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A B S T R A C T

The ‘Anthropocene’ concept provides a conceptual framework which encapsulates the current global
situation in which society has an ever-greater dominating influence on Earth System functioning.
Simulation models used to understand earth system dynamics provide early warning, scenario analysis
and evaluation of environmental management and policies. This paper aims to assess the extent to which
current models represent the Anthropocene and suggest ways forward. Current models do not fully
reflect the typical characteristics of the Anthropocene, such as societal influences and interactions with
natural processes, feedbacks and system dynamics, tele-connections, tipping points, thresholds and
regime shifts. Based on an analysis of current model representations of Anthropocene dynamics, we
identify ways to enhance the role of modeling tools to better help us understand Anthropocene dynamics
and address sustainability issues arising from them. To explore sustainable futures (‘safe and operating
spaces’), social processes and anthropogenic drivers of biophysical processes must be incorporated, to
allow for a spectrum of potential impacts and responses at different societal levels. In this context, model
development can play a major role in reconciling the different epistemologies of the disciplines that need
to collaborate to capture changes in the functioning of socio-ecological systems. Feedbacks between
system functioning and underlying endogenous drivers should be represented, rather than assuming the
drivers to be exogenous to the modelled system or stationary in time and space. While global scale
assessments are important, the global scale dynamics need to be connected to local realities and vice
versa. The diversity of stakeholders and potential questions requires a diversification of models, avoiding
the convergence towards single models that are able to answer a wide range of questions, but without
sufficient specificity. The novel concept of the Anthropocene can help to develop innovative model
representations and model architectures that are better suited to assist in designing sustainable solutions
targeted at the users of the models and model results.

ã 2015 Published by Elsevier Ltd.

11 1. Introduction

12 The passage into the 21st century witnessed much debate and
13 reflection on the relationship between humanity and the earth
14 system. Most influentially, Crutzen and Stoermer (2000) argued
15 that the cumulative effect of human activities on planetary scale
16 processes has become so large as to warrant a new geological

17epoch. They suggested that the rise in greenhouse gases observed
18in ice cores from the start of the industrial revolution, some
19250 years ago, heralded the start of the Anthropocene. The
20implication – that humanity was exerting an impact on ecosys-
21tems, ecological processes and biogeochemical cycles at planetary
22scales – focused attention on global environmental change
23research, particularly the scientific frameworks that would enable
24engagement with the growing complexity of interactions and
25feedback mechanisms. One conclusion was that appropriate policy
26and decision-making demanded much higher levels of scientific
27understanding, assessment and modelling if future human-
28environment interactions are to be anticipated correctly. Q2
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29 The implications of the Anthropocene concept reach far beyond
30 the definition of a recent geological epoch characterized by human
31 impacts on biogeochemical and biophysical processes. The Earth
32 System perspective demands an understanding of both the system
33 and human-derived forces and impacts on planetary processes.
34 The Anthropocene essentially defines the growth of nested social-
35 ecological systems where human-environment interactions are
36 not only bi-directional but reach across different space and time
37 scales. In this sense, the relevance of complexity science to a new
38 understanding of human-environment interactions becomes
39 apparent. The turn of the century also saw the International-
40 Geosphere-Biosphere Programme (IGBP) community propose a
41 ‘second Copernican revolution’ in our understanding of the Earth
42 System (Schellnhuber, 1999), drawing upon complexity science to
43 argue for a new generation of intermediate complexity simulation
44 models that could simulate coupled human-environment relation-
45 ships. The Amsterdam Declaration in 2001 extended these ideas to
46 include the possibilities of threshold-dependent changes and
47 tipping points (Moore et al., 2001). As IGBP and the GEC programs
48 transition into the Future Earth program these ideas/foundations
49 now advance to extend the inclusion of social dynamics and new
50 forms of collaboration with model users and stakeholders.
51 The first model formulation at the scale of the Anthropocene
52 and its interpretation are now over 40 years old with World3 and
53 Limits to Growth, sponsored by the Club of Rome (Meadows et al.,
54 1972); which was based on systems dynamics models of the Earth
55 system developed by Forrester (1971). Despite the simplification of
56 key global elements, these models embedded a large number of
57 feedback loops in order to attempt useful simulations of human-
58 environment interactions over many decades. World3 was used to
59 explore different scenarios and how such scenarios differ giving
60 different assumptions, rather than produce a particular prediction.
61 At the time of publication, the World3 model was subjected to
62 pointed critique (Cole, 1974). Yet the ‘reference run’ of World3 has
63 been shown to produce a reasonably good fit to the empirical data
64 since 1972 (Turner, 2008). World3 results highlight the growing
65 risk of environmental degradation impacting catastrophically on
66 the global population by the mid-21st century. Since the 1970s,
67 there have been tremendous leaps in our understanding of
68 biophysical aspects of the Earth system, some of which have
69 come as a result of our ability to employ numerical methods on
70 high performance computing platforms. As a result, several large
71 integrated assessment models for global sustainability were
72 developed and used to inform major science-policy reports (Hu
73 et al., 2012; Meller et al., 2015; Schmitz et al., 2012). These
74 modelling efforts underline the importance of dynamism and
75 complexity as a defining property of the Anthropocene.
76 Unprecedented rates of change, complex interactions and new
77 boundary conditions produce new challenges for managing con-
78 temporary social-ecological systems. Not least, static indicators of
79 environmental change are now accepted as insufficient to under-
80 stand the impacts of changing conditions (Jackson et al., 2009).
81 Modelling the dynamical relationships between social, and environ-
82 mental phenomena is increasingly demanded as part of the evidence
83 base for making appropriate management decisions. We now have
84 the challenge of moving from science-discovery questions to
85 solution-driven questions; from questions related to the functioning
86 of specific systems (process-response relationships, thresholds,
87 tipping points, early warning signals and connectivity), to questions
88 related to management (adapting to future climate change,
89 identifying the unintended consequences of specific actions, or
90 maximizing social-ecological resilience). The management ques-
91 tions can often only be answered through models that successfully
92 capture, and develop from, the former science-discovery questions.
93 Models that combine both are conceptually and technically difficult
94 to develop, and there remains a tendency towards models designed

