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Abstract/Summary 

The exploration of evolutionary biology and biological adaptation can inform society’s 

adaptation to climate change, particularly the mechanisms that bring about 

adaptability, such as phenotypic plasticity, epigenetics, and horizontal gene transfer. 

Learning from unplanned and autonomous biological adaptation may be considered 

undesirable and incompatible with human endeavour. However, it is argued that there 

is no need for agency, and planned adaptation is not necessarily preferable over 

autonomous adaptation. What matters is the efficacy of adaptive mechanisms and 

their capacity to increase societal resilience to current and future impacts. In addition, 

there is great scope for industrial ecology to contribute approaches to climate change 

adaptation that generate system models and system baseline data to inform decision 
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making. The problem of ‘uncertainty’ was chosen as an example of a challenge that is 

shared by biological systems, IE, and climate change adaptation, to show how 

biological adaptation might contribute solutions. Finally, the Coastal Climate 

Adaptation Decision Support tool was used to demonstrate how IE and biological 

adaptation approaches may be mainstreamed in climate change adaptation planning 

and practice. In conclusion, there is close conceptual alignment between evolutionary 

biology and industrial ecology. The integration of biological adaptation thinking can 

enrich industrial ecology, add invaluable new perspectives to climate change 

adaptation science, and support industrial ecology’s engagement with climate change 

adaptation. While there should be no major obstacles regarding the collaboration of 

industrial ecologists with the climate change adaptation community, it is still early days 

for the mainstreaming of biological adaptation solutions because this depends greatly 

on successful knowledge transfer and the engagement of open-minded and informed 

adaptation stakeholders. The next step would be to develop the conceptual 

underpinnings and methodologies for knowledge transfer from biological adaptation, 

followed by proof-of-concept studies.  

 

<heading level 1> Introduction 

The Intergovernmental Panel on Climate Change (IPCC, 2014) suggested that climate 

change will lead to a reduction in available water resources in dry sub-tropical regions, 

rising sea levels will increasingly lead to submergence, coastal flooding and coastal 

erosion, and food security will be significantly undermined. Climate change will make 

existing health problems worse, especially in developing countries. The IPCC is also 

concerned that climate change impacts on human societies will lead to deteriorating 

political security, displacement of people and violent conflict. Urban areas have been 
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singled out as particularly vulnerable with a high risk of climate change impacts in the 

form of extreme meteorological events and consequent heat stress, flooding, 

landslides, air pollution, drought, and water scarcity. The projections for ecological 

systems and biodiversity are generally alarming with high risks of wide-spread species 

extinctions and irreversible regional-scale ecological change (IPCC, 2014).  

Society has two broad approaches to deal with climate change. It can avoid 

climate change or reduce its magnitude, which is the domain of climate change 

mitigation. Alternatively, society can adjust to the impacts of climate change, which is 

the domain of climate change adaptation. The IPCC defines climate change 

adaptation as “the process of adjustment to actual or expected climate and its effects. 

In human systems, adaptation seeks to moderate or avoid harm or exploit beneficial 

opportunities” (IPCC, 2014, 5).  

For this special issue, the Journal of Industrial Ecology called for contributions 

that explore and demonstrate how industrial ecology (IE) can support societal 

adaptation to climate change impacts and make societal systems more resilient. The 

emphasis is on the unique skillset of the IE community and on examples that directly 

apply IE concepts, tools, and findings to climate change adaptation research and 

practice. Industrial ecology is founded on the realisation that the greater societal 

system, and in particular industrial systems, mirror ecological systems (Frosch, 1992). 

Central to this philosophy is the idea that there is continuous cycling and utilisation of 

energy and materials in natural systems and that these are analogues for societal 

systems, their processes and flows of resources.  

