented, specialized) on
asynchrony between and within crops. For each simulation, crop distribution was fixed,

while temperature and precipitation were randomly updated each year based on a
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predefined range and following a gradient. Lines show mean values over all ten repetitions

and shades show standard deviations.

6.3.2 Agent-based models to identify transformative pathways towards
resilient farming systems

Besides environmental factors, land-use decisions heavily depend on institutional
settings, economic constraints and incentives, farmers’ characteristics and attitudes
(Bartkowski and Bartke, 2018; Magliocca and Ellis, 2016; van Vliet et al., 2015). For
example, participation of European farmers in biodiversity policies is not only
driven by economic interests but by also individual attitudes (Siebert et al., 2006).
Given the importance of individual behavior, explicitly incorporating farmer
characteristics is essential to better understand land-use system dynamics (Brown et
al., 2014).

In a globalized world, local land use is increasingly driven by interactions between
distant places (Liu et al., 2013; Meyfroidt et al., 2013). Free trade between regions,
for example, is expected to lead to an optimal and efficient distribution of land use,
thus maximizes overall production (Brown et al., 2014). However, this
fundamentally alters local agricultural land-use patterns and spatially separates
sites of production and consumption (Anderson, 2010; Cumming et al., 2014). As
discussed in Chapter 2, trade can help to buffer local shocks, but can also reduce
crop diversity, i.e. an important stability mechanism, through specialization on the
crops with the best local conditions.

Factors fostering the stability of agricultural systems have been investigated in depth
in this thesis, but the emergence of stable agricultural systems, in particular in the
context of distant processes, is poorly understood. As outlined in Chapter 5, agent-
based models (ABM) are a promising tool to systematically assess resilience and its
multidimensionality, hence they can account for the complexity of local to global
scale, and ecological and socio-economic interactions (Brown et al., 2014; Meyfroidt
et al., 2013). Since ABMs attempt to model system-level behavior from individual
characteristics, interactions and feedbacks, e.g. between human and nature, they are
a promising tool in this context and have been widely used to study land-use change
and transformations mechanistically (An, 2012; Brown et al., 2016, 2014; DeAngelis
and Grimm, 2014; Magliocca et al., 2013; Magliocca and Ellis, 2016; Matthews and
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Gilbert, 2007). As a follow-up of this thesis, ABMs could be used to identify
pathways that foster diversification and thus the resilience of agricultural systems
(Kremen and Merenlender, 2018).

To showcase the use of ABMs in this context, I here developed a simple stylized
ABM to study the emergence of land use in response to local and distant drivers,
including the potential to grow different crops, trade and farmers’ focus on different
crops and their ability to compete. The potential for each of the four crops is maximal
in one of the four corners of the landscape and decreases linearly with distance from
that corner. Farmers and farms are not modeled explicitly but implicitly by
distinguishing five types of farmer utilizing the patch’s crop-specific potentials:
‘specializers’ which, on a given patch, grow one of four possible crops (maize, wheat,
rice and soybean) in monoculture, and ‘diversifiers’” which grow all four crops
simultaneously. The farmer types compete for land, which is driven by farmer type-
specific attributes and utility that depend on the actual production under current
conditions and crop-specific demands. Climate is either stable or variable which
directly affects the crop-specific potential based on response functions for the four
crops (Zabel et al., 2014). Moreover, if trade is allowed, the potential to grow wheat,
rice and soybean is reduced to represent that other (not explicitly modeled) regions
have better opportunities to grow certain crops. A detailed model description
following the ODD (Overview, Design concepts, Details) protocol for describing
agent-based models is available in Appendix 7.4.2 (Grimm et al., 2010, 2006;
Railsback and Grimm, 2019).

In the baseline settings, i.e. no climate variability and trade, the ‘diversifier’ is most
abundant, especially in marginal regions, where the potential for the different crop
is limited, while ‘specializer’ are only found were the potential of their target crop is
high (Figure 6.2). If trade is allowed, the farmer type that specializes on maize
dominates the landscape. Only in the regions, where the potential to grow maize is
lower, the diversifier can persist. Climate variability increases the success of the
diversifier as this type can better deal with disturbances that affect different crops
differently.

While this model is only used for illustration, it already shows that relatively simple
and stylized models can be used to simulate general land-use patterns. A similar yet
more complex model has been used to investigate the outcome of different scenarios

and behavioral variations and their accordance with land-use visions in Europe
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(Brown et al., 2016). They also found that trade reduces small-scale diversity, but
behavioral effects can counteract this process. Accordingly, such models can capture
processes at different levels of organization and their interactions and potential
trade-offs. Therefore, they can provide valuable insights on potential leverage points

and policies for sustainability transformations (Abson et al., 2017; Bai et al., 2016).

No Trade Trade
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Figure 6.2 Land-use patterns emerging from different scenarios with or without climate
variability and trade, respectively (blue = maize specializer, orange = wheat specializer,
black = rice specializer, brown = soybean specializer, green = diversifier). The respective

agent-based model is described in Appendix 7.4.2.

6.4 Conclusion

Nothing less than a fundamental transformation of agricultural systems is needed
to achieve resilient, productive and sustainable landscapes that work for people and
nature. This thesis contributes to the first of these goals. It demonstrates that crop
diversity and in particular asynchronous temporal production patterns between
crops increase the temporal stability of agricultural production across different
levels of organization. Spatial heterogeneity and the asynchrony between the
temporal production patterns of different cultivation areas of the same crop are also

shown to be important stabilizing mechanisms. The simulation suggests that only
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increasing the number of crops at both the local and landscape scale avoids trade-
offs between asynchrony between and within crops. My findings emphasize the
need for integrated management approaches including diversification from the farm
to the landscape scale and accounting for asynchrony and sustainable usage of
agricultural inputs to foster resilient farming systems in the light of climate change,
rising demands for agricultural products and the intensification and specialization
of agricultural systems. If their potential is better exploited, agent-based models
provide an opportunity to identify resilient farming systems and pathways to
achieve them.

Future work could simultaneously assess aspects related to resilience, productivity
and sustainability to identify potential synergies and trade-offs. Moreover, further
studies could include other aspects of resilience, disturbances and agricultural
diversity, as well as innovative agricultural approaches. Related research will help
to address one of the great challenges humanity faces today, i.e. to fundamentally

and urgently transform agricultural systems.
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Figure A1 Effective crop diversity for nations (a), regions in the European Union (b) and
farms in Germany (c). Effective crop diversity was calculated as the exponential of the
Shannon diversity. Values are averaged over all time periods (1 = 137 for the national, n =
165 for the regional and n = 5183 for the farm level). Farm values are aggregated to the
district level (mean values of the underlying farms), assuming that they are representative

for the respective district. Units excluded from the analyses are shown in white.

74



Appendix of Chapter 2

|
[Ty me——
[EFNS T SRR

Figure A2 Relative yield stability for nations (a), regions in the European Union (b) and farms
in Germany (c). Relative yield stability was calculated as the stability of each nation, region
or farm divided by the respective larger-scale stability over all nations, regions or farms.
Green colors show units that reached higher individual stability compared to larger-scale
stability, purple colors show units that reached lower individual stability compared to larger-
scale stability. Values are averaged over all time periods (1 = 137 for the national, n = 165 for
the regional and n = 5183 for the farm level). Farm values are aggregated to the district level
(mean values of the underlying farms), assuming that they are representative for the

respective district. Units excluded from the analyses are shown in white.
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Figure A3 Yield stability contribution of nations (a), regions in the European Union (b) and
farms in Germany (c). Yield stability contribution was calculated as the larger-scale stability
over all nations, regions or farms divided by the larger-scale stability without the respective
nation, region or farm (only including the crops grown in the respective unit). Green colors
show units increasing larger-scale stability, purple colors show units decreasing larger-scale
stability. Values are averaged over all time periods (1 = 137 for the national, n = 165 for the
regional and n = 5183 for the farm level). Farm values are aggregated to the district level
(mean values of the underlying farms), assuming that they are representative for the

respective district. Units excluded from the analyses are shown in white.
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7.2 Appendix of Chapter 3

721  Supplementary methods

We compiled various datasets to reconstruct the main model used in Renard and
Tilman (2019), using national caloric production stability instead of yield stability as
a response and effective crop species diversity, temperature and precipitation
instability, irrigation, nitrogen fertilizer, warfare and time intervals (1961-1970, 1971-
1980, 1981-1990, 1991-2000, 2001-2010) as predictors. Besides crop diversity, we
additionally included crop asynchrony as a predictor. We focused on production
instead of yields for two reasons. First, because from a food security perspective the
stability of the overall production is also relevant. Second, the link between
production based crop asynchrony and total production stability is clearer than the
relationship of yield based crop asynchrony and overall yield stability. This is
because crop abundance is irrelevant in the yield based asynchrony calculation,
while less abundant crops typically have a lower influence on overall yield stability,
which divides total production overall crops by total harvested areas.

We calculated all metrics analogously to Renard and Tilman (2019), but used
partially different datasets and data treatment strategies. We used different datasets
for climate and crop-specific calories (Table A2). In total, we included 131 crops, for
which nutrient data could be clearly assigned (Table A3). We then also time-
detrended production data by regressing annual total calorie production on year
squared for each time interval and country. For each country and time interval, we
only included crops for which time series were complete. To not overestimate inputs
per hectare in the reduced crop dataset, we divided total nitrogen use by the total
cropland area instead of the sums of the harvested areas of the crops considered,
and used the area equipped for irrigation as a proportion of the total agricultural
area. We extracted monthly temperature and precipitation data only within the
cropland area extent of the year 2000 (aggregated to the same resolution as climate
data taking pixel sums) and during the growing season of major crops. During the
extraction, we only included pixels that reported more than 1 km? of cropland to not
overestimate the influence of pixels where agriculture has a very minor relevance.
We then aggregated the climate data to each country using cropland area-weighted
means. Following Renard and Tilman (2019), we excluded Egypt, Guinea, Ireland,

Kenya, Mozambique, Netherlands, New Zealand, North Korea and Zambia from
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our analyses. Further, we only included countries with a cumulated mean cropland
area of up to 99.9% of the global cropland area to exclude countries where
agriculture has a very minor relevance. To calculate asynchrony between crops, we
first calculated synchrony of time-detrended crop-specific calorie production per
time interval and country following the methodology described in Loreau and De
Mazancourt (2008) and Mehrabi and Ramankutty (2019) and subtracted it from one.
Synchrony basically relates the total temporal variance between crops to the
variance within crops. Our final dataset consisted of 590 complete data points,
including 136 countries.

We used the statistical software package R 3.6.1 (R Core Team, 2019) for data
analysis. We applied a linear mixed-effects model with random slopes for crop
diversity, and random intercepts for time intervals to predict crop asynchrony using
the ‘lme4’ package (version 1.1-21) (Bates et al., 2015) in R. We assessed its
performance in relation to a linear model including diversity only using AIC
(Akaike’s information criterion). We used the ‘codyn’ package (version 2.0.3)
(Hallett et al., 2016) to calculate crop asynchrony (1 — synchrony). We then used
linear regression to test the dependence of national caloric production stability on
effective crop diversity, crop asynchrony, or both, as well as temperature and
precipitation instability, irrigation, nitrogen fertilizer, warfare and time intervals.
We applied the same transformations as Renard and Tilman (2019) to directly
compare the results of both analyses. To better compare regression coefficients, we
standardized each predictor to zero mean and one standard deviation. All predictors
in all three models had variance inflation factors below two, indicating that
multicollinearity was not an issue. The order of crop diversity and asynchrony in the
combined model did not change our conclusion, i.e. F values for crop asynchrony (F
(1, 589) = 650.41, P < 0.05; F (1, 589) = 738.94, P < 0.05) were always higher than for
crop diversity (F (1, 589) = 99.06, P < 0.05; F (1, 589) = 10.53, P < 0.05) as shown by
analysis of variance. All R codes as well as the associated datasets are provided in a

public repository on GitHub: https://github.com/legli/AgriculturalStability.
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Figure A4 Main determinants of national caloric production stability. Results are shown for
the linear regression models including crop diversity (green), crop asynchrony (blue) and
both (orange) (1 = 590). Irrigation and nitrogen use intensity were back-transformed from
square-root-transformation, predicted values were back-transformed from log-
transformation. Predictions were calculated using the observed range of the focal predictor,
while keeping all the other predictors at their mean values. Shaded areas represent 95%

confidence intervals.
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7.3 Appendix of Chapter 5

7.3.1 Review methods and definitions

While we included some additional articles (see main text), we did not attempt a full
‘snow ball search’, i.e. checking the reference lists of all articles found for further
relevant publications. The list of all evaluated and excluded paper is provided in the
Supplementary material. For the purpose of this review we define scenarios as
various instances of the same model used to assess system’s response to targeted
changes (e.g. contrasting policies, structural and procedural changes, and targeted
parameter changes). We disregarded scenarios only varying disturbances, to clearly
distinguish scenarios and disturbances. Regarding disturbance, we differentiate
pulse disturbances following Pickett and White (1985, p. 7), multiple pulse and press
disturbances. A pulse disturbance has a beginning and an end, is short relative to
the typical time scale of change of the system considered, and has consequences
beyond its duration. Multiple pulse disturbances overlap with ‘disturbance regimes’
(e.g. continuous vs. rotational grazing), which are characterized by the frequency
and spatial extent of disturbances in a certain region (Turner, 2010). Contrastingly,
a press disturbance permanently changes system drivers or structure. For all
disturbance types, we only considered physical changes, while socio-economic
changes (e.g. price shocks, policy changes) were considered in scenarios.

