
Olawale	  Fawehinmi	  

fawemedia@googlemail.com	  	  

PhD	  Candidate	  (Policy	  Studies)	  De	  Montfort	  University	  UK	  
ICSD 2015 CONFERENCE PAPER 

Complexity Theory: The Big Picture In 
Sustainability Science  
Keywords: complexity, complex adaptive systems, sustainable development, sustainability and 
human-environment systems, agent based modelling. 

Abstract  

This paper proposes that scientific capacity in the field of sustainability science can be significantly increased by 
leveraging insights from complexity theory. Current approaches to sustainability science have been criticised as 
flawed because they ignore the complex dynamics of human environment systems. There are now growing calls 
for a robust conceptual framework for sustainability science that make explicit, the interdependences in these 
systems in a way that deepens our understanding of the notion of sustainability .The paper advocates the use of 
simulations and other complexity theory based techniques for enhanced decision support in sustainable 
development  

Introduction 

This paper proposes that scientific capacity in the field of sustainability science can be significantly increased by 
leveraging insights from complexity theory. 

In his review of the book Complexity and Sustainability by Jennifer Wells, Igor Nikolic (2014) writes that: 
‘Where does one start to write a book about two of the most wide-ranging, ill-defined, and much contested, and 
yet highly relevant topics? 

The monumental challenge of discussing the subject matter of this paper is analogous to what Jennifer Wells had 
to contend with. The scale of the task notwithstanding, the huge relevance of the two topics  to the theme of this 
conference provides the impetus. 

Put succinctly, sustainable development is about meeting fundamental human needs whilst preserving life-
support systems on earth. Sustainable development, broadly speaks to our concerns regarding coupled human-
environment systems. The concept of sustainable development has grown exponentially in the past three 
decades. If the importance placed on sustainable development by governments, corporations, and research 
institutions across geographies is anything to go by, then, the argument can be made that the quest for 
sustainable development is the most challenging issue for contemporary human society. The central ideas of 
sustainable development began to take root in the 1980’s with a number of policy statements driving  global 
initiatives. Among the most important ones were the World Conservation Strategy (1980); the Brundtland report 
Our Common Future (1987); and the National Research Council’s Our Common Journey (1999). 

Literature Review: Sustainability Development 

The concept of sustainable development according to Martens (2006p2) is messy ‘because it is by its nature 
complex, normative, subjective and ambiguous’. This has resulted in numerous candidate definitions and diverse 
conceptual frameworks of the concept in the extant literature. Harris (2006) suggested that the concept of 
sustainable development is best explicated by unpacking it into its key components. In his view, the concept 
needs to be examined from economic, environmental and social perspectives.  

Economic Perspective 
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According to Harris (2006 p1) the recognition of the imperfections of traditional economic thinking ‘based on a 
straight-line progression from traditional  to modern mass-consumption society ’ is at the heart of a growing 
acceptance of the concept of sustainable development. Adding ballast to this view, Faucheux (2004) faults 
economists for their usual approach to issues of environmental resource limits from the premise of opportunity 
cost and economic scarcity. The new paradigm of sustainable development sees these resources as natural capital 
that must be prudently expended for sustainable economic production. Market mechanisms, Harris (2006),again 
suggests, are inefficient in conserving natural capital —worse still, they have a negative propensity to deplete it. 
The theory of natural capital is central to the concept of sustainable development. As Faucheux (2004 p4) again 
puts it:  

‘Natural capital is a hybrid concept. The conventional accountants’ concept of assets is extrapolated to refer to 
environmental systems and natural resource stocks, in recognition of the benefit streams that they do and might 
provide to society. The sustaining over time of these benefit streams is one of the preconditions of sustainable 
development. This requires, in turn, the maintenance of adequate levels of the key natural capital stocks 
themselves.’  

The concept of natural capital is seemingly unimpeachable, but clearly, it is infeasible to accurately value the 
stock of the wide range of natural capitals in the environment using traditional contingent valuation 
methodologies (CVM) based on metrics of user/non-user values. To get around this difficulty, Pearce and Turner 
(1993), following Randall’s (1987) proposition that non-use values have their raison d’être in the motive of 
altruism —have proposed the idea that a recognition of the rights of other species interfacing with humans, and a 
justice system based on respect for intergenerational equity and fairness for disadvantaged beings, is the most 
practical approach to natural capital preservation. 