This paper discusses the role IE can play in climate change adaptation and 

makes the case that industrial ecologists should also consider knowledge from 

evolutionary biology and biological adaptation in addition to ecology. It is argued that 
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this expanded view of IE is particularly promising for IE’s engagement with climate 

change adaptation. Knowledge to emerge from exploration of biological adaptation 

(the evolutionary processes that allow organisms to adjust to their environment, cope 

with change and thereby enhance their chance of survival) falls into two categories: 

(1) enablers and facilitators of biological adaptation, and (2) already manifest 

adaptations, i.e. the physical products of adaptive processes. In the case of enablers 

and facilitators of biological adaptation, there is now good evidence that, beyond 

natural selection, there are far more mechanisms at play that contribute to adaptive 

success in nature, e.g. phenotypic plasticity and epigenetics (Wang, Liu, & Sun, 2017; 

Wund, 2012), diversity generators other than recombination (Calo, Billmyre, & 

Heitman, 2013), and horizontal gene transfer (Boto, 2010). In other words, there are 

on one hand adaptation mechanisms that regulate biological adaptation, and on the 

other hand, there are the resultant physical or behavioural manifestations of such 

adaptation mechanisms. As for physically or behaviourally expressed adaptations, 

they are already the focus of biomimeticists who seek to adopt biological inventions 

for human use (Bhushan, 2009).  No doubt much can be learned from biomimetics but 

it must be stressed that biologically inspired design is, not exclusively but 

predominantly, concerned with the study of phenotypic biological phenomena such as 

biomaterials, bio-chemicals, morphological structures and behaviours (Bar-Cohen, 

2011). In contrast, climate change adaptation is likely to benefit from the transfer of 

mechanisms that enable and facilitate biological adaptation. Although both can instruct 

IE, we believe that enablers and facilitators of biological adaptation are the most 

promising source of knowledge for societal climate change adaptation. Integration of 

biological adaptation mechanisms into societal systems will assist managers to create 

systems with autonomous response capacity and adaptability that is not reliant on 
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anticipatory short- or long-term planning. This is not a rejection of planning in climate 

change adaptation, rather it suggests that the nature of planning should change. In 

other words, planning should consider how best to integrate and implement biological 

adaptation mechanisms into societal systems so that the systems become 

autonomously adaptable and able to respond to an unpredictable spectrum of change. 

Implementation of solutions inspired by evolutionary processes and mechanisms are 

unlikely to completely replace planned anticipatory adaptation but rather complement 

and add to the existing adaptation tool set.  

It is also important to note that it would be counterproductive to limit 

investigation of adaptation solutions to only those that help organisms adapt to climate 

change. Although there are similarities between natural and societal systems, the 

impact of climate change on an organism’s physiology and ecology is likely to be 

qualitatively different to climate change impacts on societal systems. Moreover, 

focusing on adaptation to climate change alone would be unhelpfully limiting when 

there are also lessons to be learned from biological adaptation to other types of change 

or ecological pressures. The exception would be adaptation to impacts of climate 

change on plants and animals that humans depend on for food, fibre and other uses. 

Because they are organisms themselves and not higher-level socio-technological 

systems, the management of these resources will benefit from a thorough 

understanding of how organisms adapt specifically to climate change (Lamke & 

Baurle, 2017).        

With this in mind, we first discuss IE and its relevance to climate change 

adaptation. Next, we explain the natural alignment between IE and biological 

adaptation thinking, and the contribution biological adaptation can make to IE. We then 

use the problem of uncertainty to demonstrate with examples how biological 
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adaptation thinking can add value to both IE and climate change adaptation. Finally, 

we consider how IE and biological adaptation approaches may be mainstreamed in 

climate change adaptation practice.  

 

<heading level 1> IE and climate change adaptation 

Industrial ecology is well suited to the investigation of climate change mitigation 

problem settings but has not yet engaged to any meaningful extent with climate 

change adaptation. This current situation is somewhat surprising because there is 

good reason to believe that the IE approach can contribute to climate change 

vulnerability assessments, adaptation planning and the monitoring and evaluation of 

adaptation interventions. For example, there are a number of sub-disciplines in IE that 

formed around key tools that may prove to be especially useful to societal climate 

vulnerability assessment and adaptation monitoring, namely life cycle analysis (LCA), 

material flow analysis (MFA), input-output tables (IOT), design for environment, and 

urban and socio-economic metabolism (Graedel & Lifset, 2015).  

What this contribution might look like can be gauged from examples of recent 

IE studies that have a strong climate change focus. Particularly pervasive and yet 

difficult to model impacts of climate change are those on freshwater resources 

(Hagemann et al., 2013). For instance, in Spain climate change will result in a general 

decrease of water resources and the need for demand management (Estrela, Pérez-

Martin, & Vargas, 2012). Against this backdrop of diminishing water resources, it is 

critical for municipalities to understand their water consumption patterns across 

sectors in order to plan adaptation measures. Cazcarro and colleagues (2016) used 

input-output models and geographic information system data to provide micro-scale 

water footprint analyses to municipal resource managers. Once adaptation measures 
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to save water have been identified, it is helpful to understand how effective they might 

be. Berhanu and colleagues (2017) explored the feasibility of water efficiency and 

reuse technologies for residential water use by modelling technology adoption cost 

and performance for varying reuse technologies as well as construction versus retrofit 

scenarios. This ability to model the impact of various interventions across sectors 

could provide invaluable decision support in the planning of climate change adaptation 

measures.  

