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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SOCIAL, HUMAN AND MATHEMATICAL SCIENCES 

Geography and Environment 

Thesis for the degree of Doctor of Philosophy 

SOCIAL-ECOLOGICAL TIPPING POINTS IN WORLD DELTAS: DESIGNING A SAFE AND 

JUST OPERATING SPACE FOR THE CHILIKA LAGOON FISHERY, INDIA 

Gregory Stephen Cooper 

Systems of feedbacks, delays and cross-scale interactions can undergo surprising 

dynamics. Climate change and globalisation are magnifying social-ecological 

complexities across regional systems, questioning policies that prioritise stability 

over variability, predictability over adaptability, and optimisation over persistence. 

Similar concerns extend to modelling techniques that explore a limited number of 

scenarios framed by stationary external conditions and an absence of human-

natural feedbacks. Such methods are ill-equipped to identify safe and just 

operating spaces for sustainable development, characterised by interacting 

environmental limits, tipping points and regime shifts. To this end, this study 

develops and evaluates a system dynamics model to identify the safe and just 

operating spaces of a natural resource system with a legacy of collapse. Based on 

the Chilika lagoon fishery of the Mahanadi delta, India, the model explores how 

decision-makers can influence internal resilience to a spectrum of plausible driver 

trajectories and interactions.  

The principal contribution of this study is the operationalisation of the safe and 

just spaces concept as a forward-looking tool to identify interacting pathways to 

sustainable futures. Specific to Chilika, periodically dredging the tidal outlet 

desensitises the fishery to the hydroclimatic processes causing collapse under do 

nothing governance. However, stable resource availability facilitates fishing effort 

growth that can trigger overexploitation by 2050. Amongst a suite of social-

ecological trade-offs, fishing bans and alternative livelihoods widen the safe 

spaces but require decision-makers to forgo Chilika’s common-pool status. 

Normative safe spaces are found to have properties of social-ecological resilience, 

including latitude, resistance and precariousness. These characteristics help 

identify “core” safe and just spaces, representing interacting trajectories with the 

highest chances of reaching the sustainable future. Contrastingly, futures of 

fishery overcapacity and livelihood loss associate with deeply undesirable 

dynamics, including ecological surprise, tipping points and hysteresis. This study 

is transferable to social-ecological system of stocks and flows, feedbacks and 

future uncertainty, highlighting considerations for how we view sustainability and 

shape regional systems to avoid boundaries of safe and just spaces.   
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Chapter 1: Introduction 

1.1 Background and rationale 

The Earth system, comprising interacting physical, chemical and biological 

processes, is thought to exist within a no-analogue state (Steffen et al., 2004). 

Atmospheric carbon dioxide levels are higher than any other time in the past 

800,000 years (IPCC, 2014a). Combined earth and ocean temperatures have 

warmed by 1°C since 1880 (IPCC, 2014a) and the rate of species extinction is up 

to 1000 times Earth’s historical baseline (Mace et al., 2005). Termed ‘the 

Anthropocene’ (Crutzen and Stoermer, 2000), biophysical novelties are entangled 

with the emergence and acceleration of humanity’s dominance of the Earth 

system (Vitousek et al., 1997, Steffen et al., 2015a). Humans have transformed up 

to 50% of Earth’s natural landcover and exploited over 50% of all accessible 

freshwater (Vitousek et al., 1997). Earth’s human population eclipsed 7 billion in 

2011, and even though global gross domestic product increased six fold from 

1950 to 2010 (Steffen et al., 2015a), the richest 10% hold 57% of income 

(Raworth, 2012). 

The global challenges of climate change, population growth and inequity have 

called for Earth system governance (Biermann, 2007, Biermann, 2012). Despite 

various successes, including the 1987 Montreal Protocol that banned the 

production of ozone depleting substances, multilateral organisations such as the 

United Nations (UN) and Intergovernmental Panel on Climate Change (IPCC) are 

often thought to mismatch the scale of regional systems and decisions 

(Gunderson and Holling, 2002, Glaser and Glaeser, 2014). The promotion of 

aquaculture across Southeast Asia as a means of poverty reduction has exposed 

previously artisanal fisheries to international consumption demands, exploitative 

pricing and aquatic diseases (Berkes et al., 2006, OECD, 2010). Therefore, 

governance of ‘vulnerability hotspots’ (Nicholls et al., 2007) must tackle cross-

scale stresses, trade-offs and uncertainties associated with future climatic, 

technological and societal changes.  

To this end, computer simulation models provide virtual test-beds to explore the 

impacts of different assumptions, scenarios and decisions on system functioning 

(Mulligan, 2013). Models in physical sciences often offer deterministic views of 

reality, whereby an input produces a predetermined output. Such determinism 

extends to how models view the future, with conventional predictive scenarios 
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forecasting what will happen under a number of assumptions (Börjeson et al., 

2006). Arguably, various characteristics of conventional modelling approaches 

mismatch the complex challenges facing human-natural systems in the 

Anthropocene (Liu et al., 2007). Systems like coral reefs and fisheries are bistable 

(Scheffer et al., 2001), whereby positive feedbacks may trigger an abrupt shift to 

an alternative state (e.g. fishery collapse). A limited number of predictive 

scenarios based on past trends might leave such thresholds unexplored, keeping 

decision-makers naive to their occurrence. Awareness of such thresholds reduces 

ecological surprise (King, 1995), facilitates preparation (Olsson et al., 2006) and 

enables threshold-based management (Kelly et al., 2015). However, conventional 

integrated assessment models traditionally used in climate change studies are 

criticised for their user-defined damage functions built from uncertain knowledge 

and relationships, like the effect of temperature change on gross domestic 

product (Pindyck, 2013, Weyant, 2017).  

Social-ecological interactions underpin complexity in human-natural systems 

(Lade et al., 2015), particularly where socioeconomic development is dependent 

on long-term biophysical constraints (Ostrom, 2009). Models must incorporate 

the diversity of underlying components to deliver realistic governance options 

relative to system complexity and uncertainty (Verburg et al., 2016, Cumming 

and Peterson, 2017); however, models must not be so complex that outputs are 

incomprehensible. The evaluation of uncertainties must go beyond comparing 

modelled and observed time-series to assess wider system functions, including 

model structure, sensitivity and integrity (Jakeman et al., 2006).  

There is therefore a growing need for models to move from deterministic 

forecasters to explorers of multiple interacting pathways steering towards 

desirable futures (Bai et al., 2016, Verburg et al., 2016, Hughes et al., 2017). This 

vision aligns with the ‘safe and just operating spaces’ (SJOS) concept of 

sustainability (Raworth, 2012, Dearing et al., 2014), which is an extension of the 

Earth system’s ‘planetary boundaries’ paradigm (Rockström et al., 2009). Rather 

than attributing sustainability to a limited number of predictions, SJOSs identify 

system configurations achieving social foundations of human wellbeing within 

biophysical limits (Cole et al., 2014, Dearing et al., 2014). Establishing such 

desirable spaces can form the first stage of sustainable governance, from which 

goal-achieving actions can be mapped. Efforts to identify routes to SJOSs are in 

their infancy, however, there is recognition that sustainable pathways are 

multidimensional and interactive (Dearing et al., 2014, Scheffer et al., 2015). Such 
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interactions causing thresholds to shift are absent from the original planetary 

boundaries and subsequent modelling efforts of theoretical (Carpenter et al., 

2015b) and real social-ecological systems (Hossain et al., 2017).  

Regionalising sustainability principles is actively encouraged to positively frame 

actions, reduce uncertainties of scale and progress the narrative of global to local 

commons (Dearing et al., 2014, Scheffer et al., 2015, Verburg et al., 2016). 

Consequently, this thesis explores the concepts of SJOSs, complexity and 

modelling through the Chilika lagoon fishery of the Mahanadi delta, India: 

forming one of three deltaic case studies of the ‘Deltas, Vulnerability and Climate 

Change: Migration and Adaptation’ (DECCMA) programme (Lazar et al., 2015). 

Fishing activities support livelihoods of 35,000 primary and 200,000 secondary 

dependants (Iwasaki and Shaw, 2010a), but the system’s future is deeply 

uncertain due to a legacy of collapse, plausible trajectories of climate change and 

globalisation, and various alternative governance options.  

Therefore, this thesis has three main contributions. With the first mid-range 

projections of Chilika’s fishery, this thesis provides a necessary extension to the 

abundant literature on Chilika’s past. Through Chilika, this study seeks to convert 

the SJOS concept from a retrospective heuristic to a regionalised decision-support 

tool, with wider implications for how we govern for and view sustainability and 

resilience in social-ecological systems. Third, this thesis contributes to the 

disciplines of system dynamics and modelling through the capture of human-

natural feedbacks, use of exploratory futures and the integration of qualitative 

and quantitative data.  

1.2 Thesis structure 

This thesis adopts the structure of introduction, literature review, methodology, 

results, discussion and conclusion (Wisker, 2008). This section gives an overview 

of the purpose and content of each chapter.  

1.2.1 Literature review 

Chapter 2 aims to discuss key concepts underpinning this study to identify gaps 

in current knowledge. Concepts of social-ecological systems are first discussed 

(chapter 2.1), asking what makes a system social-ecological? What makes a social-

ecological system complex? What frameworks characterise and distinguish social-

ecological systems? Notions of sustainability are introduced (chapter 2.2), 

including definitions, relations to resilience and adaptability, and implications for 
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the future of social-ecological systems. Chapter 2.3 focuses on tipping points and 

regime shifts, including methods of detection, modelling and operationalisation 

in the real world. Chapter 2.4 reviews the application of sustainability, thresholds 

and SJOS concepts to deltaic social-ecological systems. Chapter 2.5 introduces the 

Chilika lagoon fishery, including ecological settings, the emergence of human 

operations and the need to find plausible futures. Chapter 2 culminates with the 

aim and objectives of this study. 

1.2.2 Model construction, evaluation and plausible futures 

Three chapters describe the methods used to address this study’s research 

questions. Chapter 3 focuses on model development, including conceptual 

modelling, interview methods employed during the field visit of spring 2016 and 

the process of formal model parameterisation, including datasets, equations and 

structures. Model evaluation (chapter 4) assesses whether appropriate 

quantitative behaviours are produced for structurally robust reasons. Finally, 

chapter 5 describes the techniques used to generate future dynamics, governance 

scenarios and classify future system safety.  

1.2.3 Model results 

Outcomes are organised into subchapters depicting different elements of 

Chilika’s sustainability (chapter 6), starting with outcome time-series and their 

causes, before evaluating the broader implications of SJOSs for Chilika and 

beyond. Chapter 6.2 presents future fish catch (hereafter catch) trajectories to 

understand the link between output safety and system governance. The following 

two subchapters investigate resilience further, before causal driver trajectories 

are depicted (chapter 6.5). Driver based SJOSs then synthesise the causal 

pathways (chapter 6.6), including a suite of highly sustainable core SJOSs (chapter 

6.7). Wider ecological outcomes and trade-offs evaluate the social justness and 

ecological safety of safe and just futures (chapter 6.8), before comparing 

contemporary trajectories to the identified thresholds (chapter 6.9). Chapter 6.10 

assesses nonlinear driver-response thresholds, assessing the association between 

normative futures and characteristics of critical transitions – like tipping points 

and hysteresis. Finally, nonlinear SJOS definitions provide an alternative method 

to characterise sustainable outcomes (chapter 6.11).  
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1.2.4 Discussion 

Chapter 7 position findings within the context established by the literature 

review, including: (i) the future use and governance of Chilika; (ii) governance of 

social-ecological systems; (iii) threshold-based management; (iv) the use of 

(system dynamics) models in social-ecological studies, and (v) transferability, 

uncertainties and limitations of this study.  

1.2.5 Conclusion 

Chapter 8 summarises the main findings and novel contributions of this study, 

plus implications for further study both within the case study and further afield. 
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Chapter 2: Literature review 

This chapter aims to review and identify prominent research gaps in the concepts 

and practices underpinning this research, including: (i) social-ecological systems, 

complexity and sustainability science; (ii) social-ecological thresholds and tipping 

points; (iii) deltaic systems and functions underpinning their regional SJOSs, and 

(iv) the Chilika lagoon. Chapter 2.6 then outlines the study aim, objectives and 

secondary research questions this study seeks to answer.  

2.1 Complex social-ecological systems 

2.1.1 Social, ecological and social-ecological systems 

Identified by their constituent stocks and flows, ‘systems’ are structures of inter-

connected components producing patterns of behaviour over space and time 

(Meadows, 2009). For instance, humans form the main actors of human-based 

systems interconnected by communication, coordination and self-organisation 

(Zeleny, 2009), whilst biophysical systems are comprised of microorganisms 

through to geomorphological landforms (Campbell and Norman, 1998). Systems 

involving abiotic and living entities are ‘ecosystems’ (Tansley, 1935), dependent 

on processes like reproduction to sustain species abundance and competition for 

life-supporting resources.   

Social systems and ecosystems share various characteristics. Globally, 

multinational corporations compete to access unexploited natural resources and 

consumer markets. Geomorphological processes such as sediment erosion and 

deposition exhibit self-organisation, illustrated by the spatial patterns of river 

deltas (Fagherazzi, 2008), coastal cliffs (Paredes et al., 2015) and Aeolian dune 

fields (Kocurek and Ewing, 2005). Likewise, Holling et al. (1996) outline the 

importance of fires in the self-regulation of light, water and shelter within forest 

canopies, which in turn influence species abundance and distribution.  

However despite these commonalities and the shared dependency on clean water, 

air and soil, humans have traditionally overlooked human-natural connections 

(MEA, 2005, Bennett et al., 2009). Vitousek et al. (1997, p.494) use the term 

‘domination’ to describe the conversion of between one-third and one-half of 

Earth’s natural land cover. Economic activities cover 25-30% of Earth’s land 

surface (Lambin and Geist, 2006), whilst approximately 50% of natural mangrove 
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coverage has been lost (Crutzen and Stoermer, 2000). Global atmospheric carbon 

dioxide levels reached 400 parts per million (ppm) in early 2015, 100-130 ppm 

above pre-industrial levels (Kellie-Smith and Cox, 2011) and the Holocene limit of 

variability (Steffen et al., 2011). Hydrological systems are also vastly altered: 

approximately 70% of the Earth’s rivers are intercepted by large reservoirs 

(Kummu and Varis, 2007), whilst the number of dams worldwide increased from 

~26,000 in 2000 to ~32,000 in 2010 (Steffen et al., 2015a). At the regional scale, 

deforestation for timber production is degrading pollination and natural flood 

defences across Bangladesh and India (Barbier et al., 2008, Giri et al., 2014). 

Overexploitation and the subsequent collapse of cod stocks across the Canadian 

Atlantic has degraded regional food and employment securities (Hamilton and 

Butler, 2001) – a scenario mirrored across the Baltic (Lade et al., 2015), Bering 

(Rodionov and Overland, 2005) and North seas (Hutchings, 2000).  

In response to the realisation that poverty alleviation across developing nations is 

not possible from socioeconomic actions alone, Gallopín et al. (1989, p.19) 

conceptualise ‘socio-ecological systems’ as “any system composed of a societal 

(or human) component and an ecological (or biophysical) component”. The term 

‘socio-ecological systems’ now has various pseudonyms, including ‘social-

ecological systems’ (SESs) (Berkes and Folke, 1998), ‘coupled human-environment 

systems’ (Turner II et al., 2003a, Turner II et al., 2003b) and ‘coupled human and 

natural systems’ (Liu et al., 2007). Together these concepts argue that social and 

ecological systems must be considered as one, because anthropogenic impacts 

upon nature influence everyday human activities across the globe.  

Gallopín et al. (2001) argue that the SESs concept must become policy relevant to 

achieve poverty alleviation. Consequently, different perspectives have emerged to 

transform theories into implementable actions. Binder et al. (2013) review ten SES 

frameworks, aiming to recommend appropriate situations for each. Despite 

differences in the conceptualisation of social and ecological interactions, the 

authors conclude that none of the approaches is universally superior. Therefore, 

despite a common concept, Binder et al. (2013) argue that transforming 

knowledge of system components and interactions into policy relevant 

information requires nuanced and case-specific approaches.  

Arguably the most prominent SESs framework is the ‘Social-Ecogical Systems 

Framework’ of Ostrom and collagues (2007, 2009). The social-ecological systems 

framework (figure 2.1) aims to address the ‘tragedy of the commons’ which 

hypothesises that humans disregard cooperation in the absence of regulation to  
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Figure 2.1: Aggregated version of the social-ecological systems framework 

describing resource units, users and nested governance structures 

within SESs (Ostrom et al., 2009).  Social, economic and political 

settings influence contemporary systems through legacy effects, 

whilst related ecosystems may provide external stresses. Reprinted 

with permission from the American Association for the Advancement 

of Science (AAAS). 

deplete natural resources for personal gain (Hardin, 1974). The common 

language usage and data organisation of the social-ecological systems framework 

tailors to different SESs, inluding urban lakes (Nagendra and Ostrom, 2014), 

agriculture (Cox, 2014) and montane irrigation systems (Hinkel et al., 2015). 

Despite considering the diversity of users, socioeconomic attributes and cross-

scale interactions, Hinkel et al. (2015) argue that the social-ecological systems 

framework fails to account for interdependencies between resource users which 

may lead to cooperation challenges. Therefore, where user actions are highly 

coupled, additional heuristics such as the symmetry of resource access helps to 

distangle networks critical to system functioning (Bodin and Tengö, 2012).  

Ecosystem services provide an alternative conceptualisation of SESs. Costanza et 

al. (1997) and MEA (2005) argue that ecosystem services provide essential 

functions for human wellbeing and development, including food, material and 
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energy sources, and the regulation of disease, water and chemical fluxes. Aiming 

to value the benefits of conservations efforts, Costanza et al. (1997) estimate 

global ecosystem services to be worth US$33-trillion/year (1995), since revised to 

US$125-145-trillion/year circa 2011 (Costanza et al., 2014). Similar to the social-

ecological systems framework, key actors are recognisable by analysing flows of 

ecosystem services. However, Koshel and McAllister (2008) argue that such 

accounting ignores heterogeneous access to ecosystem services, due to physical, 

political, economic and cultural barriers. Moreover, econometric valuations may 

overlook intangible benefits of ecosystem services, such as cultural, emotional 

and recreational significances (Bagstad et al., 2013).  

SESs may be vulnerable to human-natural interactions and dependencies, broadly 

defined as the susceptibility of an agent or system to harm (Adger, 2006, Eakin 

and Luers, 2006). Through case study analysis, Turner II et al. (2003b) recognise 

that agricultural production across the Mexican Yaqui Valley is vulnerable to soil 

salinisation, and reduced water quality and quantity. Similarly, the Driver-

Pressure-State-Impact-Response framework (Eurostat, 1999) depicts a chain of 

events from underlying social and biophysical stresses, to institutional responses 

and impacts. These frameworks provide hazard-oriented perceptions of SESs, with 

clear overlaps with the social-ecological systems framework and ecosystem 

services, namely the recognition of susceptible actors and the potential for 

natural capital loss.  

Understanding that human behaviours affect the environment is crucial for 

socioeconomic development and the persistence of vulnerable biophysical 

functions (Gallopín et al., 1989). The review hitherto has charted the development 

and demand for SESs thinking, but overlooked how notions of complexity affect 

human-natural interactions in SESs. 

2.1.2 Characteristics of complex social-ecological systems 

The Oxford English Dictionary states that ‘complex’ is the opposite of ‘simple’ 

(OED, 2015). Simple systems are associated with the ability to succinctly 

summarise system behaviours (Hugget, 1985), whilst complex systems have 

interconnections that are complicated to understand (OED, 2015). Since the late 

1980s, concepts of complexity have proliferated through social and physical 

sciences (Kauffman, 1991, Mitchell and Newman, 2002), including health care 

(Kauffman, 1991, Sweeny and Griffiths, 2002), economics (Arthur, 2013) and 

psychology (Friedenburg, 2009).  
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Ladyman et al. (2013) synthesise seven characteristics of complex systems across 

physical and social sciences: (i) nonlinearity; (ii) feedbacks; (iii) spontaneous order; 

(iv) robustness and lack of central control; (v) emergence; (vi) hierarchical 

organisation; (vii) numerosity. This list does not explicate temporal delays or 

surprises, although these may be encompassed by nonlinear and emergent 

dynamics. Complexities may be intertwined, for example, nonlinearities (e.g. 

‘outcome a’ changes at a different rate to ‘driver b’) may evolve from emergence, 

describing the cumulative effects of localised components (Dearing et al., 2010). 

Consequently, from the viewpoints of users and governance, emergent dynamics 

may produce system surprises. 

Self-organised criticality is a key characteristic of complexity. Through their 

famous sand-pile experiments, Bak et al. (1987) show that natural systems may 

reach critical points of release both scale-invariantly and without the precise 

tuning of perturbations during relatively stable states. Relating to the 

characteristics of complexity outlined by Ladyman et al. (2013), the cumulative 

effects of relatively micro-scale disturbances on the sand-piles exemplifies 

emergent, unpredictable avalanches. Nonlinearity occurs during spiked sediment 

transportation rates and the duration of activity appears spontaneous relative to 

the duration of the preceding state. Moreover, the sand-pile appears robust to 

disturbances before reaching the proverbial straw that breaks the camel’s back 

(Bak and Chen, 1991).  

Tainter (1990) conceptualises complexity based on analysis of socio-political 

structures during societal collapses, arguing that societies become increasingly 

complex by generating socioeconomic problems, increasing the number and 

interconnectivity of institutions, rules and regulations. Moreover, socio-political 

systems become hierarchical, stratified and centralised (Tainter, 1990). Eventually, 

societies reach a maximum complexity, diverting energy like finances and natural 

resources that previously solved problems into maintaining normal functions. 

Tainter and Crumley (2005) argue the debasing of the denarius in 64 A.D 

unintentionally undermined both the strength of the Roman economy and the 

motivation of soldiers, which led to heightened vulnerabilities to financial 

collapse and warfare.  

The seminal works of Tainter (1990) and Bak et al. (1987) suggest complexity 

should be viewed through underlying system structures and outcomes. However, 

every component and process cannot be captured with infinitely fine detail 

(Cilliers et al., 2013, Cuddington et al., 2013), making mental, physical and 
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computational models simpler than reality. Therefore, the concept of ‘critical 

complexity’ argues that complexity is related to the capacities of human 

perceptions (Cilliers, 1998, Audouin et al., 2013) and values (Heylighen et al., 

2007). Critical complexity does not argue for the adoption of overly simplistic 

models, but that their design should acknowledge finite understanding. To this 

end, Cilliers et al. (2013) outline approaches to incorporate complexity into 

everyday decisions, including harnessing diversity and embracing invisible 

regions between components. The latter recommendation relates to the lessons 

of Tainter (1990), as underappreciating unintended consequences may cause 

collapse. Cilliers et al. (2013) also encourage monitoring complex behaviours to 

learn about critical components, interactions and opportunities. However, 

considering the seminal work of Bak et al. (1987), it must be remembered that 

surprises may occur without warning.  

Building upon the static social-ecological frameworks introduced hitherto, Liu et 

al. (2007) identify spatiotemporal complexities within SESs, namely feedbacks, 

thresholds, surprises and temporal nonlinearities. For example, thresholds 

produce social-ecological surprises, such as the unintentional extirpation of 

commercially important walleyes from the introduction of smelt fish across 

Wisconsin’s Northern Highland lakes (Liu et al., 2007). To capture complex social-

ecological processes, Liu et al. (2007) recommend using integrated approaches, 

including remote sensing imagery, ecological sampling techniques and modelling 

strategies. These approaches are multi-temporal, analysing system responses to 

cross-scale social and biophysical conditions. The need for such multidisciplinary 

and multi-temporal approaches is echoed by van der Leeuw et al. (2011), Bai et al. 

(2016) and Verburg et al. (2016).  

Moreover, Cumming and Collier (2005) note that social-ecological identities may 

be temporally dynamics. The authors advise basing identities on natural system 

properties, for example, by establishing natural functions prior to anthropogenic 

modifications. In turn, building contemporary identities systematically 

acknowledges major events such as changed governance approaches, market 

shifts or climate change. In relation, the ‘long now’ approach (Brand, 1999) posits 

that the present is inextricably linked to the past through historical legacies, 

contingencies and emergence. Dearing et al. (2012) advocate a minimum 

timescale of 60 years to capture continuously evolving processes of different 

durations and frequencies, whilst considering practicalities like data availability 

and resolution.  
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Cumming and Collier (2005) further argue that only components and 

relationships pivotal to system functioning should be considered in identity 

definitions. However, SESs often have multiple purposes, such as supporting local 

livelihoods reliant on different natural resources. Schlüter et al. (2009) model 

conflicting water demands across the Amudarya Basin of central Asia, finding that 

upstream agricultural practices economically gain at the expense of downstream 

fishers. Within the same economic sector, evidence from coastal lagoons in India, 

Vietnam and Portugal suggests that native fishers compete for the same 

resources as economic migrants, who often use technologically advanced 

practices (BenDor et al., 2009, Nayak et al., 2015). This may lead to ‘ratchet mode’ 

dynamics (Meadows, 2009), where resource use intensification from all parties 

causes overexploitation ultimately detrimental to all resource users over time.   

Made up of nodes (e.g. individuals, companies or landscapes) interconnected by 

links (e.g. flows of matter or information) (Janssen et al., 2006), networks may 

represent complex SESs particularly where individual behaviours cannot explain 

aggregated behaviours (Scheffer, 2009). The heterogeneity of links describes 

network structure, which influences system functions through the clustering and 

connectivity of flows (Albert et al., 2000). Globalisation is increasing connectivity 

across geographical and virtual space (Homer-Dixon, 2006), meaning previously 

regionalised stresses now transmit across international and continental 

boundaries. Self-organisation through preferential attachment occurs in 

international agro-food security (Ercsey-Ravasz et al., 2012), global water trade 

(Dalin et al., 2012) and international financial institutions (Minoiu and Reyes, 

2013). Consequently, although society seeks to build stress tolerant hubs, such 

centralisation is vulnerable to targeted attacks responsible for blackouts or 

disease outbreaks within cities (Albert et al., 2000).  

Similarly, Young et al. (2006) argue globalisation is increasing social-ecological 

complexities through cross-scale interactions. The international shrimp trade 

explicates cross-scale coupling, as global consumption and price growth have 

caused endemic environmental degradation across regions of Southeast Asia 

(Primavera, 1997, Berkes, 2011, Bunting, 2013). Top-down pressures have also 

caused the overexploitation of commercial species, socio-political conflicts and 

livelihood losses (Nayak, 2014, Nayak et al., 2015). Consequently, defining SESs 

must consider external processes influencing system functioning even though 

individual actors are unable to affect their trajectories.     
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Consequently, globalisation and the porosity of SESs boundaries have encouraged 

the study of SESs from the global perspective. Paradigms such as ‘global system 

science’ (Jaegar et al., 2013) and ‘Integrated History and future of People on Earth’ 

(IHOPE - van der Leeuw et al., 2011) support a focus on dynamics with worldwide 

scope, such as climate change, urbanisation and health. Biermann (2007, 2012) 

recommends Earth system governance to tackle vulnerabilities to global 

environmental and population changes, whilst Finnigan (2017, p.31) states that 

the need to address global challenges with global governance is a “basic fact”. 