95to address management concerns while ignoring feedbacks, thresh-
96olds and spill-over effects (Maestre Andrés et al., 2012; Nicholson
97et al., 2009) or the inverse, models describing the socio-ecological
98dynamics without any direct relevance to decision-making or
99management.
100There are many roles both for science and management driven
101models, for example, participatory and learning tools, ex-ante
102assessment of alternative actions, predictions and projections, and
103solution-oriented use. Since 1988, the Intergovernmental Panel on
104Climate Change has arguably done more than any other organiza-
105tion to instil in the minds of non-scientists the potential for science
106to project likely environmental conditions over several decades.
107Despite the current political or anti-science impasse, global
108climate models for at least 20 years have provided key information
109to public or political debates. The result is a widespread view that
110similar integrated and scenario-driven models for coupled social-
111ecological systems could also be readily available to aid decision-
112making. Associated problems of parameterizing social dynamics,
113such as individual behaviour, governance and macro-economic
114shifts, are profound and probably intractable over the near future
115(Silver 2012). Complex dynamical systems are inherently unpre-
116dictable—especially when they include humans. At the same time,
117the ability of a model to simulate reality, and provide consistent
118output results remains a key goal if Anthropocene models are to be
119useful.
120This paper aims to assess the extent to which current models
121represent the Anthropocene. If humans have become important
122drivers of Earth system processes then how can we develop a new
123generation of models that put behaviour and social processes into
124the machine? How can we avoid models of models that we can no
125longer understand, or interrogate, or trust? What are the
126appropriate levels of abstraction and representation given the
127questions we seek to address? The paper begins with a description
128of the different uses of models in science-discovery and in the
129practice of policy formulation and environmental management.
130Based on the needs of the Anthropocene we next critically review
131the strengths and limitations of current models. Then we identify
132ways to better adapt our models to the issues identified and
133advance on the one hand the relationship between modellers and
134the users of models, and on the other the technical/design aspects
135of models.
136This article is part of a special issue of Global Environmental
137Change on “the Anthropocene”. The special issue represents a
138collaborative effort between the International Geosphere Bio-
139sphere Program (IGBP) and International Human Dimensions
140Program (IHDP) to develop an integrated natural and social science
141perspective of the Anthropocene. Thus, these articles provide
142forward-looking syntheses aiming at informing socio-ecological
143systems research on global change and the Future Earth program.

1442. Uses of models and simulations

145A multitude of models are available that represent aspects of
146global environmental change. Models differ in scope, purpose and
147structure. Most models are designed in response to either a science
148question or a management question, to address a specific spatial
149and temporal scale and consider varying aspects of the Earth
150System as exogenous to the model representation. In terms of
151purpose, such models offer us a simplified understanding of
152complex system functioning, extending our capacity to study
153system dynamics. In this perspective, models provide for a virtual
154laboratory from which to study dynamics of real-world systems,
155where experimentation is otherwise difficult (Magliocca et al.,
1562013). In many research projects models act as a platform for
157integration of findings of different research groups, requiring a
158structured and quantified specification of individual relations and
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159 information exchange between team members from different
160 disciplines (Parker et al., 2002). By comparing model simulations
161 with data over a known period, the capacity of the model to
162 represent observed real-world dynamics provides scientists with
163 insight into the extent that representations and simplifications of
164 the system are successful. Model building and validation are, in this
165 sense, learning tools to iteratively improve our understanding and
166 representation of the dynamics or behaviour of a real world
167 system. The model spectrum ranges from models of reduced
168 complexity, to models that include as many processes and
169 elements that computational resources allow. Models address
170 very different kinds of physical and social processes depending on
171 the time scale, such as in the case of the climate models that are
172 used in IPCC Assessments (Intergovernmental Panel on Climate
173 Change, 2013) and the weather models employed by the World
174 Weather Research Program. A review of part of the range of
175 integrated modelling techniques aimed to address regional and
176 global environmental change is provided by Kelly et al. (2013).
177 Some models are used to support management and policy
178 decisions, sometimes framed as decision support. However, the
179 differences in questions posed by different stakeholders often
180 require different types of models. In a review of land use models,
181 Brown et al. (2013) note that different model types and model
182 structures address different phases of the policy cycle or
183 environmental management decisions (Fig. 1). Scenarios are used
184 to explore the possible outcomes of uncertain (societal) develop-
185 ments. Such simulations are important in raising policy issues and
186 creating societal awareness of possible future challenges. Scenarios
187 are used to capture some of the assumed range in uncertainty of
188 major drivers of global environmental change such as population,
189 economic development and policy. The models that supported the
190 Club of Rome report (Meadows et al., 1972) and the scenario
191 studies of the IPCC (van Vuuren et al., 2008) and the Global
192 Biodiversity Outlook (Pereira et al., 2010) are good examples of this
193 type of model application. In a policy design phase, models can
194 play a role in designing possible solutions, e.g. the optimal
195 allocation of resources or localization of protected areas (Pouzols
196 et al., 2014). In these cases, models are goal-oriented and often use
197 optimization techniques to design solutions accounting for present
198 and future boundary conditions set by the socio-ecological system
199 (Seppelt et al., 2013). Although such models can account for the
200 constraints associated with the implementation of the prescribed
201 ‘optimal’ management, they do not provide insights in the pathway
202 to achieving these outcomes and are often difficult to align with
203 real-world decision processes. Maybe more importantly, by
204 making simulations they can support target-setting by analysing
205 the trade-offs resulting from alternative ‘optimal’ management
206 strategies. Often clear visions of what is a ‘good Anthropocene’ are

207lacking and different stakeholders may have conflicting objectives.
208Visualizing the outcomes of optimized outcomes can help to
209discuss and revise targets.
210Alternatively, models can be used to investigate the effective-
211ness and unintended consequences of proposed policy measures
212through ex-ante assessment (Helming et al., 2011). Such models
213require a detailed specification of the impact and uptake of policy
214measures on human behaviour, often focusing on shorter, policy-
215relevant, time frames than scenario models. Especially economic
216and sector-based models are dominant here as the economic
217consequences and cost-benefit assessment of the proposed
218measures are essential in decision making. Finally, ex-post
219evaluation can combine monitoring with econometric models to
220evaluate the effects of the implemented policies or management
221practices (Joppa and Pfaff, 2010).
222The different spatial and temporal scales of the processes
223modelled and mode of decision-making addressed require models
224to be different in terms of the domain they address, the
225simplifications made in representing the real-world and the
226model structure itself.

2273. Strengths and limitations of current models to address
228Anthropocene dynamics

229Anthropocene dynamics require models to connect social and
230biophysical dimensions of the Earth System in terms of complex
231system dynamics, i.e., the feedbacks and dynamics between the
232social and natural system components that lead to changes in
233system functioning (Costanza et al., 2007). Here the Anthropocene
234is characterized by strong links across spatial and temporal scales.
235Local decisions have global impacts and global change affects local
236places and people in different ways. Phenomena occurring over
237long time-scales impact on decision-making and policy at much
238shorter time scales and vice-versa, installing path dependencies
239that are not always explicitly understood. Appropriate models
240must reconcile different spatial and temporal scales. Finally,
241dealing with Anthropocene problems requires models that offer
242insights into the questions posed by a range of stakeholders, and
243address the concerns of policy makers and society as a whole. How
244do current models handle these issues and address the questions of
245the Anthropocene? In Table 1 we have provided a strongly
246generalized characterization of how (a selection of) existing model
247types deal with exactly these aspects of socio-ecological systems
248behaviour in terms of their actual characteristics and potentials.
249This overview shows the differences between model categories,
250but also the overall weaknesses in addressing these aspects. In the
251following we discuss these in more detail.