Water availability and its quality is also a major determinant for human health 

and well-being. Saravanan and colleagues (Saravanan, Mavalankar, Kulkarni, 

Nussbaum, & Weigelt, 2015) turned to interdisciplinary methodology including urban 

metabolism to examine water issues and their relationship to health in urban India. 

Likewise, climate change will affect the well-being of workers and reduce productivity, 

for example through higher ambient temperatures and more frequent and severe 

heatwaves (Kjellstrom, 2016). Scanlon and colleagues (Scanlon, Lloyd, Gray, Francis, 

& LaPuma, 2015) showed that LCA can assist in exploring the relationship between 

industry output and worker health in the municipal solid waste landfill and incineration 

sector. This proof-of-concept study strongly suggested that product and sector-

specific LCAs could be expanded to also examine and model the climate related health 

burden on the workforce, and therefore provide adaptation decision and monitoring 

support to improve occupational health and safety in a warming world. 

IE can also contribute to climate change adaptation of the built environment 

including the housing stock. The built environment is highly vulnerable to climate 

change impacts, which means that improvements to housing stock and infrastructure 

must meet adaptation needs (Wilby, 2007). So far IE studies of climate mediated 

problem settings have been preoccupied with mitigation. For example, Pauliuk and 
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colleagues (2013) combined MFA and LCA to model the emissions reduction potential 

of energy efficiency improvements to the residential building stock. Likewise, Cubi and 

colleagues (2016) studied the life cycle of white roofs, green roofs, and roof-mounted 

photo-voltaic panels in terms of their environmental performance. White and green 

roofs are also under investigation for their potential to reduce heat stress in urban 

environments due to the urban heat island effect (Larsen, 2015; Razzaghmanesh, 

Beecham, & Salemi, 2016). These examples illustrate the capacity of IE approaches 

to generate system models and baseline data to inform climate change adaptation 

decision making. In addition, mitigation and adaptation interventions often affect each 

other, and activities in either domain seldom go without sectoral and cross-sectoral 

consequences (Harrison, Dunford, Holman, & Rounsevell, 2016; Landauer, Juhola, & 

Söderholm, 2015). It appears that these interactions would become more transparent 

if they were to be studied in an integrative fashion that includes IE methodologies.   

 

<heading level 1> IE and biological adaptation  

A number of definitions have been put forward for IE (Graedel, Allenby, American, & 

Telegraph, 1995), but Frosch (1992, 800) paints the most vivid picture of industrial 

‘organisms’ as:   

“…being the industrial process or set of industrial processes that leads to a particular 

product or product family and of the ecology as being the network of all industrial 

processes as they may interact with each other and live [off] each other, not just in the 

economic sense but also in the sense of the direct use of each other’s material and 

energy wastes and products.” An evolutionary and organism-centric understanding of 

early IE is also apparent in an introduction to a collection of papers presented at a 

colloquium titled ‘Industrial Ecology’ at the National Academy of Science. There, 
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Jelinski and colleagues (1992) found that (1) IE is proactive not reactive, meaning that 

industry itself is the driving force and industrial ecology is not imposed, (2) that IE is 

designed-in and not added on, thus acknowledging that material flows are determined 

by how a product and the associated industrial processes are designed, (3) IE is 

flexible not rigid, expressing the need for industrial processes to be adaptable to 

changing circumstances, and (4) IE is encompassing and not insular, requiring cross-

sectoral international and cross-cultural approaches. In hindsight, this characterization 

of IE lends weight to the view that biological adaptation processes are of central 

importance to IE. For example, IE being ‘designed-in’ alludes to the fact that organisms 

have an intrinsic capacity to evolve and adapt, and that the emergent ecological 

patterns are the result of organismal interactions that are determined by the 

organisms’ genotypes and phenotypes. Likewise, mention of the ‘flexibility’ of IE and 

industrial processes acknowledges the importance of adaptation and adaptive 

capacity in biological systems. Finally, the boundary spanning property of IE being 

‘encompassing’ not only refers to the fact that IE is interdisciplinary at its core but it 

also implies that the discipline itself is open to new approaches. One of them should 

be the engagement with evolutionary biology and biological adaptation in addition to 

the ecological viewpoint that inspired IE in the first place. 