7.3.2  Supplementary results

7.3.2.1 Stability properties

If excluding variability, only two studies investigated more than one stability
property. Naghibi and Lence (2012), for example, assessed different properties of
fish population size; population variability, the time until the initial population
recovered after a high flow event, and the population differences between the
disturbed and undisturbed state (amplitude, which may indicate resistance).
Recovery was quantified mostly via return time to pre-disturbance conditions,
except for Balbo et al. (2014), who quantified the maximum amplitude allowing for
recovery of hunter-gatherer populations under climatic changes. Resistance was
measured as the amplitude between a disturbed and non-disturbed state (Naghibi
and Lence, 2012), as the reaction time relative to the appearance of a disturbance
(Dressler et al., 2016), as the deviance from a baseline scenario under different

mechanisms potentially enhancing resistance (Rasch et al., 2016; Smith, 2014), or as
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economic buffer capacity (Rasch et al., 2016). Persistence was typically determined
by the rate or probability of extinction of the population of interest in the entire
system, except Cordonnier et al. (2008), who measured the time spend within
favorable ranges of different state variables (‘permanence’), and Johnson (2009), who
interpreted changes in characteristic length scales as range shifts.

7.3.2.2 Specific situations

In total, 30 studies varied two dimensions of specific situations, typically the level of
organization and state variable (1=24). Only 14 studies varied three dimensions, of
which all, except two, included level of organization and state variable. Four and
five dimensions were varied in one study each. Johnson (2009) used different
window sizes to assess natural length scales of complex systems (landscape level)
and species composition (community level) across two different disturbances (patch
clearing and species invasion). Cordonnier et al. (2008) defined different reference
states for three different state variables on different levels of organization, which
were used to assess the response of forests to two different disturbances (random
and gap thinning) acting on different spatial extents.

In 74% of the studies, at least two state variables were quantified. Most studies
considered demographic (e.g. population size, sex ratio), ecological (e.g. diversity,
plant cover, biomass) and economic (e.g. income, yield) variables. In total, 38 studies
assessed more than one level of organization. Fujii et al. (2009), for example,
investigated the resilience of subtropical forests on three different levels. They
measured diameter at breast height (individual level), species diversity and
composition (community level), and biomass (ecosystem functioning).

Reference states were not defined in almost half of the studies (#=29). Eight studies
defined static reference states (e.g. landscape configuration before a disturbance),
one study included static and dynamic states, while the remaining 27 studies
compared the simulations against a dynamic reference (e.g. baseline scenario). Only
two studies included more than one reference state; Cordonnier et al. (2008) defined
favorable value ranges of three indicators in addition to a dynamic baseline scenario,
while Jenkins et al. (2017) compared eight experiments of insurance schemes and
technical protection measures to reduce flood damage under future climatic

conditions against the respective experiments under current climate (baseline).
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Of the reviewed studies, 43 explicitly modeled disturbances, but only ten studies
included more than one disturbance (nine studies included two and one study
three). For example, Rammer and Seidl (2015) studied the impacts of multiple forest
thinning, a single clear cut and global warming on timber production. Press
disturbances, altering the system permanently, were investigated in 13 studies, such
as climatic changes (Balbo et al., 2014; Janssen, 2010; Jiang et al., 2012; Perez et al.,
2016; Rammer and Seidl, 2015; Rebaudo and Dangles, 2015; Reed et al., 2011; Smith,
2014), the exclusion of fish (Doropoulos et al., 2016; Mumby et al., 2016), invasion of
a new species (Johnson, 2009), and exposure to chemicals and salt (Bi and Liu, 2017;
Gabsi et al., 2014). Most studies assessed multiple pulse disturbances, e.g. multiple
natural disasters (Charnley et al., 2017; Jenkins et al., 2017; Naghibi and Lence, 2012;
Vincenzi et al., 2008; Vogt et al., 2014), climatic shocks (Dieguez Cameroni et al.,
2014; Rogers et al., 2012), clearing or thinning (Cordonnier et al., 2008; Fujii and
Kubota, 2011; Johnson, 2009; Kubicek et al., 2012; Rammer and Seidl, 2015; Soussana
and Lafarge, 1998; Wakeford et al., 2008; Wild and Winkler, 2008), and fishing events
(Kubicek and Reuter, 2016; Lindkvist and Norberg, 2014; Morrison and Allen, 2017;
Piou et al., 2015; Schliiter and Pahl-Wostl, 2007; Vergnon et al., 2008).

Of the reviewed articles, only ten assessed resilience at more than one spatial scale.
Of these studies, five varied the spatial extent of disturbances, for example, Kubicek
et al. (2012) studied the effects of different diameters of a mechanistic disturbance
on a coral reef community. Four studies applied the same model to different study
sites (Dressler et al., 2016; Fujii et al., 2009; Ledén and March, 2014; Vincenzi et al.,
2008). In contrast, Ye et al. (2013) tested the effect of the configuration and number
of habitat patches on population dynamics in fragmented landscapes. Johnson
(2009) used different window sizes to assess natural length scales of complex
systems.

Temporal scales were varied in 13 studies, of which eleven tested various durations
of disturbances. Kanarek et al. (2008), for example, introduced a climatic disturbance
leading to resource degradation for one, five or ten years to study its effects on
foraging behaviour of geese. In contrast, Balbo et al. (2014) used precipitation models
on different temporal scales to investigate scale-dependent disappearance of hunter-
gatherers, and Christie and Knowles (2015) tested if different time scales affect their
conclusions regarding the resilience of habitat corridors. Three studies combined

both spatial and temporal scales. Wild and Winkler (2008), for example,
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systematically varied the proportion and interval of krummbholz removal to study
its coexistence with grassland.

7.3.2.3 Resilience mechanisms

Resilience mechanisms could be identified in 56 articles, but were explicitly
communicated in only 40 articles. Only about one quarter of the studies investigated
potential resilience mechanisms directly. Bohensky (2014), for example, found that
learning improved the success of water management strategies under variable water
availability. Decelles et al. (2015) showed the importance of geographical
connectivity for successful transportation of larvae transport. Schliiter et al. (2009)
and Schliiter and Pahl-Wostl (2007) found that the use of multiple ecosystem services
(response diversity) increased the economic and ecological performance of a river
ecosystem providing fish and irrigation for agriculture. ten Broeke et al. (2017)
revealed that adaption through inheritance of specific traits (harvesting and moving
rates) could prevent the collapse of a common-pool resource system.
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7.4 Appendix of Chapter 6
Chapter 7.4.1 provides a narrative description of the simulation model introduced
in Chapter 6.3.1. Chapter 7.4.1 provides a detailed description of the agent-based
model showcased in Chapter 6.3.2 following the ODD protocol.
7.4.1 Managing asynchrony: model description
I simulated different management strategies in a stylized landscape to simulate the
effect of climate on crop-specific suitability as a proxy for production and thus to
derive aggregated measures of asynchrony between and within crops. For the
simulations, I used the statistical software package R 3.6.1 (R Core Team, 2019) run
via RStudio (RStudio Team, 2015).
First I initialized the landscape with 5x5, 9x9 or 33x33 pixels. Then, I allocated 1 to
14 crops with equal area shares according to one of three management strategies:
specialized, fragmented and diversified. To create the specialized and fragmented
landscape, I used the ‘nlm_mdp’ function in the ‘NLMR’ package with a roughness
of 0 and 1, respectively. I then allocated the given number of crops with equal
weights using the ‘util_classify’ function in the ‘landscapetools’ package. For the
diversified landscape, I allocated each crop equally to each pixel. I kept the crop
distribution constant while I simulated annual temperature and precipitation for ten
years with fixed mean values (24°C and 7500mm). Each year I randomly sampled
temperature and precipitation deviation from a uniform distribution with a
maximum value of 10°C and 5500mm, respectively. To simulate climate gradients, I
used the ‘nlm_mdp’ function with a roughness of 0 and transformed the resulting
range (0-1) to the actual temperature and precipitation range (mean + deviation).
For each pixel and allocated crop I computed annual temperature and precipitation
related suitability using general crop-specific climate response functions that
associate a suitability index from 0 (not suitable) to 1 (highly suitable) to each
temperature or precipitation value (Zabel et al., 2014). I selected the minimum of the
two resulting suitability values per crop as natural suitability is restricted, i.e. lower
values of one factor cannot be compensated by the other one. I used suitability as a
proxy for production. I then calculated the total annual production of all pixels for
each crop to derive synchrony between crops following Loreau and De Mazancourt,
(2008) and Mehrabi and Ramankutty (2019) with the ‘codyn’ package (version 2.0.3)
in R (Hallett et al., 2016), which I then subtracted from 1 to receive asynchrony
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(Chapter 3). Next, I calculated crop-specific asynchrony between all pixels where a
given crop was cultivated and averaged it over all crops (no weighting was needed
because crop shares were similar) to estimate asynchrony within crops.

For each combination of landscape size, number of crops and management strategy
(n =126), I repeated the simulation for 10 times and calculated mean and standard
deviation of asynchrony between and within crops.

742  Agent-based model: ODD protocol

7.4.2.1 Purpose and patterns

The model is designed to investigate how agricultural land use depends on the
potential to grow different crops (related to landscape characteristics and climate
variability), trade and farmers’ focus on different crops and their ability to compete.
The model is considered realistic enough for its purpose if general patterns in the
context of globalization and resilience theory are mimicked. Free trade between
regions is expected to lead to a distribution of crops where they can be grown most
efficiently while diversified systems are expected to be more successful in the face
of climate variability. The model’s design is motivated by the model CRAFTY
(Competition for Resources between Agent Functional Types) (Murray-Rust et al.,
2014). In contrast to CRAFTY, my model only represents land-use change within
croplands used by farmer types that can cultivate different crops.

7.4.2.2 Entities, state variables and scales

The model has two entities, patches and the environment. Square units of land
referred to as patches are the basic entity of the model. The state variables
characterizing each patch are: (1) its coordinates, (2) the potentials to grow four
possible crops (maize, wheat, rice and soybean); they are set initially and can be
modulated by climate conditions and trade, and (3) the farmer type that is currently
cultivating this patch, which is 0 if abandoned (Table A5).

Farmers and farms are not modeled explicitly but implicitly by distinguishing five
types of farmer utilizing the patch’s crop-specific potentials: specializers which, on
a given patch, grow one of four possible crops in monoculture, and diversifiers
which grow all four crops simultaneously. Farmer types are distinguished by the
following variables (which are implemented as patch variables); the first two of them
are parameters of a function describing how production depends on the potential
(Cobb-Douglas function; see Appendix 7.4.2.7 below):
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Potential sensitivity. This variable modulates, as an exponent to crop_potential, the
farmer types’ production (see equation D1 below). It reflects the specialization and
hence dependency, for example in terms of equipment on a specific crop.
Specializers have a sensitivity of 1 for one crop and 0 for all others because they do
not grow them, while diversifiers have a sensitivity of 0.25 for all four crops. Hence,
production of diversifiers is less sensitive to low potential of each crop than that of
the corresponding specializers.