Problem
identification

Policy design

Policy
implementation

Policy
evaluation

P
olicy decision

Target-setting

Exploratory scenario
simulations

Goal-oriented
modelling

Ex-ante
assessment

Ex-post
assessment

Fig. 1. Differential roles of models in policy and management design and implementation.
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252 Models are considered a manifestation of our scientific
253 knowledge (or lack thereof) and our technical capacity in terms
254 of modern computational science. Based on progress in both fields
255 in recent decades, models have been advanced to represent our
256 increasing understanding of the Earth system. Major advances
257 have been made in including the increased understanding of
258 atmospheric processes in climate and weather models (Hazeleger
259 et al., 2015), the role of international trade policies in economic
260 models of trade flows between world regions (Hertel, 2011) and in
261 representing social interaction and governance in multi-agent
262 models of local to regional socio-ecological systems (Filatova et al.,
263 2013). Increases in computing performance have facilitated the
264 ever-increasing addition of detail and complexity within models.
265 At the same time, the increasing complexity of these models, often
266 focused on specific aspects of the Earth system, has limited their
267 applicability to support policy processes that require the
268 integrated analysis of multiple aspects of the Earth system at
269 the same time, (e.g. the interactions between climate, water
270 availability, agricultural production, trade and food security).
271 Reduced-complexity models such as integrated assessment
272 models have been developed to capture a broader aspect of the
273 Earth system dynamics, either by using simplified representations
274 of the different Earth system components or by facilitating the
275 exchange of information with more complex models. van Vuuren
276 et al. (2012) proposed the coupling of integrated assessment
277 models that represent human-environment interactions with
278 more detailed Earth System models that simulate the biophysical

279processes in vegetation, water and atmosphere. Integrated
280assessment models are able to address feedbacks between system
281components. However in many cases, a simple, hierarchical, flow of
282information between model components is assumed and many
283underlying drivers of the system are exogenously defined by
284scenario assumptions or specialized models. Feedback between
285impacts and the underlying drivers of changes in socio-ecological
286systems are seldom addressed.
287Examples of coupled analysis with integrated assessment
288models include the analysis of shifts in agricultural production
289calculated by General Equilibrium Models of the agricultural
290economy on production patterns and subsequent emissions of
291greenhouse gases from agriculture under scenarios of assumed
292economic growth (Hertel et al., 2014). Feedbacks as a result of
293climate change on the economy are often ignored in such
294assessments; these would necessarily require dynamic feedback
295between different Q3models or model components (Dellink et al.,
2962014). Most integrated assessment models distinguish between
297the “environmental” and the “social” subsystems of the overall
298socio-ecological system, and the connections between the two are
299conceived simply. Moreover, due to lack of quantitative under-
300standing of the social system most models reduce the social system
301to economic modelling assuming rational decision-making. In
302reality the environmental and social “subsystems” do not exist
303independently. We have to deal with one single, massive system in
304which environmental and societal dynamics coexist and impact
305upon each other in multiple dimensions and ways, and at a

Table 1
Generalized representation Q6of the capacity and performance of broad model categories in terms of key indicators relevant to Anthropocene dynamics.

Generic model
category

Notable model
types

Coupling Scales Data and
computing

Complex dynamics Policy tools Validation and skill

Deterministic
process-based
biophysical
models

Global Climate
Models.
Earth System
Models.

Low potential;
social subsystem
often represented
by plausible
pathways and
emission
scenarios.

Mainly global
(20–200 km
resolution) and
long (decadal)
timescales.

Large data and
computing
requirements.

Theoretically capture
feedbacks and emergence
in biophysical processes.
Lack of feedbacks with
other (socio-ecological)
system components.

Limited
because of
high
complexity.
Scenario
results are
input in inter-
governmental
processes.

Difficult to validate.
Comparisons against
historical data and
model inter-
comparisons are
common.

Deterministic
economic models

General and
Partial
Computational
Equilibrium
Models.

One way coupling
in which
biophysical
subsystem often
reduced to climate
effect on the
agricultural sector.

Regional to
global. Often
limited spatial
detail (world
regions);
timescales often
limited to several
decades.

Large data and
computing
requirements.

Feedbacks only accounted
for through market
mechanisms.

Dominant use
in ex-ante
assessment of
policy
instruments.

Difficult to validate.
Comparisons against
historical data are
scarce while model
inter-comparisons are
common.

Reduced-
complexity
social-ecological
models

Integrated
Assessment
Models.
Earth system
models of
intermediate
complexity
(EMICs).
System
dynamics
Models.

Moderate
potential but
biophysical and
social sub-models
often simply
coupled in an
integrated model
environment.

Regional to
global scale with
decadal to sub-
decadal
timescales.

Somewhat
reduced data and
computing
requirements.

Top-down usually lacking
feedback or emergence
(some EMICs can simulate
tipping points and abrupt
changes). Social
subsystem often reduced
to profit optimization or
simple heuristics.

Scenario
results are
aimed at input
into policy
processes;
models used
for ex-ante
assessment.

Limited as above.
EMICs tested against
palaeo-climatic
records (e.g., ice core
data).

Agent-based social
–(ecological) and
cellular (social)-
ecological
models

Agent-based
models (ABM),
Land use
change models

High potential but
not frequently
implemented.

Generally local to
regional scale
and relatively
short timescales
with often
annual
resolution.

Rule based.
Strong variation
in data and
computational
needs. Strongly
relying on either
theory or
empirical data.

System level dynamics
often emerge as a
consequence of low level
interactions and
feedbacks.

Limited
application,
but examples
of
participatory
use exist.

Either based on ability
to reproduce pattern
and dynamics or
particular empirical
data. Increasing focus
on validation of
system behaviour.

Simple toy social-
ecological
models

Conceptual
models, games

Highly variable but
high potential.

Any scale Mostly low. No
use of empirical
data.

Able to simulate complex
dynamics but with over-
simplified assumptions.

Low potential.
Learning tools.