 This view is shared by Nikolić (2015) who refers to societal systems as complex 

adaptive systems that are subject to evolutionary processes facilitated by variation, 

selection and replication (Holland, 1995). His view of the societal system as mirroring 

evolutionary processes and the need to integrate evolutionary theory into IE resonates 

strongly with the central theme of this paper. Nikolić proposed the development of 

generative models through the study of societal equivalents of evolving complex 

systems such as individuals and firms and their behaviour, habits, and business 
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models. However, he stopped short of advocating a deeper engagement with 

evolutionary biology and the mechanisms and processes that bring about adaptation 

in organisms.   

 

<heading level 1> IE, biological adaptation, and climate change adaptation  

We argue that the integration of biological adaptation thinking into both IE and climate 

change adaptation research and practice can enrich IE, add invaluable new 

perspectives to climate change adaptation science, and synergistically support IE’s 

engagement with climate change adaptation. We have chosen the problem of 

‘uncertainty’ as an example of shared challenges and problem settings in biological 

systems, IE, and climate change adaptation in order to demonstrate with examples 

how biological adaptation might contribute solutions.  

 

<heading level 2> Uncertainty in IE and climate change adaptation 

The nature of societal and biological systems is highly complex and plagued with 

uncertainty that obstructs our efforts to better understand these systems. Humans, 

when faced with uncertainty, invariably try to reduce it in order to gain greater control 

and industrial ecologists are no exception. For example, manufacturing is dependent 

on reliable supply streams but considerable uncertainty is introduced to the supply 

chain when raw materials are sourced from variable waste streams. For example, 

Linton and colleagues (2002) have shown that the estimation of supply quantities of 

cathode ray tubes recovered from old televisions is at the mercy of many highly 

uncertain factors pertaining to consumer behaviour and technological progress, 

leading to large discrepancies in the forecasting of waste streams. They modelled 

cathode ray tube waste based on uncertainty values from realistic representative 
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distributions and showed that resulting scenarios of available waste volumes varied 

widely, which makes long-term resource recovery planning extremely difficult.  

Schwab and Rechberger (2018) discussed the current state of uncertainty 

research in MFA and found that there are methods for the treatment of known data 

uncertainties and that approaches for assessment of uncertainty in MFA range from 

educated judgement and estimation to attempts of systematic assessment. However, 

with regard to the latter, they question the merit of quantifying the unquantifiable.  

The desire for control and certainty is not unique to IE. Planned and anticipatory 

climate adaptation practice relies to a large degree on the ability to predict future trends 

in both climate and society, and therefore ideally on the absence of complexity in 

societal interactions. However, uncertainty and complexity are ubiquitous in climate 

and societal systems and difficult to communicate (Cooke, 2015). The Faustian 

ambitions of complete certainty (knowledge) regarding future climate projections and 

impacts have led to decision gridlock and delayed adaptation action (Wise et al., 

2014). In reality, our knowledge regarding the future states of local climate and its 

impacts will always be incomplete and uncertain – just as our grasp of industrial and 

societal systems in IE. Besides, sources of uncertainty are not restricted to climate 

science and may include uncertainty in demographic, economic and other trends. 

Consequently, climate change adaptation planning and implementation is riddled with 

‘wicked’ problems to which there are still few practical solutions (e.g. Head, 2014; 

Moser, Jeffress Williams, & Boesch, 2012). There is no doubt that elucidation of 

uncertainties in both climate science and IE is in itself valuable and can inform decision 

making. Nevertheless, in the face of intangible and often irreducible uncertainty the 

question arises what can be done to overcome the limitations of uncertainty? Robust 

decision-making approaches (Dittrich, Wreford, & Moran, 2016; Hallegatte, 2009) and 
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the pathways approach that permits incremental and transformational adaptation 

action over time as it is needed (Wise et al., 2014) are steps in the right direction. 