Production optimal. This variable modulates, as a factor, the farmer-type specific
production (see equation D1 below). Specializers have a value of 1 for their crop, so
they can fully exploit the given crop’s potential while diversifiers have a value of
0.25 for all four crops so that they can maximally utilize 25% of the actual potential
because they grow multiple crops at once.

Abandonment threshold. This threshold represents the minimum utility a farmer type
is willing to accept. Specializers have a value of 0 but diversifiers a value of 0.2
because they are less specialized and therefore need to invest more for growing a
resource so that at some point the utility of a patch is no longer worth it.
Competition threshold. Of the farmer types chosen to compete with the current farmer
type using a patch, one is chosen with a probability relative to its utility. It will then
take over if its utility is larger than that of the resident farmer type plus the
competition threshold. Specializers have a value of 0.2 while diversifiers a value of 0,
assuming that they have less resources to compete. Table A6 provides an overview
of the farmer types’ variables.

The environment is characterized by crop-specific demands and climate conditions.
Demands are relative to the total number of patches. If the region is independent, all
crops are demanded equally, while under trade, the demand is highest for the crop
with the best growing conditions (0.7).

The model world consists of 30x30 patches. The region is characterized by climate
conditions (mean and variability) and crop-specific potentials. If the region is
independent the potential for each of the four crops is maximal (=1) in one of the
four corners and decreases linearly with distance from that corner. If the region is
connected to other regions by trade (not explicitly modeled), the potentials of three
crops are reduced to 20% of the original potential; this setting assumes that other

regions exist that have better opportunities to grow these three crops.
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Spatial resolution is not explicitly defined, but should be small enough that the
assumption that a patch is dominated by one crop is plausible (e.g. 1 km? in areas
with large scale farming). A time step represents one year. Simulations are run for

50 years.

Table A5 State variables of patches.

State variable Description Range Initial value

Xcor, ycor x and y 0-29
coordinates
specifying patch
position
crop_potential_landscape List of baseline 0-1 Gradient from
potential for each each corner
of the four crops
(without climate

effects)
crop_potential List of current 0-1 crop_potential_
potential for each landscape
crop based on
baseline

potentials and
current climate

farmer_type Farmer type specializer on 0
currently maize (1),
cultivating this specializer on
patch wheat (2),

specializer on rice
(3), specializer on
soybean (4),
diversifier (5), not
cultivated (0)

Table A6 Variables specifying the farmer types. Note that these variables are represented as

a patch variable in the model.

State variable Description Values

potential_sensitivities The importance of crop- [1000],[0100],[0010],[0
specific potentials for a 001], [0.250.25 0.25 0.25] for
farmer type to successfully farmer types 1-5 (values in
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State variable

Description

Values

production_optimal

abandonment_threshold

competition_threshold

utilize a patch (determines
production)

Maximum crop-specific
production a farmer type can
achieve under optimal
conditions (determines
production)

Minimum utility a farmer
type is willing to accept
Ability to keep a patch if
other farmer types try to take

list are for maize, wheat, rice
and soybean)

[1000],[0100],[0010],[0
001],[0.250.25 0.25 0.25] for
farmer types 1-5 (values in
list are for maize, wheat, rice
and soybean)

0 for specializers, 0.2 for
diversifiers
0.2 for specializers, 0 for
diversifiers

over this cell

7.4.2.3 Process overview and scheduling

In each time step, the following submodels are executed in the given order. Details
on the submodels are given below (Appendix 7.4.2.7).

Abandon: Based on the actual production and the unmet demand for each crop,
utility is determined in each patch. If it falls below the abandonment threshold of
the farmer type, the patch is abandoned.

Compete: For each patch, potential farmer types competing for this patch are
sampled. Then the utility of each potential farmer type is calculated and one farmer
type is randomly selected relative to its utility. If the focal patch is empty, the
selected farmer type takes over this cell. If the patch is occupied, the selected farmer
type competes with the current farmer type. If its utility is larger than the utility plus
the competition threshold of the existing farmer type, the patch is taken over.
Simulate climate: Actual climate is determined based on the given mean and standard
deviation; crop-specific potentials of patches are updated accordingly.

Harvest: The production of each patch is calculated based on the occupying farmer
type and actual potentials.

Update supply: The total crop-specific production is calculated and subtracted from
the respective demand levels to calculate the unmet demand.

7.4.2.4 Design concepts

Basic principles: Farmer types are the main entity of the model. They represent
generalized forms of behavior (Arneth et al., 2014; Murray-Rust et al., 2014).

Changes of farmer types and thus land use on a patch are driven by their state
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variables, given potentials and levels of unmet demands that determine utilities and
hence abandonment and competition among farmer types. Competitive expansion
is a general mechanism to simulate competition (Magliocca and Ellis, 2016).
Emergence: Land uses emerge based on the success of different farm types.
Adaption: Unsuccessful farmer types leave and more successful ones take over.
Objectives: Farmer types aim for patch-specific utilities higher than the abandonment
threshold. If this target is not reached, the patch is abandoned.

Learning: Not included.

Prediction: Not included.

Sensing: Farmer types sense the baseline potential of each targeted patch.
Interaction: Interaction between farmer types that compete for the same patch.
Stochasticity: Climate is simulated randomly within a given range. The farmer type
targeting a cell is determined by probabilities.

Collectives: Not included.

Observation: Spatial explicit land-use change

74.2.5 Initialization

Crop-specific potentials are initialized based on current settings. Two landscape
types exist. In both types maize has highest potential in the upper left (=1 in the first
landscape), wheat in the upper right, rice in the lower left and soybean in the lower
right corner of each region. The potential is linearly decreasing to 0 at maximum
distance from the respective corner. In the second landscape type (trade), the
potentials of wheat, rice and soybean are reduced to 20% of the values of the first
landscape type. Further, total crop-specific production (0), demand and unmet
demands are initialized.

7.4.2.6 Inputdata

NA
7.4.2.7 Submodels

The descriptions contain codes (e.g. Al) that link the described process with the
model code. Names of the submodels, variables and parameters are identical in the
description and the code. Submodels are executed in the given order. All model
parameters are listed in Table A7.

Abandon
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First, for each patch utility of the farmer type f currently cultivating a patch is

calculated as:

Z? productiony ;X unmet_demand;

utilityy = (A1)

utilitymax

where productionyi is the production of crop i of farm type f based on equation D1,
unmet_demand; is the unmet demand of crop i as calculated in S2, utilitym is the
maximum utility over all farm types under optimal production. The numerator of the
formula is based on the CRAFTY model.

If the utility falls below the abandonment threshold the patch is abandoned and all
state variables are adapted accordingly (A2).

Rationale: If a farmer type can contribute a lot to currently unmet demand its utility
is higher than if demand is already largely supplied. This reflects basic
microeconomic theory of supply and demand. Different farmer types differ in their
minimum utility a farmer type is willing to accept. For example, production costs of
diversified farmer types might be higher because more manual labor is needed so
that minimum utility (indirectly reflecting actual income) needs to be higher.
Compete

For each patch, the probability that a farmer type targets this patch is 0.5 (B1). Then
the potential production of each farmer types is calculated according to equation D1
and utility according to equation A1l. Then one of the farmer types targeting this
patch is randomly selected with a probability relative to its utility (B2). If the patch
is empty or the utility of this farmer type is larger than the utility plus the
competition threshold of the existing farmer type, the patch is taken over (B3) and
all variables are updated accordingly (B4).

Rationale: Farmers have imperfect knowledge to find land that can be cultivated.
Competitive expansion of farmer types with higher utilities reflects basic economic
theory on comparative advantage (Magliocca and Ellis, 2016). Competition
thresholds may differ between farmer types as they have different abilities to keep
their land (e.g. better networks, contracts or potentials). Specializer for example,
typically have higher capital stocks and savings, so they can better secure land, even
if current utility is low.

Simulate climate

Updates current climate and the corresponding patch-specific potentials for each of

the four crops under these conditions. Actual climate values are sampled from a
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normal distribution with predefined mean values (list_mean_climate) and standard
deviations (list_deviation_climate) for each region (C1). Minimum and maximum
climate values are restricted to the mean + standard deviation. The crop-specific
potentials for these values are then red from the respective list representing crop-
specific response function to temperature (list_climateSuitability) (C2). This list is
red from the input file ‘cropClimateResponse.csv’, which was based on empirical
data and represents crop-specific suitability for different temperatures (Zabel et al.,
2014). Potentials of each patch are then updated accordingly, if the climate based
potentials are lower than the baseline potentials (C3). Otherwise, they are kept to
their baseline values (crop_potential landscape), which represent optimal
conditions (C4).

Rationale: Climate directly affects the suitability to grow different crops. The
respective response functions differ between crops as they have different
requirements and abilities to deal with climate variability. These functions are
implemented for maize, wheat, rice and soybean and are based on empirical data of
crop-specific responses to temperature (Zabel et al., 2014).

Harvest

Given actual climate conditions, possible production for each crop and farmer type
in each patch is calculated. The formula to calculate production is based on the
CRAFTY model, where a Cobb-Douglas production function is used to combine
optimal production levels with dependence on each potential. Patch specific
production of crop i of the cultivating farmer type f is calculated as:

production;; = production_optimaly; X potential PO 1 -SeM I L (D)

where production_optimalyi represents the maximum production of crop i by farm
type f under optimal conditions (i.e. maximum potential), potentiali represents the
current potential of the patch for crop i, potential_sensitivitysi represents the
dependence of farm type f on the potential of crop i.

Rationale: Functions of this form are commonly used to represent land-use
productivity (Murray-Rust et al., 2014). To not overestimate production abilities,
optimal production needs to be defined. In this model, optimal production abilities
and potential sensitivities are identical, so that under full dependency the entire

potential for a crop can be leveraged. Farmer types differ in these parameters. For
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example, a specializer only wants to grow a specific crop if the potential for this crop

is high, i.e. the dependency is high.

Update supply

Total crop-specific production is summed over all patches (E1). Then unmet demand

for each crop is calculated as the difference between demand and supply (E2).

Rationale: These overall values are needed to calculate utilities for each farmer type

(see above).

Table A7 Parameter values.

Parameter Description Range Value
baseline
time_steps Duration of the 1-100 50
simulation
Trade? Determines the true, false false

landscape type. Either
all 4 crops have high
suitability (at each

corner) or only one

abandonment_treshold Minimum utility a 0-1 0 for farmer
farmer type is willing types 1-4, 0.2
to accept for each for farmer
patch type 5

competitiveness_threshold Ability of a farmer 0-1 0.2 for farmer
type to keep the land types 1-4, 0
if other farmer types for farmer
try to take over this type 5
cell

mean_climate Mean temperature 0-40 20
O

deviation_climate Standard deviation of  0-20 0
temperature (°C)

demand_proportion Demand for the for 0.25 for all crops 0.25 for all
croups relative to the crops

number of patches

106



References

References

Abson, D.J., Fischer, J., Leventon, ]J., Newig, J., Schomerus, T., Vilsmaier, U.,
Wehrden, H. Von, Abernethy, P., Ives, C.D., Jager, N.W., Lang, D.J., 2017.
Leverage points for sustainability transformation. Ambio 46, 30-39.
https://doi.org/10.1007/s13280-016-0800-y

Allred, B.W., Scasta, ].D., Hovick, T J., Fuhlendorf, S.D., Hamilton, R.G., 2014. Spatial
heterogeneity stabilizes livestock productivity in a changing climate. Agric.
Ecosyst. Environ. 193, 37—41. https://doi.org/10.1016/j.agee.2014.04.020

An, L., 2012. Modeling human decisions in coupled human and natural systems:
Review of agent-based models. Ecol. Modell. 229, 25-36.
https://doi.org/10.1016/j.ecolmodel.2011.07.010

An, L., Zvoleff, A, Liu, J., Axinn, W., 2014. Agent-Based Modeling in Coupled
Human and Natural Systems (CHANS): Lessons from a Comparative
Analysis. Ann. Assoc. Am. Geogr. 104, 723-745.
https://doi.org/10.1080/00045608.2014.910085

Anderson, K., 2010. Globalization’s effects on world agricultural trade, 1960-2050.
Philos. Trans. R. Soc. B Biol. Sci. 365, 3007-3021.
https://doi.org/10.1098/rstb.2010.0131

Arneth, A., Brown, C., Rounsevell, M.D.A., 2014. Global models of human decision-
making for land-based mitigation and adaptation assessment. Nat. Clim.
Chang. 4, 550-557. https://doi.org/10.1038/nclimate2250

Arnoldi, ].F., Loreau, M., Haegeman, B., 2016. Resilience, reactivity and variability:
A mathematical comparison of ecological stability measures. J. Theor. Biol. 389,
47-59. https://doi.org/10.1016/j.jtbi.2015.10.012

Baggio, J.A., Brown, K., Hellebrandt, D., 2015. Boundary object or bridging concept?
A citation network analysis of resilience. Ecol. Soc.  20.
https://doi.org/10.5751/ES-07484-200202

Bai, X., Leeuw, S. Van Der, Brien, K.O., Berkhout, F., Biermann, F., Brondizio, E.S.,
Cudennec, C., Dearing, J., Duraiappah, A., Glaser, M., Revkin, A., Steffen, W.,
Syvitski, J., 2016. Plausible and desirable futures in the Anthropocene: A new
research agenda. Glob. Environ. Chang. 39, 351-362.
https://doi.org/10.1016/j.gloenvcha.2015.09.017

Bailey, R., Benton, T.G., Challinor, A., Elliott, J., Gustafson, D., Hiller, B., Jones, A.,
Jahn, M., Kent, C., Lewis, K., Meacham, T., Rivington, M., Robson, D., Tiffin,
R., Wuebbles, D.J., 2015. Extreme weather and resilience of the global food
system, The Global Food Security programme, UK.