Mostly not applicable.
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306 multitude of scales. The early World3 models attempted to
307 simulate continuous, emergent paths using a large number of
308 contemporaneous feedback loops. Integrated assessment type-
309 models do not simulate the path to a defined scenario but rather
310 ‘calibrate’ the modern system to the boundary conditions for a
311 given scenario based on the projection/modelling of major drivers
312 (e.g. climate, population, land use, global economy etc.). Some of
313 these approaches seem to prioritize the modelling of the drivers
314 over the definition and operation of interactions within the socio-
315 ecological system. We increasingly acknowledge the fact that
316 socio-ecological systems are interacting, adaptive entities gov-
317 erned by feedback mechanisms – and use this in a number of ways
318 to inform management (e.g. through resilience theory). Imple-
319 menting feedbacks in integrated models is not necessarily
320 technically challenging. Packages such as STELLA, Vensim and
321 Netlogo afford the user the ability to design and find numerical
322 solutions for complex models that feature multiple elements and
323 interactions. What limits such activities is typically model
324 validation and interpretation of results. Such difficulties not only
325 limit the predictive capabilities, but also constrain the assessment
326 of the ways in which resilient solutions and adaptations to
327 changing conditions can best be achieved.
328 Socio-ecological models are built based on our understanding
329 of real-world systems, grounded in physical laws for the
330 biophysical components, and economic theory and observations
331 for the socio-economic system components. It is likely that as
332 socio-ecological systems change through time new interactions
333 produce new system properties, conditions and states through the
334 process of emergence. Social systems are fundamentally adaptive
335 systems. Human behaviour can and indeed does change over time
336 and such changes can be a result of impacts from biophysical
337 processes that humans have previously interacted with. Since we
338 are concerned about the future of these systems it follows that any
339 research approach should try to capture emergent or evolutionary
340 changes through time if it is to provide potentially realistic and
341 useful findings. Hence, the use of direct cause-and-effect
342 explanations through multivariate statistics of available datasets
343 has to be tempered with the knowledge that the way a system
344 responds to a potential driver is likely to change with time because
345 the network structure and interactions are unlikely to stay
346 constant. When considering new climate-driven river regimes,
347 the next global financial crash, the long-term vulnerability of
348 deltas, or future lake tipping points, the responses in the system
349 that we see are at least partly contingent on the system's history.
350 Major events such as disasters are difficult to predict, but possible
351 to represent with current models, particularly when the focus is on
352 average responses rather than extreme values (Kaufman, 2012).
353 Socio-economic responses after such events may render the
354 behavioural assumptions of the models invalid.
355 Validation of a model is good modelling practice, but is seen as
356 an extremely complex challenge for integrated and complex
357 system models (Parker et al., 2002). Procedures for evaluation and
358 validation are rarely rigorously applied to the global-scale
359 integrated assessment models used to inform major global
360 assessments due to the lack of consistent time series of empirical
361 data. Guidelines for structuring the assessment process of
362 integrated assessment models have been proposed (Bennett
363 et al., 2013). They include not only the evaluation of final model
364 outputs but also the appropriateness of the model for its particular
365 use and the chosen model structure and specification (Jakeman
366 et al., 2006). Model validation often proceeds on the basis of model
367 calibration so that it is able to reproduce phenomena for which
368 there is reliable empirical data. A physical example of model
369 validation would be a General Circulation Model’s ability to
370 reproduce historical weather data over a certain period of time.
371 The central assumption, is that if the model output is within a

372sufficiently small error margin to empirical data, then the model’s
373skill in producing predictions will be high. However, the
374equifinality thesis (Beven, 2006) is an important guard rail against
375ascribing excessive confidence in a model's predictive skill.
376Equifinality is the principle that the outcome of a system can be
377achieved in more than one way—there many routes up to the top of
378the mountain. In a modelling context, equifinality should warn us
379against assuming that because a model is able to produce output
380that fits empirical data, it’s structure and parameterisation is the
381most appropriate with respect to either understanding the
382processes and dynamics of the target real world system, or that
383the model will produce useful predictions when certain assump-
384tions or starting conditions are altered. The need to evaluate the
385structure of the model has especially been argued for by agent-
386based modellers that have replaced strongly simplified represen-
387tations of human decision making by more diverse and complex
388decision making structures and interactions between decision
389makers (Messina et al., 2008; Rindfuss et al., 2008). Rather than be
390driven by questions such as: what will this system do in the future,
391agent based models may strive to understand why social systems
392produce currently observed behaviour. While sometimes coming
393at the cost of predictive ability over the short time periods used for
394standard model validation, these models may shed more light on
395the system response to changes that are outside the range of
396change on which the models have been calibrated (Castella and
397Verburg, 2007). Alternative ways of model validation and
398evaluation may not come at the cost of assessing accuracy and
399precision (or truth and repeatability) of models. The ability of a
400model to simulate reality, and the probability of getting consistent
401output are a key feature of any useful model. At the same time, the
402need for validation and sensitivity analysis and lack of appropriate
403validation data should not constrain the development of novel
404approaches that are not easily validated based on available
405empirical data. Models should not solely be judged based on their
406capacity to reproduce short-term patterns (Cooke, 2013). As
407science grapples with systemic or holistic analyses the idea that
408everything we need to know is ‘measurable’ and ‘testable’ is
409becoming a barrier to understanding socio-ecological systems. Not
410only are there critics of rigorous significance testing, but the lack of
411data (length, resolution) may often preclude the direct mathemat-
412ical/statistical analysis of real world systems.

4134. Modelling the Anthropocene: directions for a new generation
414of Socio-Ecological Earth System Models

4154.1. Reconciling epistemologies

416A number of challenges remain in the modelling of socio-
417ecological systems. First among these, and relatively rarely
418touched upon, is the fact that the data brought together in many
419models have been collected by different disciplines, and different
420schools within each discipline concerned, and often for different
421purposes. They have been collected with different questions in
422mind, different disciplinary epistemologies, different methods and
423techniques. This is both a current and a growing problem, as ever-
424limited research funding forces us to rely on historical data. We
425need to develop the practice of systematically extending the meta-
426data commonly included in databases, to include (1) the questions
427the data were trying to answer, (2) the methods and techniques
428used in collecting and in analysing them, (3) the sampling, units of
429observation, and units of analysis associated with the data, (4) the
430working hypotheses involved in the research, and (5) a statement
431about the epistemological status of the information derived from
432the data.
433This challenge is particularly relevant in the current context, to
434merge natural science (systemic) models with social-science
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435 theory, towards the creation of socio-ecological models. In many
436 instances, the contribution of the humanities and (some) social
437 sciences, such as anthropology, cannot easily be integrated into
438 such models. This may be a question of scale, where the data
439 collected by the social sciences is so detailed that it is difficult to
440 generalize from them, and the disciplines concerned have,
441 therefore, focused on individual case studies and instances rather
442 than systemic approaches to distil generalities. It may be a
443 question of profound differences between the epistemologies of
444 the [universalist] natural sciences that have promoted modelling
445 and those of context-based social sciences. The latter have
446 emerged in most countries as a response to specific situations,
447 and have therefore developed methodological and technical as
448 well as epistemological biases that are specific to the communities
449 that carry these disciplines and the issues they are interested in. In
450 particular, many build their analyses and interpretations ‘bottom
451 up’, around individual cases, rather than using the systems
452 framework as an integrative tool. Over the last twenty years,
453 some of these differences have been stressed in terms of opposing
454 non-positivist humanistic social sciences and the positivist
455 approaches of the natural sciences, thus limiting the involvement
456 of a significant sector of the social sciences in (complex) systems
457 perspective used in socio-ecological system models. This dichoto-
458 my, however, is slowly given way to a more multiform, dialogic
459 conception of science in which a diversity of approaches, anchored
460 in different traditions, propose different trajectories forward that
461 are based on the different values and epistemologies of the cultural
462 and scientific traditions involved (Tengö et al., 2014). From that
463 perspective, Castree and colleagues have made an appeal to build a
464 bridge between the GEC modelling sciences and those that directly
465 study the everyday human experience under different conditions
466 (Castree et al., 2014). Often, the argument against that is that this
467 moves science (and in particular sustainability science) away from
468 its ‘objective', a-political position and that this will in the end
469 reduce the credibility of the work done and the conclusions arrived
470 at. Once one realizes that science may ‘objectively' be answering
471 certain questions, but those questions are themselves subjective,
472 culturally and socially determined, that argument loses much of its
473 attractiveness. Whether we like it or not, our science is socially,
474 culturally and politically anchored. Stirling (2010) proposes to link
475 the different disciplinary traditions by constructing building
476 specific ‘values-means-ends’ packages. “These are proposals about
477 possible technical and behavioural pathways framed by different,
478 although equally legitimate, conceptions of the ‘good society’. In
479 turn, these yield their own definitions of what ‘problems’ need to
480 be addressed in the first place and what kinds of evidence can
481 speak to them” (Castree et al., 2014). Models can be used as tools to
482 support the design and evaluation of such pathways. In a more
483 traditional manner models can evaluate the impacts and
484 consequences of pathways using scenarios or quantifications of
485 the problems to be addressed. However, in this mode, most current
486 models are likely to fall short as the pathways may include
487 behavioural changes violating many of the assumptions embedded
488 in model structures. Agent Based Modelling (ABM) is a well-
489 established methodology for modelling purely biophysical and
490 socio-ecological systems (Grimm et al., 2006). In ABM human's
491 either at individual or community level can be represented as
492 agents that behave in accordance to a set of rules. Agents interact
493 with and affect biophysical aspects of their environment.
494 Algorithms that allow rules to change over time can capture
495 adaptive elements of human behaviour. Insight into such
496 behavioural changes can help test the system response to such
497 behavioural changes. Alternatively, models may be used in ways
498 that we characterized as goal-oriented modelling in section 2 of
499 this paper. Here the goals are set by the alternative conceptions of a
500 good society (or ‘good Anthropocene’) and models are used to