Environmental Perspective  

This perspective is concerned about the maintenance and stability of the ecosystem, the atmosphere, and 
biodiversity. It cautions against the over-exploitation of the planets’ resource base— renewable and non-
renewable, if the utility of such resources are to remain sustainable. The perspective however caveats that non-
renewable resources should be only be exploited alongside planned investments in substitute resources. 

Social Perspective  

Advocates of this perspective adopt the view that humans are a constituent part of a whole system of diverse 
components and as such, must function harmoniously within the system for the whole to be sustainable (Bossell, 
Hartmut , 1999).The social perspective’s strands of interest are to do with distributional equity in development; 
especially in relation to the provision of social services such as health care, education, and in wider terms, it 
encompasses political accountability and gender equity. The importance of equity to the concept of sustainability 
is well espoused in the UNDP human development report (1994).In a critical remark stated in the report:  

‘‘The concept of sustainable development raises the issue of whether present life-styles are acceptable and 
whether there is any reason to pass them on to the next generation. Because intergenerational equity must go 
hand-in-hand with intragenerational equity, a major restructuring of the world’s income and consumption 
patterns may be a necessary precondition for any viable strategy of sustainable development. ….Development 
patterns that perpetuate today’s inequities are neither sustainable nor worth sustaining.’’  

The insight to be drawn from the social perspective is that there is inextricable embeddedness between 
environmental sustainability and poverty and inequity.Scholars indeed, have gone further to suggest that there 
are causal linkages between the two. 
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Sustainable development vs. Sustainability: Terminological issues 

A resonant narrative about the many definitions of sustainable development is that it means different things to 
many people. These definitions derive from the diversity of such interpretations. This has led to the charge by 
some observers that the term sustainable development is somewhat contradictory given that forces of growth and 
development in one direction are being pulled by those of ecological, economic and social in the other. Robinson 
(2004) highlights the conceptual weaknesses in the term sustainable development. He argues that the 
terminological divide about environmental and socio-economic issues between those with preferences for either 
the term sustainable development or sustainability is problematic. In his observation, government and the 
organized private sector prefer the term sustainable development, whilst NGOs and academics are inclined to use 
the term sustainability. Also highlighted in Robinson’s argument, is the concern of NGOs and academics about 
the growth connotations of the term sustainable development. He suggests that those in preference for 
sustainable development, may as a result of their conflicted positions be falling short of a full appreciation of 
environmental constraints. 

The widely quoted definition of sustainable development provided in the Brundtland Commission report 
(WCD,1987) which defines ‘Sustainable development as the development which meets the needs of the present 
without compromising the ability of future generations to meet there own needs ; has also been criticised for the 
foregoing reasons 

Robinson anchors his argument against the term sustainable development on the basis that it is ‘vague, attracts 
hypocrites and fosters delusions ’, he then calls for an ‘integrated and action-oriented ’ approach towards 
sustainability (2004 p369) 

In line with this perspective, Robinson (2004, p381) proposed an expansive definition of sustainability that 
brings together ecological, economic and social imperatives: 

• The ecological imperative is to stay within the biophysical carrying capacity of the planet 

• The economic imperative is to provide an adequate material standard of living of all  

• The social imperative is to provide systems of governance that propagate the values that people want to 
live by.  

Herman Daly (1996) in seminal publication discussed the above three imperatives— with the underpinning 
argument that global human socio-economic systems need to be understood as a subset of the global 
environment system. Pointedly, he remarks that in the past century, there has been an alarming reversal in the 
natural resource –human impact ratio of planet earth; and further suggests that the earth’s once abundant 
resources have been largely depleted to an extent that threatens the carrying capacity of the ecosystem. Daly 
rejects mainstream economic orthodoxy that holds on to the doctrine that wealth is created through economic 
growth— a notion based on equilibrium models that largely overlooks the limitations of the earth’s resources to 
continue to support that productive base and in tandem, ignores it’s waste absorptive capacity.  