Balbo, A.L., Rubio-Campillo, X., Rondelli, B., Ramirez, M., Lancelotti, C., Torrano,

107



References

A., Salpeteur, M., Lipovetzky, N., Reyes-Garcia, V., Montafola, C., Madella,
M., 2014. Agent-Based Simulation of Holocene Monsoon Precipitation Patterns
and Hunter-Gatherer Population Dynamics in Semi-arid Environments. J.
Archaeol. Method Theory 21, 426-446. https://doi.org/10.1007/s10816-014-
9203-1

Bankes, S.C., 2002. Agent-based modeling: A revolution? Proc. Natl. Acad. Sci. 99,
7199-7200.

Bartkowski, B., Bartke, S., 2018. Leverage points for governing agricultural soils: A
review of empirical studies of European farmers’ decision-making.
Sustainability 10, 3179. https://doi.org/10.3390/su10093179

Bates, D., Méachler, M., Bolker, B.M., Walker, S.C., 2015. Fitting Linear Mixed-Effects
Models Using Ime4. J. Stat. Softw. 67. https://doi.org/10.18637/jss.v067.i01

Battisti, D.S., Naylor, R.L., 2009. Historical Warnings of Future Food Insecurity with
Unprecedented Seasonal Heat. Science 323, 240-244.

Beckmann, M., Gerstner, K., Akin-Fajiye, M., Ceausu, S., Kambach, S., Kinlock, N.L.,
Phillips, H.R.P., Verhagen, W., Gurevitch, J., Klotz, S., Newbold, T., Verburg,
P.H., Winter, M., Seppelt, R., 2019. Conventional land-use intensification
reduces species richness and increases production: A global meta-analysis.
Glob. Chang. Biol. 25, 1941-1956. https://doi.org/10.1111/gcb.14606

Belarde, T.A., Railsback, S.F., 2016. New predictions from old theory: Emergent
effects of multiple stressors in a model of piscivorous fish. Ecol. Modell. 326,
54-62. https://doi.org/10.1016/j.ecolmodel.2015.07.012

Berkes, F., Folke, C., 1998. Linking Social and Ecological Systems. Cambridge
University Press, Cambridge, UK.

Bi, R, Liu, H., 2017. Effects of variability among individuals on zooplankton
population dynamics under environmental conditions. Mar. Ecol. Prog. Ser.
564, 9-28. https://doi.org/10.3354/meps11967

Biggs, R., Schliiter, M., Biggs, D., Bohensky, E.L., BurnSilver, S., Cundill, G., Dakos,
V., Daw, T.M., Evans, L.S., Kotschy, K., Leitch, A.M., Meek, C., Quinlan, A.,
Raudsepp-Hearne, C., Robards, M.D., Schoon, M.L., Schultz, L., West, P.C,,
2012. Toward Principles for Enhancing the Resilience of Ecosystem Services.
Annu. Rev. Environ. Resour. 37, 421-448. https://doi.org/10.1146/annurev-
environ-051211-123836

Biggs, R.O., Schliiter, M., Schoon, M.L., 2015. An introduction to the resilience
approach and principles to sustain ecosystem services in social-ecological
systems, in: Biggs, Reinette Oonsie, Schliiter, M., Schoon, M.L. (Eds.),
Principles for Building Resilience Sustaining Ecosystem Services in Social-
Ecological Systems. Cambridge University Press, Cambridge, UK, pp. 1-31.

BMEL, 2019. Buchfiihrung der Testbetriebe.

Bohensky, E., 2014. Learning Dilemmas in a Social-Ecological System: An Agent-

108



References

Based Modeling Exploration. J. Artif. Soc. Soc. Simul. 17, 2.
https://doi.org/10.18564/jasss.2448

Brand, F.S., Jax, K., 2007. Focusing the meaning(s) of resilience: Resilience as a
descriptive concept and a boundary object. Ecol. Soc. 12, 23.
https://doi.org/10.3410/£.1159209.619531

Brown, C., Holzhauer, S., Metzger, M.]., Paterson, ].S., Rounsevell, M., 2016. Land
managers * behaviours modulate pathways to visions of future land systems.
Reg. Environ. Chang. https://doi.org/10.1007/s10113-016-0999-y

Brown, C., Murray-Rust, D., Van Vliet, ]., Alam, S.J., Verburg, P.H., Rounsevell,
M.D., 2014. Experiments in globalisation, food security and land use decision
making. PLoS One 9, 1-24. https://doi.org/10.1371/journal.pone.0114213

Calabrese, ].M., Vazquez, F., Lopez, C., San Miguel, M., Grimm, V., 2010. The
Independent and Interactive Effects of Tree - Tree Establishment Competition
and Fire on Savanna Structure and Dynamics. Am. Nat. 175, E44-E65.
https://doi.org/10.1086/650368

Campbell, B.M., Beare, D.J.,, Bennett, E.M., Hall-Spencer, J.M., Ingram, J.S.I.,
Jaramillo, F., Ortiz, R., Ramankutty, N., Sayer, J.A. Shindell, D., 2017.
Agriculture production as a major driver of the earth system exceeding
planetary boundaries. Ecol. Soc. 22, 8. https://doi.org/10.5751/ES-09595-220408

Cardinale, B., Duffy, J., Gonzalez, A., Hooper, D., Perrings, C., Venail, P., Narwani,
A., Mace, G,, Tilman, D., Wardle, D., Kinzin, A., Daily, G., Loreau, M., Grace,
J., Larigauderie, A., Srivastava, D., Naem, S., 2012. Biodiversity loss and its
impact on humanity. Nature 486, 59-67. https://doi.org/10.1038/nature11148

Carpenter, S., Walker, B., Anderies, J.M., Abel, N., 2001. From Metaphor to
Measurement: Resilience of What to What? Ecosystems 765-781.
https://doi.org/10.1007/s10021-001-0045-9

Challinor, A.]., Watson, J., Lobell, D.B., Howden, S.M., Smith, D.R., Chhetri, N., 2014.
A meta-analysis of crop yield under climate change and adaptation. Nat. Clim.
Chang. 4, 287-291. https://doi.org/10.1038/nclimate2153

Charnley, S., Spies, T.A., Barros, A.M.G., White, E.M., Olsen, K.A., 2017. Diversity in
forest management to reduce wildfire losses: implications for resilience. Ecol.
Soc. 22, 22. https://doi.org/10.5751/ES-08753-220122

Christie, M.R., Knowles, L.L., 2015. Habitat corridors facilitate genetic resilience
irrespective of species dispersal abilities or population sizes. Evol. Appl. 8, 454—
463. https://doi.org/10.1111/eva.12255

Cordonnier, T., Courbaud, B., Berger, F., Franc, A., 2008. Permanence of resilience
and protection efficiency in mountain Norway spruce forest stands: A
simulation study. For. Ecol. Manage. 256, 347-354.
https://doi.org/10.1016/j.foreco.2008.04.028

Cottrell, R.S., Nash, K.L., Halpern, B.S., Remenyi, T.A., Corney, S.P., Fleming, A.,

109



References

Fulton, E.A., Hornborg, S., Johne, A., Watson, R.A., Blanchard, J.L., 2019. Food
production shocks across land and sea. Nat. Sustain. 2, 130-137.

Cumming, G.S., Buerkert, A., Hoffmann, E.M., Schlecht, E., von Cramon-Taubadel,
S., Tscharntke, T., Cramon-taubadel, S. Von, Tscharntke, T., 2014. Implications
of agricultural transitions and urbanization for ecosystem services. Nature 515,
50-57. https://doi.org/10.1038/nature13945

Cumming, G.S., Collier, J., 2005. Change and Identy in Complex Systems. Ecol. Soc.
10, 29. https://doi.org/https://doi.org/10.5751/ES-01252-100129

Cumming, G.S.,, Morrison, T.H., Hughes, T.P., 2016. New Directions for
Understanding the Spatial Resilience of Social-Ecological Systems.
Ecosystems. https://doi.org/10.1007/s10021-016-0089-5

DeAngelis, D.L., Grimm, V., 2014. Individual-based models in ecology after four
decades. F1000Prime Rep. 6, 39. https://doi.org/10.12703/P6-39

Decelles, G., Cowles, G., Liu, C., Cadrin, S., 2015. Modeled transport of winter
flounder larvae spawned in coastal waters of the Gulf of Maine. Fish.
Oceanogr. 24, 430-444. https://doi.org/10.1111/fog.12120

Delignette-Muller, M.L., Dutang, C., 2015. fitdistrplus: An R Package for Fitting
Distributions . J. Stat. Softw. 64. https://doi.org/10.18637/jss.v064.i104

Desjardins, E., Barker, G., Lindo, Z., Dieleman, C., Dussault, A.C., 2015. Promoting
Resilience. Q. Rev. Biol. 90, 147-165. https://doi.org/10.1086/681439

Dey, S., Joshi, A., 2013. Effects of constant immigration on the dynamics and
persistence of stable and unstable Drosophila populations. Sci. Rep. 3.
https://doi.org/10.1038/srep01405

Dieguez Cameroni, F.J., Terra, R., Tabarez, S., Bommel, P., Corral, J., Bartaburu, D.,
Pereira, M., Montes, E., Duarte, E., Morales Grosskopf, H., 2014. Virtual
experiments using a participatory model to explore interactions between
climatic variability and management decisions in extensive grazing systems in
the Dbasaltic region of Uruguay. Agric. Syst. 130, 89-104.
https://doi.org/10.1016/j.agsy.2014.07.002

Doak, D.F., Bigger, D., Harding, E.K., Marvier, M.A., O’'Malley, R.E., Thomson, D.,
1998. The statistical inevitability of stability-diversity relationships in
community ecology. Am. Nat. 151, 264-276. https://doi.org/10.1086/286117

Donohue, 1., Hillebrand, H., Montoya, J.M., Petchey, O.L., Pimm, L., Fowler, M.S.,
Jackson, A.L., Lurgi, M., McClean, D., O’Connor, N.E., O’Gorman, E.J., Yang,
Q., 2016. Navigating the complexity of ecological stability. Ecol. Lett. 19, 1172—
1185. https://doi.org/10.1111/ele.12648

Doropoulos, C., Roff, G., Bozec, Y.M., Zupan, M., Werminghausen, J., Mumby, P.J.,
2016. Characterizing the ecological trade-offs throughout the early ontogeny of
coral recruitment. Ecol. Monogr. 86, 20—44. https://doi.org/10.1890/15-0668.1

Drake, ].M., Lodge, D.M., 2004. Effects of environmental variation on extinction and

110



References

establishment. Ecol. Lett. 7, 26-30. https://doi.org/10.1046/j.1461-
0248.2003.00546.x

Dressler, G., Mueller, B., Frank, K., Kuhlicke, C., 2016. Towards thresholds of
disaster management performance under demographic change: exploring
functional relationships using agent-based modeling. Nat. Hazards Earth Syst.
Sci. 16, 2287-2301. https://doi.org/10.5194/nhess-16-2287-2016

Dunmore, J., Karlsson, J., 2008. Independent Evaluation of FAO’s Role and Work in
Statistics. Rome, Italy.