Paradigms such as the ‘planetary boundaries’ (Rockström et al., 2009), ecosystem 

valuation (Costanza et al., 1997) and Barnosky et al.’s (2012) global biosphere 

assessment provide tentative metrics of global social-ecological health. In 

contrast, Zhang et al. (2015), Dearing et al. (2015) and Hanspach et al. (2014) 

encourage greater regionalisation, partly based on the deficiencies of global 

evaluations, such as scale disparity between assessments and policy-making, and 

the lack of truly global long-term datasets. Consequently, Dearing et al. (2014) 

and Scheffer et al. (2015) promote the regionalisation of the planetary boundary 

approach, whilst Lang et al. (2012) and Bai et al. (2016) encourage the co-

production of knowledge between regional scientists, decision-makers and users.  

SESs exist across the world, and regional vulnerabilities to changing biophysical 

and social settings surmount to global issues. Yet, disagreement exists about 

how to tackle cross-scale issues: should regional stresses that accumulate to 

global problems be prioritised? Alternatively, do we need a systematic approach 

to ensure that SESs remain functional from the top-down? The appreciation of 

spatiotemporal complexity is critical, as dynamics cannot be captured without 

acknowledging emergent processes, nonlinearities and historical legacies. 

However, these properties differ between systems, questioning the plausibility of 

managing regional SESs from the global level.  

2.2 Social-ecological sustainability, resilience and 

adaptability 

2.2.1 Concepts of sustainability and resilience 

Sustainability, resilience and adaptability provide further perspectives to analyse 

SESs based on coping with different biophysical and socioeconomic stresses. The 

1960s generally marks the beginning of the sustainability movement (Kramer, 

2012), with a proliferation of books, essays and academic literature stimulating 
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awareness of man’s impacts on nature. Boulding (1966) argued for a global 

transition from the conventional capitalistic ‘cowboy economy’ towards a 

‘spaceship economy’, whereby measures of economic success switch from flows 

to accumulations of stocks. Spaceship economics recognises that economic 

markets not only rely on employment levels, income and amenities, but also long-

term relationships between human-natural components.  

Holmberg et al. (1996) defines four sustainability principles based on 

outweighing destructive human actions by biosphere conservation and renewal. 

Coherent with Boulding (1966), Holmberg and colleagues’ conceptualisation 

considers natural capitals as stocks influenced by various flows. However, the 

principles are environmentally focused (Azar et al., 1996), fail to distinguish 

between short and long-term interactions, and reasons why societies exploit 

natural resources. Countering such environmentally centric views of sustainability, 

Hardin (1974) suggests Boulding’s spaceship economy leads to the tragedy of the 

commons, whereby multiple users claiming rights without responsibilities cause 

resource exhaustion. Hardin (1974) argues that akin to a lifeboat, natural and 

social systems have capacities associated with inherent winners and losers. Whilst 

taking a relatively pragmatic approach to sustainability, ‘lifeboat ethics’ introduce 

issues of socio-political rights, responsibility and equity to the discussion.  

Through development of the World3 model, Meadows et al. (1972) investigate 

relationships between global socioeconomic development pathways and 

environmental limits (e.g. cultivated land availability, fertility and maximum 

yields). The need to consider principles of ‘limits to growth’ when making 

socioeconomic decisions is argued, developing the notions that economic 

throughput cannot be infinite without damaging nature (Boulding, 1966) and 

foreshadowing the recognition of social-ecological carrying capacities (Hardin, 

1974).  

Such socioeconomic pathways avoiding environmental limits are central to 

sustainable development, most famously defined as “[meeting] the needs of the 

present without compromising the ability of future generations to meet their 

needs” (UNWCED, 1987, p.16). This definition relates to the spaceship Earth, 

encouraging the preservation of natural resources for future use. However, Lélé 

(1991) and Sneddon et al. (2006) emphasise the juxtaposition of conservation 

and development. Similarly, the environmental Kuznets curve observes a parabolic 

relationship between income per capita and environmental degradation (Stern, 

2004), implying historically, developing countries must initially trade-off 
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ecological conservation for socioeconomic development. Consequently, Grossman 

and Krueger (1995) and Yang et al. (2014) argue that sustainable development 

must coordinate all aspects of SESs, synergistically progressing economic, social 

and environmental subsystems.  

To this end, the last 15 years has witnessed the growth of sustainability science – 

concerned with understanding the characteristics of interactions between nature 

and society (Kates et al., 2001). Sustainability science adopts a system-based 

approach, investigating issues across spatiotemporal domains, governance 

structures and scientific disciplines (Sala et al., 2013). Sustainability science also 

closely relates to fundamentals of complex SESs. For instance, sustainability 

science does not assume linearity (Sala et al., 2013), meaning that resource 

degradation is not automatically considered unsustainable. Instead, the range and 

magnitude of impacts, action durations and the potential for reversibility are 

considered (Kates et al., 2001). Likewise, social and ecological components are 

treated as equal contributions to system functioning (Clark and Dickson, 2003). 

Moreover, sustainability science is problem-orientated (Kates et al., 2001, Clark 

and Dickson, 2003), investigating reasons why social-ecological functions become 

unsustainable.  

Parallel to the concept of sustainability is the multifaceted notion of resilience, 

traditionally viewed through the lens of ‘engineering resilience’, which is 

considered inversely proportional to a system’s return time to equilibrium 

(Holling, 1973). Therefore, engineering resilience is traditionally applied to 

disaster recovery (Mileti, 1999), aiming to resume normal societal functions after 

hazardous events (Wang and Blackmore, 2009). Ives (1995) labels this concept 

‘deterministic resilience’ due to its quantifiable nature. However, Folke et al. 

(2002) argue that quantitative comparisons assume that ecosystem responses to 

human actions are always predictable and manageable. 

In contrast, following the alternative stable states in ecology hypothesis (Lewontin, 

1969), Holling (1973) introduces the concept of ‘ecological resilience’ to describe 

an ecosystems’ ability to absorb change whilst retaining desirable relationships 

and interactions. Holling (1973) finds that despite significant variability, Eastern 

Canada’s Spruce Budworm population persists through disturbances, as 

management conditions the system to collapse and recovery. Thus, ecological 

resilience acknowledges spatiotemporally dynamic drivers and responses. 

Contrastingly, engineering resilience assumes long-term static averages (Milly et 

al., 2008), thought to undermine long-term resilience as systems remain 
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unconditioned to changing driver-response relationships (Folke, 2006, Adger et 

al., 2011).  

Addressing these divergent concepts of resilience, ‘social-ecological resilience’ is 

generally considered to have two dimensions: (i) the maximum disturbance a SES 

can withstand before dynamics become undesirable, (ii) the ability to reorganise 

to sustainable trajectories once separated from normal functionality (Folke, 2006, 

Renaud et al., 2010). Similar to ecological resilience, social-ecological resilience 

constantly evolves in response to underlying relationships, feedbacks and 

legacies. Therefore, social-ecological resilience is arguably exhibited if desirable 

outcomes persist across a range of social-ecological drivers, such as novel 

climatic, hydrological and socioeconomic conditions. Contrastingly, the 

Northwest Atlantic fishery of Canada is a famous example of social-ecological 

resilience loss, with the absence of alternative livelihoods leading to 

socioeconomic decline after the 1970s productivity collapse (De Young, 1999, 

Hamilton and Butler, 2001).  

Operationalising resilience remains a key research demand in hydrological 

(Parsons and Thoms, 2017), agricultural (Ashkenazy et al., 2017) and broader 

social-ecological systems (Bennett et al., 2005, Brand and Jax, 2007, Sterk et al., 

2017). To this end, Walker et al. (2004) outline four components of resilience, 

namely: (i) the maximum disturbance a system can withstand (latitude); (ii) 

system sensitivity to change (resistance); (iii) system proximity to change 

(precariousness) and (iv) the influence of multi-scale dynamics upon the scale of 

interest (panarchy). Latitude and resistance combine to form robustness against 

social and biophysical stresses (Anderies et al., 2004), whilst global processes 

(e.g. climate change) have been found to influence emergent local cycles (e.g. soil 

erosion) across panarchic systems of rangeland agriculture (Walker and Abel, 

2002) and small island developing states (Holdschlag and Ratter, 2016).  

Parallel to the resilience properties of Walker et al. (2004), Carpenter et al. (2001) 

stress the need to clarify the stressors and outcomes under consideration 

(‘resilience of what to what?’), such as the resilience of a freshwater lake system 

to increasing soil phosphorous. Using simple system models, Bennett et al. (2005, 

p.955) define resilience surrogates based on “the state of the system relative to 

the location of the threshold, the sensitivity of the system to movement toward 

the threshold, and the rate at which the system is moving toward the threshold”. 

Whilst helping to operationalise resilience, the surrogates of Bennett and 

colleagues overlook system persistence beyond the threshold. Addressing these 
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shortcomings within social arenas, Marshall and Marshall (2007) operationalise 

the resilience of Australian fishers as the level of interest in livelihood change, 

plus perceptions of risk, reorganisation and coping in times of stress.  

Contrasting the component specific resilience described above, general resilience 

aims to consider the persistence of multiple outcomes to multiple system drivers 

(Folke et al., 2010, Matyas and Pelling, 2015). Consequently, general resilience 

relates to the capacity of a SES to persist and adapt in response to novel (e.g. 

climate change) or surprising (e.g. disasters) stresses (Folke et al., 2016). In 

support of general resilience, Lebel et al. (2006) argue that specified resilience 

can degrade resilience elsewhere within the system, as decision-makers may 

favour particular components. Furthermore, a historically resilient component 

may become abruptly vulnerable due to modifications elsewhere in the system 

(Lebel et al., 2006). Consequently, surveying perceptions of resilience during 

times of prosperity may overestimate resilience to abrupt and unpredictable 

collapses (Marshall and Marshall, 2007), whilst only considering social 

components suggests that the loss of ecosystem services is acceptable if 

alternative livelihoods are available. Despite these limitations, resilience studies 

have traditionally focused on specified resilience, to the extent that Sterk et al. 

(2017) argue that studying multiple interacting stresses represents a paradigm 

shift!  

Overall, SESs must exhibit some resilience in the face of stresses and 

vulnerabilities. The above review highlights a number of knowledge gaps that 

make studying resilience an exciting venture. For example, can drivers key to 

sustainability be identified and prioritised (Biggs et al., 2015a, Hughes et al., 

2017)? How may gradual externals influence resilience to abrupt internal drivers 

(Scheffer et al., 2015)? How may internal governance bolster resilience to 

destructive feedbacks in order to manipulate threshold locations (Hughes et al., 

2017)? The following subchapter builds upon the above concepts by reviewing 

deeper notions and special cases of resilience, including traps where decision-

makers and stakeholders lose the capacity to adapt to stress.   

2.2.2 Beyond definitions: successes, traps and adaptability  

Adaptability is inherent to social-ecological resilience, describing system capacity 

to adjust to changes (Young et al., 2006). Central to climate change science, 

adaptability investigates how to adjust social norms to cope with evolving 

conditions (Smit and Wandel, 2006). Walker et al. (2004) argue adaptability is an 
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anthropocentric notion, relating to the abilities of social actors to control 

resilience. In turn, transformability describes the ability of actors to adapt 

towards sustainable trajectories – as per the second component of social-

ecological resilience (Walker et al., 2004).  

Olsson et al. (2004) explore sustainability, resilience and adaptability across the 

Kristrianstad region of Sweden. Since the 17
th

 century, the region’s wetlands have 

faced threats from socioeconomic pressures including agriculture, flood defences 

and recreational uses. Alongside growing awareness of environmental issues 

across Sweden during the 1980s (Olsson et al., 2004), Kristianstad’s citizens, 

business leaders and politicians recognised a need to transform away from  

unsustainable balances between human activities and ecosystem conservation.  

Therefore, Olsson et al. (2004) formulated a framework for sustainable 

governance and transformations. To avoid unintended consequences, SESs must 

prepare for change across all societal sectors through education and engagement. 

Systems must then seize windows of opportunity: requiring realisation that a 

system’s trajectory is unsustainable but adaptable with sufficient effort (Kingdon, 

1995). Kristrianstad’s window of opportunity occurred in 1988, as the leader of 

the region’s sustainability movement met with senior politicians, who later 

established the Ecomuseum Kristianstads Vattenrike (EKV) governance board for 

regional decision-making (Olsson et al., 2006). Lastly, Olsson et al. (2004) 

describe the need for social-ecological resilience post-transformation. Therefore, 

Kristrianstad’s SES was constructed upon the principles of the social-ecoloigcal 

systems framework (Ostrom, 2007; 2009), including polycentric governance 

structures, and financial and knowledge contributions from various funders. 

Consequently, Olsson et al. (2004) argue that EKV’s self-organisation enhances 

social-ecological resilience and adaptability, as per resilient systems in nature 

(Holling et al., 1996).   

Lebel et al. (2006) also argue strong leadership builds public trust and 

participation in governance; otherwise, system governance may become 

misdirected, reluctant to admit responsibility and learn from mistakes. Olsson et 

al. (2006) discover that bureaucracy, mistrust of non-governmental groups and 

weak leadership inhibits adaptive governance across the Mae Nam Ping Basin of 

northern Thailand. Consequently, the three-steps for adaptive governance 

arguably favour regions with socioeconomic conditions facilitating efficient 

exchanges of information, knowledge and finances.  
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The adaptive cycle (Holling, 1986, Holling, 2001) provides an alternative 

perspective on the role of adaptive governance in resilience and sustainability, 

arguing that ecosystems (and SESs: Walker et al., 2004, Pelling and Manuel-

Navarrete, 2011) cyclically evolve over space and time. The adaptive cycle is 

comprised of a forward loop occurring as a system increases in socioeconomic 

potential and connectedness (Holling, 2001), before a reverse loop drives 

collapse and reorganisation. The adaptive cycle suggests that resilience aligns 

with the ability of a system to successfully navigate the loops, differing from the 

relatively unidirectional adaptive governance framework (Olsson et al., 2004). The 

adaptive cycle implies that SESs are conditioned to boom and bust (Gunderson 

and Holling, 2002), producing low levels of internal controllability limiting the 

ability of governance to shape long-term dynamics (Holling, 2001). In contrast, 

the framework of Olsson et al. (2004) requires relatively high levels of internal 

controllability to prepare for change and seize a window of opportunity. It is 

important to note that the adaptive cycle and framework for transformational 

governance are heuristics for system understanding, rather than predictive 

models of change (Biesbroek et al., 2017). Therefore, recognising a window of 

opportunity does not necessitate successful transformational change and 

decision-making must avoid falling into this trap.  

Traps may also hinder the passage of SESs between different adaptive cycle 

phases (Carpenter and Brock, 2008). ‘Poverty traps’ due to reasons beyond 

stakeholder control (e.g. recurrent natural disasters) may keep SESs within the 

low potential ‘exploitation’ stage with unfavourable socioeconomic conditions, 

including poverty and inequality. Furthermore, SESs may become rigid through 

institutional arthritis (Olson, 1982, Carpenter and Brock, 2008, Young, 2010), 

whereby institutions responsible for past successes are reluctant to adapt. To 

combat rigidity traps, Carpenter et al. (2001), Olsson et al. (2004) and Fath et al. 

(2015) advocate the diversification of social-ecological components and 

governance structures. Moreover, congruent with holistic sustainability 

perspectives (chapter 2.2.1), the authors argue that socioeconomic growth should 

be controlled to prolong the conservation stage and reduce vulnerabilities to 

crises. However, constraining variability may increase long-term vulnerability to 

large shocks and slowly manifesting stresses (Anderies, 2015, Carpenter et al., 

2015b), whilst short-term fixes may lead to costlier remediation in future (Sterner 

et al., 2006). For example, Palmer et al. (2008) argue that towns and cities 

dependent on low-magnitude flood defences are becoming increasingly 

vulnerable to significant events under climate change.  
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The ‘complex adaptive systems’ (Holland, 1995) concept provides further 

perspectives on sustainability and resilience. Social-agents within complex 

adaptive systems continuously adapt to system conditions, and the role of 

ecological processes such as exploitation, competition and cooperation in system 

dynamics is widely acknowledged (van Bilsen, 2010, Levin et al., 2013). Game 

theory is central to complex adaptive systems (Lansing, 2003), describing how 

actors rationalise individual decisions (van Bilsen, 2010). Individuals may act 

selfishly to maximise profit, improving their resilience in the short-term. However, 

SESs may enter ratchet mode as defector behaviour becomes endemic, leading to 

unsustainable resource exploitation and tragedy of the commons (Lansing, 2003). 

Therefore, as with transformative governance, leadership and social responsibility 

must conserve the negative feedbacks building robustness against actions 

undermining long-term sustainability – termed ‘viability loops’ by Hjorth and 

Bagheri (2006).  

Sustainability, resilience and adaptability are dynamic concepts with 

spatiotemporal scales and components malleable to different systems of 

governance and individuals. However, the different timescales, settings and 

unintended consequences contribute to the complexity of sustainability and 

resilience notions (Berkes and Folke, 1998, Nuno et al., 2014). As such, decision-

makers cannot rest on their laurels having seemingly averted unsustainable 

conditions. Instead, long-term sustainability and resilience should be prioritised, 

plus the avoidance of traps that may appear resilient in the short-term.  

2.2.3 Plausible and desirable social-ecological futures  

This review has highlighted desirable social-ecological qualities and pitfalls 

associated with traps, trade-offs and future uncertainties. Traditionally used in 

environmental impact assessments (Lawrence, 2003), notions of ‘desirable’ and 

‘plausible’ futures are increasingly applied to SESs. Bai et al. (2016) define 

‘desirable’ as futures increasing the chances of society overcoming current social-

ecological crises. Thus, desirable futures offer an action-oriented take on the 

ultimate goal of sustainability science to maintain both social and environmental 

favourable conditions. Plausible futures consider the wider spectrum of possible 

development trajectories, acknowledging uncertainty associated with projecting 

social-ecological futures (Bai et al., 2016). 

Taking sustainability, resilience and adaptability at face-value will not solely 

achieve desirable futures. Despite global recognition for its need, the sustainable 
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development definition of UNWCED (1987) is criticised for lacking jurisdiction and 

implementable guidelines, leading to the belief that international decision-makers 

are merely paying lip-service (Mannion, 1997, Egelston, 2013). Gell-Mann (2010) 

outlines seven transformations needed to improve the sustainability of current 

anthropogenic trends and attitudes, each requiring divergence from conventional 

global social and economic processes, which Bai et al. (2016) argue is difficult to 

imagine, yet alone practice at regional and international scales. In contrast, it is 

straightforward to imagine futures whereby cowboy economics persist.   

Gilberto Gallopín has championed global plausible futures, including 

multidimensional and multidecadal pathways of energy use (Gallopín, 1997), 

human population (Gallopín and Raskin, 1998) and material consumption 

(Gallopín, 2002). Regional applications include Carpenter et al. (2015a) for the 

Yahara watershed, USA, and Hanspach et al. (2014) for Transylvania, Romania. 

The studies have commonalities despite differences in location and scale. First, 

three or four futures are analysed, such as ‘business-as-usual’, ‘barbarisation’ and 

‘sustainable transformation’ (Gallopín, 2002), or ‘abandonment and renewal’, 

‘accelerated innovation’, ‘connected communities’ and ‘nested watersheds’ 

(Carpenter et al., 2015a). Pathways generally centre on major branch points, like 

excessive lake pollution or changes in global governance. Moreover, endpoints 

and pathways tend to be expert defined. Consequently, the degree to which such 

human-led horizon scanning can identify truly surprising dynamics is 

questionable. Moreover, such divergent scenarios creates gaps in our roadmap, 

as the ‘real’ future may fall somewhere between the storylines.  

Rather than branch points, Palmer et al. (2008) and Contamin and Ellison (2009) 

note that desirable futures should consider sustainability and resilience 

proactively and continuously, rather than iteratively after perturbations or once 

unsustainable trajectories are recognised. However, such adaptability is not 

universally attainable. Barriers trapping SESs within poverty traps must be 

overcome, perhaps through the diversification of governance structures to 

engage and harness indigenous system potential (Holling, 2001). Furthermore, 

plausible futures consider resilience as a function of trade-offs and bounded 

rationalities (Levin et al., 2013). Boulding’s spaceship metaphor is therefore 

desirable, with SESs entirely controllable from the inside. Yet, viewing SESs 

through the lens of Hardin’s lifeboats is more plausible, recognising that 

sustainability and resilience are emergent properties of processes with different 

spatiotemporal scales, trade-offs and adaptive capacities. The discussions 
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hitherto place the dynamic concepts of sustainability and resilience on a 

continuum with the desirability of plausible futures. However, ecological theories 

suggest SESs may have alternative stable states, separated by discontinuous and 

often abrupt thresholds. Thus, the next subchapter discusses the implications of 

tipping points and regime shifts on sustainability and resilience.  

2.3 Social-ecological regime shifts 

2.3.1 Thresholds, tipping points and regime shifts 

The canoe metaphor is often used to communicate the complex concepts of 

thresholds, tipping points and regime shifts. Fundamentally, an upside-down 

canoe has lost its ability to transport the canoeist through the reorganisation of 

system functionality (Crépin et al., 2012, Biggs et al., 2015c). Thresholds 

represent critical levels of system conditions between states of system 

functionality (Liu et al., 2007). For example, the canoe may flip once waves 

external to the vessel exceed a critical height. Tipping points are thresholds 

representing moments when small driver changes trigger changes in system 

quality, properties or state (Groffman et al., 2006, Lenton et al., 2008). 

Interactions between lower-level thresholds and system-wide tipping points are 

complex. For example, the canoe may remain upright if the canoeist can 

counteract external forces (Scheffer, 2009). Therefore, the likelihood and 

implications of threshold crossing relate to system robustness and resilience. A 

heavy boat may resist external drivers, whilst an experienced canoeist may 

rapidly re-flip the canoe (engineering resilience). The canoe exhibits ecological 

resilience if desirable functions persist as individual thresholds are approached 

and passed (Holling, 1973, Renaud et al., 2010). Social-ecological resilience 

occurs if the above is achieved without damaging the craft’s ability to self-

organise and adapt (Folke, 2006, Renaud et al., 2010). 

Following Holling (1973), May (1977) analysed breakpoints between alternative 

regimes. Through ecological modelling, May showed that the rapid transmission 

of Schistosomiasis results from the gradual accumulation of worms upon an 

individual. The breakpoints of May (1977) are synonymous with tipping points, 

whereby continuous changes in the driving variable cause disproportional 

responses. The connotation of ‘breakpoints’ has since become less catastrophic. 

Christensen and Krogman (2012) argue that a social breakpoint identifies a new  
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experience. In statistics, a breakpoint represents a significant deviation from a 

long-term trend (Zeileis et al., 2015).  

From coral reefs, lakes and forests, Scheffer et al. (2001) devised the stability 

landscape metaphor to classify threshold transgressions. The first category 

describes steady changes in system parameters (figure 2.2b), such as climatic 

shifts or chemical flows (Scheffer et al., 2001). The depth of the desirable basin of 

attraction decreases over time, meaning small perturbations can force the system 

from its desirable regime. Alternatively, abrupt threshold transgressions may 

result from external impacts, like land-use changes or hydrometeorological 

events. In reality, exact causes of state shifts are often complex to distinguish 

(Scheffer et al., 2001), as long-term degradation may undermine resilience to 

short-lived events.  

Regime shifts are traditionally viewed as instantaneous dynamics, as transitions 

between alternative states are short-lived compared to the preceding and 

resulting regimes (Biggs et al., 2009, Dearing et al., 2010). Beisner et al. (2003) 

recognise the existence of non-catastrophic shifts leading to ‘alternative interior 

 

Figure 2.2: Stability landscapes depicting the two regime shifts of Scheffer et al. 

(2001): (a) the system appears resilient to stresses (D), remaining 

within the desirable basin when the maximum stress (C
max

) occurs; (b) 

the system undergoes parameter changes (∆P) causing normal stresses 

(D
norm

) to induce state changes; (c) parameters remain constant, but the 

system is forced beyond its desirable basin. 
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states’; for instance, population regimes of fish switching between declining and 

increasing stocks. Management of such internal dynamics is important to 

discourage system-wide shifts, for example, weakening positive feedbacks driving 

population decline is key to resource persistence (Hjorth and Bagheri, 2006).  

Global tipping points gained attention following Scheffer et al. (2001), leading 

Alley et al. (2003), Walker (2006) and Lenton et al. (2008) to quantify climatic 

thresholds. Rockström et al. (2009) continued this global focus in an attempt to 

operationalise Earth system resilience, hypothesising nine ‘planetary boundaries’ 

which may destabilise the Holocene environmental conditions that have 

supported humanity for the past 11,000 years. Expert opinion and 

palaeoenvironmental records quantified seven of the planetary boundaries, 

positing that climate change, Earth’s nitrogen cycle and biodiversity loss have 

exceeded critical thresholds known as “safe operating spaces” (SOS). Criticism 

predominantly focused on boundary values (Brook et al., 2013), reflected in the 

inclusion of uncertainty in the updated planetary boundaries (Steffen et al., 

2015b). Moreover, the response of boundaries to management, technological 

innovations and inter-threshold relationships are unknown (Brook et al., 2013). 

The concept also overlooks the responsibilities of regional governments to tackle 

the thresholds (Häyhä et al., 2016). Thus, the planetary boundaries concept is a 

promising heuristic requiring modifications to become operational (Brook et al., 

2013); in particular, the boundaries demand downscaling to match the influence 

of regional governments (Dearing et al., 2014, Scheffer et al., 2015), whilst the 

causes, locations and impacts of shifts must be considered to guide decision-

making and priority setting.  

With a social-ecological focus, Walker and Meyers (2004) categorise thresholds by 

their degree of human-natural coupling. The first two classes match those of 

Scheffer et al. (2001) (figure 2.2); class-III depicts unidirectional cause and effect 

between humans and nature, class-IV includes feedbacks and class-V involves 

reciprocity, whereby ecosystem shifts cause social shifts (and vice versa). The 

above typology is useful to prioritise shifts within a single system and compare 

inter-system shifts. Class-V shifts form the worst case scenario, argued 

responsible for the Easter Island civilisation collapse (Walker and Meyers, 2004). 

Counterintuitively, class-III shifts may actually enhance social-ecological 

sustainability; for example, public opinion may undergo a regime shift in 

response to natural disasters, potentially catalysing long-term remediation efforts 

(Scheffer et al., 2003).   
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Rocha et al. (2015) identify climate change as the most common cause of regime 

shifts globally, whilst agriculture, deforestation and fishing dominate regional 

levels. The connectivity of climate change to regional drivers is problematic for 

regional system governance, with slow external stresses causing parameter 

changes across desirable stability basins (figure 2.2b). Cascading effects may 

occur when drivers are shared, triggering a domino effect of degradation. Kinzig 

et al. (2006) observe cascading thresholds of land fertility and salinity, which 

have both shifted due to climate change across Western Australia’s wheatbelt. 

Soil salinisation also compounds land fertility, synergistically threatening future 

productivity and livelihoods. 

The preceding discussion introduces the interlinked concepts of thresholds, 

tipping points and regime shifts. Despite generalities, regime shifts in real 

systems are contextually distinct, owing to specific drivers, manifestations and 

impacts. Consequently, knowing the existence of alternative states provides 

limited insights. Instead, managers would ideally foresee shifts in time to 

implement diversionary policies. However, due to their often abrupt, 

unpredictable and contextual nature, threshold identification is predominantly 

limited to a posteriori analysis. To this end, the next subchapter reviews methods 

of detecting regime shifts to protect social-ecological identities and functions. 