Interestingly, the pathways approach is highly reminiscent of evolutionary adaptation 

in nature. In the pathways approach impacts are periodically assessed and required 

adaptive changes are implemented in order to improve resilience. The evolution of 

species is marked by long periods of stasis interrupted by rapid (transformational) 

change (Gould, 2002). However, even during periods of stasis, there is incremental 

adaptation to changing conditions (Dietl, 2013). The next section explains how insights 

from biological adaptation may further enhance the adaptive capacity of societal 

systems in the face of uncertainty.    

  

<heading level 2> Learning from biological adaptation  

Some progress has already been made regarding the transfer of biological adaptation 

mechanisms to the societal domain. For example, Sagarin and Taylor’s (2008) edited 

book, Natural Security, explored the applicability of biological solutions in the context 

of societal security. Prescott (2008) contributed a chapter to this volume in which she 

examined different types of uncertainty, how biological systems cope with such 

uncertainty and how this might inform society’s response to uncertainty. In addition, 

Sagarin and colleagues (2010; 2012) identified lessons from nature that can be 

applied as a set of practices any organization of any size, public or private, can begin 

to implement immediately: 1) detect change using decentralized sets of observers; 2) 

embrace redundant solutions to have a hedge against uncertainty; 3) develop 

symbiotic partnerships to extend adaptive capacity; and 4) create a culture of learning 

from success to build a feedback loop toward ever greater adaptive capacity.  
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 Biological systems from the cellular to the ecosystem level have the capacity to 

autonomously adapt to unforeseeable and uncertain changes in the environment 

across a range of time scales, from minutes and days to millions of years. However, 

the abovementioned insights are largely derived from emergent properties of 

adaptation mechanisms that bring about adaptability in organisms. This means that 

they lack explanatory and guiding power as to how these lessons might be 

implemented in societal adaptation. For this to happen, it is important to first 

understand how organisms adapt, for example to form symbiotic relationships, and 

only when these mechanisms are understood can they be transferred and integrated 

into societal systems. There are a myriad of symbiotic relationships in nature but they 

do not appear out of thin air. They are rather the outcome of complex adaptations to 

ongoing interactions between organisms (Li et al., 2018; Moran, 2006).     

Of particular interest to both IE and climate change adaptation should be the 

ability of organisms to adapt to a range of environmental conditions with phenotypic 

plasticity, whereby a number of adaptation mechanisms can generate plasticity in an 

organism’s physical appearance, physiology or behaviour, without altering the 

genome (Pigliucci, 2001). This is directly applicable to the discussion of uncertainty 

because phenotypically plastic organisms can adjust rapidly to changing 

environmental conditions within a single generation without having to evolve 

genetically over many generations – provided the experienced challenge is within the 

coping range. 

Returning to the previously discussed example of uncertainty in the supply 

chain for television cathode ray tubes (Linton et al., 2002), we suggest that biological 

adaptation strategies can inform such an IE problem setting. It can be argued that a 

manufacturing firm that depends on a particular raw material can either ensure the 
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supply is reliable or that supply fluctuations, such as those resulting from seasonality, 

are known and foreseeable. If that is not the case, the firm can diversify suppliers to 

fill supply gaps or it can adjust its production volume and product variety in accordance 

with available supplies. Industrial ecologists accept the similarity between such an 

industrial supply chain system and ecological food chains in nature (Frosch, 1992). In 

nature, phenotypic plasticity allows animals to adapt to variability in food type and 

quality. For example, Hughes and colleagues (2012) showed experimentally that sea 

urchins exhibit true phenotypic plasticity in response to a change in the type and 

physical nature of their food. The sea urchins adjusted their morphology to allow for 

better resource utilisation. In the context of a firm, this might represent modifications 

to machinery and factory setup to accommodate different raw materials in production.  

In the case of climate change, it would be advantageous for a climate exposed 

business to be able to respond and adjust quickly to a wide range of direct and indirect 

impacts without requiring major adjustments to the organisational structure, 

governance framework or business plan. This requires organisational architectures 

and processes with in-built latitude and operational flexibility, equivalent to phenotypic 

plasticity in nature. 

In summary, our uncertainty example is illustrative, but by no means 

exhaustive, of the benefits that may be gained from transferring biological adaptation 

lessons into IE and climate change adaptation science. This is not to distract from the 

fact that IE is well placed to provide invaluable methodological approaches to climate 

change adaptation on its own, as we have explained. However, the adaptive capacity 

gains from integration of IE or biological adaptation individually are likely to be 

magnified if they were to be employed in concert. In the next section we suggest how 
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contributions of both, IE and biological adaptation, are best integrated into the climate 

change adaptation cycle.    