Edmonds, B., Meyer, R., 2017. Simulating Social Complexity. A Handbook. Springer,
Berlin, Heidelberg.

Egli, L., Weise, H., Radchuk, V., Seppelt, R., Grimm, V., 2019. Exploring resilience
with agent-based models: State of the art, knowledge gaps and
recommendations for coping with multidimensionality. Ecol. Complex. 40,
100718. https://doi.org/10.1016/j.ecocom.2018.06.008

Elmqvist, T., Folke, C., Nystrom, M., Peterson, G., Bengtsson, ]., Walker, B., Norberg,
J., 2003. Response Diversity, Ecosystem Change, and Resilience. Front. Ecol.
Environ. 1, 488—494. https://doi.org/10.2307/3868116

Epstein, J.M., 2006. Generative Social Science: Studies in Agent-Based
Computational Modeling. Princeton University Press, Princeton, NJ.

European Comission, 2019. EUROSTAT Database. URL
https://ec.europa.eu/eurostat/data/database?node_code=demomwk (accessed
2020-03-05)

FAO, 2019. FAOSTAT Database. URL http://www.fao.org/faostat/en/#data
(accessed 2019-10-08)

FAOQ, 2001. Food balance sheets: A handbook. Rome, Rome, Italy.

Farmer, ].D., Foley, D., 2009. The Economy Needs Agent Based Modelling. Nature
460, 685-686. https://doi.org/doi:10.1038/460685a

Ficiciyan, A., Loos, J., Sievers-glotzbach, S., Tscharntke, T., 2018. More than Yield :
Ecosystem Services of Traditional versus Modern Crop Varieties Revisited.
Sustainability 10, 2834. https://doi.org/10.3390/su10082834

Foley, J.A., Defries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin,
FS. Coe, M.T, Daily, G.C, Gibbs, HK., Helkowski, ].H., Holloway, T.,
Howard, E.A. Kucharik, C.J., Monfreda, C., Patz, J.A., Prentice, 1.C,,
Ramankutty, N., Snyder, P.K., 2005. Global Consequences of Land Use. Science
309, 570-575. https://doi.org/10.1126/science.1111772

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, ].S., Johnston, M.,
Mueller, N.D., O’Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, EM.,
Carpenter, S.R., Hill, J., Monfreda, C., Polasky, S., Rockstrom, J., Sheehan, J.,
Siebert, S., Tilman, D., Zaks, D.P.M., 2011. Solutions for a cultivated planet.
Nature 478, 337-342. https://doi.org/10.1038/nature10452

111


https://ec.europa.eu/eurostat/data/database?node_code=demomwk
http://www.fao.org/faostat/en/#data

References

Fujii, S., Kubota, Y., 2011. Understory thinning reduces wood-production efficiency
and tree species diversity in subtropical forest in southern Japan. ]J. For. Res.
16, 253-259. https://doi.org/10.1007/s10310-010-0242-5

Fujii, S., Kubota, Y., Enoki, T., 2009. Resilience of stand structure and tree species
diversity in subtropical forest degraded by clear logging. J. For. Res. 14, 373—
387. https://doi.org/10.1007/s10310-009-0151-7

Gabsi, F., Schiffer, A., Preuss, T.G., 2014. Predicting the sensitivity of populations
from individual exposure to chemicals: The role of ecological interactions.
Environ. Toxicol. Chem. 33, 1449-1457. https://doi.org/10.1002/etc.2409

Galic, N., Grimm, V., Forbes, V.E., 2017. Impaired ecosystem process despite little
effects on populations: Modeling combined effects of warming and toxicants.
Glob. Chang. Biol. 2, 1-17. https://doi.org/10.1111/gcb.13581

Garnett, P., Doherty, B., Heron, T., 2020. Vulnerability of the United Kingdom ’ s
food supply chains exposed by COVID-19. Nat. Food 1, 315-318.
https://doi.org/10.1038/s43016-020-0097-7

Gaudin, A.C.M., Tolhurst, T.N., Ker, A.P., Janovicek, K., Tortora, C., Martin, R.C.,
Deen, W., 2015. Increasing crop diversity mitigates weather variations and
improves yield stability. PLoS One 10, e0113261.
https://doi.org/10.1371/journal.pone.0113261

Gelman, A., Hill, J., 2006. Data analysis using regression and multilevel/hierarchical
models. Cambridge University Press, Cambridge,.

Gergs, A., Zenker, A., Grimm, V., Preuss, T.G., 2013. Chemical and natural stressors
combined: from cryptic effects to population extinction. Sci. Rep. 3, 2036.
https://doi.org/10.1038/srep02036

Gilbert, C.L., Morgan, C.W., 2010. Food price volatility. Philos. Trans. R. Soc. B Biol.
Sci. 365, 3023-3034. https://doi.org/10.1098/rstb.2010.0139

Gilbert, N., Troitzsch, K.G., 2005. Simulation for the Social Scientist. Bell & Bain Ltd,
Glasgow.

Grimm, V., Augusiak, J., Focks, A., Frank, B.M., Gabsi, F., Johnston, A.S.A,, Liu, C.,
Martin, B.T., Meli, M., Radchuk, V., Thorbek, P., Railsback, S.F., 2014. Towards
better modelling and decision support: Documenting model development,
testing, and analysis using TRACE. Ecol. Modell. 280, 129-139.
https://doi.org/10.1016/j.ecolmodel.2014.01.018

Grimm, V., Berger, U., 2016a. Structural realism, emergence, and predictions in next-
generation ecological modelling: Synthesis from a special issue. Ecol. Modell.
326, 177-187. https://doi.org/10.1016/j.ecolmodel.2016.01.001

Grimm, V., Berger, U., 2016b. Robustness analysis : Deconstructing computational
models for ecological theory and applications. Ecol. Modell. 326, 162-167.
https://doi.org/10.1016/j.ecolmodel.2015.07.018

Grimm, V., Berger, U., Bastiansen, F., Eliassen, S., Ginot, V., Giske, J., Goss-Custard,

112



References

J., Grand, T., Heinz, S.K., Huse, G., Huth, A, Jepsen, ].U., Jorgensen, C., Mooij,
W.M.,, Miiller, B., Pe’er, G., Piou, C., Railsback, S.F., Robbins, A.M., Robbins,
M.M., Rossmanith, E., Riiger, N., Strand, E., Souissi, S., Stillman, R.A., Vabg,
R., Visser, U., DeAngelis, D.L., 2006. A standard protocol for describing
individual-based and agent-based models. Ecol. Modell. 198, 115-126.
https://doi.org/10.1016/j.ecolmodel.2006.04.023

Grimm, V., Berger, U., DeAngelis, D.L., Polhill, ].G., Giske, J., Railsback, S.F., 2010.
The ODD protocol: A review and first update. Ecol. Modell. 221, 2760-2768.
https://doi.org/10.1016/j.ecolmodel.2010.08.019

Grimm, V., Railsback, S.F., 2012. Pattern-oriented modelling: a “multi-scope” for
predictive systems ecology. Philos. Trans. R. Soc. B Biol. Sci. 367, 298-310.
https://doi.org/10.1098/rstb.2011.0180

Grimm, V., Railsback, S.F., 2005. Individual- based modeling and ecology. Princeton
University Press, Princeton, NJ.

Grimm, V., Revilla, E., Berger, U., Jeltsch, F., Mooij, W.M., Railsback, S.F., Thulke,
H.-H., Weiner, ], Wiegand, T. DeAngelis, D.L.,, 2005. Pattern-oriented
modeling of agent-based complex systems: lessons from ecology. Science 310,
987-991. https://doi.org/10.1126/science.1116681

Grimm, V., Wissel, C., 1997. Babel , or the ecological stability discussions: an
inventory and analysis of terminology and a guide for avoiding confusion.
Oecologia 109, 323-334. https://doi.org/https://doi.org/10.1007/s004420050090

Groeneveld, J., Miiller, B., Buchmann, C.M., Dressler, G., Guo, C.,, Hase, N,,
Hoffmann, F., John, F., Klassert, C., Lauf, T., Liebelt, V., Nolzen, H., Pannicke,
N., Schulze, J., Weise, H., Schwarz, N., 2017. Theoretical foundations of human
decision-making in agent-based land use models — a review. Environ. Model.
Softw. 87, 39-48. https://doi.org/10.1016/j.envsoft.2016.10.008

Gurr, GM,, Lu, Z,, Zheng, X., Xu, H., Zhu, P., Chen, G,, Yao, X., Cheng, J., Zhu, Z,,
Catindig, J.L., Villareal, S., Chien, H. Van, Cuong, L.Q. Channoo, C.,
Chengwattana, N., Lan, L.P., Hai, L.H., 2016. Multi-country evidence that crop
diversification promotes ecological intensification of agriculture. Nat. Plants 2,
16014. https://doi.org/10.1038/nplants.2016.14

Hallett, L.M., Jones, S.K., MacDonald, A.A., Jones, M.B., Flynn, D.F.B., Ripplinger, J.,
Slaughter, P., Gries, C., Collins, S.L., 2016. codyn : An R package of community
dynamics metrics. Methods Ecol. Evol. 7, 1146-1151.
https://doi.org/https://doi.org/10.1111/2041-210X.12569

Hanski, I, Gilpin, M., 1991. Metapopulation dynamics : brief history and conceptual
domain. Biol. ]. Linn. Soc. 42, 3-16.
https://doi.org/https://doi.org/10.1111/1.1095-8312.1991.tb00548.x

Hendrickson, M.K., 2015. Resilience in a concentrated and consolidated food system.
J. Environ. Stud. Sci. 5, 418-431. https://doi.org/10.1007/s13412-015-0292-2

113



References

Heppenstall, A.]J., Crooks, A.T., See, L.M., Batty, M., 2012. Agent-Based Models of
Geographical Systems. Springer Science + Business Media B.V., Dordrecht
Heidelberg London New York.

Hill, M.O., 1973. Diversity and evenness: a unifying notation and its consequences.
Ecology 54, 427-432. https://doi.org/10.2307/1934352

Hillebrand, H., Langenheder, S., Lebret, K., Lindstrom, E., Ostman, O., Striebel, M.,
2018. Decomposing multiple dimensions of stability in global change
experiments. Ecol. Lett. 21, 21-30. https://doi.org/10.1111/ele.12867

Holling, C.S., 1973. Resilience and Stability of Ecological Systems. Annu. Rev. Ecol.
Syst. 4, 1-23. https://doi.org/10.1146/annurev.es.04.110173.000245

Holling, C.S., Gunderson, L.H., 2002. Resilience and adaptive cycles, in: Gunderson,
L.H., Holling, C.S. (Eds.), Panarchy: Understanding Transformations in
Human and Natural Systems. Island Press, Washington, DC, pp. 25-62.