2.3.2 Threshold detection methods 

The previous subchapters suggest that the consequences of thresholds may 

range from new socioeconomic experiences to societal collapse. Cumming and 

Peterson (2017) establish qualifications for detecting collapse, starting with the 

abrupt loss of key actors, interactions and desirable outcomes, where abrupt 

equals less than the regeneration duration of key system actors (e.g. <25 years 

for humans). The losses of social, financial or natural capital must be substantial 

relative to some normative threshold, which must persist for at least one 

generation. Despite the unifying framework, quantitative definitions of collapse 

may vary between systems due to different regenerations rates and definitions of 

substantial losses, emphasising the need to consider resilience of what to what 

(Carpenter et al., 2001), and for whom (Cretney, 2014)? 

Further seeking to operationalise resilience, Dearing et al. (2014) propose a data-

driven typology of social-ecological behaviours to inform boundaries of regional 

systems. Building on the planetary boundaries concept, linear (type-I) evolutions 

become shifts once a normative condition is passed, such as daily calorific intake 
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or air quality. Although least catastrophic due to smooth gradients of change and 

reversibility, linear shifts may cause cascading effects (Hughes et al., 2013); for 

example, incomes below critical levels can destabilise food security, human 

health and community cohesion (Barnett, 2003). Time-series variability beyond 

historical patterns represents type-II shifts, relating to weakened engineering 

resilience and unpredictability (Holling, 1973, Baland and Platteau, 1996). 

Importantly, long-term variability is different from the encouragement of 

multiannual variability, argued to aid the adaptability of SESs (Carpenter et al., 

2015b). Instead, long-term changes in outcome variability may indicate 

nonstationarity (Milly et al., 2008), whereby drifting drivers produce new and 

undesirable experiences.  

Early warning signals (EWSs) distinguish type-IV from type-III shifts (Dearing et al., 

2014), describing time-series signatures thought to arise as systems approach 

fold bifurcations (Dakos et al., 2008). Both type-III and IV may be catastrophic, as 

structural changes initiate positive feedbacks resisting reverse (Troell et al., 2005). 

At best such transitions are hysteretic (Bestelmeyer et al., 2011), whereby the 

reverse flip requires greater energy than the initial transition. Dakos et al. (2008) 

provide a graphical application of EWSs, concluding that critical slowing down is a 

‘universal’ warning of large-scale climatic shifts. EWSs have been found in records 

of marine species abundance (Lindegren et al., 2012), land-use change (Guttal 

and Jayaprakash, 2008, Zurlini et al., 2014) and common-pool resource systems 

(CPR) (Lade et al., 2013). Rising skewness and variance form EWSs for ecological 

networks (Scheffer et al., 2009), although Scheffer et al. (2012) and Suweis and 

D'Odorico (2014) argue that network robustness is relatively dependent on the 

arrangement of mutualistic/antagonistic interactions, as opposed to properties of 

system architecture (e.g. skewness). Furthermore, from modelled and 

palaeoenvironmental records, Doncaster et al. (2016) recognise the replacement 

of ‘ecosystem canaries’ with keystones and weedy species to be symptomatic of 

regime shifts across ecological communities like freshwater lakes.  

Whilst presently limited to a posteriori analysis, monitoring techniques of fine 

temporal resolution may facilitate real-time warning systems, akin to 

seismometers in earthquake monitoring. Once detected, managers can accelerate 

conservation, whilst public communication of EWSs may strengthen ecological 

awareness. However, such reliance on long-term high-resolution datasets 

currently limits EWSs application. Moreover, EWSs have limited transferability, 

meaning a variance threshold for one system does not directly transfer to similar 
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environments (Boettiger and Hastings, 2013). Thus, systems may have to 

experience shifts before developing EWSs. Hastings and Wysham (2010) find that 

modelled catastrophic shifts can occur without warning, whilst, false alarms may 

arise if indicators detect changes in underlying drivers (e.g. extreme events) 

rather than weakening resilience. Furthermore, systems rapidly approaching 

transitions may not exhibit EWS, particularly if driver randomness is high (Perretti 

and Munch, 2012). Lastly, decision-makers may not act if outcomes remain 

favourable; for example, high resource productivity and slow recovery from minor 

perturbations may discourage averting future shifts (Österblom et al., 2013). 

Whilst EWSs flag regime shift possibility, various statistical techniques date 

transitions. At the simplest extreme are limits conducive to type-I and II shifts 

(Dearing et al., 2014). Fish stocks may be deemed to have collapsed once catches 

are 10% less than the historical maximum (Pauly et al., 2013) – making fisheries 

vulnerable to escalation because the productivity loss needed to constitute a 

collapse increases with every record high. Moreover, outcome oriented metrics 

(e.g. catch) assume proportionality with underlying conditions (e.g. resource 

availability). Pauly et al. (2013) argue that factors such as environmental 

conditions, regulations and unreliable data complicate this assumption. 

Resultantly, structural changes like the loss of high-trophic species may go 

unnoticed (Pauly et al., 1998). 

Drijfhout et al. (2015) use a limits approach to classify regime shifts in global 

climate models, whereby outputs falling outside an envelope of four times the 

long-term standard deviation undergo abrupt change. This method appreciates 

time-series variability, consistent with type-II changes (Dearing et al., 2014). 

However, in systems with high natural variability, undesirable conditions falling 

within the envelope are undetectable. For instance, low monsoonal rainfalls may 

not fall outside 4xSD due to natural variability in monsoon timings and 

magnitudes; yet persistently low rainfalls may alter hydrological regimes, 

agricultural production and regional food security (Loo et al., 2015).  

Breakpoint analysis aims to capture statistically significant changes in regression 

relationships (Bai, 1994), indicating that the previous regime has statistically 

terminated. Software packages such as “strucchange” (Zeileis et al., 2015) and 

“bfast” (Verbesselt et al., 2010) are freely available, with the latter suited to 

seasonal detrending. Importantly however, breakpoint detection does not 

explicate the causes, duration and reversibility of the new state. Consequently, 
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breakpoints are useful when shifts are hypothesised a priori and social-ecological 

impacts are known.   

Bestelmeyer et al. (2011) identify breakpoints in four environmental driver-

response relationships, represented by changes in the long-term cumulative sum 

of outcomes relative to their mean; breakpoint significance was determined by 

the residual sum of squares, Bayesian Information Criterion and F-statistics. The 

approach is adaptable to different resolution datasets, albeit less effective with 

sporadic observations that smooth inflexion points. Rodionov (2004) developed a 

sequential t-test for shift detection in near real-time, forming a hybrid between 

EWSs and breakpoint methods. ‘STARS’ searches for differences in mean and 

variances between moving windows, flagging a potential regime shift once an 

observation falls beyond the critical boundary of the current regime. Unlike other 

approaches, STARS does not require shifts hypothesised beforehand.  

Wang et al. (2012) and Xu et al. (2015) have applied sequential t-tests to time-

series from China’s Erhai and Taihu lakes, respectively, correlating shifts in 

environmental and socioeconomic indicators to system state. Zhang et al. (2015) 

applied multiple tests to investigate multidecadal shifts in provisioning and 

regulating ecosystem services across China’s Lower Yangtze basin. Composite 

ecosystem service indices underwent sequential t-tests using 10, 20 and 30 year 

windows, before F-statistic confirmation and comparison to autoregressive 

moving average (ARIMA) forecasts. Zhang et al. (2015) also use principal 

component analysis to assess driver relationships before and after shifts, finding 

that the transmission of stresses is generally aided by increased network 

connectedness prior to shifts. However, principal components are unsuitable for 

data limited systems (Andersen et al., 2009), because driver-response 

relationships cannot be accurately interpolated.  

2.3.3 Modelling social-ecological systems and thresholds 

The methods reviewed hitherto may be integrated into various modelling 

techniques that project SES conditions and thresholds, including: (i) system 

dynamics (SDM), (ii) agent-based (ABM), (iii) statistical, (iv) generalised, (v) 

coupled component, (vi) integrated assessments and (vii) knowledge-based 

models (Schlüter et al., 2012, Letcher et al., 2013, Verburg et al., 2016). Filatova 

et al. (2016) review the capabilities of approaches i-iv, based on the capture of 

feedbacks, coherence with methods of regime shift detection, data requirements 

and computational efficiency. The authors conclude that no one modelling 
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approach is superior, although SDMs excel at feedback inclusion, ABMs with 

modelling human decisions and social learning, and statistical models with time-

series parameterisation.  

Collie et al. (2004) encourage modelling the causes, detection and impacts of 

marine regime shifts, although their example model only analyses one-way 

interactions between harvesting and fish population. To build evidence of regime 

shifts and clearly visualise stability basins, the authors suggest using response 

variable(s) with bimodality, such as fish stocks vulnerable to Allee effect collapses. 

These thresholds are then traceable through model structure to assess associated 

environmental and socioeconomic boundaries.  

Models ideally incorporate emergent datasets and processes (Letcher et al., 2013, 

Filatova et al., 2016). ABMs directly model social learning, where agents within 

networks adapt behaviours to information and experience, leading to the 

emergence of patterns outside formal model relationships (Letcher et al., 2013). 

ABMs are utilised where individual or community decisions steer system 

functioning, including deltaic landuse decisions based on profitability and user 

satisfaction (Mialhe et al., 2012), patterns of coordinated irrigation in Balinese 

subaks (Lansing and Kremer, 1993) and resource use thought to cause the 

collapse of the Mayan civilisation (Heckbert, 2013). Fishery applications have 

assessed individual responses to governance interventions (e.g area bans - Soulié 

and Thébaud, 2006), emergent cooperation between multi-agents (Wilson et al., 

2007) and optimal fishing efforts amongst heterogeneous agents (Elliston and 

Cao, 2006). A shortcoming of ABM is the inability to compare individual outcomes 

to aggregated time-series for model validation (Filatova et al., 2016). Relatedly, a 

trade-off of computational efficiency exists between the number of agents (or the 

resolution of cellular automata grids) and simulation length (Verburg et al., 2016).   

Coupled component models have specifically assessed the role of stakeholder 

cooperation in resource sustainability (Figueiredo and Pereira, 2011, Brandt and 

Merico, 2013, Lade et al., 2013), alongside phase portraits and eigenvalue 

analysis to identify tipping points in driver magnitudes (e.g. harvest rate). These 

studies incorporate bidirectional social-ecological interactions, low data 

requirements and visual stability landscapes. However, these strengths arguably 

become weaknesses when modelling regional systems, where decision-makers 

require tractable indicators for policymaking. The involvement of stakeholders for 

knowledge sharing is also limited, due to the complexity of model construction 

and parameterisation.  
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Filatova et al. (2016) consider feedback inclusion vital, particularly if reinforcing 

loops can trigger cascading thresholds across social-ecological domains. Where 

reciprocity exists, models should capture social stresses on ecosystems, resulting 

ecosystem-use feedbacks and consequent adaptive actions. Originating from 

earlier analysis of industrial efficiency (Forrester, 1961), SDMs traditionally use 

data-driven parameters and structures to investigate locational specific problems 

(Sterman, 2000). The graphical interface of SDMs facilitates the incorporation of 

stakeholder knowledge (Luna-Reyes and Andersen, 2003), whilst model structure 

is comprehendible to anyone with a basic understanding of stocks and flows. 

SDMs are now widely applied in sustainability science, including models of lake 

water quality (Liu et al., 2015a, Zhu et al., 2015) and governance (Ford, 2010), 

urban water networks (Venkatesan et al., 2011, Zarghami and Akbariyeh, 2012) 

and forestry (Mendoza and Prabhu, 2006, Purnomo and Mendoza, 2011). SDMs 

have also explored human and natural drivers of fishery sustainability. Martins et 

al. (2015) model the socioeconomic drivers of a southern Portuguese bivalve 

fishery; BenDor et al. (2009) find technological advance and fisher cooperation 

underpin the sustainability of a contested resource; Moxnes (2000) illustrate that 

the timing of fishing effort investment is critical to sustainability. With explicit 

reference to thresholds and tipping points, Bueno and Basurto (2009) find 

variable environmental conditions promote overexploitation across Mexico’s Cello 

de Hacha fishery, with fish population recovery lengthening once its death rate is 

stochastic (proxy for ecological degradation). Moreover, whilst conventionally 

spatially implicit, geographical information system and cellular automata 

extensions have built spatially explicit SDMs (Ahmad and Simonovic, 2004, 

Neuwirth et al., 2015). 

SDMs prioritise pattern over prediction through the uncovering of feedbacks and 

counterintuitive dynamics (Duer-Balkind et al., 2013), so are unsuited to short-

term forecasting. As problem-focused tools (Sterman, 2000), SDMs tend to 

analyse specified-resilience to a given driver, meaning variables elsewhere in the 

system tend to be stationary [e.g. Martins et al. (2015) hold the number of fishing 

boats constant]. To detect regime shifts, outputs require the same methods as 

time-series. Therefore, the capture of thresholds is reliant upon a fine temporal 

resolution – potentially producing unwieldy models, particularly if the shift occurs 

decades in future.  

It is worth briefly reviewing other modelling techniques applied to SESs. Bayesian 

networks (BNs) link system variables with conditional probabilities to explicitly 
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represent uncertain interactions (Letcher et al., 2013); expert knowledge is used 

in parameterisation and validation when insufficient data exists. Incorporating 

public participation explores the sustainability of stakeholder perceptions and 

intentions under different social and environmental conditions (Lynam et al., 

2007). Regarding plausible futures, Monte Carlo simulations can force BNs in 

highly divergent directions. BNs have evaluated Baltic sea fishery management 

(Kuikka et al., 1999, Levontin et al., 2011) and metrics of fishery performance 

(Underwood et al., 2016). Hoshino et al. (2016) model community-based 

management of the Kei Islands fisheries, Indonesia. Interestingly, the headline 

finding points to the lack of empirical data to quantify fishing pressure, 

illustrating that the ability to define key components, interactions and 

probabilities does not necessitate useful outputs. Further challenges include the 

omission of feedbacks and the need to discretise continuous variables to 

generate probabilities (Uusitalo, 2007, Hoshino et al., 2016).  

In stark contrast, integrated assessment models in climate change studies involve 

deterministic assumptions about how climatic, biogeochemical and economic 

subsystems interact (Verburg et al., 2016). Key examples include the Dynamic 

Integrated Model of Climate and the Economy (DICE- Nordhaus, 1993) and its 

regionalised version (RICE- Nordhaus and Yang, 1996); An Integrated Model to 

Assess the Greenhouse Effect (IMAGE 2.0- Alcamo and Kreileman, 1996) and the 

Framework for Uncertainty, Negotiation, and Distribution (FUND- Anthoff and Tol, 

2013). Integrated assessment models have pioneered efforts to optimise 

greenhouse gas scenarios, evaluate adaptive global governance, and related 

societal costs and benefits (Verburg et al., 2016). However, Pindyck (2013, 2015) 

is particularly critical of uncertainties associated with modeller defined damage 

functions relating temperature changes to gross domestic product and 

consumption, as well as the monetisation of human lives, meaning deaths from 

climate extremes in North America are worth more than deaths in Southeast Asia. 

Moreover, the complex and often opaque nature of developing integrated 

assessment models gives a ‘black-box’ reputation (Stanton et al., 2009, Beck and 

Krueger, 2016). Reinforcing this perception is the view published on the FUND 

model’s homepage:  

“It is the developer's firm belief that most researchers should be locked 

away in an ivory tower.” (source: http://www.fund-model.org/) 

Further criticisms of integrated assessment models include the independence of 

social and environmental subsystem, including the lack of climate-economy 
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feedbacks (Verburg et al., 2016) and the omission of non-climate benefits 

(Weyant, 2017).     

Whilst the above techniques conventionally forecast future dynamics (i.e. 

establish future scenarios from today from the past), backcasting provides a 

method to work back from highly divergent futures assumed to be of equal 

likelihood to find causal pathways (Robinson, 1990, Verkerk et al., 2016). 

Backcasting approaches commonly couple with integrated assessment models of 

global carbon emission pathways (Alcamo and Kreileman, 1996, Bruckner et al., 

1999, Petschel-Held et al., 1999), for example, constraining global policies 

keeping atmospheric CO
2

 below 550ppm by 2055 and 350ppm by 2100 (Mathias 

et al., 2017). Social-ecological studies backcasting are rare relative to those using 

forecasting. Verkerk et al. (2016) backcast landuse models to find future 

pathways that agree with desirable visions of European landuse by 2040; 

Robinson et al. (2011) use backcasting principles to help stakeholders envision 

desirable futures for Delta, Canada, corresponding to model defined scenarios of 

population growth, greenhouse gases, energy use and economic growth.  

If backcasting defines pathways to sustainable futures, why do most models still 

forecast? Backcasting can be inefficient as it aims to find all driver combinations 

and policies producing desirable futures. For example, Mathias et al. (2017) 

consider a total of 3.1x10
37

 climate policies between 2010-2100! Moreover, 

normative futures may not be definable for systems with social-ecological trade-

offs, meaning sustainability is attributed to future scenarios post-hoc. Third, 

understanding the most likely outcome may be of interest to decision-makers 

needing to allocate system resource. 

This review shows that the appropriate modelling technique depends on the 

problem, system and definition of sustainability under study. Seeking to balance 

cost and benefits of climate change suits integrated assessment models; 

exploring individual responses to resource regulation suits ABMs. In turn, the 

appropriate approach to detect thresholds depends on whether the driver-

response relationship is known a priori; for example, caused by internal 

feedbacks or externally forced; caused by dynamics predictable today or 

emergent future patterns.  
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2.3.4 Putting theory into practice: threshold-based management 

Threshold-based management (TBM) has emerged from a growing awareness of 

regime shifts (Kelly et al., 2015), based on developing SESs in ways non-fatal to 

ecosystem health (Roe and van Eeten, 2001). TBM proactively identifies 

components vulnerable to low performance shifts, monitors evolutions and 

implements remedial actions (Kelly et al., 2015). Kelly et al. (2015) argue TBM is 

most effective when analysing time-independent thresholds between drivers and 

responses. However, time-scale specification is critical to resilience (Walker and 

Abel, 2002), with drivers exhibiting different periodicities and governance 

systems undergoing change. Combining these two views places desirable futures 

decades into future, whereby social-ecological trajectories avoid thresholds and 

traps within an extended timeframe.  

To this end, Groffman et al. (2006) note the potential of TBM to identify decadal-

scale thresholds, but outline issues of recognising complex reorganisation near 

and beyond thresholds. Reduced complexity data collection and model building 

may tackle this limitation. Simple models producing nonlinearities can be built 

with reference to systematic frameworks, such as the social-ecological systems 

framework (Ostrom, 2009), through the identification of known components and 

interaction (e.g. fishers extract 10,000 fish/day) (Bennett et al., 2009). Simple 

tools producing complex dynamics are more tractable for decision-makers than 

complex models producing unexplainable behaviours (Summers et al., 2015). 

Moreover, appropriate limits help to overcome uncertainties surrounding 

threshold locations. ‘Cautionary’, ‘target’ and ‘critical’ limits (Johnson, 2013) 

assumes confidence is proportional to the risk adversity of governance, as 

cautionary limits are closer to known system dynamics. The cautionary zone is 

associated with increased risk of nonlinear responses (Steffen et al., 2015b), but 

overly conservative limits may trade-off socioeconomic development.  

The prioritisation of system components can be reasoned by relative 

contributions to desirable dynamics (Cumming and Collier, 2005). For instance, 

the presence of fish and fishers is paramount to achieving sustainable yields. The 

risk of fish population collapse increases beyond sustainable levels (Roughgarden 

and Smith, 1996), making resource conservation salient for the persistence of 

fishery livelihoods. Crépin et al. (2012) argue that management should focus on 

leverage points with the greatest impacts and smallest costs. Moreover, the 

authors advocate maximising the distance between system conditions and 

thresholds. If required management is too costly, then regime shifts may be 
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allowed under the guidance of adaptive governance (Brock and Starrett, 2003). 

Sufficient preparation and information about the future state must be available to 

protect the most vulnerable components (Crépin et al., 2012). 

These TBM dilemmas directly relate to regional sustainability. Dearing et al. (2014) 

integrate social-economic data with records of ecosystem services covering 100 

years, considering relationships between deprivation and environmental quality 

across China’s Yunnan and Shucheng regions. Time-series of ecosystem services 

are then classified by the four-scale typology (chapter 2.3.2) to understand 

whether environmental thresholds have been exceeded. Different regional ‘safe 

and just operating spaces’ (SJOS) result (Raworth, 2012, Dearing et al., 2014), 

assessing whether current outcomes meet social foundations of human wellbeing 

whilst avoiding ceilings of environmental degradation. To this end, Cole et al. 

(2014) investigate the evolution of South Africa’s national indicators since 1994 

(e.g. crime, jobs, sanitation and so forth), providing a heuristic for national 

governance to monitor progress towards various social and environmental targets. 

Whilst the environmental indicators closely relate to the planetary boundaries of 

Rockström et al. (2009) (e.g. ozone depletion and freshwater use), little coupling 

exists with the social indicators (e.g. health care, housing and education), 

flagging a potential future research direction.  

Today’s SJOSs are outcome-based, providing little guidance of the pathways 

leading towards safe and just futures. Consequently, Dearing et al. (2014) and 

Verburg et al. (2016) state the need to model SJOSs by capturing feedbacks, 

pathways and bistable variables. Limited examples exist to date. Kwakkel and 

Timmermans (2012) model global freshwater use, although driver pathways and 

thresholds are absent. Instead, outputs focus on model validation, reflecting the 

uncertainty of modelling global scale hydrology with SDM. Carpenter et al. (2015b) 

deduces generalities from modelled synthetic systems, finding that allowing 

short-term variance may enlarge the zone of driver-response equilibriums. 

Hossain et al. (2017) demonstrate that socioeconomic development across the 

Ganges-Brahmaputra delta can force ecosystem services beyond normative 

thresholds and envelopes of variability. Whilst the study pioneers the modelling 

of safe operating spaces, the model only uses statistical couplings vulnerable to 

breakdown under nonstationary conditions. Second, the safe future misses an 

environmental ceiling, implying that rice production growth is indefinitely 

sustainable. Moreover, whilst developing driver scenarios, their predictive 

definition creates discontinuities between safe and dangerous pathways so that 
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outcome sensitivity to multivariable interactions is unknown. Finally, modeller 

defined damage functions are used; for example, temperatures beyond 28°C are 

programmed to trigger 10% crop production declines irrespective of other 

processes.  

SJOSs provide a heuristic to define undesirable thresholds according to system 

function and identity. To this end, modelling interacting pathways to SJOSs will 

further operationalise TBM as a proactive tool. Models relating to a regional 

specific problem may be built with knowledge of ecological, social and social-

ecological complexities, including feedbacks and interactions, in order to help 

deliver realistic governance options relative to system complexity and uncertainty 

(Verburg et al., 2016). In turn, uncertainties are communicated through 

multidimensional evaluation, including the capture of ex-post complex behaviours. 

The next subchapter applies these principles to deltaic environments, before the 

social-ecological settings and problematic behaviours of the Chilika lagoon are 

introduced.    

2.4 Deltaic social-ecological systems  

2.4.1 Concepts of deltaic sustainability 

River deltas are the environments of interest for DECCMA (Lazar et al., 2015), 

requiring the contextualisation of deltaic SESs, functions and sustainability. In 

geomorphological terms, deltas are systems of fluvial and marine sediment 

accumulation at the fluvial-coastal interface (Seybold et al., 2007). Natural deltaic 

functions include the regulation of freshwater, sediment and nutrients for the 

maintenance of marine fish stocks, vegetation, coastal birds and mammals 

(Scheirmeier, 2004). Over 500 million people currently inhabit deltas, meaning 

contemporary identities must include modifications of the natural fluvial, 

sedimentary and biotic processes which have evolved over the past 7000 years 

(Holmes, 1993, Overeem and Syvitski, 2009).  

Biophysical boundary conditions have reached levels unexperienced during the 

Holocene (Renaud et al., 2013) – threatening the future ability of deltas to sustain 

human activities. Since pre-industrial times, combined global land and sea surface 

temperatures have risen by up to 1°C (IPCC, 2014b), driven primarily by 

anthropogenic greenhouse gases emissions. Projected impacts on DECCMA 

regions include reduced rainfall across Western Africa (McCartney et al., 2012) 
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and the evolution of monsoon timings across the Indian subcontinent (Pervez and 

Henebry, 2014). Damming for hydropower and irrigation is reducing freshwater 

and sediment flows to coastal systems (Gupta et al., 2012), compounded by 

evolving hydrological frequencies, averages and extremes that threaten regional 

irrigation, water and food securities (Warner et al., 2010).  

Sea-level rise adds to terrestrial-borne threats through coastal flooding 

(Timmerman and White, 1997), salinisation (Renaud et al., 2015) and population 

displacement (Werners et al., 2013). Global sea level rose 190 mm between 1901 

and 2010 (IPCC, 2014b), with conservative estimates predicting 260-550 mm by 

2100 (IPCC, 2014b). Populated deltas are vulnerable to effective sea-level rise 

from enhanced surface compaction from anthropogenic processes. Of the 

DECCMA deltas classified by Syvitski et al. (2009), the Mahanadi is considered at 

risk to effective sea-level rise, whilst the Ganges-Brahmaputra-Meghna is ‘in peril’. 

Ericson et al. (2006) project the livelihoods affected by 2050 across the Mahanadi, 

Volta and Ganges-Brahmaputra-Meghna deltas to be 102,000, 6,320 and 3.43-

million respectively. Whilst neither study considers alternative futures or 

governance, they explicate the ‘perfect storm’ (Beddington, 2009) of stresses 

expected to impact deltas over the 21
st

 century.  

These stresses are pertinent because deltaic subsystems exhibit alternative states: 

fisheries collapse, agricultural plains become infertile and mangrove communities 

may range shift (Rocha et al., 2015). Different deltaic subsystems are dependent 

on the same supporting and regulating ecosystem services (Brondizio et al., 

2016), meaning changes in boundary conditions may disproportionately affect 

regional provisioning services like agriculture and fish catch. Synchronously 

failing deltaic subsystems may transfer dependencies elsewhere through 

domestic and international migration (Dammers et al., 2014). In stability 

landscape terms, deltas are experiencing shrinking desirable basins, with human 

activities operating amidst increasing socioeconomic and environmental 

variability.  

Consequently, various frameworks conceptualise deltaic sustainability. Day et al. 

(1997) argue deltaic sustainability equates to positive surface accretion, positive 

net primary productivity and economic outputs that outweigh inputs. Whilst 

appreciating geomorphological, ecological and economic components of deltas, 

social-ecological interactions are absent. Moreover, the economic classification 

suits systems with developed secondary and tertiary economies, downplaying the 

sustainability of systems dependent on primary activities.  
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Overeem and Syvitski (2009) develop an integrated framework of deltaic 

sustainability, assessing whether the management of natural, human and 

composite stresses sufficiently limit socioeconomic vulnerabilities. Deltas may be 

systematically assessed with each stage adaptable to different contexts. 

Similarities exist with the Sustainable Livelihoods Approach (Scoones, 1998) and 

the Vulnerability Framework (Turner II et al., 2003a), including identifying 

sections of society most at risk, classifying human and natural threats, and 

seeking management opportunities. Moreover, the framework is problem focused, 

centred on vulnerability mapping to prioritise management. However, such data 

might be unavailable for systems crossing administrative boundaries (e.g. 

Ganges-Brahmaputra-Meghna delta), or, where social-ecological problems are 

recent phenomena.  

Coherent with complex adaptive systems theory, Dammers et al. (2014) 

decompose deltaic SESs into interconnected layers and networks of ecosystem 

services. Analysing interconnected subsystems appreciates that sustainable 

agriculture is unachievable without adaptive water management, requiring 

understanding of geomorphological and socioeconomic networks, for example. 