 

<heading level 1> Operationalizing IE and biological adaptation learning in 

societal climate change adaptation 

For society to benefit from IE and biological adaptation mechanisms in climate change 

adaptation they need to be implemented in real life. It is therefore necessary to 

demonstrate how this integration might be achieved. The Coastal Climate Adaptation 

Decision Support tool (C-CADS) was chosen to explore the integration process. It has 

been developed by the National Climate Change Adaptation Research Facility in 

Australia (NCCARF, 2017a) and aligns closely with other international adaptation 

planning approaches that have common or very similar steps (Boulter, 2017).  

It might appear a contradiction to integrate unplanned autonomous adaptation 

strategies into the C-CADS or similar adaptation planning approaches. However, the 

adoption of biological adaptation strategies is not a tacit autonomous process, but 

requires planning to coordinate research, knowledge transfer, implementation, and 

monitoring and evaluation. Moreover, adaptation strategies borrowed from nature are 

likely to complement rather than replace conventional planned adaptation approaches, 

thus necessitating integration planning.     

The climate change adaptation process according to C-CADS includes six 

major steps: 1) identify challenges, 2) assess risks and vulnerabilities, 3) identify 

options, 4) evaluate options and prepare the plan, 5) take action, and 6) monitor and 

evaluate. Each of these steps comprises tasks that contribute to achieving the 

objectives of the respective climate change adaptation step. In this section, we discuss 
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how IE and biological adaptation approaches would be best integrated into each step 

and the corresponding activities (Figure 1). 

 

 

Figure 1: Mapping of IE and biological adaptation learning across the C-CADS 

adaptation cycle. BA = biological adaptation and IE = industrial ecology. The diagram 

shows the major steps of the adaptation cycle and the activities for each. Large BA 

circles and IE hexagons indicate the dominant opportunity for integration of IE and 

biological adaptation thinking at each step. The small circles and hexagons indicate 
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which of the activities would benefit from, or require, IE and biological adaptation input. 

Grey arrows indicate the adaptation workflow with some workflows providing the 

option to backtrack and repeat earlier steps if necessary [adopted from the Australian 

C-CADS tool for coastal climate change adaptation (NCCARF, 2017b)]. 

 

Much of the first step in the adaptation cycle (identifying challenges) is setting 

the scene and preparation for the actual climate change adaptation process. It 

includes the framing and scoping of the project, the identification of barriers to 

adaptation, it sets the vision and goal of the adaptation program, it includes a first-

pass risk assessment, it garners organisational and stakeholder support, and program 

governance arrangements are established. We suggest that this first step is critical 

when it comes to integrating IE and biological adaptation thinking and methodology 

into the adaptation program. All aforementioned activities need to consider the 

integration of IE and biological adaptation and its consequences. For example, the C-

CADS tool recommends a first-pass risk assessment at the outset of the adaptation 

process. Although this early risk assessment is of limited scope, it may be helpful to 

already view the adaptation challenge through the prism of IE and biological 

adaptation. The outcomes of this preliminary risk assessment, and any subsequent in-

depth risk assessments will need to be communicated effectively to permit the 

identification of biological adaptation solutions. Feeding biological adaptation 

knowledge into the climate change adaptation planning process requires 

interdisciplinary communication. Indeed, the lack of expert facilitators that can traverse 

with ease the disciplinary boundaries may be a barrier – more so for the 

implementation of biological adaptation than for IE. Stakeholders will have to be open 

to these new approaches and there must be sufficient expertise in the project team to 
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conduct IE and biological adaptation research and communication activities, 

particularly with regard to evolutionary knowledge (Snell-Rood, 2016).   

The second step along the adaptation journey is the assessment of risks and 

vulnerabilities. According to the C-CADS tool, this entails decisions regarding the risk-

assessment methodology to be used, an integrated risk assessment, the 

determination of the sensitivity of the system to climate change, the identification of 

the adaptive capacity present, and communication of risks to stakeholders. This step 

is where IE can make the greatest contribution to climate change adaptation. IE can 

bring an ecologically holistic view of societal systems to risk assessment, which should 

lead, in addition to more comprehensive mapping of direct and indirect impacts across 

the system, also to better quantification of impacts. As discussed earlier with 

sustainable roof solutions and energy efficiency improvement of housing stock (Cubi 

et al., 2016; Pauliuk et al., 2013), IE can contribute methodologies such as LCA and 

MFA to establish baseline system performance, which can then be used to model and 

assess climate change impacts, vulnerability and adaptive capacity.   