501explore a range of pathways towards those, either by backcasting
502or by the simulation of a range of scenarios and options to identify
503which of those bring us closer to the stated conceptions of a good
504society. Evolutionary computation approaches such as Genetic
505Algorithms (GA) have been shown to be effective in finding optimal
506solutions in high dimensional search spaces (Holland, 1992). An
507example GA approach would involve a ‘population’ of different
508scenarios being evaluated in terms of ability to produce desirable
509outcomes. Small changes or ‘mutations’ to successful scenarios
510allow incremental search towards optimal solutions. When
511normative visions and goal setting are combined with objective
512simulations based on our understanding of system functioning we
513can identify the leverage points, problems and barriers to
514achieving such vision. Although pleas have been made to use
515models in such ways, few actual examples are available in the
516literature (Castella et al., 2007; Seppelt et al., 2013). Besides
517providing options towards solution-oriented use of models such
518approaches provide options to combine positivist and non-
519positivist approaches and may thus assist in the process of
520reconciling epistemologies.

5214.2. Moving beyond conceptual models

522Much research effort is devoted to the description of socio-
523ecological systems in terms of causal frameworks or systems
524diagrams that conceptualize the interactions between different
525system components. There are many examples of conceptual
526frameworks which have successfully supported interdisciplinary
527research, for instance serving as platforms for theoretical
528integration and multi-scale collaborative research (Ostrom,
5292011) or collaborative global assessments (MEA, 2005). There is
530no doubt that their development is an essential part of any
531research approach. But our view is that they are granted too much
532importance in terms of their role in understanding how a system
533works, in forming a basis for modelling or even in deciding the
534sequence of research steps. Some causal frameworks (e.g. DPSIR)
535seem to have gained elevated status as ‘official’ models in certain
536quarters, yet can be quite deficient (e.g. using overly rigid
537definitions) (Maxim et al., 2009; Svarstad et al., 2008). Conceptu-
538alizing the real world is important, but we perhaps should
539remember that more often than not we are simply producing lists
540of key elements with probable links, and emergence tells us that
541these may all change through time. Frameworks and conceptual
542models should be treated as first steps in creating hypotheses that
543could be tested via a suite of tools and methodologies: they have
544limited value in their own right because they are the means to an
545end.
546Similar considerations apply to ‘integrated modelling plat-
547forms’; there are many such frameworks claiming to be easily
548applicable to many problems/re-usable (Bazilian et al., 2011). In
549practice the re-use of these frameworks is very limited (Granell
550et al., 2013). Such structures can be useful in particular instances,
551but should not enforce a standardized research approach; the
552questions to be answered with the models are variable and
553dynamic. Too often, the same integrated assessment modelling
554approaches are used as a standard approach to make global-scale
555assessments, irrespective of the question: climate change,
556biodiversity decline, or the general state of the environment.
557Although such models may have a generic set-up, they are often
558not well suited for addressing a specific problem or question and
559we should avoid defining our research questions by the structure of
560a (conceptual) model rather than focusing on the societal questions
561as these are emerging. The tail should not wag the dog! Any model
562building or application should start with a clear rationale for the
563choice of a particular model approach or system conceptualization
564based on the questions and hypothesis of interest. Overall, the
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565 design of conceptual models and the structure of modelling
566 frameworks should be used as a tool to structure our current
567 understanding of the system, rather than as a way to develop
568 theory on socio-ecological systems. Both conceptual and opera-
569 tional models should easily adapt to new understanding and
570 different applications rather than being fixed to a conceptual
571 model that has become a paradigm.

572 4.3. Modelling safe and operating spaces

573 A significant development in recent global environmental
574 change research has been the concepts of planetary boundaries
575 and safe operating spaces for humanity (Rockstrom et al., 2009;
576 Steffen et al., 2015). The concepts focus primarily on identifying the
577 critical limits or thresholds for major biophysical variables that
578 steer the climate, biosphere and hydrological systems that
579 underpin social wellbeing. For planetary boundaries, the approach
580 has relied mainly on expert judgment based to some extent on
581 earth system models and supported with time-series of global
582 conditions, such as temperatures. At regional scales, identifying
583 the proximity to critical limits has been attempted using a formal
584 definition of system behaviour observed in time-series (Dearing
585 et al., 2014) but the predictive value is low. In contrast, some large-
586 scale climate models appear to show sufficient skill to simulate the
587 conditions under which future critical transitions may occur. For
588 example, the shutdown of the North Atlantic thermohaline
589 circulation (Hawkins et al., 2011) as a result of salinity changes
590 caused by the melting Greenland ice cap. This is one of a number of
591 potential climate-related tipping points that have been identified
592 (Lenton et al., 2008). But modelling safe operating spaces in the
593 Anthropocene to a level that can inform policy thinking will
594 require information about the desirable and undesirable develop-
595 ment paths for humanity at a range of spatial scales. For global
596 scale climate conditions, such paths are represented in global
597 climate models by representative concentration pathways (RCPs)
598 for greenhouse gas emissions, but these do not map on to specific
599 combinations of population, economics and ecology. At regional
600 scales, integrated assessment models are often not configured with
601 appropriate feedback mechanisms to generate system instability
602 or critical transitions. Therefore there is a gap between over-
603 simplified toy models that can simulate complex social-ecological
604 change at global scale (e.g (Motesharrei et al., 2014) and global
605 climate models that can capture complexity but only for the
606 climate system. To inform the discussion on safe and operating
607 spaces, there is a need for a new suite of models that moves away
608 from the conventional approach of driving models in the light of
609 particular scenarios forward in time, and instead focuses on stable
610 and unstable social-ecological dynamics associated with alterna-
611 tive development pathways.
612 We envisage models that could be driven by combinations of
613 different social and biophysical variables representing different
614 socio-economic paths. The models would simulate continuous,
615 emergent phenomena with metrics for system instability, for
616 example the time at which the system shows heightened
617 sensitivity to impacts or when the system begins to break down.
618 This would also afford us the opportunity to conduct early warning
619 signal analysis of model output. The models should be capable of
620 simulating total social collapse (or at least producing dynamics
621 that are moving model output into regions significantly beyond
622 any particular stable state) but the warning signs of transitions are
623 the rationale boundaries. Such simulations would enable a
624 definition of the boundaries for ‘safe operating spaces’ within
625 model parameter space and by extension the proximity of modern
626 real world systems to future boundaries. Inclusion of social
627 preferences and norms in the social-ecological pathways would
628 allow definition of ‘safe and just operating spaces’ (Dearing et al.,

6292014; Raworth, 2012). Thus, we would not only include social
630processes in Anthropocene models in a response to epistemologi-
631cal concerns – humans have to be in the machine in order for it to
632function correctly and so give us reliable knowledge about nature –
633but also to enable the use of models to inform normative
634discussions. Explicitly including social processes in Anthropocene
635models allows us to quantitatively explore notions of justice and
636fairness in the context of a global civilization.