However, the application of complex adaptive systems theory to ‘trapped’ 

subsystems is challenging. Poverty traps may limit access to alternative 

livelihoods, whilst rigidity traps might delay transitions to sustainable pathways. 

Systems with legacies of resource variability might be especially vulnerable to 

rigidity traps by misinterpreting regime shifts as normal functions. 

A recent edition of Sustainability Science focused on deltaic sustainability. 

Renaud et al. (2016, p.522) emphasise the need to understand “multiple 

interactions and feedback loops between the components of [deltaic] SES at 

multiple spatial scales”. Brondizio et al. (2016) develop an approach to define 

deltaic SESs and their holistic sustainability by spatially bounding social-ecological 

interdependencies and feedbacks, before examining ‘sustainability action 

situations’ for solutions to conflicts blocking sustainable trajectories. The 

assumption that sustainability inversely relates to the number of collective action 

problems is reasonable for systems with unequal resource appropriation. 

Resource access differentials exacerbate during resource degradation, as the 

socioeconomically advantaged exercise greater adaptive capacity, like commuting 

to fish stocks or purchasing heat resistant crops. Consequently, the system may 

enter ratchet-mode if the disadvantaged intensify activities during low 

productivity. Therefore, collective actions emphasise the need to explore  



Chapter 2: Literature review 

39 

heterogeneities within deltaic subsystems, which is arguably less feasible using 

top-down vulnerability analysis and indicators.   

The model of Brondizio et al. (2016) (figure 2.3) explicates interconnectivity 

between natural deltaic processes and anthropocentric functions. Yet, Sebesvari 

et al. (2016) discover indicators of ecosystem susceptibility are underrepresented 

in 236 vulnerability measures of the Amazon, Mekong and Ganges-Brahmaputra-

Meghna deltas. Socioeconomic indicators dominate even for studies with stated 

social-ecological focus – surprising given the dependency of modern deltaic 

functions on nature and the ecological origins of resilience. Future studies must 

address this human-nature imbalance, involving indicators of ecological shifts 

with socioeconomic feedbacks (Hughes et al., 2013). Sebesvari et al. (2016) 

additionally note the dominance of single hazard studies. Problematically, 

simultaneous stresses may be attributed to background noise in single hazard 

studies, underestimating stresses on both human livelihoods and nature.  

Deltaic sustainability has gained traction over the past 20 years, evolving from 

binary classifications to spatiotemporal complexities. Studies of deltaic 

sustainability are aligning with SESs principles, including the study of feedbacks 

 

Figure 2.3: The deltaic domains (black) of Brondizio et al. (2016) arranged as a 

conceptual model and labelled with cross-domain interactions 

(blue). 
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and cross-domain interactions. Yet deltaic sustainability remains predominantly 

anthropocentric, focusing on the persistence of human functions over underlying 

natural conditions. This prioritisation either reflects anthropogenic issues 

blocking sustainable ecosystem use (Brondizio et al., 2016), or, that social-

ecological feedbacks are still poorly understood.  

2.4.2  ‘Safe and just’ futures for deltaic and wider social-ecological 

systems 

Given the multidimensional characteristics of deltas and sustainability, it is logical 

to question methods of persisting desirable social-ecological functions in future. 

Application of threshold dynamics to deltaic SESs is sparse, with Hossain et al. 

(2017) providing the only exploration of deltaic SOSs to date. Therefore, the next 

step is to investigate pathways balancing ecological conservation with just 

socioeconomic development across deltaic social-ecological systems.  

Fabrice Renaud and colleagues have championed deltaic social-ecological 

thresholds. Renaud et al. (2013) conceptualise three deltaic tipping points, 

occurring: (i) once an ecosystem service cannot be relied upon, (ii) once stresses 

are uncontrollable, and (iii) when management is forced, such as the construction 

of flood defences. These thresholds apply to real SESs with different sustainability 

implications. For instance, unreliable resource availability suggests a variability 

driven shift where stress relaxation may trigger recovery (Dearing et al., 2014). 

Oppositely, loss of internal control implies irreversibility if external stresses 

persist. Based on these tipping points, Renaud et al. (2013) classify deltas as 

either ‘Holocene’, ‘mid-Holocene’, ‘Anthropocene’ or ‘collapsed’. Humans have 

altered the natural Holocene functions of Anthropocene deltas (e.g. GMB and 

Mekong deltas), whilst humans have abandoned collapsed deltas. To date, no 

deltas have completely collapsed; however, increased out-migration from deltas 

like the Ganges-Brahmaputra-Meghna and Indus make such occurrences plausible 

under future trends of climate change, uninhabitable land, and food and 

livelihood securities (Szabo et al., 2016).  

Renaud et al. (2013) briefly note that transitions from Anthropocene to collapsed 

states become less likely if SOSs are found. A key challenge is operationalising 

this truism, perhaps through the prioritisation of bistable variables and the 

monitoring of wider system conditions relative to critical levels. Alternatively, de-

engineering may enhance deltaic sustainability by encouraging fluvial pulses 

associated with ‘Holocene’ deltas (Renaud et al., 2013). Promotion of natural 



Chapter 2: Literature review 

41 

variability matches the findings of Carpenter et al. (2015b) for SOSs; however, the 

removal of engineering structures becomes less feasible once a SES is dependent 

on man-made modifications. Consequently, tipping-back deltas may be hysteretic 

from the financial costs of de-engineering and social-ecological unpreparedness 

(Renaud et al., 2014). Similarly, van Staveren and van Tatenhove (2016) introduce 

the concept of delta trajectories to envision alternative hydrological governance. 

The authors argue that the hard-engineering flood defences of the Rhine-Meuse 

have caused technological lock-in, blocking implementation of environmentally 

desirable eco-engineering. Thus, like deltaic tipping points, delta trajectories 

identify when contemporary policies become unsustainable.  

Therefore, envisioning future deltaic conditions requires projecting 

interconnected social-ecological characteristics, asking questions like: how might 

future resource availability evolve? How resilient are users to resource declines? 

These questions involve deep uncertainty around human responses to novel 

outcome states, threshold locations and system reversibility, meaning best 

guesses are inappropriate to tackle problems at hand (Lempert et al., 2003). Deep 

uncertainty is central to the plausible futures paradigm due to multiple 

environmental trajectories, individual actions and collective choices (Bai et al., 

2016, Maier et al., 2016). In turn, concepts such as desirable futures, cautionary 

limits and critical conditions frame normative futures (e.g. we aim to achieve 

10,000 tonnes/year fishery productivity) and emergent dynamics (e.g. how do we 

achieve 10,000 tonnes/year?).  

Plausible normative futures can be bound by maximums and minimums, before 

incorporating knowledge of past conditions to constrain future trajectories (van 

der Leeuw et al., 2011, Maier et al., 2016). For a deltaic fishery like Chilika, 

minimum possible productivity equals zero tonnes/year. Although maximum 

productivity may be perceived to be limitless, a plausible biophysical limit 

corresponds to the ecological carrying capacity. In turn, a spectrum of alternative 

futures between maximum and minimum outcomes assume equal likelihoods of 

occurrence, overcoming the over-attribution of confidence often labelled at 

conventional deterministic scenarios (Börjeson et al., 2006, Maier et al., 2016).  

A spectrum of plausible futures also implies a continuity of outcomes and driver 

combinations, where the difference between adjacent pathways is small. 

Oppositely, Carpenter et al. (2015a, p.2) argue for “strongly contrasting outcomes” 

when designing plausible futures for the Yahara watershed, USA. Such divergence 

suits the approach of envisioning futures from the mental models of stakeholders.  
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However, divergent scenarios arguably hamper TBM as tipping points across 

regional systems like fisheries and reefs arise from continuous driver changes 

(May, 1977, Scheffer et al., 2001). Therefore, a deltaic SJOS must detect subtle 

changes in driver-outcome relationships. To this end, simulation models facilitate 

automatic and gradual parameter adjustment to explore system boundaries – 

comparatively infeasible with knowledge-based models.  

Relating to the earlier debate on the temporal aspects of TBM, Maier et al. (2016) 

bind plausible futures to time, suggesting normative targets should be achieved 

 

 

Figure 2.4: A sequential approach to operationalise regional SJOSs: (A) 

construct a model to investigate problematic behaviors; (B) simulate 

future dynamics under arrays of external driver trajectories; (C) 

compare outcome dynamics to plausible normative futures relative to 

today’s norms (Dearing et al., 2014), like safe and just (green), 

cautionary (orange) and dangerous (red) outputs; (D) trace outcomes 

to drivers to depict permissible pathways. 
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at an established point in future. However, sporadically observing system 

conditions may omit periods of undesirability (Thrush et al., 2016). Therefore, a 

balance must be struck between the number of variables with plausible futures, 

their divergence and temporal resolution. To this end, normative scenarios can 

assess SJOSs of bistable variables, for example, exploring driver pathways 

towards collapsed states of resource availability. In turn, monitoring internal 

responses to external forcing (e.g. climate change and globalisation) can explore 

social-ecological resilience to cross-scale interactions.  

The above discussions create a framework to design SJOSs (figure 2.4). A model is 

constructed to simulate key natural, human and coupled interactions 

underpinning sustainability across a regional system like Chilika (figure 2.4A). 

Once the model is structurally and behaviourally robust, arrays of plausible driver 

trajectories explore outcome dynamics across the spectrum of driver interactions 

(figure 2.4B). On top of a broad range of plausible futures (figure 2.4C), 

configurations sustaining desirable system outcomes are modest desires for any 

system, especially those with legacies of past shifts (Crépin et al., 2012). 

Sustainable guardrails may be derived from a priori conditions, serving as a 

conservative warning for undesirable futures (Bai et al., 2016), whilst thresholds 

relate to minimum required conditions, undesirable divergence from long-term 

trends or nonlinearities (Dearing et al., 2014). Driver-response relationships are 

then traced through system structure, exploring whether normative futures 

correspond to distinct environmental or socioeconomic patterns (figure 2.4D).          

2.5 The Chilika lagoon social-ecological system 

The Chilika lagoon is Asia’s largest brackish water ecosystem (Mishra and Jena, 

2015), located on India’s eastern coast in the state of Odisha (figure 2.5). The 

lagoon formed as sediment deposition enclosed water from the Bay of Bengal 

approximately 5,000-6,000 years ago (Sahu et al., 2014). As a biodiversity 

hotspot, Chilika is as a World Heritage site and Ramsar wetland of international 

importance (Sahu et al., 2014, Mohanty et al., 2015). The lagoon hosts Irrawaddy 

dolphins (Peetabas and Panda, 2015), 800,000 migratory birds (Kumar and 

Pattnaik, 2012) and 317 species of fish (Mohanty et al., 2015). The tropical 

monsoon climate drives area variations from 900 km
2

 during the non-monsoon 

(November-June) to 1100 km
2

 during the monsoon (July-October) (Pattanaik, 

2007). Approximately 800,000 people live within the watershed, of which 35,000 

are primarily dependant on Chilika’s fishery (Noack et al., 2013). Total fishery 
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production was reportedly 12,000 tonnes in 2015, worth US$24 million to the 

regional economy (CDA, 2016). To begin exploring associated social-ecological 

thresholds, the system’s natural and anthropogenic structures and interactions 

must be understood (Ostrom, 2009, Brondizio et al., 2016).  

2.5.1 Biophysical settings 

Chilika is bordered by agricultural land to the north and west, a sediment spit to 

the south, and forest and marshland to the east (Kumar and Pattnaik, 2012). The 

lagoon receives freshwater and sediment from two hydrological sources (figure 

2.5B): (i) the Mahanadi, bifurcating 80 km north at the Naraj barrage and 

contributing ~70% of Chilika’s annual freshwater and sediment influxes (Kumar 

and Pattnaik, 2012); (ii) western (WC) and northern catchments. The WC originate 

from the neighbouring Eastern Ghats (Mishra and Jena, 2015), whilst the latter is 

the southward extension of the Mahanadi downstream of Naraj. The WC is 

ephemeral, only transporting freshwater and sediment in response to monsoon 

rains (Santra and Das, 2013). Despite this, Chilika has an annual sediment surplus: 

800,000 tonnes of fluvial sediment was deposited in 2013 but only 130,000 

tonnes was flushed to the Bay of Bengal (Pattnaik and Kumar, 2013). Moreover, 

~100,000 tonnes of littoral sediment enters the lagoon annually (Rao, n.d).  

Das and Jena (2008) review Naraj operation, describing the trade-off between 

supplying adequate downstream irrigation and diverting hydrological flows from 

Chilika to avoid sedimentation. Concluding pre-barrage conditions (pre-2003) 

were key to the lagoon’s 20
th

 century sedimentation, the authors recommend 

diverting Mahanadi flows from Chilika once undivided flow exceeds 15,570 m
3

/s, 

occurring up to two days each year (CWC, n.d). Mishra and Jena (2015) argue that 

sediment delivery to Chilika has unintentionally increased since Naraj because the 

Mahanadi’s downstream branches now rarely exceed bankfull discharge.  

According to Mishra and Jena (2014), evidence for the northwards migration of 

the “Magarmukh” tidal outlet originates from Stirling (1846). In essence, 

longshore drift shifts the lagoon mouth north-eastward, dampening fluvial 

sediment flushing and tidal ingress. Resultantly, average lagoon salinity declined 

to below 5 parts per thousand (ppt) during the 1990s, triggering the proliferation 

of freshwater aquatic macrophytes (Rajawat et al., 2007). The resulting marine 

disconnect is thought to have constrained the migration of anadromous broods 

entering marine spawning grounds and the in-migration of catadromous juveniles 

(Mohapatra et al., 2007b, Pattanaik, 2007, Sahu et al., 2014). In total, 70% of the 
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fish stock annually migrating to and from the Bay of Bengal via the principal tidal 

outlet (Kumar et al., 2011, Kumar and Pattnaik, 2012), meaning fluid biophysical 

settings influence resource availability and the sustainable level of extraction. A 

new tidal outlet was dredged in 2000 to rejuvenate lagoon-sea connectivity; 

monthly salinity has since doubled within the central sector (Panigrahi et al., 2007) 

which hosts ~50% of fish biomass (Sahu et al., 2014). The new outlet is not 

stationary despite measuring half the length of the traditional outlet; Rajawat et al. 

(2007) find ~400 metres of northward erosion by 2004, which had increased to 

~2000 metres by 2013 (Mishra and Jena, 2014).  

In total, 62 species contribute to at least 1% of fish landings each (Kumar and 

Pattnaik, 2012). The value of catch ranges from less than 100 Indian Rupees 

(INR)/kg for freshwater juveniles to 1000 INR/kg for large prawn and crab species 

(e.g. Giant Tiger Prawn); the most profitable catches are also the rarest and most 

desirable (Kumar and Pattnaik, 2012). Three different estimates exist for Chilika’s 

resource capacity. Based on the method of Martell and Froese (2013) for data 

poor stocks, Noack et al. (2013) estimate an ecological carrying capacity of 

57,000 tonnes, since revised to 35,000 tonnes by Noack et al. (2015). In contrast, 

the Chilika Development Authority (CDA) supports a carrying capacity of 27,000 

tonnes (Mohanty – personal communication), estimated by the Indian Central 

Inland Fisheries Research Institute from the carbon productivity of the lagoon 

(CIFRI – unpublished).  

Ultimately, Chilika’s wider biogeophysical system contributes to the regulation of 

resource mobility and abundance. Freshwater influxes affect habitat quality; 

marine and fluvial sedimentation influences fish migration; aquatic macrophytes 

provide refuge from fishing activities. Therefore, the resource stock would still 

vary without fishing efforts, creating the challenge of matching appropriate 

anthropogenic parameters to dynamic natural settings.  

2.5.2 Anthropogenic settings  

Archaeological evidence suggests Chilika has been fished for ~2,300 years (Nayak, 

2014). The fishery is caste-based, meaning access rights historically relate to 

social status (Salagrama, 2006). The total active fisher population divides 

between traditional and non-traditional users, with the former operating non-

motorised, wind-assisted boats, known locally as Naha, Danga and Dingi crafts 

(Nayak et al., 2001); the latter use crafts with outboard motors, enabling fishing 

further from landing sites and enhanced catch capacities (Ray and Garada, 2017). 
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Traditional fishers originate from seven sub-castes of the Scheduled Caste 

(Iwasaki and Shaw, 2009), considered the most socioeconomically vulnerable in 

Indian society. Throughout the 20
th

 century, resource access was moderated by 

cooperatives allocating fishing grounds to fishing villages (Adduci, 2009). 

Operations were artisanal until World War II, when exports were sent to the Indian 

military (Jones and Sujansingani, 1954). Catch rose abruptly into the 1950s due 

to commercialisation (Figure 2.6), before India’s ‘blue revolution’ during the late 

1970s and 1980s further boosted annual catches via the introduction of 

aquaculture and technologically advanced practices (Dujovny, 2009). Production 

supported ~25,000 fishers by the mid-1980s, compared with 7,000 fishers during 

the 1940s (Mohanty – personal communication). Principally blamed on the 

unchecked sedimentation of the main tidal outlet (Kumar et al., 2011), catch 

collapsed during the late-1980s to an average of 3,100 tonnes/year in the 1990s, 

before eco-restoration in 2000. 

Based on surveys within traditional communities, Sekhar (2004), Nayak and 

Berkes (2010) and Nayak (2014) argue that the marginalisation of traditional 

fishers can be traced to the first increase of fishing lease prices in 1965. Lease 

prices were doubled again in 1978, before renewal became annual rather than 

every three years in 1988 (Nayak, 2014). The arrival of non-traditional fishers 

 

Figure 2.5: Annual fish catch data from Chilika covering 1929-2015. Source: 

Iwasaki and Shaw (2009) and CDA (2016). 
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during the 1980s led to the encroachment of traditional grounds (Mishra and 

Griffin, 2010), compounded by the state-wide legalisation of shrimp aquaculture 

in 1991 (Nayak, 2014). Whilst the decision was reversed in 2001, the 

industrialised exports of ‘pink gold’ led to both political and physical conflicts 

within previously cohesive fishing communities (Ghosh et al., 2006, Nayak, 2014). 

Nayak (2014) notes that Chilika’s traditional fishers exhibit five coping strategies 

to counteract livelihood stress. It is estimated that 88% of fisher households were 

indebted by the end of the 20
th

 century, suggesting a universal imbalance 

between costs and returns, and the dependency upon ‘middle-men’ for loans and 

marketing (Samal and Meher, 2003). Fishers also intensify or extensity practices 

when possible. Intensification commonly manifests as adopting more exploitative 

practices to boost efficiency, such as switching from traditional boats to 

motorboats; extensification involves spending more time fishing, travelling 

further distances for catch or becoming less selective with landings. In relation, 

Ray and Garada (2017) study the perceptions of livelihood automation across 

Chilika. Of the 450 households surveyed, >60% believe motorisation is linked to 

increased catch and profits, whilst only 4% perceive overfishing as a demerit of 

motorisation. The authors hypothesise that motorisation will further fishery 

commercialisation, widening the resource access disparity between traditional 

and non-traditional practices. 

Diversification through alternative livelihoods is historically underutilised, 

stemming from a reluctance to give up fishing rights and the lack of alternative 

opportunities (Sekhar, 2004). Therefore, traditional fishers during the late-20
th

 

century contended with environmental degradation and socioeconomic changes. 

Competition grew for a dwindling resource, whilst liberal state governance 

promoted intensive practices and aquaculture entrepreneurs. Robson and Nayak 

(2010) and Nayak (2014) record the occurrence of permanent out-migration from 

fishing villages during the 1990s and early-2000s, signalling the exhaustion of 

coping strategies and the relative attractiveness of livelihoods like wage labour.   

The devolution of powers from the state to the CDA in 1992 shifted the focus of 

governance from economic development to ecological maintenance. However, 

Chilika’s institutional structure remains monocentric and hierarchical (Mishra and 

Griffin, 2010), with the CDA embedded within Odisha’s Directorate of Fisheries 

and Directorate of Environment. Fisher cooperatives bridge the gap between 

formal governance and users, offering training programmes, social activities and 

local knowledge (Panda – personal communication). However, 95% of cooperatives 
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are thought to be inactive (Nayak and Berkes, 2011), indicating the increased 

individualisation of fishing and centralisation of governance.  

Despite the reported five-fold increase in catch since the 1990s, the new tidal 

outlet at Satapada is associated with numerous unintended consequences. From 

surveys within 20 eastern villages, Dujovny (2009) find that enhanced tidal 

exchange has impaired the ability of outer channel fishers to harness fishing nets 

safely (Dujovny, 2009). In addition, flow redirection has degraded the traditional 

outer channel, damaging fisher livelihoods along the eastern bank (Dujovny, 

2009). Consequently, a physical disconnect exists between the lagoon and 

disadvantaged fishing communities, adding to perceptions of marginalisation 

(Nayak and Berkes, 2014).  

Softer management schemes also exist. Since 2002, the CDA has managed 30 

stations monitoring monthly samples of water quality and planktonic 

compositions. A further 10 real-time monitoring stations analyse water quality 

every 15-minutes. Regular data collection is complemented by sporadic efforts, 

such as fish tagging to understand species specific migratory dynamics (Pattnaik 

and Kumar, 2013). The CDA with regional non-governmental organisations 

involve locals in fish species observations and landing assessments. The 

integration of stakeholders into monitoring activities is hoped to create a 

bidirectional flow of benefits (Kumar et al., 2011): enhancing local stewardship 

through scientific knowledge, which feeds back as community generated 

information about the socioeconomic and biophysical conditions of the system. 

Despite CPR status (Nayak, 2011, Nayak and Berkes, 2011), the Odisha Marine 

Fishing Regulations Act and Rules 1988 (OMFRA) outlaws activities within the 

migration channels between January and July, bans nets with mesh spacing below 

10mm (‘zero nets’) and prohibits the capture of juvenile prawns and certain fin-

fishes. However, governors and experts believe OMFRA to be universally 

neglected (Mohanty – personal communication, Pattnaik – personal 

communication). Besides OMFRA, the absence of catch quotas means fishers can 

practice at intensities deemed necessary to cover and develop livelihood 

opportunities, making the fishery liberal-utilitarian in nature (Sekhar, 2004). At 

present, the number of active fishers and boats may evolve unconstrained, 

leading the CDA’s principal fishery expert to believe:  
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“… [the] long term future of [the] stock is very bleak; if current trends 

continue then we may see collapse of [the] current stock within 15-20 

years.” (Mohanty – personal communication) 

2.5.3 Social-ecological dynamics 

Indicators of production efficiency are commonly applied in fishery management 

to synthesise social and environmental dynamics (FAO, 2002). Average reported 

catch per unit effort (CPUE) from 2000-2010 was six times higher than the 1990s 

(Mohapatra et al., 2007a), suggesting restoration of both principal ecological 

(resource abundance) and socioeconomic (catch) conditions. However, this 

perspective changes across a 60-year timeframe: despite record catches, today’s 

CPU-boat (CPUB) is equal to the 1970-1989 average, whilst CPU-fisher (CPUF) is 

~30% lower than pre-1960 levels (figure 2.7). Therefore, despite efficiency gains,  

 

Figure 2.6: Chilika’s historical catch per unit boat (top) and catch per unit 

fisher (bottom) from 1958-2009. Source: Kumar and Pattnaik 

(2012). 
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fishers perceive declining individual withdrawals from the lagoon (Nayak and 

Berkes, 2010). CPUF also overlooks asymmetries in resource accessibility and 

catch value, with non-traditional fishers exerting superior effort and selectivity 

(Nayak and Berkes, 2010). These trends combine with the unintentional outcomes 

of lagoon governance to contribute towards the perceptions of marginalisation. 

Chilika has a legacy of nonlinearity when the system appears robust – meaning a 

temporally dynamic viewpoint must be adopted to appreciate that undesirable 

regime shifts are surprising and unpredictable. Iwasaki and Shaw (2009) identify 

three dynamics as key to Chilika’s social-ecological sustainability. Technological 

advance and human population growth increase fishing efforts and regional 

resource dependency. As catch becomes increasingly valuable to a growing 

number of livelihoods, future regimes shifts are likely to cause deeper 

socioeconomic impacts than in past. Iwasaki and Shaw (2009) also note the 

dependency of socioeconomic functions on the lagoon’s sedimentary dynamics 

through the regulation of resource mobility. Therefore, the trajectories of these 

three social and environmental dynamics of different drivers, gradients and 

periodicities are crucial to any discussion of Chilika’s future.  

Nayak et al. (2015) hypothesise the existence of thresholds in Chilika’s resource 

availability, water quality, livelihoods and institutional settings, arguing that their 

management underpins sustainability. The authors do not provide quantification, 

but the location of these thresholds across different deltaic subsystems suggests 

transgression may trigger thresholds elsewhere in the system. Therefore, 

governance must appreciate interdependencies, targeting relatively connected 

leverage points and thresholds. For example, keeping water quality above critical 

levels may help to sustain resource availability and human livelihoods.  

External to Chilika, the economic liberalisation of India in 1991 is thought to have 

exposed the system to externally driven fish prices and consumption demands, 

particularly from the burgeoning Fareast Asia market (Nayak and Berkes, 2014). 

The monocultural drive for high value catches may degrade the flexibility and 

diversity of practices (Young et al., 2006). In turn, the most vulnerable fishers 

may become poverty trapped during periods of environmental and resource 

variability (Ray and Garada, 2017), reducing system resilience to minor 

perturbations and increasing likelihoods of socioeconomic thresholds. To combat 

these undesirable futures, the CDA in partnership with Wetlands International 

have promoted the system’s ‘wise use’ to maintain ecosystem character for the 

benefit of users (CDA and WI, 2010, Kumar and Pattnaik, 2012). However, Kumar 



Chapter 2: Literature review 

51 

et al. (2011) argue that since ecorestorarion, Chilika’s fishery has occupied a win-

lose trade-off, as the continued marginalisation of traditional livelihoods means 

that the socioeconomic benefits of resource recovery are not yet universally felt 

(figure 8.3). Therefore, finding pathways leading to win-win social-ecological 

futures presents a key research demand.   

To date, models of Chilika have predominantly focused on lagoonal sediment 

dynamics (Jayaraman et al., 2007, Dube et al., 2008, Sundar et al., 2015). As for 

social-ecological dynamics, Kadekodi and colleagues integrate social and 

ecological processes into conceptual (Kadekodi et al., 2000) and simulation 

models (Kadekodi and Nayampalli, 2005). According to the mental models of 

Kadekodi et al. (2000), the main drivers of catch are: (i) outlet sedimentation, (ii) 

water salinity, (iii) aquatic ‘weeds’ and (iv) poverty. To avoid these drivers 

becoming unsustainable, the authors advise increasing lagoon average salinity to 

15 ppt [echoed by Das and Jena (2008)], and also limiting the number of motor 

boats and shrimp exports. However, the magnitudes and timings of these limits 

are unsubstantiated.  

Operationalising the conceptual model, Kadekodi and Nayampalli (2005) 

construct a SDM simulating the effects of fisher population density and shrimp 

production on water salinity and depth. To date, this is the only modelling study 

for Chilika attempting to simulate social and ecological processes. However, 

rather than creating a dynamic social and natural environment, future scenarios 

alter socioeconomic and environmental conditions one-at-a-time. The authors 

conclude the continuation of baseline trends of population density and shrimp 

prices would cause 50% salinity declines over 25 years, whilst afforestation may 

lead to slight ecological recovery.  

Despite being the only of its kind for Chilika, the study has numerous limitations. 