Holmes, E.E., Sabo, J.L., Viscido, S.V., Fagan, W.F., 2007. A statistical approach to
quasi-extinction forecasting. Ecol. Lett. 10, 1182-1198.
https://doi.org/10.1111/j.1461-0248.2007.01105.x

Iverson, A.L., Marin, L.E., Ennis, K.K., Gonthier, D.]., Connor-Barrie, B.T., Remfert,
J.L., Cardinale, B.]., Perfecto, 1., 2014. Do polycultures promote win-wins or
trade-offs in agricultural ecosystem services? A meta-analysis. ]. Appl. Ecol. 51,
1593-1602. https://doi.org/10.1111/1365-2664.12334

Janssen, M.A., 2010. Population aggregation in ancient arid environments. Ecol. Soc.
15, 19. https://doi.org/https://doi.org/10.5751/ES-03376-150219

Jax, K., Jones, C.G,, Pickett, S.T. a., 1998. The Self-Identity of Ecological Units. Oikos
82, 253-264. https://doi.org/10.2307/3546965

Jeltsch, F., Milton, S.J.,, Dean, W.R.J.,, Rooyen, N. Van, 1997. Analysing Shrub
Encroachment in the Southern Kalahari: A Grid-Based Modelling Approach. J.
Appl. Ecol. 34, 1497-1508. https://doi.org/10.2307/2405265

Jenkins, K., Surminski, S., Hall, J., Crick, F., 2017. Assessing surface water flood risk
and management strategies under future climate change: Insights from an
Agent-Based Model. Sci. Total Envrionment 595, 159-168.
https://doi.org/10.1016/j.scitotenv.2017.03.242

Jiang, ]., DeAngelis, D.L., Smith Iii, T.J., Teh, S.Y., Koh, H.L., 2012. Spatial pattern
formation of coastal vegetation in response to external gradients and positive
feedbacks affecting soil porewater salinity: A model study. Landsc. Ecol. 27,
109-119. https://doi.org/10.1007/s10980-011-9689-9

Johnson, C.R., 2009. Natural length scales of ecological systems: Applications at
community and ecosystem levels. Ecol. Soc. 14, 7.

Kanarek, A.R., Lamberson, R.H., Black, ].M., 2008. An individual-based model for
traditional foraging behavior: Investigating effects of environmental
fluctuation. Nat. Resour. Model. 21, 93-116.

114



References

Khoury, C.K., Bjorkman, A.D., Dempewolf, H., Ramirez-Villegas, J., Guarino, L.,
Jarvis, A., Rieseberg, L.H., Struik, P.C., 2014. Increasing homogeneity in global
food supplies and the implications for food security. Proc. Natl. Acad. Sci. 111,
4001-4006. https://doi.org/10.1073/pnas.1313490111

Klein Goldewijk, K., Beusen, A., Doelman, J., Stehfest, E., 2017. New anthropogenic
land use estimates for the Holocene; HYDE 3.2. Earth Syst. Sci. Data 9, 927-953.
https://doi.org/10.5194/essd-9-927-2017

Knapp, S., van der Heijden, M.G.A., 2018. A global meta-analysis of yield stability
in organic and conservation agriculture. Nat. Commun. 9, 1-9.
https://doi.org/10.1038/s41467-018-05956-1

Kouadio, L., Newlands, N.K., 2015. Building capacity for assessing spatial-based
sustainability metrics in agriculture. Decis. Anal. 2.
https://doi.org/10.1186/s40165-015-0011-9

Kremen, C., Merenlender, A.M., 2018. Landscapes that work for biodiversity and
people. Science 362, eaau6020. https://doi.org/10.1126/science.aau6020

Kubicek, A., Muhando, C., Reuter, H., 2012. Simulations of Long-Term Community
Dynamics in Coral Reefs - How Perturbations Shape Trajectories. Plos Comput.
Biol. 8, €1002791. https://doi.org/10.1371/journal.pcbi. 1002791

Kubicek, A., Reuter, H., 2016. Mechanics of multiple feedbacks in benthic coral reef
communities. Ecol. Modell. 329, 29-40.
https://doi.org/10.1016/j.ecolmodel.2016.02.018

Lambin, E.F., Meyfroidt, P., 2011. Global land use change, economic globalization,
and the looming land scarcity. Proc. Natl. Acad. Sci. 108, 3465-3472.
https://doi.org/10.1073/pnas.1100480108

Lempert, R., 2002. Agent-based modeling as organizational and public policy
simulators. Proc. Natl. Acad. Sci. 99, 7195-7196.
https://doi.org/10.1073/pnas.072079399

Leon, J., March, A., 2014. An urban design framework for tsunami evacuation safety:
A case study of two Chilean cities, in: Proceedings of the 5th International
Disaster and Risk Conference: Integrative Risk Management - The Role of
Science, Technology and Practice, IDRC Davos 2014. pp. 407-410.

Lesk, C., Rowhani, P., Ramankutty, N., 2016. Influence of extreme weather disasters
on global crop production. Nature 529, 84-87.
https://doi.org/10.1038/nature16467

Letourneau, D.K., Ambrecht, 1., Rivera, B.S., Lerma, ].M., Carmona, E.J., Daza, M.C.,
Escobar, S., Galindo, V., Gutiérrez, C., Lépez, S.D., Mejia, J.L., Rangel, A M.A.,
Rangel, ].H., Rivera, L., Saavedra, C.A., Torres, A.M., Trujillo, A.R., 2011. Does
plant diversity benefit agroecosystems? A synthetic review. Ecol. Appl. 21, 9-
21. https://doi.org/10.1890/09-2026.1

Li, C, Hoffland, E., Kuyper, T.W., Yu, Y., Zhang, C,, Li, H., Zhang, F., van der Werf,

115



References

W., 2020. Syndromes of production in intercropping impact yield gains. Nat.
Plants 6, 653-660. https://doi.org/10.1038/s41477-020-0680-9

Liang, X.Z., Wu, Y., Chambers, R.G., Schmoldt, D.L., Gao, W., Liu, C,, Liu, Y.A., Sun,
C., Kennedy, J.A., 2017. Determining climate effects on US total agricultural
productivity. Proc. Natl. Acad. Sci. 114, E2285-E2292.
https://doi.org/10.1073/pnas.1615922114

Lin, B.B., 2011. Resilience in Agriculture through Crop Diversification: Adaptive
Management for Environmental Change. Bioscience 61, 183-193.
https://doi.org/10.1525/bio.2011.61.3.4

Lindkvist, E., Norberg, J., 2014. Modeling experiential learning: The challenges
posed by threshold dynamics for sustainable renewable resource management.
Ecol. Econ. 104, 107-118. https://doi.org/10.1016/j.ecolecon.2014.04.018

Liu, J., Hull, V., Batistella, M., Defries, R., Dietz, T., Fu, F., Hertel, T.W., Cesar, R,,
Lambin, E.F., Li, S., Martinelli, L.A., Mcconnell, W.J., Moran, E.F., Naylor, R.,
2013. Framing Sustainability in a Telecoupled World. Ecol. Soc. 18, 26.
https://doi.org/http://dx.doi.org/10.5751/ES-05873-180226

Loos, J., Abson, D.J., Chappell, M.]., Hanspach, J., Mikulcak, F., Tichit, M., Fischer,
J., 2014. Putting meaning back into “sustainable intensification.” Front. Ecol.
Environ. 12, 356-361. https://doi.org/10.1890/130157

Loreau, M., De Mazancourt, C., 2008. Species synchrony and its drivers: Neutral and
nonneutral community dynamics in fluctuating environments. Am. Nat. 172.
https://doi.org/10.1086/589746

Magliocca, N.R., Brown, D.G,, Ellis, E.C., 2013. Exploring Agricultural Livelihood
Transitions with an Agent-Based Virtual Laboratory: Global Forces to Local
Decision-Making. PLoS One 8, e73241.
https://doi.org/10.1371/journal.pone.0073241

Magliocca, N.R,, Ellis, E.C., 2016. Evolving human landscapes: a virtual laboratory
approach. J. Land Use Sci. 11, 642-671.
https://doi.org/10.1080/1747423X.2016.1241314

Marchand, P., Carr, J.A., Dell’Angelo, J., Fader, M., Gephart, J.A., Kummu, M.,
Magliocca, N.R., Porkka, M., Puma, M.]., Ratajczak, Z., Rulli, M.C., Seekell,
D.A., Suweis, S., Tavoni, A., D’Odorico, P., 2016. Reserves and trade jointly
determine exposure to food supply shocks. Environ. Res. Lett. 11, 095009.
https://doi.org/10.1088/1748-9326/11/9/095009

Marshall, M.G., 2016. Codebook: Major Episodes of Political Violence (MEPV) and
Conlflict Regions, 1946-2015.

Martin, B., Jager, T., Nisbet, R M., Preuss, T.G., Grimm, V., 2014. Limitations of
extrapolating toxic effects on reproduction to the population level. Ecol. Appl.
24, 1972-1983. https://doi.org/10.1890/14-0656.1

Matthews, R.B., Gilbert, N., 2007. Agent-Based Land-Use Models: A Review of

116



References

Applications. Landsc. Ecol. 1447-1459. https://doi.org/10.1007/s10980-007-
9135-1

Mehrabi, Z., Ramankutty, N., 2019. Synchronized failure of global crop production.
Nat. Ecol. Evol. 3, 780-786. https://doi.org/10.1038/541559-019-0862-x

Meyer, C., Kreft, H., Guralnick, R., Jetz, W., 2015. Global priorities for an effective
information basis of biodiversity distributions. Nat. Commun. 8221.
https://doi.org/10.1038/ncomms9221

Meyfroidt, P., Lambin, E.F., Erb, K.H., Hertel, T.W., 2013. Globalization of land use:
Distant drivers of land change and geographic displacement of land use. Curr.
Opin. Environ. Sustain. 5, 438-444. https://doi.org/10.1016/j.cosust.2013.04.003

Mijatovi¢, D., Van Oudenhoven, F., Eyzaguirre, P., Hodgkin, T., 2013. The role of
agricultural biodiversity in strengthening resilience to climate change:
Towards an analytical framework. Int. J. Agric. Sustain. 11, 95-107.
https://doi.org/10.1080/14735903.2012.691221

Millington, J.D.A., O’Sullivan, D., Perry, G.L.W., 2012. Model histories: Narrative
explanation in generative simulation modelling. Geoforum 43, 1025-1034.

Morrison, A.E., Allen, M.S., 2017. Agent-based modelling, molluscan population
dynamics, and archaeomalacology. Quat. Int. 427, 170-183.
https://doi.org/10.1016/j.quaint.2015.09.004

Mueller, N.D., Gerber, ].S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A.,
2012. Closing yield gaps through nutrient and water management. Nature 490,
254-257. https://doi.org/10.1038/nature11420

Muller, A., Schader, C., Scialabba, N.E., Briiggemann, ]., Isensee, A., Erb, K., Smith,
P., Klocke, P., Leiber, F., Stolze, M., Niggli, U., 2017. Strategies for feeding the
world more sustainably with organic agriculture. Nat. Commun. 8, 1290.
https://doi.org/10.1038/s41467-017-01410-w

Mumby, P.J., Steneck, R.S., Adjeroud, M., Arnold, S.N., 2016. High resilience masks
underlying sensitivity to algal phase shifts of Pacific coral reefs. Oikos 125, 644—
655. https://doi.org/10.1111/0ik.02673

Murray-Rust, D., Brown, C., van Vliet, J., Alam, S.J., Robinson, D.T., Verburg, P.H.,
Rounsevell, M., 2014. Combining agent functional types, capitals and services
to model land use dynamics. Environ. Model. Softw. 59, 187-201.
https://doi.org/10.1016/j.envsoft.2014.05.019

Myers, S.S., Smith, M.R., Guth, S., Golden, C.D., Vaitla, B., Mueller, N.D., Dangour,
A.D., Huybers, P., 2017. Climate Change and Global Food Systems: Potential
Impacts on Food Security and Undernutrition. Annu. Rev. Public Health 38,
259-277. https://doi.org/10.1146/annurev-publhealth-031816-044356

Naghibi, A., Lence, B., 2012. Assessing impacts of high flow events on fish
population: Evaluation of risk-based performance measures. Ecol. Modell. 240,
16-28. https://doi.org/10.1016/j.ecolmodel.2012.04.024

117



References

Nature Food, 2020. Democratizing food systems. Nat. Food 1.
https://doi.org/10.1038/s43016-020-0126-6

NOAA/OAR/ESRL/PSD, 2017. University of Delaware Air Temperature &
Precipitation. URL
https://www.esrl.noaa.gov/psd/data/gridded/data.UDel_AirT_Precip.html
(accessed 2019-03-05)

O’Sullivan, D., Perry, G.L., 2013. Spatial Simulation: Exploring Pattern and Process.
John Wiley & Sons, Hoboken.