In a normative stance, Daly (1996 ) gives a prescription of what is required in a sustainability policy agenda; 
namely that : 

• The rate of use of renewable resources not to exceed the rate of regeneration 
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• The rate of use of non-renewable resources not to exceed the rate of development of sustainable     
alternatives. 

• The rate of emission of pollutants not to exceed the capacity of the environment to absorb them 

 

These principles feature explicitly in the statement of objectives of Redefining Progress, a multi-partnership 
sustainability organization. 

 Sustainability according to Redefining Progress as reported by Ventoulis et al (2004) : 

Stands for finding satisfying ways of life for all, within the capacity of the planet, now and in future. In other 
words, sustainability depends on: 

• Acknowledging that there are natural biological and physical limits to what we take from nature 

• Agreeing roughly on where we stand now and in relation to those limits; and 

• Understanding that in order to reduce our impact equitably, those that take the most will be required to 
scale back the most 

Problem Statement : Criticisms of Sustainability Science 

The emerging field of sustainability science ambitiously aspires to address a plethora of human-nature 
challenges—disaggregated as energy crises, population, health, food and security issues, resource production and 
management, the environment and climate change, impact of pollution on health, ecosystem conservation and 
biodiversity protection, global economic and financial risks. This science has grown at a remarkable pace in the 
past three decades; with contributions from a range of disciplines in the natural and social sciences, and 
economics. 

 Current approaches to sustainability science have however been criticised as being too siloed. As Carpenter 
(2009) observed: 

 ‘The gaps in knowledge that exists today cannot be addressed through uncoordinated studies of individual 
components by isolated traditional disciplines. Instead, a new kind of interdisciplinary science is needed to build 
understanding of social-ecological systems’’  

Another criticism of these approaches, is that they are misdirected because they are been conducted from a 
premise of inadequate understanding of the complex dynamics of human-environment systems (Berkes , Colding 
and Folke, 2003).Liu et al (2003 p1514) reinforce this view with the remark that ‘when complexity is not 
understood, people may be surprised by the outcomes of human-nature couplings’, and substantiate this point 
with an illuminating example. They cite the case of the introduction of a prey specie fish (Osmerus mordax ) 
commonly known as Smelt, as game fish for Walleyes (Stizostedion vitereum) in Wisconsin only to find out that 
the smelt fish eat young Walleyes —depleting their population as an intended consequence. 

From another critical slant that lays bare the limitations of sustainability science to tackle the wide ranging 
problems of human environment systems, Sumi (2011p5) argues that: 

‘Modern issues such as global warming, bio-diversity, poverty, terrorism and so on cannot be solved by a single 
discipline. When an issue first arises, there is no single discipline for it. We have to integrate various disciplines 
to solve it, which inevitably requires a transdisciplinary approach. However, a transdisciplinary approach is not 
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an established approach. Even if an approach proved to be effective for one issue, there is no guarantee that it 
will be applicable to another issue ’ 

This paper agrees with contemporary thinking suggesting that sustainability scientists are yet to pay sufficient 
attention to the interconnectedness and interdependences of coupled human-environment systems; and 
accordingly, this author joins the clarion call for a robust conceptual framework for sustainability science — that 
makes explicit, the interdependences in these systems in a way that extends our understanding of the notion of 
sustainability. In that respect, the thesis of this paper is in alignment with proponents of the view that addressing 
the key questions in sustainability science requires an understanding of the phenomenon of complex adaptive 
systems― with complexity theory as its theoretical backbone 

Complexity: Definitional Problems 

What is Complexity? 