Model construction is an undocumented black-box, besides one diagram detailing 

variable names and connections. Consequently, data reliability, model sensitivity 

and the ability to replicate past trends is not assessable. The study also excludes 

the opening of the Satapada outlet and the banning of shrimp aquaculture, which 

both occurred before publication. Salinity declines are projected over 25 years, 

when in reality, hydrological interventions caused a stepwise increase from 4 ppt 

to 10 ppt in 2000. Moreover, no feedbacks exist between the social and 

ecological modules, suggesting that underlying socioeconomic forces are only 

externally driven.  
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In synthesis, the appreciation of natural variability on Chilika’s natural resource 

dynamics emerged from the 1990s collapse and subsequent ecorestoration. The 

need for a social-ecological perspective resulted from the subsequent realisation 

that expert led remediation of the natural system has produced unintended 

consequences for stakeholders, which may intensify under climate change, 

population growth and fishery intensification. Therefore, there is a need to build 

upon the historically focused research to explore the future sustainability of the 

range of processes and feedbacks, including outlet sedimentation, resource 

dynamics, and internalised socioeconomic processes and heterogeneities. 

Incorporating emergent cross-scale interactions would involve evolving 

hydrological fluxes under climate change and cross-scale issues, like increasing 

exposure to globalised markets (Nayak et al., 2015). Alternative policies could 

explore internal resilience against external trajectories – helping to answer 

questions like may plausible exogenous changes push the system towards 

thresholds? How may social-ecological feedbacks change over time? What policies 

guard against thresholds to sustain outcomes and drivers within SJOSs? 

2.6 Aim and objectives 

The objectives of this study emerge from the literature themes and gaps, 

methodological possibilities and problematic behaviours of the case study. The 

future sustainability of the Chilika lagoon fishery is dependent on the deeply 

uncertain evolutions of the biophysical and socioeconomic feedbacks, external 

stresses and governance. More generally, there is a need for studies focusing on 

locational specific issues, regional datasets and context specific metrics of 

sustainability to build resilient systems in the face of local and global pressures 

(Hanspach et al., 2014, Dearing et al., 2015, Zhang et al., 2015).  

Therefore, the focus of this research is to investigate the future sustainability 

of the Chilika lagoon fishery system, with specific reference to social-

ecological pathways and thresholds. This overarching aim explores the broad 

topic of sustainability and the recently developed concept of SJOSs for regional 

SESs. Such open-endedness provides a central focus, whilst also giving the 

research flexibility to explore the many dimensions of sustainability and novel 

findings that emerge from model simulation.  

To this end, the underlying objectives and associated research questions are: 
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1. To develop and evaluate a model projecting plausible future processes, 

states and scenarios of the Chilika lagoon fishery.  

A. Does available qualitative knowledge and quantitative data permit the 

design and parameterisation of a useful model? 

B. Can the model generate future external scenarios assessing internal 

resilience to nonstationary social-ecological interactions? 

C. Do the future scenarios cover the boundaries of Chilika’s SJOSs? 

D. Does the model capture the historical reference mode, including outcome 

magnitudes and relative influence of drivers? In other words, are the ‘right’ 

quantitative behaviours produced for the ‘right’ qualitative reasons (Barlas 

and Kanar, 2000)?  

2. To explore the impacts of internal governance on: (i) fishery persistence, 

(ii) permissible driver pathways and (iii) threshold interactions. 

Through the analysis of model outcomes, this second aim seeks to operationalise 

the SJOSs concept as a forward-looking tool for decision-making. Specific research 

questions include: 

E. What are the permissible limits of individual human and biophysical 

drivers, and how do these change with governance? 

F. Do SJOSs involve cross-scale interactions, where a global scale stress (e.g. 

climate change) undermines resilience to a system specific driver (e.g. 

fishing effort) (Scheffer et al., 2015, Green et al., 2017)? 

G. Are core safe and just pathways of critical system drivers identifiable 

from their wider SJOSs (Steffen et al., 2015b)? 

H. Can model outputs help judge the safety of the system’s contemporary 

trajectory? 

3. To investigate the extent to which the concept of future SJOSs is useful 

for: (i) governing with respects to thresholds and tipping points, (ii) 

assessing social-ecological trade-offs, and (iii) guiding sustainable 

development. 

The third objective helps to evaluate the utility of operationalising SJOSs for 

regional governance: 

I. Do the normatively defined dangerous futures have deeper social-

ecological effects beyond fishery livelihood losses?  

J. What are the trade-offs (e.g. social-ecological, inter and intra-

generational) associated with safe and just pathways? 
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K. How does system safety compare when defined by nonlinear outcomes 

and driver-response relationships, rather than normative thresholds? 

L. To what extent does modelling SJOSs contribute towards achieving 

broader sustainability paradigms, such as poverty alleviation, the wise 

use of wetlands and social-ecological resilience?  

Ultimately, the aim and objectives represent a workflow involving: (i) the 

construction and evaluation of a novel regional model, (ii) simulation to 

investigate the persistence of historical problems and the emergence of new 

stresses, (iii) the generalisation of location-specific results to contribute to the 

wider fields of sustainability and resilience thinking. 
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Chapter 3: A system dynamics model of the 

Chilika lagoon fishery system 

3.1 Chapter introduction  

This chapter describes the process of model development (figure 3.1) based on 

the SDM framework of Ford (2010) for natural systems with human influences. 

Whilst the subsections appear discrete, the iterative nature of modelling provides 

porosity; therefore, components traditionally associated with one phase may 

appear in another (e.g. causal loop diagrams help to communicate conceptual 

subtleties of parameterisation). 

Here, problematic behaviours revolve around catch loss, historically considered to 

derive from ecohydrological degradation (Iwasaki and Shaw, 2009). Similar trends 

may reoccur under changing hydroclimatic scenarios, whilst fisher population and 

consumption growth threaten resource overexploitation. Chapter 3.2 builds upon 

the review of social-ecological settings by considering historical and future 

reference modes, envisaging initial future dynamics from fundamental system 

properties including finite resource availability, overexploitation and 

sustainability. As SDMs aim to derive internal explanations for problematic 

behaviours (Sterman, 2000), it is important to include only the internal and 

external processes critical to system dynamics. External drivers may be beyond 

the scope of managers (Meadows, 2009), whilst an overly inclusive model may 

become uninterpretable (Voinov and Shugart, 2013). Causal-loop diagrams trace 

the causes of problematic behaviours to inform model structure.  

Model parameterisation uses a spectrum of available information (Ford, 2010).  

Physical laws are prioritised, including mass balances of population or water 

volume within a catchment. Two pre-existing SDMs are adapted to form the 

cornerstones of the wider model: the Ghashghaei et al. (2013) rainfall-runoff 

model and the Bueno and Basurto (2009) fishery model. Primary and secondary 

datasets also inform model parameterisation. Data from stakeholder and key 

informant interviews adds qualitative insights to model design, performance 

analysis and scenario formulation. Expert knowledge helps inform variables 

associated with high uncertainty and stakeholder knowledge supports variables 

with decision-making elements.        
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The SDM is constructed and run in STELLA v10.1 (ISEE, 2015). In a sentence, the 

model simulates a dynamic fish stock driven by ecosystem influences on the 

survival rate and migration via the tidal outlet, plus fish catch that is driven by 

nonstationary fishing efforts. To this end, the model splits into six interconnected 

modules to simulate human and natural drivers of catch. Four modules are 

involved in the generation of historical dynamics: (i) hydroclimatic – freshwater 

and sediment delivery to Chilika; (ii) ecohydrological – influenced by the 

hydroclimatic inputs, this module models macrophyte growth and the effects of 

salinity, dissolved oxygen and temperature on fish survival; (iii) core fishery – fish 

population and catch dynamics, and (iv) socioeconomic – processes underlying 

fisher population growth and fishing efforts. Two additional modules help 

 

Figure 3.1: The overarching methodological framework of this study – from 

initial problem identification to communicating insights to regional 

decision-makers. 
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generate future dynamics (chapter 5): (v) external trajectories – exploratory 

scenarios of rainfall, temperature, fish price, diesel price, and human birth and 

death rates, and (vi) governance –decision-making scenarios building internal 

resilience against external trajectories.  

The model runs at monthly resolution as a compromise between two competing 

demands. Modelling daily time-steps would capture short-lived 

hydrometeorological events and intra-monthly catch variations; however, catch 

statistics and measures of fishing effort are published annually (CDA, 2015).   

Moreover, modelling multidecadal trajectories at daily time-steps would be 

computationally impractical. Simulating 444 months (January 1973 – December 

2009) requires approximately 5 seconds, which roughly triples when simulating 

from January 1973 – December 2060. Therefore, an approximation for the 

duration of daily time-steps gives around 10 minutes per simulation, without 

considering the reduced computational efficiency of daily Monte Carlo climate 

simulations (chapter 3.4.1.6). Contrastingly, annual resolution potentially 

overlooks seasonal processes like monsoonal hydrological fluxes with 

ecohydrological affects, fish migration via the tidal outlet and variations in 

macrophyte coverage (Mohanty et al., 2001, Pal and Mohanty, 2002).  

The model was built and ran on a 64-bit operating system (Intel® Core™ i5 

processor), with 3.82 gigabytes of available random-access memory (RAM). 

Simulating the model forward 1000 times under the external scenario funnels 

required 20-30% CPU usage. Outputs were recorded using the in-built ‘table-pad’ 

function in STELLA, before tables were exported and stored as comma-separated 

values (CSV)  for graphing and analysis in the statistical software R (2008). 

Analysis in R followed the sequential framework of chapter 6: first graphing and 

classifying future catch as safe and just, cautionary or dangerous, before 

analysing the causal pathways, wider social-ecological outcomes and trade-offs. 

No parallel algorithms were used, but noteworthy specialist R packages include: 

“ggplot2”, “forecast”, “reshape”, “rgl”, “strucchange” and “viridis” (all 

downloadable from https://cran.r-project.org/web/packages).  

Model structures and behaviours are evaluated in chapter 4. Scenarios exploring 

interactions between future governance strategies, socioeconomic changes and 

natural conditions depict plausible system evolutions (chapter 5), from which 

resilience, SJOSs and decision-making principles are developed (chapter 6).   
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3.2 Conceptual modelling 

To bridge the stages of problem identification and model parameterisation, Ford 

(2010) advises: (i) describing reference modes of problematic behaviours; (ii) 

considering the spatial and temporal origins of problematic behaviours; and (iii) 

communicating system structures, scope and assumptions – focusing modelling 

efforts by converting concepts into mathematical expressions. 

3.2.1 Fundamental reference modes 

Reference modes depict trends of problematic behaviours, derived from 

qualitative behaviours, time-series and statistical analysis (Saeed, 1998). 

Irrespective of the approach, behaviour conceptualisation is important to 

furthering system understanding and model design. 

At the system level, the fish population may be considered a stock with inflows 

and outflows (Bueno and Basurto, 2009). The stock grows through births and in- 

 

Figure 3.2: Causal-loop diagram depicting feedbacks relating the fish stock 

size, fishing effort and fish catch. Short-term catch may increase 

in response to intensified fishing effort but cause long-term stock 

depletion. Two horizontal lines represent a system delay longer 

than the average interaction. 
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migration, and declines through natural deaths, out-migration and catch. 

Therefore, the absolute rate of change is driven by the magnitudes of the inflows 

and outflows at that given time, and the size of the stock at any given time is a 

legacy of past inflows and outflows (Sterman, 2002).  

Fishing effort describes the volume of fishing gear used per unit time (FAO, 2002). 

For instance, effort across Chilika in 2003-2004 equalled 5,059 boats for 336 

days (Mohapatra et al., 2007a). For a given resource availability, catch is generally 

positively associated with fishing effort. In reality, coupling often exists between 

effort and resource availability, with fishers adapting practices to perceived 

abundance changes (Tracey and Lyle, 2011, Duer-Balkind et al., 2013). 

Catchability modifies the effectiveness of efforts through fish interactions with 

gear and environmental conditions (Ricker, 1975, Jul-Larsen et al., 2003). These 

simple feedbacks integrating human and natural components build the 

fundamental dynamics of Chilika’s fishery (figure 3.2). 

 

Figure 3.3: Plausible reference modes for Chilika’s fishery: (A) catch 

exponentially increases due to infinite fish stock; (B) stock 

exponentially grows or declines if the extraction rate is respectively 

above (red) or below (green) sustainable (blue); (C) boom and bust 

dynamics; (D) boom and bust influenced by variable catchability. 
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Assuming infinite resource availability and constant catchability, catch may 

increase exponentially as extraction efforts grow (figure 3.3A). However, in reality, 

the finite nature of the resource produces a negative feedback giving catch an 

environmental ceiling. Alternatively, a constant fishing effort below (above) the 

fish stock regeneration rate may cause the stock to increase (decrease) (figure 

3.3B), in line with the traditional equilibrium view of fish population dynamics 

(Seijo et al., 1998). The third reference mode (figure 3.3C) assumes only constant 

modifying factors. Whilst it appears that the resource availability drives catch via 

a unidirectional relationship, the scenario reflects the delayed negative feedback 

between catch and resource availability (figure 3.2). High catch causes the fish 

stock decline, feeding back to cause catch decline. Eventually, extraction efforts 

may fall as fishers adapt practices during periods of low productivity – helping to 

trigger resource recovery. The fourth reference mode arguably best represents 

reality as dynamic modifying factors and delays in human perception perturb the 

peaks and troughs of catch and resource availability (figure 3.3D). Fundamentally, 

interactions between these interdependencies are central to multidecadal 

persistence, as desirable catches require both abundant resource availability and 

appropriate extraction forces.   

3.2.2 Historical and plausible future reference modes 

Considering the fundamental dynamics, Chilika’s catch increase between 1950 

and late-1980s likely occurred from fishing effort growth. In agreement, Chilika’s 

fisher population increased from 19,000 to 25,000 from 1970-1990 (Noack et al., 

2013). Therefore, a reference mode until the 1980s would depict stepwise growth 

due to three consecutive inter-decadal increases. Future forecasts using time-

series techniques such as ARIMA may have projected the persistence of the 

upwards trajectory, unaware of the impending catch decline.  

A reference mode until 1999 suggests either overshoot or natural oscillatory 

dynamics (Ford, 2010). Distinguishing between these modes is difficult when 

viewing behaviours through a limited time horizon and without understanding the 

underlying system drivers. Therefore, various dynamic hypotheses exist: (i) the 

fish stock collapsed having surpassed a biophysical carrying capacity (e.g. food 

availability, competition, density) (Daily and Ehrlich, 1992); (ii) the rate of fish 

extraction from human efforts exceeded stock renewal (i.e. overexploitation); (iii) 

catch declined due to an external driver influencing efforts or catchability, such 

as the destruction of fishing boats or a natural modifying factor. If  



Chapter 3: Model construction 

61 

overexploitation is to be blamed, then constraints upon fishing effort may push 

the system further in the wrong direction, failing to rejuvenate the fish stock 

whilst affecting fisher livelihoods. Alternatively, modifying factors may be 

prioritised, such as the clearance of vegetation from fishing grounds, but this 

policy risks prolonging collapse if overexploitation is the real cause.  

The observed catch recovery post-2000 is attributed to the dredging of a new 

tidal outlet that boosted marine water exchange, decreased aquatic macrophyte 

coverage and enhanced fish migration (Mohanty et al., 2008, Iwasaki and Shaw, 

2009, Sahu et al., 2014). Sedimentation of the traditional outlet had two effects 

on resource availability (figure 3.1). First, fish stock renewal declined as the 

migration of Catadromous, Anadromous and Amphidromous fish decreased. 

Second, fish survival within the lagoon fell as salinity levels freshened and oxygen 

levels depleted under stagnant water conditions and abundant macrophyte 

coverage. Various secondary stresses activated, including the exploitation of a 

dwindling stock, less-selective catch of juvenile species (Ghosh and Pattnaik, 

2003, Kumar and Pattnaik, 2012) and irresponsible fishing within the migratory 

outlet channels (Kumar and Pattnaik, 2012).   

 

Figure 3.4: Potential futures resulting from the management of fundamental 

components and feedbacks (figure 3.2). The question mark refers 

to uncertainty associated with the timing of future resource decline. 
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Akin to qualitative plausible futures (Gallopín, 2002), future reference modes 

based on fundamental feedbacks provide initial horizon scans (Saeed, 1998, Khan 

et al., 2004). If the outlet channel is neglected, or the fish stock is overexploited, 

then Chilika may remain within a boom and bust mode (figure 3.4). Time between 

peaks and troughs depends on the rate of lagoon sedimentation, the adaptive 

capacities of fishers and the implementation of remedial governance (Biggs et al., 

2009, Meadows, 2009). Therefore, regular outlet maintenance may conserve the 

fish stock. If fishing efforts remain unregulated and proportional to the fisher 

population, then annual productivity may gradually increase (figure 3.4). However, 

with a finite fish stock, susceptibility to overshoot increases as catch surpasses 

environmental limits, such as maximum sustainable yield (MSY) (McKinney et al., 

2007, Maunder, 2008). Moreover, because fish stock and fisher population 

dynamics are relatively slow, interannual catch variability derives from 

interactions between efforts and catchability. Plausible management approaches 

are recognisable, such as limits on extraction efforts and the maintenance of 

healthy ecohydrological conditions. Hence, a model exploring the social-

ecological impacts of policies is valuable to decision-makers, enabling the 

assessment of alternative pathways.  

3.2.3 Setting system boundaries 

Whilst top-down dynamics provide an entrance point (Sterman, 2000), underlying 

causes must be bound to guide model specifications, data collection and 

performance analysis. Lewis-Beck et al. (2004) and Walker et al. (2012) identify 

external variables as those unaffected by variables internal to the system. Internal 

variables must affect the system, and then the resulting change in conditions 

must affect the same internal variable, possibly through governance responses. 

External drivers are commonly seen to shock, due to challenges of forecasting 

beyond system boundaries. However, external stresses may be creeping, such as 

the timing and magnitude of monsoon rainfalls across Odisha altered by climate 

change over the 21
st

 century (Ghosh et al., 2010). Moreover, external processes 

may be located within a system’s physical boundaries. For instance, rainfall is 

geographically internal to Chilika’s watershed, yet exogenous in a systems sense 

due to the lack of endogenous control. 

Causal-loop diagrams help to organise drivers across system space (Sterman, 

2000). Sterman (2000) and Kim (1991) outline various requirements for causal-

loop diagrams:  



Chapter 3: Model construction 

63 

 Link direction corresponds to the direction of causal effect.  

 Link polarity depicts whether the causal effect is positive or negative.  

 Links read ceteris paribus, meaning other relationships remain constant.  

 The polarity of a feedback equals the product of polarities within the loop. 

 The inability to describe a link as positive or negative probably means 

additional variables are needed to clarify the relationship. 

 Two horizontal lines flag delays significantly longer than the average 

interaction. 

3.2.3.1 Natural processes 

Natural processes influencing fish stock size and catchability include climatic 

variations, fluvial processes and the lagoon’s ecohydrological conditions. By 

treating Chilika’s 317 fish species as a single stock within the Bueno and Basurto 

(2009) model, fish regeneration, maturation, migration and natural deaths 

establish the population dynamics. Fundamentally, the size of the immature stock 

is proportional to the regeneration rate; the mature stock is proportional to the 

number of maturations. A positive feedback forms, as more births produce more 

immature fish, increasing regeneration and so on (R1 – figure 3.5). However, the 

potential fish population is not infinite – counterbalanced by an environmental 

carrying capacity acting as a natural thermostat to constrain population growth 

(Rose et al., 2001, Huggett, 2004). Therefore, the rate of population growth 

decelerates as the stock approaches its carrying capacity, assuming competition 

for food, energy and space increases (Heath, 1992, Rose et al., 2001). As a single 

species model, ecohydrological degradation is assumed to have a unidirectional 

influence on stock dynamics (Collie et al., 2016); therefore, fish survival rate for a 

given population density is also inversely proportional to ecosystem degradation. 

Moreover, internalising the lagoon-sea migration of ~70% of species is paramount 

to Chilika’s long-term dynamics (Kumar and Pattnaik, 2012).  

Stock aggregation necessitates various assumptions and exclusions. Ideally, 

trophic interactions between different food-web components would be modelled 

(Mace, 2001), including inter-species predation, energy consumption and growth 

efficiencies. Such ecosystem-based modelling is facilitated by models like ECOSIM 

(Walters et al., 1997) and ATLANTIS (Fulton et al., 2014). Therefore, it is 

acknowledged that this SDM cannot inform challenges like optimal mortality rates 

of commercially important species, the effects of fishing down food webs (Pauly 

et al., 1998) or the emergence of non-native stocks. Increased biological realism  



Chapter 3: Model construction 

64 

comes with practical complexities and data demands (Quinn and Collie, 2005, 

Collie et al., 2016). To avoid becoming overly complex, ecosystem-based models 

conventionally omit social-ecological adaptive behaviours (Plagányi, 2007, Collie 

et al., 2016). The SDM developed here seeks to identify multidecadal pathways 

sustaining a natural resource of Chilika’s size, mobility and historical dynamics. 

Therefore, the model does not intend to replace ecosystem-based models, but 

offer a complimentary technique to horizon scan broad dynamics representing 

dividing lines between sustainable pathways and collapse. 

Despite resource aggregation, it is important to recognise that environmental 

conditions influence the biological traits of fish (Keyl and Wolff, 2008, Keck et al., 

2014), including reproduction, growth and mortality. Salinity is considered the 

critical physiochemical indicator of Chilika’s health (Jayaraman et al., 2007, Parida 

et al., 2013), with brackish and marine species constituting 80% of total species.  

 

Figure 3.5: Causal-loop diagram illustrating the components, links and 

feedbacks underlying the fish stock. Italicised variables refer to 

stresses external to the fish population.  Feedbacks: R – reinforcing, 

B – balancing. 
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Pattnaik and Kobayashi (2009) also consider air and water temperatures, pH and 

dissolved oxygen levels critical determinants of Chilika’s habitat quality, driving 

the development of immature fish and the death rates of mature fish. Salinity, 

water temperature and dissolved oxygen vary seasonally with monsoonal rainfalls 

and fluvial inputs. Aquatic macrophyte growth involves three feedbacks (figure 

3.6). Macrophytes thrive in fresh environments (R2) and trap sediment within the 

lagoon (R3) (Kumar and Pattnaik, 2012). In turn, sediment trapping reduces tidal 

flushing and aggrades the sediment stock – positively associated with nutrients 

for macrophyte proliferation (R4) (Kumar and Pattnaik, 2012).  

The Hirakud dam, located approximately 300km upstream of Chilika, forms a 

system boundary by controlling downstream discharges. Downstream of Hirakud, 

the LMC bifurcates into the Kathajodi, Kuakhai and Mahanadi branches at Naraj, 

at the head of the Mahanadi delta (Mishra and Jena, 2015). Consequently, 

freshwater fluxes at Naraj equal a relatively stable baseline from Hirakud, plus 

rainfall inputs across the LMC. According to Indian Meteorological Department  

(IMD) and Central Water Commission (CWC) data, 75% of annual rainfall across the 

region occurs between July and October, corresponding to 84% of annual 

Mahanadi streamflow. Streamflow from the undivided Mahanadi reaches Chilika 

once it exceeds 2830 m
3

s
-1 

(Das and Jena, 2008, Mishra and Jena, 2014).  

As a result, hydrological changes along the Mahanadi have significant 

ramifications for Chilika’s ecology (Mishra and Jena, 2014, 2015). Monitoring 

streamflows upstream of Naraj may become increasingly important, as climate 

change is predicted to increase the magnitude and frequency of extreme rainfall 

events across the middle and lower Mahanadi (Panda et al., 2013, Jena et al., 

2014). By 2030, Gosain et al. (2006) propose up to 29% and 117% increases in the 

magnitudes of the Mahanadi’s high and low flow regimes, respectively. Thus, 

discharge may exceed 2830 m
3

s
-1 

increasingly frequently, increasing freshwater 

and sediment inputs to Chilika.  

The LMC and WC form the western boundaries of the physical system. Naraj at 

the delta head forms the northernmost component and the lagoon’s southern 

bank forms the southern boundary. The Bay of Bengal coastline forms the eastern 

boundary, with ~100,000 tonnes/year of littoral sediment entering the lagoon 

(Rao, n.d). Drivers such as wind direction, wave height and angle are excluded 

due to data limitations and the inappropriateness of a monthly resolution aspatial 

model to capture impacts upon fishery operations (e.g. possible routes for 

traditional boats on a given day). Future sea-level rise may alter the long-term 
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salinity regime. Although sea-level rise scenarios could be linked to modelled 

temperature changes, the process is excluded here due to a lack of conceptual 

understanding (e.g. sea-level rise may increase salinity, but reduce flushing). Sub-

monthly tropical cyclones and storm surges are also excluded; instead, the model 

focuses on resilience to longer-term precipitation and fluvial influxes. Further 

assumptions include no additional tidal outlet locations, no new dams upstream 

of Chilika and no major agricultural or industrial developments with substantial 

pollution outputs. Therefore, the model assesses the resilience of current 

hydrological system structures under nonstationary averages and variance.  

3.2.3.2 Anthropogenic processes 

Modelling systems with human decision-making is inherently complex, often 

involving concepts of bounded rationality (Carpenter et al., 1999), optimisation 

and collective behaviour. The dynamics of the fisher population, fleet sizes and 

decisions regarding fishing activities are internalised here.  

The fisher population could be driven externally by giving the model predefined 

population scenarios. Conversely, internality assumes that fishers and efforts 

depend on the persistence of the fishery. If interdependency exists, then 

population growth may interact with a carrying capacity, such as food availability 

or the number of viable fishing jobs (Hopfenburg, 2003). In the sustained 

absence of fish, it can be assumed that the number of active fishers will tend to 

zero in the search for alternative income sources. Fishers might not migrate from 

the region, but would retire practices with costs outweighing benefits. This link 

can be inferred from Robson and Nayak (2010) and Nayak and Berkes (2010), 

with the first observations of out-migration occurring during the 1990s fishery 

collapse. Coherently, the fisher record suggests variability is driven by faster 

dynamics than only regional birth and death rates (figure 3.7).  

The number of fishing boats can be internalised from the fisher population. The 

days boats operate may be constant, internally or externally driven. Mohapatra et 

al. (2007a) disprove the constant scenario, with days fished increasing from 306 

(2000-2001) to 345 (2001-2002). One internal reason for increased fishing days 

could be the relaxation of regulations, but neither the CDA nor OMFRA limit the 

number of days fished (chapter 2.5.2). The functional responses of Holling 

(1959a) describe how predation varies with prey density, akin to fishers’ 

perceptions of fish abundance (Tracey and Lyle, 2011, Duer-Balkind et al., 2013). 

Type-II responses (Holling, 1959b) are arguably most suitable to describe the  
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effort-stock relationship, as in contrast to the linear or sigmoidal trends, the 

concave response maintains efforts until a point judged to be unsustainable. 

Therefore, rather than staying constant, decisions regarding fishing days can be 

internally derived by assuming fishers adapt efforts to the stock conditions 

(Moxnes, 2000, Duer-Balkind et al., 2013). Similarly, decisions to extract juveniles 

may be internally driven, as pressure to maintain productivity reduces time to 

‘bycatch-clean’ hauls (Alverson et al., 1996).  

Thus, three reinforcing and two balancing feedbacks are assumed to underlie 

fishing effort (figure 3.8). Stability afforded by fishers adapting efforts to the 

underlying stock (B3- figure 3.8a) is countered by two reinforcing feedbacks 

driving the fleet sizes of the traditional and non-traditional fishing communities 

(R5A and R5A – figure 3.8A). More livelihoods are supported as catch increases, 

boosting short-term catches. The uncapped number of boats potentially increases 

until catch shrinks from stock exhaustion.  