Oliver, T.H., Heard, M.S,, Isaac, N.J.B., Roy, D.B., Procter, D., Eigenbrod, F.,
Freckleton, R., Hector, A., Orme, C.D.L., Petchey, O.L., Proenga, V., Raffaelli,
D., Suttle, K.B., Mace, G.M., Martin-lopez, B., Woodcock, B.A., Bullock, J.M.,
2015. Biodiversity and Resilience of Ecosystem Functions. Trends Ecol. Evol.
30, 673-684. https://doi.org/10.1016/j.tree.2015.08.009

Opitz, I, Berges, R., Piorr, A., Krikser, T., 2016. Contributing to food security in
urban areas: differences between urban agriculture and peri-urban agriculture
in the Global North. Agricc Human Values 33, 341-358.
https://doi.org/10.1007/s10460-015-9610-2

Ortiz-Bobea, A., Knippenberg, E. Chambers, R.G. 2018. Growing climatic
sensitivity of U.S. Agriculture linked to technological change and regional
specialization. Sci. Adv. 4, eaat4343. https://doi.org/10.1126/sciadv.aat4343

Ostrom, E., 2009. A general framework for analyzing sustainability of. Science 325,
419-422. https://doi.org/10.1126/science.1172133

Parker, D.C., Hessl, A., Davis, S.C., 2008. Complexity, land-use modeling, and the
human dimension: Fundamental challenges for mapping unknown outcome
spaces. Geoforum 39, 789-804. https://doi.org/10.1016/j.geoforum.2007.05.005

Parker, D.C., Manson, S.M., Janssen, M.A. Hoffmann, M.J., Deadman, P.,
Hoffrnann, M.J., 2003. Multi-Agent Systems for the Simulation of Land-Use
and Land-Cover Change: A Review. Ann. Assoc. Am. Geogr. 93, 314-337.
https://doi.org/10.1111/1467-8306.9302004

Parrott, L., Chion, C., Gonzales, R., Latombe, G., 2012. Agents, Individuals, and
Networks: Modeling Methods to Inform Natural Resource Management in
Regional Landscapes. Ecol. Soc. 17, 32. https://doi.org/10.5751/es-04936-170332

Pearl, J., 2009. Causal inference in statistics: An overview. Stat. Surv. 3, 96-146.
https://doi.org/10.1214/09-55057

Perez, 1., Janssen, M.A., Anderies, ].M., 2016. Food security in the face of climate
change: Adaptive capacity of small-scale social-ecological systems to
environmental variability. Glob. Environ. Chang. - Hum. Policy Dimens. 40,
82-91. https://doi.org/10.1016/j.gloenvcha.2016.07.005

Pickett, S., White, P., 1985. The ecology of natural disturbance and patch dynamics,
Academic Press, New York.

118


https://www.esrl.noaa.gov/psd/data/gridded/data.UDel_AirT_Precip.html

References

Pimm, S.L., 1984. The complexity and stability of ecosystems. Nature 307, 321-326.
https://doi.org/10.1038/307321a0

Pinheiro, ]., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2019. nlme: Linear and
Nonlinear Mixed Effects Models. URL https://cran.r-project.org/package=nlme
(accessed 2020-05-06)

Piou, C., Taylor, M.H., Papaix, J., Prévost, E., 2015. Modelling the interactive effects
of selective fishing and environmental change on Atlantic salmon
demogenetics. J. Appl. Ecol. 52, 1629-1637. https://doi.org/10.1111/1365-
2664.12512

R Core Team, 2019. R: A Language and Environment for Statistical Computing.

Radchuk, V., De Laender, F., Van den Brink, P.J., Grimm, V., 2016. Biodiversity and
ecosystem functioning decoupled: Invariant ecosystem functioning despite
non-random reductions in consumer diversity. Oikos 125, 424-433.
https://doi.org/10.1111/0ik.02220

Railsback, S.F., Grimm, V., 2019. Agent-based and Individual-based Modeling: A
Practical Introduction. Princeton University Press, Princeton, NJ.

Ramankutty, N., Evan, A.T., Monfreda, C., Foley, J.A., 2008. Farming the planet: 1.
Geographic distribution of global agricultural lands in the year 2000. Global
Biogeochem. Cycles 22, GB1003. https://doi.org/10.1029/2007GB002952

Rammer, W., Seidl, R., 2015. Coupling human and natural systems: Simulating
adaptive management agents in dynamically changing forest landscapes.
Glob. Environ. Chang. - Hum. Policy Dimens. 35  475-485.
https://doi.org/10.1016/j.gloenvcha.2015.10.003

Rasch, S., Heckelei, T., Oomen, R.J., 2016. Reorganizing resource use in a communal
livestock production socio-ecological system in South Africa. Land use policy
52, 221-231. https://doi.org/10.1016/j.landusepol.2015.12.026

Raseduzzaman, M., Jensen, E.S., 2017. Does intercropping enhance yield stability in
arable crop production? A meta-analysis. Eur. J. Agron. 91, 25-33.
https://doi.org/10.1016/j.eja.2017.09.009

Ray, D.K,, Gerber, ].S., MacDonald, G.K., West, P.C., 2015. Climate variation explains
a third of global crop yield variability. Nat. Commun. 6, 5989.
https://doi.org/10.1038/ncomms6989

Ray, D.K.,, Ramankutty, N., Mueller, N.D., West, P.C., Foley, J.A., 2012. Recent
patterns of crop yield growth and stagnation. Nat. Commun. 3, 1293.
https://doi.org/10.1038/ncomms2296

Rebaudo, F., Dangles, O., 2015. Adaptive management in crop pest control in the
face of climate variability: an agent-based modeling approach. Ecol. Soc. 20, 18.
https://doi.org/10.5751/es-07511-200218

Reed, T.E., Schindler, D.E., Hague, M.]., Patterson, D.A., Meir, E., Waples, R.S,,
Hinch, S.G., 2011. Time to Evolve? Potential evolutionary responses of fraser

119



References

river sockeye salmon to climate change and effects on persistence. PLoS One 6,
€20380. https://doi.org/10.1371/journal.pone.0020380

Reidsma, P., Ewert, F., Lansink, A.O., Leemans, R., 2010. Adaptation to climate
change and climate variability in European agriculture: The importance of
farm level responses. Eur. J. Agron. 32, 91-102.
https://doi.org/10.1016/.eja.2009.06.003

Renard, D., Tilman, D., 2019. National food production stabilized by crop diversity.
Nature 571, 257-260. https://doi.org/https://doi.org/10.1038/s41586-019-1316-y

Rist, L., Felton, A. Nystrom, M., Troell, M., Sponseller, R.A., Bengtsson, J.,
Osterblom, H., Lindborg, R., Tidaker, P., Angeler, D.G., Milestad, R., Moen, ].,
2014. Applying resilience thinking to production ecosystems. Ecosphere 5, 73.
https://doi.org/https://doi.org/10.1890/ES13-00330.1

Robinson, D.T., Brown, D.G., Parker, D.C., others, 2007. Comparison of empirical
methods for building agent-based models in land use science. J. Land Use Sci.
2, 31-55. https://doi.org/10.1080/17474230701201349

Rogers, J.D., Nichols, T., Emmerich, T., Latek, M., Cioffi-Revilla, C., 2012. Modeling
scale and variability in human-environmental interactions in Inner Asia. Ecol.
Modell. 241, 5-14. https://doi.org/10.1016/j.ecolmode1.2011.11.025

RStudio Team, 2015. RStudio: Integrated Development for R.

Rueda, X., Lambin, E.F., 2014. Global Agriculture and Land Use Changes in the
Twenty-First Century. Evol. Sph. Food Secur. 319.
https://doi.org/10.1093/acprof:0s0/9780199354054.003.0012

Sacks, W.]., Deryng, D., Foley, J.A., 2010. Crop planting dates: an analysis of global
patterns. Glob. Ecol. Biogeogr. 19, 607-620. https://doi.org/10.1111/j.1466-
8238.2010.00551.x

Sciaini, M., Fritsch, M., Scherer, C., Simpkins, C.E., 2018. NLMR and landscapetools:
An integrated environment for simulating and modifying neutral landscape
models in R. Methods Ecol. Evol. 9, 2240-2248. https://doi.org/10.1111/2041-
210X.13076

Schipanski, M.E., MacDonald, G.K., Rosenzweig, S., Chappell, M.]., Bennett, E.M.,
Kerr, R.B., Blesh, J., Crews, T., Drinkwater, L., Lundgren, J.G., Schnarr, C., 2016.
Realizing  resilient = food  systems.  Bioscience 66,  600-610.
https://doi.org/10.1093/biosci/biw052

Schliiter, M., Leslie, H., Levin, S., 2009. Managing water-use trade-offs in a semi-arid
river delta to sustain multiple ecosystem services: a modeling approach. Ecol.
Res. 24, 491-503. https://doi.org/10.1007/s11284-008-0576-z

Schliiter, M., McAllister, R.R.J., Arlinghaus, R., Bunnefeld, N., Eisenack, K., Holker,
F., Milner-Gulland, E.J., Muller, B., 2012. New horizons for managing the
environment: A review of coupled social-ecological systems modeling. Nat.
Resour. Model. 25, 219-272. https://doi.org/10.1111/j.1939-7445.2011.00108.x

120


https://doi.org/10.1111/j.1466-8238.2010.00551.x
https://doi.org/10.1111/j.1466-8238.2010.00551.x

References

Schliiter, M., Pahl-Wostl, C., 2007. Mechanisms of resilience in common-pool
resource management systems: an agent-based model of water use in a river
basin. Ecol. Soc. 12, 4.

Schmidhuber, J., Tubiello, F.N., 2007. Global food security under climate change.
Proc. Natl. Acad. Sci. 104, 19703-19708.
https://doi.org/https://doi.org/10.1073/pnas.0701976104

Schmolke, A., Thorbek, P., DeAngelis, D.L., Grimm, V., 2010. Ecological models
supporting environmental decision making: A strategy for the future. Trends
Ecol. Evol. 25, 479-486. https://doi.org/10.1016/j.tree.2010.05.001

Schulze, J., Miiller, B., Groeneveld, J., Grimm, V., 2017. Agent-Based Modelling of
Social-Ecological Systems : Achievements, Challenges , and a Way Forward. J.
Artif. Soc. Soc. Simul. 20, 8. https://doi.org/10.18564/jasss.3423

Seppelt, R., Arndt, C., Beckmann, M., Martin, E.A., Hertel, T., 2020. Deciphering the
biodiversity-production mutualism in the global food security debate. Trends
Ecol. Evol.

Seppelt, R., Beckmann, M., Ceausu, S., Cord, A.F., Gerstner, K., Gurevitch, J.,
Kambach, S., Klotz, S., Mendenhall, C., Phillips, H.R.P., Powell, K., Verburg,
P.H., Verhagen, W., Winter, M., Newbold, T., 2016. Harmonizing Biodiversity
Conservation and Productivity in the Context of Increasing Demands on
Landscapes. Bioscience 66, 890-896. https://doi.org/10.1093/biosci/biw(004

Seppelt, R., Manceur, A.M,, Liu, J., Fenichel, E.P., Klotz, S., 2014. Synchronized peak-
rate years of global resources use. Ecol. Soc. 19, 50. https://doi.org/10.5751/ES-
07039-190450

Seufert, V., Ramankutty, N., Foley, ].A., 2012. Comparing the yields of organic and
conventional agriculture. Nature 485, 229-232.
https://doi.org/10.1038/nature11069

Sibhatu, K.T., Qaim, M., 2018. Farm production diversity and dietary quality :
linkages and  measurement issues. Food Secur. 10, 47-59.
https://doi.org/https://doi.org/10.1007/s12571-017-0762-3

Siebert, R., Toogood, M., Knierim, A., 2006. Factors affecting european farmers’
participation in biodiversity policies. Sociol. Ruralis 46, 318-340.
https://doi.org/10.1111/j.1467-9523.2006.00420.x

Sirami, C., Gross, N., Baillod, A.B., Bertrand, C., Carrié, R., Hass, A., Henckel, L.,
Miguet, P., Vuillot, C., Alignier, A., Girard, ], Batary, P., Clough, Y., Violle, C,,
Giralt, D., Bota, G., Badenhausser, 1., Lefebvre, G., Gauffre, B., Vialatte, A.,
Calatayud, F., Gil-Tena, A., Tischendorf, L., Mitchell, S., Lindsay, K., Georges,
R., Hilaire, S., Recasens, J., Solé-Senan, X.O., Roblefio, 1., Bosch, J., Barrientos,
J.A., Ricarte, A., Marcos-Garcia, M.A., Mifiano, J., Mathevet, R., Gibon, A.,
Baudry, J., Balent, G., Poulin, B., Burel, F., Tscharntke, T., Bretagnolle, V.,
Siriwardena, G., Ouin, A., Brotons, L., Martin, ].L., Fahrig, L., 2019. Increasing