6374.4. Feedbacks and emergent properties

638In building the kinds of models we need for the Anthropocene,
639we lack the systematic integrated, trans-disciplinary and in depth
640knowledge of the feedbacks between the different parts of socio-
641environmental systems. This lack of knowledge can be attributed
642to the long, relatively independent history of most of the
643disciplines involved. At the same time, feedbacks are often
644intractable—in the sense that they cannot easily be observed or
645measured. In designing (conceptual) approaches to address
646feedbacks between the natural science components of models
647and social science modules, the issue of scales comes to the
648foreground. The natural, earth and life sciences have in the context
649of GEC essentially gathered information at local and regional scales
650and synthesized it to develop models to predict patterns globally.
651For example, local measurements of nutrient export by numerous
652rivers in combination with watershed properties are synthesized
653to develop models that predict nutrient export by rivers around the
654world (Billen et al., 2013). Global models often focus on predicting
655general patterns at regional scales, but are not designed to address
656dynamics at local scales (Verburg et al., 2013). The social sciences
657and humanities have gathered their information, and synthesized
658it, at the local scale. Much decision-making and action are at the
659local scale, and requires ex-ante assessment. At the same time the
660necessary local scale information is often not available, and there
661can be cross-scale feedbacks that require models that incorporate
662those scalar issues. There is thus a need for ways to downscale
663(provide higher resolution) environmental information, and to
664upscale the information on societies. The former is complex
665enough, but inroads are being made in that domain. The latter is
666much more difficult and probably demands substantive methodo-
667logical development beyond simple statistical aggregation. Prog-
668ress has been made in synthesizing the results of local studies
669worldwide through meta-analysis which aims to find general
670patterns across cases and the role of context in specific case-study
671results (Magliocca et al., 2014). However, in the effort of making
672case-study results comparable, a lot of the richness and specificity
673of the research is removed leading to a high level of abstraction.
674Examples of the use of meta-studies to inform global scale models
675are still scarce, but there is a lot of potential (Alkemade et al., 2009;
676Magliocca et al., 2015).
677When producing representations of real-world systems, we are
678motivated to abstract away complexities in exchange for tractabil-
679ity. Significant model complexities arise via feedback loops. A
680affects B which affects C which affects A. The challenge is to
681incorporate such feedbacks while keeping models computational-
682ly tractable and where possible transparent in terms of providing
683insights and understanding of the processes responsible for model
684behaviour. All models face two central challenges. First, model
685structure – what are the important processes to capture? Second,
686parameterization – how are processes represented mathematical-
687ly, what are the functional relationships between model compo-
688nents?
689The overwhelming number of possible feedbacks in complex
690systems can cause our models to become overly complex
691(‘Integronsters’) (Voinov and Shugart, 2013). Feedbacks make
692models extremely sensitive to error propagation in which small
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693 deviations in initial parameters can lead to large system-wide
694 changes, especially in the case where the feedback is reinforcing
695 itself. Such sensitivity to initial conditions can give rise to
696 deterministic chaos. At the same time, feedbacks are difficult to
697 measure in reality and parameterization of models is therefore
698 extremely difficult (Verburg, 2006). The challenge is to identify
699 those feedbacks that are important for the system dynamics and
700 that have the possibility to change system outcomes. Those
701 feedback mechanisms that enable the propagation of positive
702 impacts of measures are also important. Many of these are found in
703 the societal system, such as environmentally friendly behaviour
704 and emerging environmental governance systems. More complex-
705 ity is added as result of the emergence of new feedback loops. The
706 emergence of new feedback loops is particularly difficult to either
707 elicit or model, but from an ex-ante perspective, in particular when
708 dealing with systems that have important societal components, it
709 is highly relevant.
710 In this perspective, the choice of either connecting (existing)
711 modular models through the most important feedback mecha-
712 nisms or the integral approach of building models of the system as
713 a whole using a single formalism, depends on the strength of the
714 interactions between the different parts of the system and the
715 needs to describe the single system components in great detail. The
716 one approach is not by definition superior to the other, but the
717 linkage of individual modules comes at the risk of an imbalance
718 between the representation of specific elements of the system and
719 the interactions between the system components (Voinov and
720 Shugart, 2013). Studying feedbacks mechanisms per se instead of
721 choosing the individual components of complex systems as basic
722 study objects will enrich our knowledge on the mechanisms
723 involved, their relative importance and possible impacts on system
724 functioning. Models will remain an essential tool as a computa-
725 tional laboratory to further explore and test our understanding of
726 such feedback mechanisms in different contexts.
727 Another way forward relates to our representation of socio-
728 ecological systems in models. Most often, the units of simulation
729 are directly connected to the variables of interest, e.g. we model
730 land cover change or carbon sequestration. However, these units of
731 simulation are part of larger systems in which the socio-economic
732 and natural aspects are connected. When these systems change,
733 the relations between the variables we model is changing and such
734 system change, or regime shift, is difficult to capture. Regime shifts
735 are well-known in many socio-ecological systems and receive
736 increasing attention in GEC research (Müller et al., 2014). Although
737 such shifts are normally expected to decrease system predictability
738 (Müller et al., 2014) an alternative approach to modelling is to build
739 models that, in their architecture, model transitions between
740 systems instead of changes in the system components. An example
741 is the approach of Van Asselen and Verburg (2013) that use land
742 systems, as defined by specific types of interactions between
743 humans and the natural environment, as units of simulation and,
744 therefore, simulate changes between systems rather than trying to
745 deduct system changes from the underlying variables.