A system according to Sage (2004 p10) can be described as complex ‘when we cannot understand it through 
simple cause –and –effect relationships or other standard methods of system analysis. In a complex system, we 
cannot reduce the interplay of individual elements to the study of each of them in isolation. Often several 
different models of the complete system, each at a different level of abstraction, are needed’ 

 A generally accepted definition of complexity is elusive because of the phenomenon’s wide scope and 
variability. All proposed definitions suffer from incompleteness in one way or the other. Per Bak (1996), 
metaphorically described complexity as a Chinese box with surprises in each box .A range of definitions of 
complexity have been proposed focusing on:  

• System size 

• Entropy 

• Algorithmic information content (AIC) 

• Logical depth 

• Thermodynamic depth 

• Fractal dimension 

• Computational capacity 

• Statistical complexity 

• Degree of hierarchy 

 Goldin and Mariathasan (2014) have suggested that there are three levels of complexity—each with it its own 
characteristic features. 

Small-tent Complexity  

With features such as locally interacting agents, no central controller, cross-cutting hierarchical organization, 
continual adaptation, perpetual novelty and little tendency to equilibrium 

Big-tent Complexity 
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This form of complexity is broader in scope. It includes: 

• Small-tent complexity 

• Cybernetics 

• Catastrophe theory 

• Chaos theory 

Meta-Complexity 

This includes every other definition of complexity (the forty five catalogued by Seth Lloyd) and in theory can 
cover several distinct definitions 

Complexity theory:  

With its intellectual foundations in systems theory ( Ludwig von Bertlanffy,1968), cybernetics (Weiner, 
1948/1961, Ross Asby), theory of autopoiesis (Maturana and Varela 1968), computational genetic algorithms 
(von Neuman 1966) dissipative self-organization( Prigogine and Glansdorff, 1971), deterministic chaos theory 
(Zeeman, 1977) and fractals (Mandelbrot, 1983) — complexity theory originated towards the end of the 
twentieth century following a recognition by groups of scientists that certain systems were dynamic, complex, 
and far from equilibrium. These systems became known as complex systems. In complex systems, there are 
several dynamically interacting parts, in which macro-level patterns of behaviour emerge from often non-linear 
micro-level interactions of parts or agents. 

 About three decades ago, scientific interest shifted to complex systems that were intelligent and capable of 
adapting to their environment .With this Kuhnian shift in the field, the lexicon changed and these intelligent 
complex systems with information processing and behavioural modification capabilities, became relabelled as 
complex adaptive systems .Characteristic properties common to complex adaptive systems include the presence 
of simple agents following simple rules relative to the whole system —networks of agents acting with individual 
knowledge capacities and behavioural rules at micro levels result in outcomes that demonstrate higher 
coordination and collective intelligence than the sum of individual knowledge at macro levels, non-linear 
interactions and feedback between agents, adaptability, absence of central control, chaos and phase transitions, 
and emergent order suggesting hierarchical organization, information processing capabilities, evolution and 
learning. 

 Examples of complex adaptive systems include ant colonies, patterns of birds in flight, the human brain, the 
immune system, the economy and financial markets, varied life-form interactions in an ecosystem, societies, and 
interactions among groups of people in communities such as in cities. 

The idea of complexity however remains contentious. Its applications and relevance outside the physical 
sciences has been vigorously questioned by some academics and thinkers. However there are persuasive 
arguments for the view that complexity theory bridges the boundaries between the physical and social sciences. 
In this camp, are Peter and Swilling (2014) who suggest that complexity theory is a theory of multi-agent 
systems. They add that: 

‘By attempting to integrate systems with agents, complexity theory provides a theoretical and conceptual 
framework that can potentially help merge natural science and social science methodologies ’(p1598).Regardless 
of the strength of this advocacy, contrary opinions remain strong. 
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Putting the debate in perspective, Chambers (1997) writes that ‘the striking resonance by analogy with the few 
simple rules on non-hierarchical self-organizing systems in computer simulations poses the question of whether 
we have a deep paradigmatic insight, an interesting parallel, or an insignificant coincidence. The three well 
delineated camps of academic opinion on complexity theory that have since emerged , support the view 
advanced by Chambers. These camps are: 

• The Champions: who are strongly persuaded by the ideas of complexity theory offering deep 
paradigmatic insight. 

• The Pragmatists: who think complexity offers interesting and useful parallels and are ready to embrace 
its potential for social sciences and human organization.  