121



References

crop heterogeneity enhances multitrophic diversity across agricultural regions.
Proc. Natl. Acad. Sai. 116, 16442-16447.
https://doi.org/10.1073/pnas.1906419116

Smith, C.D., 2014. Modelling migration futures: development and testing of the
Rainfalls Agent-Based Migration Model - Tanzania. Clim. Dev. 6, 77-91.
https://doi.org/10.1080/17565529.2013.872593

Soussana, J.F., Lafarge, M., 1998. Competition for resources between neighbouring
species and patch scale vegetation dynamics in temperate grasslands. Ann.
Zootech. 47, 371-382. https://doi.org/10.1051/animres:19980505

Standish, R.J., Hobbs, R.]J., Mayfield, M.M., Bestelmeyer, B.T., Suding, K.N.,
Battaglia, L.L., Eviner, V., Hawkes, C. V, Temperton, V.M., Cramer, V.A.,
Harris, J.A., Funk, J.L., Thomas, P.A., 2014. Resilience in ecology: Abstraction,
distraction, or where the action is? Biol. Conserv. 177, 43-51.
https://doi.org/10.1016/j.biocon.2014.06.008

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M.,
Biggs, R., Carpenter, S.R., Vries, W. De, Wit, C.A. De, Folke, C., Gerten, D.,
Heinke, J., Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S.,
2015. Planetary boundaries: Guiding human development on a changing
planet. Science 347, 1259855. https://doi.org/10.1126/science.1259855

Suweis, S., Carr, J.A., Maritan, A., Rinaldo, A., Odorico, P.D., 2015. Resilience and
reactivity of global food security. Proc. Natl. Acad. Sci. 112, 6902-6907.
https://doi.org/10.1073/pnas.1512971112

ten Broeke, G.A., van Voorn, G.A.K,, Ligtenberg, A., Molenaar, J., 2017. Resilience
through adaptation. PLoS One 12, e0171833.
https://doi.org/10.1371/journal.pone.0171833

Tesfatsion, L., 2006. Agent-based computational economics: A constructive
approach to economic theory, in: Tesfatsion, L., Judd, K.I. (Eds.), Handbook of
Computational Economics 2. Elsevier, Amsterdam, pp. 831-880.

Tilman, D., 1999. The ecological consequences of changes in biodiversity: A search
for general principles. Ecology 80, 1455-1474. https://doi.org/10.2307/176540

Tilman, D., Fargiione, J.,, Wolff, B.,, D’Antonia, C., Dobson, A., Howarth, R,
Schindler, D., 2001. Forecasting agriculturally driven global environmental
change. Science 292, 281-284. https://doi.org/10.1126/science.1057544

Topping, C.J., Alree, H.F., Farrell, K.N., Grimm, V., 2015. Per Aspera ad Astra:
Through Complex Population Modeling to Predictive Theory. Am. Nat. 186,
669-674. https://doi.org/10.1086/683181

Tscharntke, T., Clough, Y., Jackson, L., Motzke, 1., Perfecto, 1., Vandermeer, J.,
Whitbread, A., 2012. Global food security, biodiversity conservation and the
future of agricultural intensification. Biol. Conserv. 151, 53-59.
https://doi.org/:10.1016/j.biocon.2012.01.068

122



References

Tscharntke, T., Milder, J.C., Schroth, G., Clough, Y., Declerck, F., Waldron, A., Rice,
R., Ghazoul, J., 2015. Conserving Biodiversity Through Certification of Tropical
Agroforestry Crops at Local and Landscape Scales. Conserv. Lett. 8, 14-23.
https://doi.org/10.1111/conl. 12110

Tung, S., Mishra, A., Dey, S. 2016. Stabilizing the dynamics of laboratory
populations of Drosophila melanogaster through upper and lower limiter
controls. Ecol. Complex. 25, 18-25.

Turner, M.G., 2010. Disturbance and landscape dynamics in a changing world.
Ecology 91, 2833-2849. https://doi.org/10.1890/10-0097.1

Vaclavik, T., Lautenbach, S., Kuemmerle, T., Seppelt, R., 2013. Mapping global land
system  archetypes. = Glob.  Environ. = Chang. 23, 1637-1647.
https://doi.org/10.1016/j.gloenvcha.2013.09.004

Valin, H., Sands, R.D., van der Mensbrugghe, D., Nelson, G.C., Ahammad, H., Blanc,
E., Bodirsky, B., Fujimori, S., Hasegawa, T., Havlik, P., Heyhoe, E., Kyle, P.,
Mason-D’Croz, D., Paltsev, S., Rolinski, S., Tabeau, A., van Meijl, H., von
Lampe, M., Willenbockel, D., 2014. The future of food demand: understanding
differences in global economic models. Agric. Econ. 45, 51-67.
https://doi.org/10.1111/agec.12089

van Vliet, J., de Groot, H.L.F., Rietveld, P., Verburg, P.H., 2015. Manifestations and
underlying drivers of agricultural land use change in Europe. Landsc. Urban
Plan. 133, 24-36. https://doi.org/10.1016/j.Jlandurbplan.2014.09.001

Verburg, P.H., Neumann, K., Nol, L., 2011. Challenges in using land use and land
cover data for global change studies. Glob. Chang. Biol. 17, 974-989.
https://doi.org/10.1111/j.1365-2486.2010.02307.x

Vergnon, R., Shin, Y.J., Cury, P., 2008. Cultivation, Allee effect and resilience of large
demersal fish populations. Aquat. Living Resour. 21, 287-295.
https://doi.org/10.1051/alr:2008042

Vincenzi, S., Crivelli, A.J., Jesensek, D., De Leo, G.A., 2008. The role of density-
dependent individual growth in the persistence of freshwater salmonid
populations. Oecologia 156, 523-534. https://doi.org/10.1007/s00442-008-1012-
3

Vogt, J., Piou, C., Berger, U., 2014. Comparing the influence of large- and small-scale
disturbances on forest heterogeneity: A simulation study for mangroves. Ecol.
Complex. 20, 107-115. https://doi.org/10.1016/j.ecocom.2014.09.008

von Uexkull, N., Croicu, M., Fjelde, H., Buhaug, H., 2016. Civil conflict sensitivity to
growing-season drought. Proc. Natl. Acad. Sci. 113, 12391-12396.
https://doi.org/10.1073/pnas.1607542113

Wakeford, M., Done, T.J., Johnson, C.R., 2008. Decadal trends in a coral community
and evidence of changed disturbance regime. Coral Reefs 27, 1-13.
https://doi.org/10.1007/s00338-007-0284-0

123



References

Walker, B.H., Janssen, M.A., 2002. Rangelands, pastoralists and governments:
interlinked systems of people and nature. Philos. Trans. R. Soc. London Ser. B-
Biological Sci. 357, 719-725. https://doi.org/10.1098/rstb.2001.0984

Wang, S., Loreau, M., 2016. Biodiversity and ecosystem stability across scales in
metacommunities. Ecol. Lett. 19, 510-518. https://doi.org/10.1111/ele.12582

Wanger, T.C.,, DeClerck, F. Garibaldi, L.A.,, Ghazoul, ]., 2020. Integrating
agroecological production in a robust post-2020 global biodiversity
framework. Nat. Ecol. Evol. https://doi.org/10.1038/s41559-020-1262-y

Weise, H., Auge, H., Baessler, C., Barlund, I., Bennett, E.M., Berger, U., Bohn, F.,
Bonn, A., Borchardt, D., Brand, F., Chatzinotas, A., Corstanje, R., De Laender,
F., Dietrich, P., Dunker, S., Durka, W., Fazey, 1., Groeneveld, J., Guilbaud,
C.S.E., Harms, H., Harpole, S., Harris, ]., Jax, K., Jeltsch, F., Johst, K., Joshi, J.,
Klotz, S., Kiihn, I., Kuhlicke, C., Miiller, B., Radchuk, V., Reuter, H., Rinke, K.,
Schmitt-Jansen, M., Seppelt, R., Singer, A., Standish, R.J., Thulke, H.H., Tietjen,
B., Weitere, M., Wirth, C., Wolf, C., Grimm, V., 2020. Resilience trinity:
safeguarding ecosystem functioning and services across three different time
horizons and decision contexts. Oikos 129, 445-456.
https://doi.org/10.1111/0ik.07213

West, P.C., Gerber, ].S., Engstrom, P.M., Mueller, N.D., Brauman, K.A., Carlson,
K.M,, Cassidy, E.S., Johnston, M., Macdonald, G.K., Ray, D.K,, Siebert, S., 2014.
Leverage points for improving global food security and the environment.
Science 345, 325-328. https://doi.org/10.1126/science.1246067

Wiegand, T., Jeltsch, F., Hanski, I., Grimm, V., 2003. Using pattern oriented model
for revealing hidden information: a key for reconciling ecological theory and
application. Oikos 65, 209-222. https://doi.org/https://doi.org/10.1034/j.1600-
0706.2003.12027.x

Wild, J., Winkler, E., 2008. Krummholz and grassland coexistence above the forest-
line in the Krkonose Mountains: Grid-based model of shrub dynamics. Ecol.
Modell. 213, 293-307. https://doi.org/10.1016/j.ecolmodel.2007.12.013

Willmott, C.J., Matsuura, K., 2001. Terrestrial Air Temperature and Precipitation:
Monthly and Annual Time  Series (1950 - 1999). URL
http://climate.geog.udel.edu/~climate/html_pages/README.ghcn_ts2.html
(accesssed 2019-03-05)

Yachi, S., Loreau, M., 1999. Biodiversity and ecosystem productivity in a fluctuating
environment: The insurance hypothesis. Proc. Natl. Acad. Sci. 96, 1463-1468.
https://doi.org/10.1073/pnas.96.4.1463

Ye, X, Skidmore, A.K., Wang, T., 2013. Within-patch habitat quality determines the
resilience of specialist species in fragmented landscapes. Landsc. Ecol. 28, 135-
147. https://doi.org/10.1007/s10980-012-9826-0

Zabel, F., Putzenlechner, B., Mauser, W., 2014. Global agricultural land resources -

124


http://climate.geog.udel.edu/~climate/html_pages/README.ghcn_ts2.html

References

A high resolution suitability evaluation and its perspectives until 2100 under
climate change conditions. PLoS One 9, e107522.
https://doi.org/10.1371/journal.pone.0107522

Ziervogel, G., Ericksen, P.J.,, 2010. Adapting to climate change to sustain food
security. Wiley Interdiscip. Rev. Clim. Chang. 1, 525-540.
https://doi.org/10.1002/wcc.56

125



	Title
	Imprint

	Acknowledgements
	Summary
	Zusammenfassung
	Table of Contents
	Introduction
	Resilience of social-ecological systems
	Resilience mechanisms: diversity and spatial heterogeneity
	Assessing resilience
	Objectives and overview

	Crop diversity stabilizes agricultural production across scales1
	Abstract
	Introduction
	Materials and Methods
	Data sources and treatment
	Yield stability
	Explanatory variables

	Results
	Discussion
	Conclusion

	National food production stabilized by crop asynchrony2
	Introduction
	Materials and Methods
	Results
	Discussion and Conclusion

	Disentangling the effects of asynchrony between and within crops on the stability of agricultural production3
	Abstract
	Introduction
	Materials and Methods
	Methodological summary and data availability
	Methodological details

	Results
	Discussion
	Conclusion

	Exploring resilience with agent-based models: state of the art, knowledge gaps and recommendations for coping with multidimensionality4
	Abstract
	Introduction
	The multiple dimensions of resilience
	Literature review
	Methods
	Results
	Stability properties
	Specific situations
	Resilience mechanisms

	Discussion

	Discussion and recommendations
	Conclusion

	Discussion and outlook
	Main results
	Limitations
	Perspectives
	Managing asynchrony
	Agent-based models to identify transformative pathways towards resilient farming systems
	Conclusion


	Appendices
	References