746 4.5. Connecting local and global dynamics

747 In the both the debate on different epistemologies, and the
748 discussion of feedbacks, different scales and scalar interactions
749 play important roles. The Anthropocene is characterized by global
750 scale changes in the Earth system function, emerging from local
751 changes in human interactions with the environment. The
752 emerging global challenges translate into impacts on local realities
753 and most solutions to manage these have to be implemented at
754 local scales. This brings about the challenge to represent such
755 cross-scale dynamics in modelling tools. It should be emphasized
756 that, in theory at least, upscaling and downscaling have no

757inherent strengths and weaknesses—both are important, both are
758useful, and the only criterion that seems to make sense is the
759context in which they are applied. We need to ask more often:
760“When does this particular approach apply, to which data, at which
761scale, and in response to which question?" rather than talking
762about strengths and weaknesses in general terms, as if these are
763inherent in the models and approaches.
764In general terms, if we are to address policy-relevant issues in
765our approaches, we will need to provide a higher spatial and
766temporal resolution in our models accounting for the scales at
767which policy making operates. This can be seen clearly in the
768ongoing shift in the politics of climate mitigation and adaptation.
769Prompted by the fact that for a long time, the climate and earth
770sciences were the primary disciplines to study greenhouse gases
771and their consequences at the global level, the efforts of the UN
772were directed at finding global solutions to these challenges. But in
773doing so, they did not take into account that this involved different
774cultures, different societies and different economies. What was
775proposed was a uniform solution, a united effort of burden sharing
776to avoid irreparable damage to our environment. If, on the other
777hand, the challenge is seen not as an environmental one but as a
778societal one, then it is clear that not all societies can deal with this
779in the same manner. The current trend (based on the Lima
780protocol) of allowing different societies to define their contribu-
781tions is, from that perspective, much better (but, of course, more
782difficult to enforce, which in itself points to the fact that this issue
783cannot be solved by force but requires changing mindsets and
784motivating people). So, to use models to assist in finding potential
785solutions to these challenges requires the capacity to represent the
786local societal dynamics in the context of global processes. Such an
787approach will also increase the usefulness and possibilities to
788interpret global model results by people in the different regions.
789Current large scale assessment models are not often taken very
790seriously by people in the region because they generate informa-
791tion that is simply not useful at the level.
792The concept of telecoupling which describes how local socio-
793ecological systems are globally connected through processes that
794operate at a global level (e.g. the global trade system) is useful in
795this respect (Liu et al., 2013). Representing this concept in models
796requires structures that go beyond the current tendency to
797represent local system dynamics by uniform and aggregate rule-
798sets as is common in most integrated assessment models. Similarly
799models representing local socio-ecological system dynamics
800should not simply assume global conditions exogenous to the
801system analysed as the sum of local responses may feedback on the
802local system. A few ways have been proposed to better incorporate
803these multi-scale issues in large-scale models. Most of these,
804reviewed by Ewert et al. (2011) for agricultural systems, are based
805on the linking of models operating at different scales in a top-down
806manner in which local dynamics are simulated in response to
807higher-scale model Q4dynamics (e.g. Herrero, Thornton et al., 2014)
808(Fig. 2). Bottom-up interactions and feedbacks can conceptually be
809implemented in such coupled model systems but are only
810infrequently operationalized due to the complex and iterative
811interactions between models that would become necessary.
812Alternative approaches of capturing cross-scale dynamics by a
813more explicit representation of the scalar dynamics in a single
814approach have been given much less attention (Ewert et al., 2011;
815van Wijk, 2014). Some have warned that cross-scale dynamics are
816probably highly a-symmetric: where the importance of effects
817going up in scale (from land user up to global trade flows and
818climate change) are likely to be relatively weak, the feedbacks from
819the global processes down to local land users are very strong (e.g.
820price changes, regulations, subsidies, etc.) (Giller et al., 2008).
821However, while we agree on the a-symmetry of these cross-scale
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822 dynamics these are strongly depending on the process character-
823 istics and societal context.
824 To achieve a better integration of local socio-ecological system
825 dynamics in models the representation of human agency and
826 decision-making is an essential component (Rounsevell and
827 Arneth, 2011; van Wijk, 2014). In most global scale models human
828 agency has been reduced to simplified, rational choice algorithms
829 for the individual level which are applied to the average conditions
830 over a large geographic area. Alternative approaches to the
831 inclusion of human agency in large-scale models have been
832 suggested (Rounsevell and Arneth, 2011; Rounsevell et al., 2014).
833 One approach is based on the representation of individual decision
834 making by outscaling of agent-based models (i.e., representing all
835 individual agents also for large scale applications) using the merits

836of enhanced computational capacity (Lysenko and D’Souza, 2008).
837The advantage of this approach is that the local dynamics are
838represented at the scale of the decision makers. For large-scale
839applications this approach is highly demanding in terms of data
840and computational capacity. Agent-based models that are repre-
841senting individual decision-making are, therefore, not often
842applied beyond the level of small regions. Some efforts to go
843beyond these small scales are currently underway, such as a project
844to construct a national-scale agent based economic model in which
845macroeconomic dynamics emerge as a consequence of the
846interaction of large number of individual agents and interactions
847(Farmer and Foley, 2009; Klimek et al., 2015).
848An alternative approach is the upscaling of local dynamics
849through the identification of aggregate response patterns that are
850based on the scaling of local responses. Instead of representing the
851behaviour of individuals the agency (aggregate behaviour) of
852communities is captured while still retaining the differential
853characteristics of these communities based on their composition
854and socio-cultural context (Dobbie et al., 2015). Upscaling may also
855be achieved through nesting detailed models at individual level
856within a more aggregate model to derive aggregate responses. This
857approach to scaling local human decisions and responses is
858comparable to the approach taken in the more physical Earth
859system Models of Intermediate Complexity (EMICs). EMICS use a
860combination of techniques (selection of processes to be repre-
861sented; representation of aggregated responses rather than
862simulating individual underlying processes) to capture those
863processes that are essential to capture the Earth System dynamics
864of interest (Weber, 2010). At the same time, the increasing global
865connectedness of locations (telecoupling) does not rule out that a
866lot of decision making by individuals is still place-based and
867responsive to local conditions. While food, energy and information
868can be transported worldwide, humans rely on many ecosystem
869services that are provided regionally (clean water, regulation of
870flood risk) or locally (recreation opportunities, cultural services).
871Model approaches that aim at capturing both the regional and
872global processes as well as the local responses to environmental
873and socio-economic change have to go beyond coupling existing
874models. This will likely require new model architectures with a
875strong focus at capturing these multi-scale responses of human to
876environmental change.