Recorded CPUE includes non-traditional and traditional boats. Therefore, fishing 

effort may grow despite total boats remaining constant if the proportion of 

motorboats increases. Such intensification may be driven by traditional fishers 

deciding to switch practices (R6 – figure 3.8B) (Nayak, 2014). The ability to  

 

Figure 3.7: Observed fisher population (red) (Noack et al., 2013) versus the 

trend which may have occurred if the link between fishery 

productivity and the fisher population was removed, making the 

population only driven by Odisha’s birth and death rates (black).     
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upgrade depends on various socioeconomic and cultural settings, such as 

financial capacities and information available for decision-making. The latter 

factor reflects the Baker criterion (Sterman, 2000), as SDM variables must only 

relate to information available to decision-makers. The desire to upgrade 

practices is countered by B3 (figure 3.8), whereby a shrinking traditional fisher 

 

Figure 3.8: (A) Causal-loop diagram illustrating drivers of fishing boat 

numbers and days fished; (B) secondary diagram underlying the 

transition from traditional fishing practices to more intensive non-

traditional practices. The feedback directions are as figure 3.5 
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population reduces traditional productivity, causing incomes to fall. Moreover, 

not all fishers affording upgrades choose to leave traditional practices (R7 – 

figure 3.8). Therefore, upgrade desire is assumed inversely proportional to the 

state of the traditional fishery (B4 – figure 3.8), meaning the perceived benefits of 

adaptation through intensification are greater during fishery slumps (Coulthard, 

2008, Nayak, 2014).  

External socioeconomic stresses also influence the fishery. The per unit price of 

Chilika’s fish is inelastic (Kadekodi and Nayampalli, 2005), with exportation 

linking fish price to national and international supply and demand. Government 

subsidies reduce fuel costs, but have limited impact on revenues during catch 

slumps. Boat maintenance and upgrade costs have also risen over the past fifty 

years, driven in-part by international prices (Kadekodi and Gulati, 1999, Noack et 

al., 2013). Financial loans may be internal to the system, as a positive feedback 

exists between income and loan taking, with the poorest most susceptible to 

poverty compounding loans. External factors complicate the modelling of loans 

as an internal process, such as educational attainment, marketing of catch and 

financial assistance from cooperatives, family and the state (Pattanayak – personal 

communication). Various other omissions are due to data absences or expert 

perceptions that a process is unimportant to Chilika’s multidecadal sustainability. 

These include defector behaviours (e.g. illegal aquaculture, individual fishing, 

ignoring the regulations of chapter 5.3), differences between daytime and night-

time fishing, and technological step changes (e.g. marine trawlers). 

The above causal-loop diagrams inform the structure of SDM parameters. Exact 

parameterisation methods vary depending on the presence of already constructed 

models, physical equations and data availability. The Mahanadi fieldtrip of spring 

2016 gained additional qualitative insights informing holistic system structure, 

parameter values and future scenarios. Therefore, the next subchapter outlines 

the interviews with primary stakeholders and governors, before chapter 3.4 

details numerical parameterisation.     

3.3 Interviews 

Visiting the Mahanadi delta in spring 2016 aimed to improve model structure, 

parameterisation and performance by quizzing the mental models of 

stakeholders and experts. System governors are key sources of knowledge, 

balancing different interests across dynamic socioeconomic and environmental 
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conditions. Moreover, stakeholders live, work and learn to adapt to system 

conditions (Voinov and Bousquet, 2010). These qualitative insights consider 

knowledge beyond quantitative expressions of system dynamics, whilst 

reminding the modeller that processes important to stakeholders must be 

included (Meadows, 2009).  

The social-ecological systems framework helped inform the choice of participants 

(Ostrom, 2009), with interactions between ‘governance’ and ‘users’ contributing 

to the overall dynamics of natural resource systems. Moreover, these groups may 

provide alternative perspectives of Chilika’s past and future. Fisher perceptions 

derive from deeply engrained histories, traditions and practices, whilst decision-

makers and regional scientists generally hold relatively deterministic perceptions 

developed from environmental monitoring, economics and social sciences.  

Semi-structured interviews were conducted for various scientific and practical 

reasons. Semi-structured interviews allow the interviewer to set the agenda (Scott 

and Garner, 2013, Yeo et al., 2014), yet, questions are adaptable to the 

interviewee’s responses. Compared to structured interviews, the interviewee can 

diverge from the line of questioning to share relevant knowledge or engage in 

two-way questioning (Denscombe, 2007). Such flexibility provides opportunities  

for participant cross-validation by asking questions designed to compare 

responses (Scott and Garner, 2013).   

Structured surveys are comparatively unsuitable due to their inflexibility and 

reliance on the interviewer’s preconceptions. Time constraints and a 68% adult 

literacy rate amongst Chilika’s fishers (Kumar and Pattnaik, 2012) make 

questionnaires impractical. Although group interviews may broaden the opinions 

captured, the technique is less preferable due to potential power dynamics 

arising from mixes of caste, class, sex and age (Riley et al., 2003). However, 

initials observations realised that fishers socialise in groups outside of fishing 

hours; therefore, the maximum group size was set to four (Eder and Fingerson, 

2001). Lastly, focus groups are beyond the scope of this study due to potential 

data volumes which may confuse rather than inform model construction (Leung 

and Savithiri, 2009).  

3.3.1 Key informants 

Key informant interviews aim to understand: (i) the causes and impacts of past 

problematic behaviours; (ii) future expectations for drivers and outcomes; (iii)  
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different management strategies shaping the future sustainability of Chilika. 

Although specific questions differ between interviews, these themes aim to 

capture system-wide dynamics, with the first two providing strategies to assess 

the reality of model outputs and the latter constraining governance scenarios. 

According to Tremblay (1957), key informants must have continuous exposure to 

the dynamics under study and be willing to share knowledge in a communicable 

and impartial manner. Practical considerations included travel times and the 

availability of regional scientists to facilitate meetings. The seven key informants 

interviewed derive from four institutions (figure 3.9): three informants are from 

governmental organisations and four are from non-governmental backgrounds.  

CDA knowledge derives from 25 years monitoring and managing the fishery, 

including the protection of the ecosystem and development of socioeconomic 

conditions. Science and regulations are communicated to fishers through the 

cooperative societies (Mishra and Griffin, 2010), whilst productivity is 

communicated to the Directorate of Fisheries to inform state-wide policymaking. 

The Integrated Coastal Zone Management Project (ICZMP) monitors coastal 

ecosystems of Odisha and associated socioeconomic development. Based in 

Bhubaneswar, the ICZMP is geographically external to Chilika, but their research 

directly affects fishery livelihoods and policymaking.  

The key informant interview strategy focused on non-leading direct questions, 

with opportunities for clarification. For convenience, the interviews took place in 

places of work. The maximum duration was one-hour, but the median time 

equalled 45 minutes. The opening question(s) focused on the role of the 

 

Figure 3.9: The seven key informants interviewed placed within the social-

ecological systems framework structure of Ostrom (2009). 
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participant in the governance and study of Chilika (appendix A.2). Fact-based 

questions were designed to ease the interviewee into the discussion and confirm 

the background of the participant (Denscombe, 2007). Interviewees were then 

asked about Chilika’s past dynamics, particularly focusing on the 1990s collapse, 

requiring the hindcasting of mental models. Next, questions about present status 

and plausible futures asked interviewees to project forward their mental models. 

These questions often prompted discussion of different management options; for 

example, interviewees raised successes of the ICZMP’s alternative livelihood 

programmes.  

Lessons from the key informant interviews are highlighted when relevant during 

descriptions of model parameterisation, scenarios and results, although general 

insights can be summarised here. First, the interviews flagged vital 

socioeconomic and biophysical stresses that had been excluded from the model’s 

structure, like juvenile catch and the perceived short-sightedness of fishers. 

Second, various feasible and infeasible policy strategies were discussed, of which 

the former are modelled. Third, interviews facilitated the discussion of issues 

external to Chilika. These subjects may be considered ‘noise’ or ‘off-topic’ during 

structured interviews (FAO, 1990, Scott and Garner, 2013), but provide contextual 

settings for the findings and implications of this study.   

3.3.2 Fishers 

Stakeholder engagement seeks to understand: (i) bottom-up drivers of fishery 

operations, (ii) local perceptions of past changes, and (iii) future expectations. 

The degree of stakeholder participation was primarily constrained by time, 

limiting opportunities for co-learning and direct stakeholder inputs into 

modelling. Given the sample size (N = 12), detailed content analysis of interview 

scripts and socioeconomic differences is not possible. Therefore, fisher interviews 

here primarily serve information extraction purposes (Pretty, 1995, Lynam et al., 

2007), highlighting concerns of stakeholders which had until then been 

overlooked. Undoubtedly, potential for more holistic involvement exists by 

revisiting the field in future.  

Heterogeneous social and ecological settings were considered when selecting 

study locations and participants. Locations along Chilika’s central (high) to north 

(low) productivity gradient were targeted as logistics prohibited visiting villages 

within the southern and outer channel sectors, so the two productivity extremes 

were covered in case perceptions significantly differed (figure 3.10). Interviews  
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were desired from fishers of different ages, as life experience influences past 

perceptions and outlooks (Coulthard, 2008). Six elders and six adults were 

interviewed from the four villages.  

CDA staff or primary cooperative members acted as facilitators, selecting suitable 

participants and quiet locations within villages, which were either community 

halls or public buildings known as mandaps. Questions were asked in English but 

translated to the regional language ‘Odia’ by the facilitator. The single matrix of 

semi-structured questions (appendix A.3) was revised with CDA scientists, as the 

original questions were perceived to be too complex; however, the three 

overarching themes were preserved. 

Aiming to build discourse and trust between interviewer and interviewee 

(Denscombe, 2007), opening questions focused on everyday fisher knowledge, 

namely family histories, commercial species and fish prices. Insights into the 

socioeconomic backgrounds of the participants were also be gained, for example, 

whether the fisher had recently started fishing. Furthermore, these initial 

questions provided context for later answers, for example, a fisher’s lineage may 

 

Figure 3.10: Locations of the four fishing villages where stakeholder 

interviews were conducted. Chilika’s sectors: NS - northern sector; 

CS - central sector; SS – southern sector; OC – outer channel. 
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explain their attitudes towards alternative livelihoods. Questions then focused on 

the perceived productivity of the lagoon and its main threats. Consistent with the 

views of decision-makers, fishers often compared present productivity with past, 

blaming ‘illegal activities’ in the outer channel for damaging catch within the 

lagoon. The final questions focused on plans and expectations, encouraging 

fishers to project their mental models. Asking fishers about the potential need for 

alternative livelihoods required the fishers to forecast drivers of fishery stress and 

validate the attitudes of decision-makers.   

The fishers interviewed here were relatively affluent, averaging incomes of 7,800 

INR/month (n=12), compared to the CDA recorded mean of 4,400 INR/month 

(2014). Such affluence may reflect their elder status and associated fishing 

experience, as well as the dominance of central sector interviews. All fishers 

interviewed conduct their practices within the central and southern sectors, 

indicating that northern sector fishers adapt to heterogeneous resource 

abundance.  

3.4  Module parameterisation 

The rest of chapter 3 documents the formal parameterisation of the SDM, 

informed by the conceptual modelling efforts, qualitative insights and 

quantitative datasets documented below and in appendix B. The methods used to 

derive hydrological flows are described, before the ecohydrological parameters, 

fish population dynamics, and socioeconomic behaviours are detailed. The 

model’s internal structure and behaviours are evaluated in Chapter 4.  

As a method commonplace in system dynamics but less common to other 

environmental modelling techniques (Franco, 2007), it is here worth explaining 

the rationale behind graphical functions. In essence, graphical functions are 

idealised bivariate relationships mapping an input to a corresponding level of 

output (Sterman, 2000, Franco, 2007). These individual models act as look-up 

tables to help incorporate vital but data poor interactions into a model’s structure. 

However, to avoid their use in scenarios where the presence and form of causal 

relationships are merely speculative, Sterman (2000) outlines the following 

principle to parameterise graphical functions: 

 Graphical functions depict generalised covariate relationships. Therefore, 

only processes with known causalities are included. Inclusion of tentative 
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relationships without physical basis undermines the use of SDMs to 

investigate regional problematic behaviours. 

 Graphical functions are normalised in case absolute values exceed 

historical ranges observed in parameterisation.  

 Extreme values and reference points inform graphical function shape. For 

instance, salinity and dissolved oxygen cannot be negative.   

 Outputs from graphical functions should undergo sensitivity analysis to 

assess implications of uncertainties on wider system behaviours. 

3.4.1 Hydroclimatic 

The hydroclimatic module models monthly freshwater and sediment fluxes 

influencing Chilika’s ecohydrological conditions and fish migration. This module 

is built on physical laws, statistical relationships, case studies and personal 

intuition (Ford, 2010).   

3.4.1.1 Lower Mahanadi freshwater yield 

Three approaches exist to generate freshwater yields within a SDM environment. 

First, historical distributions could exogenously generate yields. However, this 

approach would miss insights into the effects of external variables beyond 

internal control (e.g. rainfall). Second, statistical models could act as black-boxes 

by relating monthly rainfall to runoff. Although initial analysis found fair 

predictability (e.g. monthly LMC rainfall versus runoff from Jan 1973 – Dec 1999, 

r
2

 = 0.45, df = 320, p < 0.05), the technique poorly captured spiked  monsoonal 

rainfalls, which contribute ~80% of annual freshwater delivery to Chilika (Kumar 

and Pattnaik, 2012).  

The third approach is to build a rainfall-runoff model capturing the variety of 

processes influencing monthly runoffs. Within a SDM environment, Ghashghaei et 

al. (2013) model monthly freshwater yields of Iran’s Gamasiab catchment by 

treating runoff as a stock. Precipitation increases the total volume of water within 

the catchment, with losses equalling ‘fluvial discharge’, ‘evaporative losses’ and 

‘additional removals’ (figure 3.11). Therefore, the rainfall-runoff models of the 

LMC and WC are ‘lumped’ rather than ‘distributed’ (Beven, 2002). Physical 

conditions influencing runoff generation (e.g. rainfall, soil porosity, surface slope) 

are assumed spatially homogeneous within the catchment, as SDMs are unsuited 

to modelling spatial heterogeneities across landscapes. The module is also  
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‘deterministic’ rather than ‘stochastic’ (Beven, 2002), as a single output is 

generated per time-step.  

The modelled LMC freshwater yield starts at the Tikarapara gauging station 

(figure 3.12), ~200 km downstream of Hirakud and ~115 km upstream of the 

Mahanadi delta. The Indian CWC monitored daily freshwater discharge and total 

suspended sediments at Tikarapara from June 1973 – December 2009. Gauging 

stations exist at Cuttack and Kanas, located approximately 20 km and 60 km 

upstream of Chilika, respectively. However, only daily gauge is recorded, 

requiring stage-discharge relationships not readily available. Therefore, rainfall 

data across the four districts surrounding Tikarapara (Angul, Baudh, Sambalpur 

and Subarnapur) generates runoff (figure 3.12), aggregated from sub-district 

datasets of the Indian Meteorological Department (IMD) for June 1973 –  

 

Figure 3.11: Stock and flow structure driving LMC rainfall-runoff generation. 

Acronyms correspond to the runoff production and routing variables 

of Ghashgaei et al. (2013): Rc – runoff coefficient; Tg – groundwater 

delay; Bc – baseflow contribution; Co – proportion of discharge 

removed; Te – evaporation delay. 
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December 2009. The monthly volume of precipitation across LMC equals the sum 

of the precipitation rates at time t, multiplied by the sub-basin area (Asokan and 

Dutta, 2008) (equation 3.1):  

𝐿𝑜𝑤𝑒𝑟𝑀𝑎ℎ𝑎𝑛𝑎𝑑𝑖𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙𝑡 =

 (𝐴𝑛𝑔𝑢𝑙𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙𝑡 + 𝐵𝑎𝑢𝑑ℎ𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙𝑡 + 𝑆𝑎𝑚𝑏𝑎𝑙𝑝𝑢𝑟𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙𝑡  +

𝑆𝑢𝑏𝑎𝑟𝑛𝑝𝑢𝑟𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙𝑡) × 𝐿𝑜𝑤𝑒𝑟𝑀𝑎ℎ𝑎𝑛𝑎𝑑𝑖𝐴𝑟𝑒𝑎     (Eq 3.1) 

IMD rainfall data is aggregated from the block level to the district spatial scale, 

assuming that monthly rainfall within each of the districts is spatially 

homogeneous, excluding natural phenomena such as the orographic effect. In 

support, Mohapatra et al. (2003) do not find significant spatial variability in 

Odisha’s monsoonal rainfall, with the LMC lying within a homogeneous zone from 

Chilika to northern Odisha.  

Rainfall inputs separate into streamflow and groundwater components (Beven, 

2002). The runoff coefficient (R
c

- appendix B) drives flow proportioning for a 

given rainfall intensity, fundamental to all hydrological models irrespective of  

 

Figure 3.12: The spatial extent of district-wide rainfall and temperature 

datasets relative to the Tikarapara gauging station and Chilika 

lagoon. 
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complexity (Beven, 2002). Parameterisation over the period 1973-1982 using a 

static R
c

 (as per Ghashghaei et al., 2013) systematically overestimated non-

monsoon dynamics and underestimated monsoon peaks (figure 3.13). 

Consequently, a graphical function varies R
c

 with rainfall intensity in order to 

parameterise the positive nonlinear association between antecedent moisture 

conditions and runoff (Beven, 2002). When surface saturation increases during 

the monsoon, the contribution of saturation excess overland flow to runoff 

generation grows. Rising limbs of the monsoonal discharges only trigger once 

rainfall across the surrounding districts exceeds 250 mm, forming the knee of 

the R
c

 curve (appendix B). The resulting modelled time-series exhibits greater 

congruence with reality over the parameterisation period (figure 3.13). The LMC 

R
c

 is subject to sensitivity analysis (chapter 4.3), exploring how parameterisation 

uncertainties affect other components of the model.  

Quick-flow precipitation instantaneously adds to the surface runoff stock. The 

baseflow component is modelled by smoothing groundwater flow, ensuring 

baseflow alone cannot produce stormflow (Burt, 1996). Values of T
g

 and B
c

 were 

derived as default values were unsuitable, potentially due to differences in 

 

Figure 3.13: Time-series comparing the effects of a static (blue) and dynamic 

(red) rainfall-runoff coefficient against the observed LMC freshwater 

yield (black) over the calibration period. 
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magnitudes between the wet and dry season flow regimes of the LMC and 

Gamasiab catchment. The combined effects of the variable runoff coefficient and 

groundwater parameters limit the contribution of groundwater to LMC runoff, 

whilst also producing realistic dry season yields. Finally, to capture rainfall-runoff 

generated downstream of Naraj (figure 2.5B), a proportion of WC runoff and 

sediment is converted to LMC runoff and sediment, helping to balance the 

freshwater and sediment delivery proportions of the sources.    

3.4.1.2 Evaporative losses 

Water evaporation under a warmer climate may influence multidecadal runoff 

trajectories. Seasonally variable evaporation from each district is simulated by the 

functions of Linacre (1977), requiring only dynamic monthly air temperatures: 

𝐸0 =
700

𝑇𝑚
100−𝐴

+15(𝑇−𝑇𝑑)

(80−𝑇)
             (Eq 3.2a) 

𝑇 − 𝑇𝑑 = 0.0023ℎ + 0.37𝑇 + 0.53𝑅 + 0.35𝑅𝑎𝑛𝑛 − 10.9°𝐶    (Eq 3.2b) 

𝑇𝑚 = 𝑇 + 0.006ℎ           (Eq 3.2c) 

Where: 𝑇 = mean monthly air temperature; 𝐴 = latitude (degrees); 𝑇 𝑑  = mean dew-

point; ℎ = surface elevation (metres); 𝑅 = mean daily temperature range; 𝑅𝑎𝑛𝑛 = 

difference between mean temperature of warmest and coldest months. 

The single variable method of Linacre (1977) is particularly suited to the 

computational efficiency of SDMs and where data limitations inhibit methods 

such as Penman or Thornthwaite equations (Anyadike, 1987, Fennessey and 

Vogel, 1996). The parameterisation datasets for the six districts span June 1973 

to December 1982. The latitude and elevation of Chilika were obtained from 

Kumar and Pattnaik (2012), and catchment values were obtained from regional 

government portals. All mean daily temperature ranges were estimated from 

Mohapatra et al. (2007c). Monthly IMD datasets calculated disparities between 

warmest and coldest months. 

3.4.1.3 Additional removals 

After evaporation subtracts from total runoff, the remaining stock splits between 

fluvial freshwater yield and additional removals (C
o

). Ghashghaei et al. (2013) set 

C
o 

as 0.64 and 0.71, equalling 36% and 29% streamflow abstractions. However, 

these values cause annual freshwater yields 12% below reality when applied here.  
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The estimated total domestic water demand for the LMC is 800 MCM (Asokan and 

Dutta, 2008), equivalent to approximately 14% of the Mahanadi’s annual yield at 

Tikarapara. However, this figure includes higher withdrawal rates from the cities 

of Cuttack and Bhubaneswar located downstream of Tikarapara. A conservative 

estimate summing the World Health Organisation’s (WHO) 70 litres/day standard 

with agricultural, industrial and domestic demands estimates 0.1% abstraction 

rates. Asokan and Dutta (2008) find a similar rate when applying a global level 

runoff pathways assessment to the LMC.     

3.4.1.4 Flow routing at Naraj 

Water from the undivided Mahanadi reaches Chilika once discharge at Naraj 

exceeds 2830 cumecs (Kumar and Pattnaik, 2012). Therefore, the monthly 

freshwater inflow to Chilika from the undivided Mahanadi equals: 

𝑀𝑎ℎ𝑎𝑛𝑎𝑑𝑖𝑌𝑖𝑒𝑙𝑑𝑇𝑜𝑤𝑎𝑟𝑑𝑠𝐶ℎ𝑖𝑙𝑖𝑘𝑎 =  𝑰𝑭 𝑌𝑖𝑒𝑙𝑑𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 × 𝐿𝑀𝐶𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝐹𝑙𝑜𝑤𝑡 > 

2830 𝑻𝑯𝑬𝑵 𝐿𝑀𝐶𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝐹𝑙𝑜𝑤𝑡 × 0.12 𝑬𝑳𝑺𝑬 0     (Eq 3.3) 

In order to compare freshwater yields with the threshold discharge, ‘Yield 

converter’ translates monthly freshwater yields into an average flow rate. Whilst it 

is possible to probabilistically model alternative dam operations (e.g. reduced 

flows to Chilika under a wetter climate), the model simulates Naraj dynamics 

under the business-as-usual regime, whereby ~12% of undivided Mahanadi flow 

reaches Chilika during the monsoon (Kumar and Pattnaik, 2012).  

3.4.1.5 Western catchments 

The sporadically gauged Western catchments (WC) contribute ~30% of Chilika’s 

freshwater input (Santra and Das, 2013). However, this average exhibits 

interannual variability, suggesting the dynamics require more complex treatment 

than multiplying Mahanadi inputs by a constant. The system structure is assumed 

the same as the LMC (figure 3.11), except rainfall and temperature time-series are 

from the districts of Puri and Khordha. Runoff coefficients and baseflow 

contributions to surface runoff are downscaled to the magnitude of WC yields, 

with Santra and Das (2013) finding negligible non-monsoon flows.  

3.4.1.6 Future climatic inputs 

Future climate conditions run the hydroclimatic module into future. Determined 

by continental-scale atmospheric and oceanic processes, the major features  
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affecting Chilika are likely to persist in future. For example, although Panda et al. 

(2013) find evidence for earlier onset, the period July to October will likely remain 

monsoonal. Instead, climate change will likely induce nonstationarity in long-term 

means, such as the projected 33% increase in September rainfalls by 2050 

(Asokan and Dutta, 2008).  

Rather than attempting to forecast precise conditions like specialist climate 

models, this model aims to internally produce plausible rainfall and temperature 

values and observe outcome dynamics. Initial efforts randomly sampling from 

Gaussian distributions produced rainfall totals significantly greater than observed 

records. Therefore, the model randomly samples from empirical cumulative 

distribution functions (figure 3.14) parameterised with past monthly observations 

from 1973-1999. The improved method samples from nonparametric 

distributions to capture the infrequency of extreme rainfalls. Using LMC rainfall 

as an example: 

1. Monthly observations of the four districts are summed, as required by the 

hydrological model;  

 

Figure 3.14: The empirical cumulative distribution functions used to derive 

future December (blue) and April (red) rainfall across the LMC. A 

random number is generated between 0 and 1 (x-axis), which 

corresponds to a given monthly rainfall total (y-axis). 
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2. The 324 observations are sorted into months, giving 12 subsets of 27 

observations each;  

3. Empirical cumulative distribution functions are generated for each month 

and inserted into STELLA as graphical functions; 

4. STELLA’s RANDOM function generates a monthly rainfall value from the 

empirical cumulative distribution function.  

To simulate climate change, an additional graphical function (chapter 5.2) 

transforms the empirical cumulative distribution function outputs – increasing the 

mean and variance of rainfall and temperature over time (chapter 5.2).   

3.4.1.7 Fluvial sediment yields 

The model also simulates the volume of fluvial sediment stored within the Chilika 

lagoon. The feedbacks underpinning outlet closure and macrophyte growth 

(figure 3.6) means that small changes in the lagoon’s ecohydrological conditions 

may cause the types of nonlinear dynamics known to destabilise natural resource 

systems (Peters et al., 2004).  

Monthly LMC sediment yields are generated by parameterising the sediment-

discharge curve of Mishra and Jena (2015) as a graphical function. For coherence 

with available data, the model is interested in sediment load rather than rate. 

However, the observed sediment flow rate is first approximated by inputting 

observed monthly freshwater discharges (1973-1982) into the function of Mishra 

and Jena (2015). This disaggregation assumes discharge is constant within each 

month. Then, the derived sediment flow rates are compared with observed 

sediment concentrations (CWC data), approximating the relationship between the 

two measures of sediment delivery. The resulting converter (figure 3.15) 

produces dynamics consistent with Das and Jena (2008), finding that the 

Mahanadi transports between 0.4-0.6 g/L of sediment during monsoonal flows. 

Due to the lack of primary data, the same relationship is assumed for the WC; 

albeit the functions are downscaled to reflect WC’s contribution. The total 

monthly sediment yield equals the concentration of sediment multiplied by the 

freshwater yield for the month. The LMC sediment load is then multiplied by 

0.025, equalling the proportion of annual LMC sediment that reached Chilika 

during the period of available data (1999-2010) (CDA, n.d-b).  

Sensitivity analysis explores the various uncertainties arising from simulating 

monthly sediment. For instance, the magnitude and significance of the driver-

response relationship depicted by Mishra and Jena (2015) are unknown. The  



Chapter 3: Model construction 

84 

relationship depicts a single trend, meaning the degree of variability around the 

trend line is also unknown. Therefore, any uncertainties in the parameterisation 

of the sediment flow rate may affect future monthly sediment yields. The 

assumption that Mahanadi discharge remains constant over a month is also a 

limitation.  

3.4.1.8 Chilika’s sediment stock  

In addition to the two fluvial inputs, littoral inputs are assumed constant as an 

external driver (Rao, n.d). Dynamic underlying processes drive the removal of 

sediment via the outlet channel. Removal averages 0.13x10
6

 tonnes/year (Kumar 

and Pattnaik, 2012), but monthly removal is positively associated with freshwater 

delivery to the lagoon. Sedimentation exceeds removal during non-monsoon 

months, leading to outlet channel accretion (Mishra – personal communication). 