Risk and vulnerability assessment per se are activities that do not need to be 

tailored to facilitate the identification of relevant biological adaptation knowledge and 

solutions. What matters, however, is the communication of assessment outcomes. It 

is important for biological adaptation experts (evolutionary biologists) to understand 

the nature of climate risks and their impacts on societal systems so that they can 

identify fitting solutions. This emphasises again the importance of the knowledge 

translation process required for successful interdisciplinary cooperation between the 

climate adaptation community, industrial ecologists and evolutionary biologists.  

 The third step in the adaptation cycle is concerned with finding climate change 

adaptation options. The identification of potential solutions from the vast biological 



19 
 

adaptation knowledge pool is not a trivial undertaking and will require intimate 

knowledge of the biological sciences and in particular of evolutionary biology, genetics 

and ecology (Snell-Rood, 2016). Learning from biological adaptation is a new idea in 

the context of climate change adaptation but the exploration of biological phenomena 

for societal benefit in engineering and material sciences, referred to as biomimetics or 

biologically inspired design, is well established (Bhushan, 2009). In biomimetics, there 

is particular interest in understanding the process of idea transfer from the biological 

to the societal domain and idea generation in response to biological inspiration (e.g. 

Salgueiredo & Hatchuel, 2016; Sartori, Pal, & Chakrabarti, 2010; Wilson, Rosen, 

Nelson, & Yen, 2010). Cognisant of the vast body of biological knowledge that has 

been accumulated in the academic literature, biomimetics researchers are turning to 

systematic and computational methods to mine this repository for problem-specific 

solutions (Vandevenne, Verhaegen, Dewulf, & Duflou, 2016; Vincent, 2009). Whether 

the search for, and transfer of, biological adaptation mechanisms can be approached 

with the same methodology remains unclear. It is very likely, though, that the transfer 

of biological adaptation solutions into the societal problem setting will involve some 

level of abstraction of both the societal challenge and the biological phenomena under 

consideration in order to support cross-domain communication (Helms, Vattam, & 

Goel, 2009). Once matching biological adaptation options have been identified, their 

principles need to be interpreted with language and terminology that is shared by the 

climate change adaptation community prior to evaluation and implementation in 

adaptation plans.  

After adaptation options, including biological adaptation solutions, have been 

identified they need to be evaluated in Step 4 of the adaptation cycle, which includes 

the identification of evaluation criteria, the assessment of adaptation options, the 
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prioritisation of options and adaptation planning. The process of knowledge transfer 

from biological adaptation to societal climate change adaptation should result in 

adaptation options that are indistinguishable from other societal adaptation options in 

terms of their framing and language. However, in practice it will be necessary for 

biologists to remain available for refinement or identification of additional adaptation 

options. If IE methodology has been used for risk assessment then it makes sense to 

also use IE methodology to evaluate adaptation options. When preparing the 

adaptation plan in Step 4, it will be necessary to document the genesis of those 

biological adaptation solutions to ensure that the rationale and underlying data for 

adaptation decisions are not lost in what may be a multi-decadal process of adaptation 

implementation (Steps 4 and 5) and monitoring and evaluation (Step 6).  

 Step 6 of the adaptation cycle is concerned with the monitoring and evaluation 

of adaptation interventions over time. Here, IE approaches should be helpful because 

IE is equipped to capture and model the performance of societal systems and 

processes. Moreover, system data generated during the risk assessment step (Step 

2) can serve as baseline information for future monitoring and evaluation.       