8774.6. Co-designing models

878While models are mostly used as tools for researchers aimed at
879expanding the mental capacity to explore system functioning, the
880concept of the Anthropocene also provides new perspectives and
881demands on modelling in terms of the interactions between the
882users and creators of models and society as a whole. Fig. 3 provides
883an overview of the different ways in which science and society may
884interact in the context of the design and use of models. Co-design
885and co-production of research has become important in global
886change research (Cornell et al., 2013). This also has repercussions
887to modelling. Co-design of research questions may change the
888nature of the questions and, therefore, have consequences for the
889suitability of the modelling tools available. While many modelling
890tools are built from the perspective of exploring system function
891they may not be able, or not optimally designed to answer
892questions that emerge from the interactions between researchers
893and stakeholders. Research models need to be transformed into
894operational models and choosing the right model for the question
895at hand becomes even more important (Kelly et al., 2013). Apart
896from co-designing models to better address societal questions co-
897design should also involve data-gatherers and non-modellers in
898the design process. This way, model design can be better matched
899to available data, and data collection to the model needs. Moreover,Fig. 2. Alternative approaches of modelling multi-scale processes.
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900 there is room for fruitful interactions with non-modellers in the
901 efficacy of modelling and for modellers to use appropriate input
902 data, better interpret and understand model output to jointly gain
903 greater insight into social-environmental dynamics. van Delden
904 et al. (2011) describe a possible workflow for better connecting
905 models and stakeholders in a decision support context while
906 Hamilton et al. (2015) discuss the differential roles of stakeholders
907 and modellers.
908 Beyond embedding modelling tools in the co-design process
909 there are also opportunities for co-production of knowledge with
910 models. Citizens can contribute information to models on those
911 aspects that are difficult to measure with traditional observatories.
912 Citizen observatories or crowd sourcing have the potential to
913 contribute information on individual decision making or local
914 environmental conditions that is not available in census data or
915 spatial datasets, but essential for representing the socio-ecological
916 system or parameterizing the models. Such data may be used to
917 design model structure, as well as parameterize or validate models
918 (Enenkel et al., 2015; Magliocca et al., 2015; See et al., 2015).
919 Citizens can thus contribute to model implementation and validity,
920 but at the same time they may benefit from the information by
921 being provided with updated information on their environment,
922 thus ensuring an interactive flow of information and true co-
923 production of knowledge. A close interaction between scientists
924 and stakeholders is also found in companion modelling
925 approaches. Bousquet and Le Page (2004) describe ways in which
926 models have been used as a platform for negotiation between
927 stakeholders on natural resource management. Stakeholders
928 jointly build the model and analyse alternative management
929 options, thus achieving joint learning and actionable knowledge of
930 the socio-ecological system they are part of.

931Co-production approaches are used in decision support systems
932in which the algorithms are updated with stakeholder input during
933the process (Eikelboom and Janssen, 2013; Vonk et al., 2005).
934However, often the models embedded in these systems are highly
935linear and simplified, lacking some of the important processes that
936characterize Anthropocene dynamics. Thus, decisions taken based
937on such processes may disregard potential feedbacks and external-
938ities. In that respect, there is the risk that stakeholder involvement
939can drive model simplification in order to aid transparency to the
940extent that important processes are disregarded. In spite of the
941advantages of simple models such approaches may limit progress in
942capturing complex system dynamics (Evans et al., 2013). Some
943models are completely based on stakeholder perceptions, such as
944models based on fuzzy cognitive maps (Kok, 2009). These build on
945the implicit assumption that stakeholders have the best information
946on system function and a formalized representation of that
947information in a model enables us to explore future system
948dynamics. In spite of the richness of stakeholder knowledge, there
949is a risk of including bias due to stakeholder perception of system
950function or an oversimplification of dynamics that may cause
951undesirable system outcomes if policy and management decisions
952are based on these.

9534.7. Model architectures

954Most models are written to be stand-alone. Such software defines
955and initializes variables and arrays, reads in input data, runs the
956program to generate realizations according to its discretized
957algorithms, writes out its output, and ends the run. The disadvantage
958is that investments in re-designing all model components make the
959development of new models extremely expensive. This is one of the
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960 reasons why there are relatively few different integrated assessment
961 and Earth System models. To tackle the challenges outlined in this
962 paper a diversity of approaches is needed, which is hampered by the
963 costs of building such approaches from scratch. Component-based
964 modelling brings about the advantages of “plug and play”
965 technology. Models wrapped as components become functional
966 units that once implemented in a particular framework can be
967 coupled with other models to form applications. Frameworks and
968 architectures additionally provide the necessary services such as
969 regridding tools, time interpolation tools, and file-writing tools. A
970 model component can communicate with other components even if
971 they are written in a different programming language (Syvitski et al.,
972 2013).
973 Most earth-surface dynamics models advance values forward in
974 time on a grid or mesh and have a similar internal structure: an
975 initialize step, a run step, and a finalize step. Virtually all
976 component-based modelling efforts employ this Basic Modelling
977 Interface or BMI specification (Hill et al., 2004; Peckham et al.,
978 2013; Syvitski et al., 2013). The interface identifies entry points into
979 software components to provide a calling application with the
980 level of control over the components that is necessary for two-way
981 model coupling.
982 Plug-and-play component programming benefits both model
983 programmers and users. Using a framework, a model developer
984 can create a new application that uses the functionality of another
985 component without having to know the details of that component.
986 Models that provide the same functionality can be easily compared
987 to one another simply by unplugging one model component and
988 plugging in a similar model. Users can more easily conduct model
989 inter-comparisons, or build larger models from a series of
990 components to solve new problems. Modelling frameworks allow
991 automated coupling of models and data from different contrib-
992 utors, but this implies that semantic mediation or matching is
993 required. To ensure that one model’s output variable is appropriate
994 for use as another model's input, a precise description of the
995 variable, its units and certain other attributes are required.
996 Standardized names avoid domain-specific terms and abbrevia-
997 tions, are based on a set of rules or conventions and are designed to
998 eliminate ambiguity.
999 Plug and play modelling with its use of standards, interfaces

1000 and semantics offers insight on how Anthropocene models might
1001 be developed and coupled, suitable for investigations on our
1002 human footprint on the global, regional and local environment.
1003 Hurdles of the past few decades such as incompatible computer
1004 languages, or computational platforms (e.g. laptops versus high-
1005 performance computing clusters or even distributed and cloud
1006 computing), and problems of scale beyond simple nesting
1007 approaches, have become greatly reduced. Focus, then, returns
1008 to model development and creative application. However institu-
1009 tional momentum also remains a hurdle. Large research institutes
1010 are the purveyor of large ‘Earth System’ models—monster codes
1011 nearly impossible to break up into smaller components, and
1012 requiring state-of-the-art computational platforms offering Peta-
1013 flops to Exaflop, and under the purview of a master(s) of the code.
1014 Smaller institutions, less tied up in these expensive workflow
1015 systems, will likely lead the way in plug-and-play Anthropocene
1016 modelling.

1017 5. Conclusions

1018 Models play different roles in scientific investigation and
1019 management of Anthropocene dynamics. Disciplinary history,
1020 different epistemologies and the dominant role of conceptual
1021 models have caused the typical characteristics of Anthropocene
1022 dynamics to be underrepresented in operational models. While
1023 integrated assessment models currently dominate model-based

1024explorations of Anthropocene dynamics they are not fully equipped
1025to represent emergent patterns, regime shifts and cross-scale
1026dynamics. Rejection of modelling due to the above-mentioned
1027failures is not productive. Advancing beyond the obstacles starts
1028with the recognition that modelling is a tool like any scientific
1029method and not a goal in itself. To advance our understanding and
1030develop models that are capable to support solution-oriented
1031research for Anthropocene problems novel system representations
1032that focus on the representation of feedbacks between socio-
1033ecological systems across different scales and the representation of
1034human processes such as environmental decision making, adapta-
1035tion to climate change and migration need urgent attention. A
1036pluralistic approach that tests different alternative model structures
1037is required as no single approach will be capable of fully covering the
1038complexity of socio-ecological system dynamics. At the same time,
1039each approach has its own inherent strengths and limitations and is
1040capable to support certain uses and address some of the different
1041questions and challenges posed by the Anthropocene.
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