Moreover, a feedback exists with macrophyte coverage, as sediment provides  

 

Figure 3.15: The nonlinear relationship between observed sediment flow rates, 

derived from the function of Mishra and Jena (2015), and observed 

sediment concentrations obtained from CWC data. The logarithmic 

trend (r
2

 = 0.50, df = 118, p < 0.05) forms the graphical function 

converting between sediment rate and yield. The grey shading 

represents the 95% confidence interval of the regression model.    
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nutrients for vegetation growth, which traps sediment within the lagoon. Thus, 

monthly sediment removal equals:  

𝑂𝑢𝑡𝑙𝑒𝑡𝐶ℎ𝑎𝑛𝑛𝑒𝑙𝑅𝑒𝑚𝑜𝑣𝑎𝑙𝑡 = 0.13 × 106 ×         

(
𝑀𝑜𝑛𝑡ℎ𝑙𝑦𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟𝑌𝑖𝑒𝑙𝑑𝑡

𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑌𝑖𝑒𝑙𝑑
) × (1 − (

𝑀𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝐴𝑟𝑒𝑎𝑡

𝐿𝑎𝑔𝑜𝑜𝑛𝐴𝑟𝑒𝑎
))      (Eq 3.4) 

When vegetation coverage is low, as during the 1970s, the monthly sediment 

outflow is effectively proportional to the freshwater inflow. Human decisions also 

drive sediment removal, forming two balancing feedbacks (figure 3.16): BM1 

abruptly reduces the sediment stock, as per the opening of the new tidal outlet in 

2000. BM2 represents the increased efficiency of removals post-2000: outlet 

removal is assumed doubled to reflect the new outlet that is half the distance of 

the defunct Magarmukh channel.  

3.4.1.9 Outlet closure 

Sedimentation reduces the range of tidal transgressions into the lagoon – 

heightening freshwater conditions and constraining fish migration to and from 

 

Figure 3.16: Stock and flow diagram depicting the inputs and outputs driving 

the sediment stock dynamics. Feedback labels are as per figure 3.5. 
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the Bay of Bengal (Kumar et al., 2011). To capture this latter effect, the late-1990s 

sediment stock is assumed to equal a near functional closure of the tidal outlet, 

equalling the level of sedimentation causing the effective cessation of salinity 

transgression and fish migration. Approximately 76% of lagoon sedimentation 

occurred post-1950s (Pattnaik and Kumar, 2013), meaning the sediment stock in 

1960 equalled ~24% of the capacity. Capacity is approximated by:  

𝐶ℎ𝑖𝑙𝑖𝑘𝑎𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦=          (Eq 3.5) 

(39 × (
𝐴𝑛𝑛𝑢𝑎𝑙𝐹𝑙𝑢𝑣𝑖𝑎𝑙𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 + 𝐴𝑛𝑛𝑢𝑎𝑙𝐿𝑖𝑡𝑡𝑜𝑟𝑎𝑙𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦

−𝐴𝑛𝑛𝑢𝑎𝑙𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑂𝑢𝑡𝑓𝑙𝑢𝑠ℎ
))

0.76
 

Where 39 equals the number of years from 1960-1999. Therefore, the sediment 

stock at the start of the modelling horizon (1973) is approximated by: 

𝐶ℎ𝑖𝑙𝑖𝑘𝑎𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑆𝑡𝑜𝑐𝑘1973 = 

𝐶ℎ𝑖𝑙𝑖𝑘𝑎𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 27 × (𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐹𝑙𝑢𝑣𝑖𝑎𝑙𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 +

𝐶𝑜𝑎𝑠𝑡𝑎𝑙𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 − 𝐴𝑛𝑛𝑢𝑎𝑙𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑂𝑢𝑡𝑓𝑙𝑢𝑠ℎ)    (Eq 3.6) 

Where 27 equals the number of years from 1973-2000. Outlet closure takes linear 

form, approximated by the ratio of sediment stock to lagoon sediment capacity.  

3.4.2 Ecohydrological 

The ecohydrological module simulates the salient biophysical conditions 

determining both the habitat suitability of Chilika and the ability of fishers to 

catch at the desired rate (‘catchability’ – figure 3.2). The selected of 

ecohydrological variables primarily reflects their influence on the system. By 

definition, brackish ecosystems exist in water salinities between 0-20 parts per 

thousand (ppt) (Barnes, 1999). As a guideline, sustained salinity below 7 parts per 

thousand (ppt) is considered deleterious for the reproduction, growth and 

mortality of brackish species (Barnes, 1999, Martin et al., 2009). Salinity also 

drives macrophyte coverage and indicates outlet closure (Shaw et al., 2000).  

Dissolved oxygen is critical for fish respiration, reproduction and growth 

(Alabaster and Lloyd, 1980). Within brackish environments, these processes are 

generally threatened at dissolved oxygen levels below 5 parts per million (ppm) 

(Boyd, 1982). Intra-annually, dissolved oxygen is antiphase with salinity, 

increasing during monsoon freshwater fluxes but declining during the dry 

summer and winter months. However, at the multidecadal scale, salinity and 
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dissolved oxygen have shared a positive relationship linked to the closure of the 

tidal outlet, macrophyte growth and localised eutrophication.  

Fish cannot self-regulate body temperature, so water temperature may affect fish 

fertility, growth, metabolism and mortality (Alabaster and Lloyd, 1980, Thépot 

and Jerry, 2015). Mean annual temperature during the 2000s equalled 28.6˚C 

and non-monsoon temperatures reached 33˚C without severely degrading the 

fish stock. However, persistent temperatures beyond 30˚C may cause ecological 

damage particularly amongst freshwater populations (Thépot and Jerry, 2015) – a 

plausible scenario given expected future warming. Datasets charting the above 

processes available from the CDA cover 27 seasons (monsoon, post-monsoon and 

pre-monsoon) between pre-monsoon 2002 and post-monsoon 2011. 

Further data is available to model pH and transparency, which are important 

determinants of macrophyte coverage and faunal habitat quality (Kumar and 

Pattnaik, 2012). However, initial exploratory parameterisation was unsuccessful, 

as the pH trend is not coupled with underlying drivers. Consequently, pH is 

considered parsimonious, as natural stock variations are captured by salinity, 

dissolved oxygen and temperature. Water transparency moderates photosynthetic 

activity and primary productivity (Kumar and Pattnaik, 2012). However, low 

transparency does not necessarily equate to an unhealthy ecosystem (Kumar and 

Pattnaik, 2012), but instead indicates ecosystem quality in conjunction with other 

metrics, such as sediment removal and dissolved oxygen. Lagoon depth is a 

driver of transparency and sedimentation, as well as a determinant of fishing gear 

suitability (Jones and Sujansingani, 1954). Whilst shallow waters are preferable for 

catch, an absence of bathometric data inhibits the accurate parameterisation of 

this process.  

3.4.2.1 Salinity 

Three data-driven steps estimate monthly salinity based on the guidelines above: 

(i) monthly freshwater inflow is seasonally classified and normalised; (ii) using 

graphical functions, the normalised freshwater inflows are converted into monthly 

deviations from the mean annual average, and (iii) monthly salinity combines the 

mean annual average, monthly deviation and degree of outlet closure. 

Annual salinity has two distinct phases (figure 3.17): (i) pre-monsoon months 

traditionally from March to June, and (ii) monsoon and post-monsoon months 

(MaPM), from July – October and November – February, respectively. The annual 

hydrological regime also splits in two, separating the comparatively low flows of  
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the pre- and post-monsoon, and the distinctly spiky monsoon. Therefore, 

freshwater conditions persist for a season once freshwater inputs have subsided. 

Kumar and Pattnaik (2012) depict monthly freshwater influxes from 1999-2011 in 

box and whisker form; however, the records are not referenced by year, disabling 

aggregation to match the seasonal salinity trend. Therefore, graphical functions 

are used here because monthly salinity can be bound between reference points 

(Sterman, 2000), and the available data allows for normalisation rather than a 

statistical model between monthly freshwater inputs and salinity changes.   

Approximately 94% of the annual 4906 MCM freshwater delivered to Chilika 

occurs during MaPM (Kumar and Pattnaik, 2012). According to the historical 

influx data, pre-monsoon inputs remain less than 350 MCM from 1999-2009. 

Therefore, the model classifies freshwater inflows as: (i) pre-monsoon and (ii) 

MaPM. The means of each classification are calculated to equal 73.6 MCM (pre-

monsoon) and 576 MCM (MaPM). Each monthly inflow is then normalised with 

respect to its classification mean: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑𝑀𝐴𝑃𝑀𝐼𝑛𝑓𝑙𝑜𝑤𝑡 = 

(𝑀𝑜𝑛𝑡ℎ𝑙𝑦𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟𝐼𝑛𝑓𝑙𝑜𝑤𝑡 − 576 × 106)/ 576 × 106
    (Eq 3.7a) 

 

Figure 3.17: The seasonal trend of seasonal lagoon-wide salinity from pre-

monsoon 2002/2003 to post-monsoon 2009/2010. 
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𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑𝑃𝑟𝑒𝑚𝑜𝑛𝑠𝑜𝑜𝑛𝐼𝑛𝑓𝑙𝑜𝑤𝑡 = 

(𝑀𝑜𝑛𝑡ℎ𝑙𝑦𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟𝐼𝑛𝑓𝑙𝑜𝑤𝑡 − 73.6 × 106)/ 73.6 × 106
   (Eq 3.7b) 

From 2002-2009, mean annual salinity equalled 12.6 ppt. With regards to the 

form of the graphical functions, salinity must be positive, meaning 12.6 ppt 

represents the maximum possible decline from monsoon freshwater yields. 

Therefore, the MaPM graphical function decays nonlinearly to avoid producing 

salinities below 0 ppt (figure 3.18A). The highest monsoonal yields have positive 

normalised values, producing negative deviations from the annual mean salinity 

(figure 3.18A). During months when absolute MaPM yield equals zero, the 

normalised MaPM inflow equals minus one. In these rare cases, salinity does not 

decline as normal during the MaPM months (figure 3.18A). During pre-monsoon 

months, the magnitude of salinity deviation is inversely related to freshwater 

delivery (figure 3.18B). When normalised, completely dry months lead to higher 

salinities than months with freshwater inflow. Wetter than average pre-monsoon 

months are assumed to have negligible impacts on mean annual salinity.  

Outlet sedimentation modifies the magnitude of marine water exchange 

(Jayaraman et al., 2007, Kumar and Pattnaik, 2012). It is assumed outlet 

sedimentation and salinity have a linear relationship to avoid inducing nonlinear 

behaviours without sufficient evidence. During near-closure, the function prevents 

salinity recovery seen during healthy tidal exchange. Therefore, depending on the 

season, monthly salinity equals: 

 

Figure 3.18: Functions converting (A) monthly monsoon and post-monsoon and 

(B) pre-monsoon freshwater deliveries to deviations from the annual 

mean salinity. The deviations insert into equations 3.8a and 3.8b. 
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𝑀𝐴𝑃𝑀𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡 = (𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 +      (Eq 3.8A) 

(𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 × 𝑀𝐴𝑃𝑀𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑡))  × (1 − 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒𝑡) 

𝑃𝑟𝑒𝑚𝑜𝑛𝑠𝑜𝑜𝑛𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡 = 

(𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 + 

+ (𝐴𝑛𝑛𝑢𝑎𝑙𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑚𝑜𝑛𝑠𝑜𝑜𝑛𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑡)) × 

 (1 − 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒𝑡)         (Eq 3.8B) 

In summary, the magnitude of monthly salinity suppression from the mean 

annual average is proportional to MaPM freshwater inflow and inversely 

proportional to pre-monsoon freshwater inflow. To address the various 

uncertainties of data limitations and inexactness, the methods undergo 

uncertainty and sensitivity analysis in chapter 4.  

3.4.2.2 Dissolved oxygen 

Parameterisation of the dissolved oxygen trend also uses graphical functions to 

capture the seasonal dynamics. Lagoon-wide dissolved oxygen tends to increase 

from pre-monsoon to monsoon to post-monsoon (figure 3.19), suggesting 

dissolved oxygen increase lags freshwater inputs. The parameterisation dataset 

has the same temporal characteristics as the salinity records.  

Consequently, hydrological inflows are split into monsoon and non-monsoon, 

rather than pre-monsoon and MaPM. Then, modelled freshwater inputs are lagged 

by four months so that monsoon freshwater delivery causes dissolved oxygen to 

increase between November and February. According to total monthly inflows 

(Kumar and Pattnaik, 2012), non-monsoonal yields did not exceed 800 MCM from 

1999-2010. Once modelled total inflow surpasses this threshold, normalisation 

occurs with respect to the monsoon mean (1000 MCM/month); non-monsoon 

flows are normalised with respect to the non-monsoon mean (113 MCM/month). 

As with salinity, normalised freshwater yields form the independent variables of 

the graphical functions. The form of the non-monsoon graphical function decays 

nonlinearly as freshwater input declines, as dissolved oxygen must be positive 

(appendix B). Dissolved oxygen dynamics are then dampened as macrophyte 

coverage increases (appendix B), representing the biological uptake of oxygen for 

respiration (Engel, 1990, Petr, 2000). 
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3.4.2.3 Water temperature 

Despite spatial differences in freshwater input and water expanse, Chilika’s 

vertical and horizontal temperature profiles are considered homogeneous (Kumar 

and Pattnaik, 2012). The temperature homogeneity reflects the shallow nature of 

the lagoon, producing a well-mixed environment with incoming solar energy 

penetrating to the maximum depth of four metres (Nayak et al., 2004). 

Consequently, without stratification and thermal upwelling, surface temperatures 

of shallow lakes often closely track near-surface air temperatures (Lister et al., 

1998, Schmid et al., 2014). Such coherence exists in monthly observations from 

September 2006 to December 2009 (figure 3.20) (CDA, n.d-c, CDA, n.d-a), 

although the difference increases during winter due to the greater thermal inertia 

of water relative to air. The spiky monsoon water temperatures are associated 

with the heightened freshwater influxes.  

Due to the strong relationship between observed air and water temperatures (r
2

=
 

0.89, p< 0.05, df = 37), a generalised linear model (GLM) is parameterised to 

convert air temperatures into lagoon surface temperatures. Modelled water  

 

Figure 3.19: Seasonal lagoon-wide dissolved oxygen values from pre-

monsoon 2002/2003 to post-monsoon 2009/2010. 
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temperatures are also reduced proportional to the magnitude of freshwater 

delivery (appendix B). There is good coherence between observed and 

parameterised water temperatures during calibration (figure 3.20); although this 

is expected as the air temperature dataset driving water temperatures is the same. 

3.4.2.4 Aquatic vegetation coverage 

Aquatic macrophyte coverage is modelled as a stock because: 

1. Macrophytes are tangible entities, like stocks of boats and fishers. In 

contrast, salinity and dissolved oxygen are physiochemical properties more 

difficult to model as stocks. 

2. Exponential macrophyte growth (figure 3.21) suggests reinforcing 

feedback(s) exists between the stock and its drivers, which cannot be 

captured when modelling macrophyte coverage as a converter. 

 

Figure 3.20: Time-series coherence between: (i) observed surface air 

temperatures (black) at Chandraput on the western bank of Chilika 

(CDA, n.d-a) ; (ii) averaged water temperatures (blue) observed from 

30 ecohydrological monitoring stations uniformly distributed across 

Chilika (CDA, n.d-c); (iii) modelled water temperatures (orange). 
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Biswas (1995) and Kumar and Pattnaik (2012) describe multiple ecohydrological 

drivers of macrophyte growth, including salinity, dissolved oxygen, pH, sediment 

dynamics, and aquatic nutrients such as nitrates and phosphates. Salinity below 7 

ppt is conducive for luxuriant macrophyte growth (Shaw et al., 2000), although 

species such as Potamogeton pectinatu, Najas flaveolata and the recently 

emerged genus of Phragmites survive salinities up to 15-18 ppt (Forbes and 

Cyrus, 1998, Meyerson et al., 2009).   

Macrophytes uptake oxygen for respiration during the night (Engel, 1990, Petr, 

2000). Respiration declines under oxygen stressed conditions, increasing the 

biological oxygen demand associated with weed decomposition (Raven et al., 

2012). Aquatic vegetation growth is positively linked to freshwater inputs, with 

fluvial sediment acting as major sources of phosphorous, nitrogen, iron and 

micronutrients (Barko et al., 1991). As a feedback, macrophytes can enhance 

sediment deposition within shallow lakes due to enhanced flow resistance around 

submerged and emerged stands (Schulz et al., 2003).  

Macrophytes were absent prior to the 1970s, when annual salinity levels 

exceeded 10 ppt (figure 3.21). Persistent salinity decline during the 1970s and 

1980s likely caused the initial macrophyte increase, eventually becoming 

nonlinear due to the positive feedbacks with lagoon sedimentation. The model 

assumes that macrophyte coverage only increases when salinity is less than 18 

ppt; coverage only decreases above 15 ppt:  

𝑀𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝐺𝑟𝑜𝑤𝑡ℎ𝑡 = 𝑀𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝑆𝑡𝑜𝑐𝑘𝑡−1 + 𝐺𝑟𝑜𝑤𝑡ℎ𝑡 − 𝐷𝑒𝑐𝑙𝑖𝑛𝑒𝑡  (Eq 3.9A) 

𝐺𝑟𝑜𝑤𝑡ℎ𝑡 = 𝑰𝑭 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡 < 18 𝑻𝑯𝑬𝑵 

 𝐴 × (18 − 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡) × 𝐷𝑂𝑡 × 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒 𝑡 𝑬𝑳𝑺𝑬 0   (Eq 3.9B) 

𝐷𝑒𝑐𝑙𝑖𝑛𝑒 = 𝑰𝑭 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡 > 15 𝑻𝑯𝑬𝑵 

 
1

(𝐷𝑂)
× 𝐵 × (𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑡 − 15) × (1 − 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒 𝑡 ) 𝑬𝑳𝑺𝑬 0  (Eq 3.9C) 

 ‘A’ and ‘B’ are numerical constants parameterised against the observed values of 

1973, 1977, 1982 and 2007. If the tidal outlet is closing, then coverage will 

increase at a faster rate than if only driven by salinity. The resulting macrophyte 

coverage then affects the rate of sedimentation (chapter 3.4.1.8), producing a 

positive feedback (R6 – figure 3.6). Rising dissolved oxygen causes macrophyte 

growth, feeding back to reduce dissolved oxygen through organic demand. Rapid 

macrophyte growth occurs during late-monsoon, caused by decreasing salinity,  
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increasing sedimentation and rising dissolved oxygen. Yet, these trends dampen 

during the pre-monsoon, from increasing salinity, stable outlet sedimentation and 

stable dissolved oxygen.   

The modelled vegetation trend generally replicates the directions and magnitudes 

of vegetation growth pre-2000, peaking around ~580 km
2

; however, relative to 

observations, the model tends to generate shallower nonlinear growth until 2000, 

then shallower decline post-2000 (figure 3.21). Overall, the model demonstrably 

captures the underlying reference mode, which is more important in systems 

modelling than point-to-point errors (Sterman, 2000). 

3.4.2.5 Habitat quality 

By undercutting the resource stock, ecosystem degradation may accelerate 

extraction-driven declines. In contrast, healthy ecosystem conditions may build 

robustness against catch by supporting fish renewal. Therefore, interactions 

between natural and anthropogenic conditions have significant implications for 

future sustainability.  

 

Figure 3.21: Modelled and observed aquatic macrophyte coverage from 1973-

2009. Observations used in model calibration are grey. 
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Five variables drive natural fish stock dynamics, namely fecundity, maturation, 

natural deaths, the ecosystem carrying capacity and survival. As with Bueno and 

Basurto (2009), the first four parameters are kept constant. Survival rate defines 

the proportion of fish births per month adding to the juvenile stock. In the 

original Bueno and Basurto (2009) model, survival is driven by fish density in 

relation to a carrying capacity, suggesting young fish are outcompeted at high 

densities, based on the Beverton-Holt equation used in model fish populations 

(Ricker, 1975). Therefore, a graphical function sets fish density as the 

independent variable and survival rate as the dependent variable (figure 3.22). 

Here, ecohydrological conditions modify the survival rate to add a positive 

relationship between ecosystem health and effective birth rate (i.e. fish that 

become juvenile).  

The default survival function is parameterised to maintain the mature fish 

population at 90% of the carrying capacity in the absence of anthropogenic 

extraction (Bueno and Basurto, 2009, Duer-Balkind et al., 2013). Due to the lack 

of system-wide and/or species specific data, graphical functions then convert 

monthly temperature, salinity and dissolved oxygen into survival modifications 

(figure 3.22), built with known reference points and extreme conditions, and 

knowledge acquired from literature surveys and expert discussions. Then, a 

converter representing combined habitat quality modifies the default survival rate. 

Regarding the form of the graphical functions, fish survival within brackish 

ecosystems has a parabolic relationship with salinity (Barnes, 1999), with marine 

species absent in freshwater conditions and vice versa. Chilika’s marine species 

withstand salinities above 30 ppt (Sylvester et al., 1975, Lee and Menu, 1981), 

although seasonal averages remained below 25 ppt from 2002-2011. Therefore, 

across the functional range, habitat quality is effectively positively associated with 

salinity. The form of the salinity-survival graphical function is justified by four 

factors (figure 3.22A): 

1. Lagoon-wide annual average salinity of 15 ppt is considered optimal for 

fishery production (Das and Jena, 2008), balancing the preferences of 

freshwater fish with brackish and marine species (Biswas, 1995). 

2. Fish survival decline accelerates beneath 8 ppt – generally considered the 

lower limit of brackish environments (Martin et al., 2009). This level also 

represents the lower range of relatively freshwater tolerant mullets 

(Saraswathy et al., 2015), representing ~14% of recorded catch (Parida et 

al., 2013).      
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3. Survival degradation steepens at 5 ppt as the survival of tolerant brackish 

species (e.g. shrimps) deteriorates (Biswas, 1995). 

4. Zero salinity may cause the disappearance of brackish and marine stocks, 

but freshwater species constitute ~20% of the total fish stock.  

A parabolic relationship also exists between dissolved oxygen and habitat quality 

because concentrations above air-saturation lead to growth impairments and ill-

effects like gas bubble disease (Kemker, 2013). Chilika’s upper optimal limit is 

~9.5 ppm, corresponding to 100% air saturation at mean annual air temperature 

(~29°C). Dissolved oxygen increases during the post-monsoon following monsoon 

freshwater delivery, with the maximum seasonal recording from 2002-2009 

equalling 8.9 ppm. However, this model only currently models the effects of 

hypoxia, as lagoon freshness will likely lead to the long-term decline of dissolved 

oxygen from macrophyte proliferation. The dissolved oxygen-survival function 

factors (figure 3.22B): 

1. Optimum dissolved oxygen for brackish environments is 7 ppm (Biswas, 

1995, Kemker, 2013).  

2. The safe limit for euryhaline (Harris and Vinobaba, 2013) and freshwater 

species (Boyd, 1982, Bhaumik, 2015) is generally 5 ppm. Whilst suboptimal, 

survival does not decline significantly.  

3. Survival loss accelerates as dissolved oxygen approaches zero. Oxygen 

starvation often starts around 2-3 ppm amongst young mullets (Sauriau et 

al., 1994).  

4. Survival is 0 when dissolved oxygen equals 0, due to the absence of 

oxygen for respiration. The lethal limits for mullets and seabass  

 

Figure 3.22: Graphical functions relating (a) salinity (b) dissolved oxygen and (c) 

water temperature to the rate of fish survival per time-step.   
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5. correspond to 0.3-0.4 (Sauriau et al., 1994) and 0.5 ppm (Tucker Jr et al., 

2002), respectively.   

Survival of juvenile fish is generally inversely proportional to temperature (figure 

3.22C), particularly within unstratified shallow environments (Gehrke et al., 2011). 

Due to inter-species differences in energy expenditure at different temperatures, 

a general temperature-survival function is not obvious. Temperatures (°C) 

between high-20s and low-30s are safe for larval and young development of 

tropical euryhaline fish (Tucker Jr et al., 2002, Saraswathy et al., 2015). Evidence 

suggests mortality increases amongst populations of mullets (Walsh et al., 1991, 

Tucker Jr et al., 2002) and seabass (Thépot and Jerry, 2015) above 32°C. The 

survival of tolerant species like Penaeus monodon (Giant tiger prawn) declines 

beyond 40°C (Alabaster and Lloyd, 1980, Gehrke et al., 2011).  

The combination of these individual habitat affects cannot be additive as the 

survival rate is a ratio between 0 and 1. The individual effects also cannot be 

averaged, as dissolved oxygen and temperature have lethal thresholds, meaning  

 

Figure 3.23: The fish survival parameter is a function of the underlying 

population density and level of ecosystem degradation. In essence, 

fish survival for a given density declines from default as ecological 

degradation (fresher, deoxygenated and warmer waters) increases.   
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survival can become zero irrespective of salinity. Modelling multiplicative effects 

is therefore appropriate; survival will not exceed default, but become zero if 

dissolved oxygen or temperatures reach lethal limits (figure 3.23): 

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑅𝑎𝑡𝑒𝑡 =  𝐷𝑒𝑓𝑎𝑢𝑙𝑡𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑅𝑎𝑡𝑒𝑡 × 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝐸𝑓𝑓𝑒𝑐𝑡𝑡 × 

𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑𝑂𝑥𝑦𝑔𝑒𝑛𝐸𝑓𝑓𝑒𝑐𝑡𝑡 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝐸𝑓𝑓𝑒𝑐𝑡𝑡    (Eq 3.10) 

The feasibility of this parameter is assessed by simulating a hypothetical 

degradation scenario, linearly declining salinity from 15 to 1 ppt, dissolved 

oxygen from 8 to 1 ppt, and increasing temperature from 28 to 40°C over 37 

years (equivalent to 1973-2009). The resulting survival modifier is nonlinear 

(figure 3.24), reflecting the different timings of stresses becoming unsafe. Both 

fish population indicators remain stable until survival is approximately halved, 

suggesting a healthy stock provides a degree of resilience against habitat 

degradation. Nonlinear fish regeneration is triggered after around 30 years, but 

the accumulation of mature fish during healthy conditions delays population 

nonlinearity. Whilst the fish population loss is seemingly unremarkable, emerging 

 

Figure 3.24: Modelled fish regeneration and total fish population in response 

to the hypothetical degradation scenario. Other stresses are 

switched-off (e.g. catch and migration) to isolate the effects of 

ecological degradation on population change. 
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nonlinearity may have significant implications for an operational fishery 

dependent on a stable resource.  

3.4.3 Core fishery  

Whilst the previous two modules simulate natural fish stock variability through 

migration and habitat effects on survival, the core fishery module simulates fish 

stock and catch dynamics, which are both dependant on biophysical and 

socioeconomic conditions. Monthly catches feed into ecosystem value, driving the 

number of dependants and catch efforts. The fishery system module is built on 

physical laws, statistical relationships, expert judgement, stakeholder perceptions 

and personal intuition (Ford, 2010). 