 

<heading level 1> Discussion 

The purpose of this article is primarily to show how IE and biological adaptation can, 

by themselves and in synergy, inform climate change adaptation research and 

practice. To our knowledge, it is the first time that biological adaptation has been 

proposed as a potential solution space for societal climate change adaptation, even 

though the two domains share a common challenge, which is to understand what 

enables individuals, groups and larger systems to adapt to change. It is precisely 

because of this inescapable similarity that evolutionary biology and its growing 
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understanding of adaptation mechanisms must be a source of solutions for societal 

climate change adaptation. As for IE, it  illuminates societal processes on a system-

wide scale, and can therefore contribute much to the field of climate change 

adaptation, such as methods and approaches for risk and vulnerability assessment 

and monitoring and evaluation. IE as a discipline expresses a deep interest in nature, 

a view of nature as a model, and a belief that there is merit in learning from nature 

(Isenmann, 2002). Consequently, engagement with biological adaptation mechanisms 

as proposed here could be accommodated by IE as a further expansion of previous 

evolutionary thinking. In particular, incorporation of biological adaptation knowledge 

and close attention to evolutionary mechanisms that shape organisms and their 

ecological relationships is bound to strengthen IE’s conceptual underpinnings and its 

approach to climate change adaptation problem settings.  

There should be no major obstacles regarding the collaboration of industrial 

ecologists with the climate change adaptation community, but it is still early days for 

the mainstreaming of biological adaptation solutions in climate change adaptation. 

Although we made the case that evolutionary biology and its insights into the workings 

of biological adaptation can provide valuable lessons and models to societal climate 

change adaptation, this depends greatly on successful knowledge transfer and the 

engagement of open-minded and informed adaptation stakeholders. We have laid out 

the key criteria and considerations for engaging with biological adaptation knowledge, 

which is marked by many challenges. For example, the biological adaptation 

mechanisms have to be thoroughly understood within their own domain first, and then 

they have to be abstracted in order to support transdisciplinary comparison and 

application. This type of knowledge transfer requires evolutionary and molecular 

biologists to fruitfully communicate with the IE and climate adaptation community. 
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There will be the need for uniquely qualified knowledge brokers to liaise and facilitate 

this collaboration of disciplines.  

Another major barrier could be the lack of agency in biological adaptation. 

Biological adaptation is largely autonomous, reactive, and unconscious – adaptation 

happens without the individual organism making conscious adaptation decisions. 

Therefore, learning from biological adaptation may be considered undesirable and 

incompatible with human endeavour. However, it is probably counterproductive to 

assume that agency is required for adaptive capacity and that planned adaptation is 

preferable over autonomous adaptation. In the end, what matters is the efficacy of 

adaptive mechanisms and their capacity to increase resilience to current and future 

impacts. It would be short-sighted to dismiss the vast repertoire of adaptation solutions 

that enable biological systems to cope with change merely because the adapting 

systems may not have conscious choice over their destiny and lack any foresight as 

we understand it.   

Much of biological adaptation involves the generation of diversity of one sort or 

another to produce variants that can cope with the challenges at hand. Applying this 

approach directly to human society, to the detriment of those individuals (people, firms, 

organisations) that are less adapted, would be ethically questionable and raise the 

spectre of Malthusianism and Social Darwinism which must be avoided (Claeys, 

2000). However, it should be possible, with careful planning and safety nets in place, 

to generate and test multiple solutions and minimize negative outcomes for the test 

population. For example, this could be achieved with a staged process of exploration 

first with desk-top modelling, followed by experimental verification, and finally pilot 

studies. Any societal system with a multitude of replicates such as franchises or 
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government services may be suitable for such testing of biological adaptation 

solutions. 

 

<heading level 1> Conclusion 

In summary, IE is already well placed to contribute meaningfully to climate adaptation 

research and practice. However, substantial multidisciplinary research is required to 

develop the conceptual underpinnings for learning and knowledge transfer from 

biological adaptation to both IE and climate adaptation, and to conduct proof-of-

concept studies to demonstrate feasibility and efficacy. Moreover, it is unclear whether 

a sufficiently large pool of investigators exists with the skill set required for, and the 

interest in, this type of interdisciplinary research. Considerable effort will need to be 

made to train researchers and educate climate change adaptation stakeholders.  

Lessons from nature and the ecological view of human society and its 

processes may also help to resolve many other problems that elude traditional 

problem solving and governance, e.g. crime prevention, drug and alcohol policy, 

international relations, energy policy, climate change mitigation, pollution and much 

more. We believe the time is right to breathe life into climate change adaptation. 

Hopefully this article will provide the catalyst for vigorous discussion and collaboration 

between evolutionists, industrial ecologist and the climate change adaptation 

community to advance domain-spanning paradigm-traversing adaptation science that 

explores the wealth of ecological and adaptation knowledge manifest in nature.  
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