• The Critics: who see complexity in the light of an insignificant coincidence 

Fundamentally, complexity theory argues that the industrial age machine-like view of the world and human 
organization ― a logical outgrowth of Newtonian reductionism is a ‘blunt weapon’ against fast paced socio-
economic challenges of the twenty first century. Complexity theory rebuts the fundamental premise of 
reductionism; that a system can be understood by observing the behaviour of its component parts independently. 
The core claim of complexity theorists, is that the world, in metaphoric terms is more akin to a biological 
organism —constantly evolving and adapting to its environment. Instructively, the central ideas of complexity 
theory are now being widely applied across the natural and social sciences such as physics, biology, ecology, 
cognitive studies, psychology, sociology and economics. 

Complexity Theory in The Sustainability Space 

Accepted wisdom from complexity theory suggests that emergent phenomena —a hallmark characteristic of 
complex systems, is observed across a spectrum of coupled human-environment systems including economies, 
financial markets, cities, ecosystems, the biosphere, weather, and health systems. This observation signals the 
contributory value of a complex systems perspective to sustainability science. In support of this notion, Fedoroff 
(2013 ) of the Santa Fe institute ( a community of multi-disciplinary researchers making contributions to the field 
of complex systems) pointedly remarks that ‘Earth and its inhabitants are the most complex system we know but 
we don’t yet have either a theory of complexity or an experimental approach to manage this system —our global 
system wisely ’. Notwithstanding the theoretical soundness and relevance of complexity theory to sustainability 
science, there is yet to be a significant purchase of its’ ideas by sustainability scientists and policy makers. Put 
differently, sustainability scientists are yet to widely adopt and apply the theoretical apparatus of complexity 
theory in their methodologies. 

Complexity theory suggests that coupled human-environment systems are complex adaptive systems. Societies 
are complex adaptive systems in which individuals —driven by the decisions they privilege, are constantly 
engaged in pursuits without directly knowing how such actions aggregate to the macroscopic features of the 
society. Ecosystems and the biosphere, similarly are complex adaptive systems exhibiting micro-level 
interactions at short time and small spatial scales, which then feeds back to influence emergent whole system 
behaviour of the ecosystem. 

Seidler and Bawa (2004 p7), summon the association between complex adaptive systems and coupled human 
systems and posit that: 

‘Most of the challenging questions today are posed in contexts that that meet the criteria for so called complex 
adaptive systems. These criteria include extensive interaction and aggregation of diverse components, 
adaptation, non-linearities , emergent properties and amplifier effects. Systems that include human activity tend 
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to be, if anything, even more complex than natural systems, due to extreme variability of human motivation and 
behaviour ’  

Cities are a well referenced example of a coupled human-environment with the characteristic features of 
complex adaptive systems. In any typical city, a wide spectrum of individuals engaged in diverse pursuits, make 
decisions which generates urbanization issues and unintended effects that challenge even the best designed 
policies. Another major challenge for sustainability science, has to do with the capacity of humans as agents in 
coupled human- environment systems to be creative and strategize. This point essentially re-states the views of 
Seidler and Bawa (2004).This capacity can create further systemic alterations and worse still, amplify negative 
consequences. 

Conventional qualitative and quantitative methodologies may be useful in analysing many properties of coupled 
human-environment systems, but are inadequate in capturing the emergent properties and uncertainties 
embedded in these systems —which have great relevance to sustainability science. 

Applying Complexity theory Perspectives in a Sustainability Context 

A complexity theory perspective to be sure, can provide pivotal information to sustainability scientists and 
policy makers about emergent properties that indicate coupled human-system’s vulnerabilities across time and 
space, resilience to perturbations, and non-linearities resulting in tipping point behaviours in those systems. The 
value to be derived from this perspective will be a better understanding of the fast and slow variables crucial for 
decision support in policy making. The benefits of complexity theory in sustainability science can however not 
be tapped in the absence of a viable framework. 

The wide range of dynamic systems that can be described as complex adaptive in a sustainability context, 
challenges the development of a coherent framework for complexity theory in sustainability. Anderies et al 
(2009) have offered a systematic methodology for applying complexity thinking in a sustainability  based on 
four themes as the foundational basis of application 

• Characterising and Understanding Complex Human-Environment Systems (HESs) 

Under this theme, they suggest that scholars develop typologies of classes of HESs and match relevant emergent 
properties to each class of  HES.This approach, according to them, will not only facilitate better understanding of 
HESs in general, but also reveal HESs that exhibit the behavioural characteristics of complex adaptive systems 

• Local Adaptive Responses and their Global Consequences 

Complex adaptive systems have the capacity in temporal and spatial scales, to draw upon local knowledge and 
memory —and act upon these to make adaptive decisions. This shifting capacity makes it difficult to predict the 
global effects of these local decisions. Andries et al (2009) argue that humans have a recognisable limitation in 
predicting ‘global dynamics well’ and as such, decision makers will in a mis-guided manner, continue to base 
their decisions on current local situations and also think and plan on short term scales. Complexity science can 
facilitate the tools for enhanced understanding of these local decisions and their global effects  

• Characterising Trade-Offs in HESs  

The adoption of a complexity perspective in sustainability science according to the authors cannot do away with 
making trade-offs in the decision making process. In their words: ‘Not all desirable macroscopic properties or 
microscopic processes can be simultaneously realized………environment-development trade-offs, trade-offs 
among different ecosystems attributes, and among different outcomes will have to be made. Understanding these 
trade-offs is critical to producing better sustainability outcomes. 
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• Disciplines and Methods Required 

Andries et al acknowledge that sustainability science has thus far profited from insights from social, and physical 
science disciplines, but instructively, comment that much work is still required to integrate theoretical and 
modelling predictions from studies of complex adaptive systems with empirical evidence from actual human-
environment systems. 

 

Complexity Science Tools for Sustainability 

Complexity science has come to its own as a discipline in its own right and the field has benefited from advances 
in computing and simulations that has enabled the development of powerful tools for modelling complex natural 
and social phenomena. Complexity science techniques including agent-based modelling (ABM) such as cellular 
automata simulations, neural network simulations, and genetic algorithms; and others such as network analyses, 
sensitivity analyses, scenario modelling, multi-scale modelling and statistical mechanics can be robustly 
employed independently or in combination to supply the vital decision support information required in 
sustainable development. 

To illustrate some of the promising capabilities of these techniques, it is helpful to briefly discuss the potentials 
of two computer simulation-based approaches; ABM and network analysis. 

Agent-Based Modelling 

The major advantage of ABM, as posited by Perez and Batten (2006 pix) is ‘Its ability to generate system-wide 
dynamics from the interactions of a set of autonomous agents interacting in the silicon world of the computer ’ 
According to them, ABM is particularly well suited for: 

• Representing social interactions and autonomous behaviours 

• Studying environmental impact at different scales 

• For studying the emergence of adaptive response to changing environment and environmental policies 

Network/Social Network Analysis 

The merits of this approach derives from  the fact that much of the complexities and uncertainties in coupled 
human-environment systems are attributable to the human dimension. Social network analyses can help reveal 
the characteristics of individual actors and the dynamic modification of their behaviours over time, within a 
particular structure.  

Conclusion 

This paper has presented the academic case for a more unified science of sustainability underpinned by 
complexity theory, and submits that complexity theory is a new lens for looking at the challenges of sustainable 
development. More importantly, it provides evidence that the tools of complexity science have much to offer 
sustainability scientists.The pay-off of complexity thinking is that it resets thinking in a way that steers decision 
makers towards a more adaptive management approach in tackling the various issues arising from human-
environment systems. This approach will require managers with mental models comfortable with imperfect 
information, uncertainty and surprise. These managers as Seidler and Bawa (2004 p4) again suggest  ‘should 
operate on the basis of reasonable expectations, always maintaining a consciously experimental attitude to allow 
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for adjustment of direction if necessary ’. Science as Wolfram (2002) observed , has been evolving from 
observational to experimental and now simulational stages. The remarkable power of simulation that is now 
available, has several upside potentials for sustainability science 
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