This module adapts the model of Bueno and Basurto (2009). Stocks of mature and 

immature fish form the resource base. Of the three ecological carrying capacity 

(eco-K) estimates (chapter 2.5.1), the most conservative and up-to-date estimate 

of 27,000 tonnes is chosen (Mohanty – personal communication). As per Bueno 

and Basurto (2009), the initial mature stock equals 90% of the carrying capacity 

(appendix B), representing a healthy population with room to grow before 

reaching its natural limit. The immature (juvenile) stock grows through 

regeneration but declines due to juvenile catch and maturation: 

𝐼𝑚𝑚𝑎𝑡𝑢𝑟𝑒𝐹𝑖𝑠ℎ𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡 =        (Eq 3.11) 

𝐼𝑚𝑚𝑎𝑡𝑢𝑟𝑒𝐹𝑖𝑠ℎ𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡−1 + 𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑡 − 𝑀𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑡 − 𝐽𝑢𝑣𝑒𝑛𝑖𝑙𝑒𝐶𝑎𝑡𝑐ℎ𝑡 

𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑡= 

(𝐵𝑖𝑟𝑡ℎ𝑠𝑡 × 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑅𝑎𝑡𝑒𝑡) − (0.7 × 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒𝑡 × 𝐵𝑖𝑟𝑡ℎ𝑠𝑡 ×

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑅𝑎𝑡𝑒𝑡)        (Eq 3.12) 

Approximately 70% of the stock migrates to and from the Bay of Bengal via the 

tidal outlet in order to complete its reproductive cycle, so the proportion adding 

to the immature stock is assumed to linearly decline with outlet closure.  

𝐵𝑖𝑟𝑡ℎ𝑠𝑡 = 𝑀𝑎𝑡𝑢𝑟𝑒𝐹𝑖𝑠ℎ𝑆𝑡𝑜𝑐𝑘𝑡 × 0.5 × (
𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦

𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑅𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑒𝐿𝑖𝑓𝑒𝐿𝑒𝑛𝑔𝑡ℎ
)  (Eq 3.13) 

It is assumed that half of the mature fish stock is female, whilst average 

reproductive life remains at the default value of 9 years (Bueno and Basurto, 

2009). Fecundity is the number of eggs spawned per month by sexually mature 

females (Lévêque, 1997). This model assumes fecundity is constant, with 
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environmental influences modelled by adjusting the survival rate (chapter 3.4.2.5). 

Initial trials with fecundity equalling 16x10
3

 based upon the fecundity of Chilika’s 

mullets (Kumar and Pattnaik, 2012) caused natural collapse dynamics as the 

stock rapidly exceeded its carrying capacity. Therefore, as with Bueno and 

Basurto (2009), fecundity is dimensionless, designed to stabilise the fish stock in 

the absence of catch. The default fecundity value of Bueno and Basurto (=20) is 

found to be an underestimation for Chilika’s stock; instead, fecundity of 105 

stabilises the mature population at 90% of its carrying capacity. Sensitivity 

analysis in chapter 4 assesses these parametric uncertainties (chapter 4).    

Immature fish mature after twelve months. The mature stock is determined by 

inputs and outputs reflecting later-life processes: 

𝑀𝑎𝑡𝑢𝑟𝑒𝑆𝑡𝑜𝑐𝑘𝑡 = 

𝑀𝑎𝑡𝑢𝑟𝑒𝑆𝑡𝑜𝑐𝑘𝑡−1 + 𝑀𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑡 + 𝐼𝑛𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠𝑡 − 𝑂𝑢𝑡𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠𝑡 − 𝑀𝑎𝑡𝑢𝑟𝑒𝐶𝑎𝑡𝑐ℎ𝑡 −

𝑁𝑎𝑡𝑢𝑟𝑎𝑙𝐷𝑒𝑎𝑡ℎ𝑠𝑡          (Eq 3.14) 

𝐼𝑛𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠𝑡 = 𝑂𝑢𝑡𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠𝑡−6 × (1 − 𝑂𝑢𝑡𝑙𝑒𝑡𝐶𝑙𝑜𝑠𝑢𝑟𝑒𝑡)    (Eq 3.15A) 

𝑂𝑢𝑡𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠𝑡 =
(𝑀𝑎𝑡𝑢𝑟𝑒𝑆𝑡𝑜𝑐𝑘𝑡×0.7)

12
        (Eq 3.15B) 

𝑁𝑎𝑡𝑢𝑟𝑎𝑙𝐷𝑒𝑎𝑡ℎ𝑠𝑡 =
𝑀𝑎𝑡𝑢𝑟𝑒𝑆𝑡𝑜𝑐𝑘𝑡

120
        (Eq. 3.15C) 

The return of out-migrants is inversely proportional to outlet closure, delayed by 

six months to reflect the link between migration and seasonal ecohydrological 

conditions. Fish lifespan driving the number of natural deaths is kept at the 

default value of 10 years (Bueno and Basurto, 2009). Catch deducting from the 

mature population equals the fishing effort of each fleet (𝑖) across the vegetation 

free area, all multiplied by fish density, forming the feedback between 

productivity and the finite stock (figure 3.5). Mature catch is converted to tonnes 

by assuming 25 fish per kg. Interviews and observations from Balugaon fish 

market helped derive this average, considering the weights of the twenty most 

commercially important species (Kumar and Pattnaik, 2012). it is acknowledged 

that an average weight smooths stock heterogeneity, ranging from 600 grams for 

E. tetradactylum to below 40 grams for shrimp (Kumar and Pattnaik, 2012). As of 

2010, shrimps constituted 40% of Chilika’s catch by weight (Kumar and Pattnaik, 

2012), supporting a positively skewed average weight. Fishing efforts are then 

restricted by an area ban under the third governance scenario (chapter 5.3).  
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 𝑀𝑎𝑡𝑢𝑟𝑒𝐹𝑖𝑠ℎ𝐶𝑎𝑡𝑐ℎ𝑡,𝑖 =
          

(Eq 3.16) 

(
𝑀𝑎𝑡𝑢𝑟𝑒𝑆𝑡𝑜𝑐𝑘

𝐶𝑎𝑟𝑟𝑦𝑖𝑛𝑔𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
) × 𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡𝑡,𝑖 × (1 − vegetation coefficient ×

𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎

𝐿𝑎𝑔𝑜𝑜𝑛 𝑎𝑟𝑒𝑎
)

 

 

𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡𝑡,𝑖 =           

𝑀𝑜𝑛𝑡ℎ𝑙𝑦𝐶𝑎𝑡𝑐ℎ𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖,𝑡 × 𝑁𝑜. 𝐵𝑜𝑎𝑡𝑠𝑖,𝑡 × % 𝑀𝑜𝑛𝑡ℎ𝐹𝑖𝑠ℎ𝑒𝑑𝑖,𝑡  (Eq 3.17) 

There are six active fishers per boat (CDA, 2015). Traditional fishers operate in 

weekly cycles, effectively fishing for five days before returning to landing centres 

(Jones and Sujansingani, 1954, Kumar and Pattnaik, 2012). Therefore, the 

maximum number of days fished equals 260/year. In contrast, non-traditional 

fishers operate daily trips, only limited by the number of religious festivals each 

year (~17, Kumar Sethi – personal communication). 

The catch capacities of each fleet are calculated here. In 1973, total catch 

equalled 6.65x10
6

 kg, with ~19,000 fishers and/or ~3,000 boats (Iwasaki et al., 

2009), and less than 20 km
2 

aquatic vegetation coverage. Assuming the fish stock 

was relatively healthy and traditional fishers operated for 260 days, the average 

traditional capture was approximately 6,500 fish/month. Under these 

assumptions, motorboat catch for the highest catch year (2004) (Mohapatra et al., 

2007a) equals:  

𝑁𝑜𝑛𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡 ≈ 𝑇𝑜𝑡𝑎𝑙𝐶𝑎𝑡𝑐ℎ − 𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡 

𝑇𝑜𝑡𝑎𝑙𝐶𝑎𝑡𝑐ℎ = 1.41 × 107 × 25 

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡

= 𝐵𝑜𝑎𝑡𝑠 × 𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑡𝑐ℎ𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 × %𝑌𝑒𝑎𝑟𝐹𝑖𝑠ℎ𝑒𝑑 × (1

− vegetation coefficient ×
𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎

𝐿𝑎𝑔𝑜𝑜𝑛 𝑎𝑟𝑒𝑎
) 

∴ 𝑁𝑜𝑛𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡

= 3.53 × 108

− (3047 × 6500 × 12 ×
260

365
× (1 − vegetation coefficient ×

300

1000
)) 

∴ 𝑁𝑜𝑛𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡 = 2.34 × 108
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∴ 𝑁𝑜𝑛𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝐶𝑎𝑡𝑐ℎ𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
2.34 × 108

(1937 × 12 ×
348
365

× (1 −
300

1000))
 

∴ 𝑁𝑜𝑛𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝐶𝑎𝑡𝑐ℎ𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 10,000 𝐹𝑖𝑠ℎ/𝑀𝑜𝑛𝑡ℎ ≈ 420 𝐾𝐺/𝑀𝑜𝑛𝑡ℎ 

The monthly catch capacities correspond to the maximum number of days fished. 

In reality, the number of days fished varies inter-annually (Mohapatra et al., 

2007a). To reflect the consideration of species abundance when allocating fishing 

effort (Mohanty- personal communication, Duer-Balkind et al., 2013), graphical 

functions depict the nonlinear relationships between prey consumed (days fished) 

to prey density (perceived fish density) (Holling, 1959b): 

𝑃𝑟𝑒𝑦𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =          (Eq 3.18) 

(𝑆𝑒𝑎𝑟𝑐ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒𝑆𝑒𝑎𝑟𝑐ℎ𝑇𝑖𝑚𝑒 ×  𝑃𝑟𝑒𝑦𝐷𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑑𝑎𝑡𝑜𝑟𝐷𝑒𝑛𝑠𝑖𝑡𝑦)

(1 + 𝑆𝑒𝑎𝑟𝑐ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐻𝑎𝑛𝑑𝑙𝑖𝑛𝑔𝑇𝑖𝑚𝑒 × 𝑃𝑟𝑒𝑦𝐷𝑒𝑛𝑠𝑖𝑡𝑦)
 

As a spatial component, ‘search efficiency’ equals one, meaning fishers find fish 

wherever they operate. ‘Predator density’ is also assumed to equal one, as 

 

Figure 3.25: Graphical functions determining the number of days fished each 

month as a function of the perceived fish density, based on the 

type-II functional response (Holling, 1959b). 
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common in experiments (Beals et al., 1999). Regarding the forms of the graphical 

functions (figure 3.25), the different number of ‘off-days’ each month reflects the 

different ‘handling times’ of each fleet, including the time to offload and process 

catch. As ‘available search time’ is 12 months, traditional handling time equals 12 

– (12 x (105/365)) and non-traditional handling time equals 12 – (12 x (17/365)). 

‘Prey density’ is internally derived by lagging mature fish density by one month, 

reflecting the perception delay between fishers and their environment (Duer-

Balkind et al., 2013). From equation 3.18, nonlinear trends are produced 

representing the number of days fished for a given fish abundance (figure 3.25). 

Non-traditional fishers operate for longer until prey density falls below 10% of the 

ecological carrying capacity. The concavity of the non-traditional trend means the 

modelled non-traditional fishers are comparatively sensitive to underlying stock 

density; in reality this might relate to the greater costs associated with non-

traditional fishing, forcing the decline of efforts once profits fall.  

As the stock declines and fishers operate on fewer days, it is assumed that catch 

selectivity decreases. Therefore, juvenile fishing effort is proportional to the 

difference between the maximum and the actual days fished per fleet. The 

selectivity of the non-traditional fleet dramatically falls as the mature population 

shrinks, consistent with the views of the traditional fishers interviewed who 

perceive non-traditional fishers as less environmentally conscious, less connected 

to ecology and more financially driven.  

3.4.4 Socioeconomic 

The socioeconomic module internalises the dynamics of the fisher population, 

fishing efforts and catch. Trajectories of fisher population could be externally 

generated; however, internal interactions establish a number of feedbacks 

potentially causing unsustainable nonlinearities. The socioeconomic module is 

parameterised with physical laws, statistical relationships, expert judgement, 

stakeholder perceptions and personal intuition (Ford, 2010). 

Fish catch is a provisioning ecosystem service (Daily, 1997), providing fishers 

with food and income. The regional significance of Chilika’s fishery is observed 

by the lack of alternative livelihoods, with 77% of fisher households estimated to 

be completely reliant on fishing for income (Kumar and Pattnaik, 2012). Similar to 

ecological populations, a constraint exists on the benefits obtainable from Chilika 

as a resource limited system. In general, as the number of dependants increases, 

the average benefits per person declines, as either the resource spreads amongst 
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users or those with best access monopolise the resource (Motesharrei et al., 

2014). Therefore, the ability of dependants to achieve social foundations may fall, 

forcing adaptation through livelihood intensification, diversifications or migration.  

Chilika’s livelihood carrying capacity must consider the livelihood demands of the 

population. For example, if each fisher required 10,000 INR/year to continue 

fishing, then a fishery worth 161 crore (x10
7

) as of 2014 could support 161,000 

fishers assuming financial benefits spread evenly. Therefore, the livelihood 

carrying capacity can be expressed as the total financial output divided by the 

average costs needed to maintain fishing activities. The result represents a 

maximum supportable population, applicable to Lotka (1925) style equations to 

modify human population change. In addition, incomes and costs model fishing 

effort via upgrades from traditional to non-traditional boats.  

3.4.4.1 Traditional fishers 

The traditional fisher population in the year 1973 was 19,000 (Noack et al., 2013), 

with non-traditional fishing absent before the 1980s (Kadekodi and Gulati, 1999). 

Regional population growth is influenced by more than just birth and death rates 

(figure 3.7); however, the fisher population in 2009 is underestimated by ~20% 

(figure 3.26) when population change is parameterised as a logistic growth 

function (Lotka, 1925). Therefore, an IF THEN ELSE function only switches on the 

carrying capacity effect once the fishery is overcapacity. This assumes that fishers 

exercise adaptive capacities for as long as possible (Nayak, 2014), until the point 

when total fishery value no longer supports the average livelihood cost of the 

fisher population:   

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑟𝑟𝑦𝑖𝑛𝑔𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡 =
(𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑉𝑎𝑙𝑢𝑒𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑡𝑐ℎ𝑡)

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑜𝑠𝑡𝑠𝑡
   (Eq 3.19A) 

𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑉𝑎𝑙𝑢𝑒𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑡𝑐ℎ𝑡 = 𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑡𝑐ℎ𝑡 × 𝐹𝑖𝑠ℎ𝑃𝑟𝑖𝑐𝑒𝑡  (Eq 3.19B) 

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡 = 

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡−1 + 𝑁𝑒𝑡𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐𝐺𝑟𝑜𝑤𝑡ℎ𝑡 − 𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝑠𝑡  (Eq 3.19C) 

𝑁𝑒𝑡𝐿𝑜𝑔𝑖𝑠𝑡𝑖𝑐𝐺𝑟𝑜𝑤𝑡ℎ𝑡 = 𝑰𝑭 𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡 >  𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑟𝑟𝑦𝑖𝑛𝑔𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡 

 𝑻𝑯𝑬𝑵 (𝐵𝑖𝑟𝑡ℎ𝑅𝑎𝑡𝑒𝑡 − 𝐷𝑒𝑎𝑡ℎ𝑅𝑎𝑡𝑒𝑡) × (1 −
𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡

𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝐶𝑎𝑟𝑟𝑦𝑖𝑛𝑔𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡
) ELSE 

𝐵𝑖𝑟𝑡ℎ𝑅𝑎𝑡𝑒𝑡 − 𝐷𝑒𝑎𝑡ℎ𝑅𝑎𝑡𝑒𝑡        (Eq 3.19D) 
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Birth rate minus death rate represents the net effect of reproduction and 

mortality, known as Malthusian’s ‘r’ (Hopfenburg, 2003). Growth is smoothed 

across 216 months to desensitise population change to short-term fishery 

production variations; reflecting the desires of fishers interviewed to remain 

fishing, despite conceding that the attitudes of younger generations are gradually 

changing. Odisha’s crude birth and death rates were collected from the ‘India 

Development Indicators Revised, 2012’ dataset, published by the United Nations 

Statistics Division (appendix B). The 2013-14 Odisha Economic Survey (PCD, 2014) 

provides a second source for cross validation.  

Fish price deriving from CDA market surveys (CDA, 2016) represents the mean 

fish price weighted by fish contribution to total catch (equation 3.19B). As found 

during the fisher interviews, this figure hides the overall range of prices, whilst 

also assuming that traditional and non-traditional fleets catch the same species. 

Traditional costs refer to both one-off and recurrent investments needed to fish 

(equation 3.19A). Traditional fishers must first obtain a licence, a boat and nets. 

As the socioeconomic status of new fishers is unknown, one-off outlays are 

 

Figure 3.26: Comparison of the observed fisher population (black) (Noack et al., 

2013) against the modelled fisher population with a permanent 

carrying capacity (red). 
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spread across the lifetime of the gear. Therefore, anyone can begin fishing, but 

monthly incomes must cover the lifetime cost of the gear. Recurrent costs are 

annual licence renewals (Mohanty – personal communication) and gear 

maintenance (Noack et al., 2013). Gear maintenance demand is assumed 

proportional to the frequency of fishing within a month.  

Active from 1984, switching from traditional to non-traditional boats forms the 

second outflow of the traditional fisher stock (equation 19C). The model 

calculates the number of fishers upgrading as: 

𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝑠𝑡 = 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝐴𝑓𝑓𝑜𝑟𝑑𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝑡 × 𝑊𝑖𝑙𝑙𝑖𝑛𝑔𝑛𝑒𝑠𝑠𝑇𝑜𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝑡  (Eq 3.20A) 

Vessels need an outboard motor costing 18,000 INR (Noack et al., 2013), 

mechanical adaptations (3,970 INR), a motorised licence (235 INR) and fuel 

(variable – chapter 5.2). Due to the lumped populations, SDMs are generally 

unsuitable for modelling individual decisions. However, probabilities can be 

estimated by assuming an underlying normal distribution. Therefore, equation 

 

Figure 3.27: Graphical function determining the proportion of traditional 

fishers that can afford upgrades each month. The function output 

feeds into equation 3.20A. 
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3.20B calculates the number of standard deviations the profit mean is above the 

upgrade cost: 

𝑃𝑟𝑜𝑓𝑖𝑡𝑠𝑍𝑆𝑐𝑜𝑟𝑒𝑡 =  
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑃𝑟𝑜𝑓𝑖𝑡𝑠𝑡−𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝐶𝑜𝑠𝑡𝑡)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑃𝑟𝑜𝑓𝑖𝑡𝑠
      (Eq 3.20B) 

Where ‘standard deviation of profits’ is assumed constant, equalling 1,246 INR 

(Noack et al., 2013). The z-score lookup table is converted into a graphical 

function (figure 3.27) to calculate the proportion of traditional fishers with profits 

above the threshold value.  

When interviewed, traditional fishers expressed a desire to remain within the 

traditional community, blaming ecological degradation on motorisation, finer 

nets and immature catches. Consequently, an element of disconnect exists 

between the two fleets (D’Lima et al., 2014, Nayak, 2014). Therefore, traditional 

fishers do not upgrade if traditional profitability grows inter-annually (perceived 

profitability).  

 𝐸𝑞. 24: 𝑊𝑖𝑙𝑙𝑖𝑛𝑔𝑛𝑒𝑠𝑠𝑇𝑜𝑈𝑝𝑔𝑟𝑎𝑑𝑒𝑡 = 

𝑰𝑭 𝑻𝑰𝑴𝑬 > 132 𝑨𝑵𝑫 𝑃𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑𝑃𝑟𝑜𝑓𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑡 < 0 𝑻𝑯𝑬𝑵 1 𝑬𝑳𝑺𝑬 0      (Eq 3.20C) 

These competing processes mean increased traditional profits grows the number 

of fishers able to upgrade, but declines the attractiveness of the alternative 

fishery practice. Thus, switching to non-traditional practices is a form of 

livelihood coping strategy for those who can afford it (Nayak, 2014). 

3.4.4.2 Non-traditional fishers 

Wishing to profit from the lagoon’s productivity during the early 1980s, non-

traditional fishers originated from castes with livelihoods other than fishing 

(Pattanaik, 2007, Nayak and Berkes, 2010). Now, the intensification of practices 

also drives the non-traditional fisher stock (Nayak, 2014). Non-traditional 

population growth takes the same form as equations 19A-D, albeit with non-

traditional carrying capacity, population and catches. Non-traditional carrying 

capacity is dependent upon the six traditional costs, plus four specific to 

motorised fishing (Noack et al., 2013):  

 new engines every 8 years – 18000 INR; 

 annual engine repairs – 5840 INR; 

 motorised licence – 235 INR; 

 Fuel use ~3.7 litres/day. 
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Diesel prices since 1989 for India’s four metropolitan cities are published online 

from the Indian Ministry of Petroleum and Natural Gas (Verma and Fernandez, 

2010); future prices are externally derived (chapter 5.2). These combined costs 

(except fuel price) increase at an annual inflation rate of 2.28%, as informed by 

historical fishing gear data (Jones and Sujansingani, 1954, Kumar and Pattnaik, 

2012, Noack et al., 2013). 

3.4.5 Statement of circularity 

Following the model’s structure and equations, it is worth concisely summarising 

any instances of circularity, where the same data is used in model 

parameterisation and evaluation (Sterman, 2000). Circularity is generally 

considered bad practice (Jakeman et al., 2006), as testing the model over the 

same parameterisation data does not assess the robustness of model equations.  

Within the hydroclimatic module, an element of circularity exists between the 

parameterization of the LMC’s rainfall-runoff coefficient and outcome dynamics 

from 1973-1982, both dependant on the district level precipitation and 

temperature datasets. However, hydrological outcomes are evaluated against data 

reserved for evaluation – from 1983-1999 (chapter 4.3.2). Moreover, although the 

assumption that sedimentation in 2000 equals a near functional closure 

introduces an element of circularity, it does not guarantee that the resulting 

dynamics will replicate the timing and magnitude of historical behaviours 

assessed in chapter 4. Within the ecohydrological module, salinity is calibrated 

with seasonal observations of lagoon average salinity from 2002-2009 collected 

by the CDA, whilst the independent evaluation dataset is 23 observations of 

annual resolution from 1973-2009. Due to the absence of sub-annual macrophyte 

observations, the process is calibrated with four observations (1973, 1977, 1982 

and 2007) and evaluated over the remaining 10 observations sporadically 

charting annual macrophyte coverage from 1973-2009 (chapter 3.4.2.4).  

Fisher population growth (equation 3.19) is driven by giving the fisher stocks 

initial values and simulating growth under external birth and death rates. 

Therefore, this process is evaluated through CPUB and per capita income. The 

number of fishers per boat (i.e. number of total boats) is derived from annual 

CDA (2015) data from 1999-2009. Catch per unit boat is informed by two 

independent measures of maximum catch per boat type, deriving from the annual 

catches of 1973 and 2004 for traditional boats and motorboats, respectively 

(chapter 3.4.3). Mean weighted fish price from 1978-2009 also drives internal 
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socioeconomic dynamics, from which per capita income derives from internally 

driven catch and total fisher populations. The fish price dataset was also used to 

assess the need for a permanent livelihood carrying capacity; however, it does not 

necessarily mean modelled fish catch, efficiencies and population growth will 

replicate reality (chapter 4). Therefore, care has been taken to avoid circularity 

where possible, by evaluating system outcomes either against independent 

datasets or through composite measures to assess multiple processes.  

3.5 Chapter conclusion 

This chapter has detailed the conceptualisation and parameterisation of a model 

designed to investigated Chilika’s problematic behaviours. Rainfall-runoff models 

adapted from Ghashghaei et al. (2013) generate monthly freshwater and 

sediment yields, which contribute to the sedimentation of the historical tidal 

outlet. These hydrological fluxes also affect salinity, temperature, dissolved 

oxygen and macrophyte coverage. Salinity and dissolved oxygen are 

parameterised as graphical functions based on seasonal CDA data; water 

temperature is parameterised as a linear model relating near-surface air 

temperatures and freshwater inflows; macrophyte coverage is parameterised as a 

stock to capture feedbacks with salinity, dissolved oxygen and sedimentation. 

Macrophytes provide ecological refuge by blocking fishing grounds, whilst habitat 

quality influences multidecadal fish survival based on reference points for key 

species. The Bueno and Basurto (2009) fishery model underpins fish and catch 

dynamics, modified by a dynamic juvenile catch driven by fisher adaptations and 

a variable survival rate driven by lagoonal water conditions. Externally derived 

birth and death rates principally drive the human populations until the fleets 

exceed their livelihood carrying capacities. The number of days fished are 

parameterised as Holling (1959b) functional responses and a relatively wealthy 

proportion of traditional fishers switch to non-traditional fishing when traditional 

productivity value declines.   

A diverse range of information has contributed to model parameterisation. 

However, simply collecting data and best available knowledge does not qualify a 

model to investigate a problem of interest. Therefore, the next chapter conducts 

multidimensional model evaluation to assess whether the model is structurally 

robust (Barlas, 1996), captures past trends and complexities, and produces 

output sensitivities that are coherent with system understanding (Saltelli, 2000b).
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Chapter 4: Model performance analysis 

4.1 Chapter introduction 

As abstractions of mental models, simulation models are never perfect 

representations of reality (Sterman, 2000, Sterman, 2002). However, through 

various structural (chapter 4.1) and behavioural tests (chapter 4.2), a model’s 

ability to investigate problematic processes and states can be assessed. First, a 

model should be structurally robust to produce behavioural outputs for the ‘right’ 

reasons, rather than as a coincidence of tuning (Barlas and Kanar, 2000). Second, 

driver-response relationships must be traceable, with unexpected dynamics 

suggesting unexplainable uncertainties in parameterisation. Third, output 

variability should be apportioned to different contributors to assess the relative 

influence of modelled processes (Tarantola et al., 2000). For instance, 

parameterisation can be questioned if highly variable dynamics result from a 

limited range of input uncertainties (Sterman, 2000). 

Non-behavioural analysis precludes simulation, establishing similarities between 

the descriptions of the real world and reality (Barlas, 1996). Behavioural 

procedures then compare outputs with observed dynamics (Sterman, 2000), 

asking to what extent the model captures historical causes, outcomes and 

variabilities.  

4.2 Non-behavioural analysis 

Qualitative analysis was rare prior to the 1990s, with system dynamicists 

favouring behavioural techniques (Barlas and Kanar, 2000). A series of papers by 

Barlas and colleagues (Barlas, 1989, Barlas, 1996, Barlas and Kanar, 2000) called 

for structural assessments to ascertain whether studies replicating historical 

trends were doing so for robust reasons. Non-behavioural analysis has occurred 

throughout model construction so far; for example, the adequacy of model 

boundaries is argued during ‘problem familiarisation’ (chapter 2.5) and ‘system 

visualisation’ (chapter 3.2). This study applies three non-behavioural tests to flag 

uncertain processes and data sources for behavioural analysis.  
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4.2.1 Unit consistency 

Each module is assessed using STELLA’s ‘Check Units’ tool, which assesses 

whether the mathematical expression of each process (e.g. LMC rainfall-runoff) is 

consistent with its underlying driving variables (e.g. rainfall volume). STELLA flags 

an error when the units for the driving variables do not match the unit manually 

assigned to the higher-level process (Bueno, 2014). Manual assessment also 

checks for implausible unit combinations, such as boat/fish
2

 or fish
2

/m
4

. 

Overall, the assigned units are judged to be just and dimensionally consistent, 

arguing that the processes have plausible connections in both real and virtual 

space (Forrester and Senge, 1980, Bueno, 2014). The rainfall-runoff variables 

convert between millimetres, metres, metres squared and metres cubed. The 

sediment generation variables are concentrations of sediment per unit volume of 

water and the absolute volume of sediment in the catchments flowing towards 

Chilika. Unit inconsistencies arise in the ecohydrological module because the 

habitat suitability variable converts concentrations (“ppm” or “ppt”) into 

dimensionless effects on fish survival (chapter 3.4.2.5). Similar inconsistencies 

occur within the fishery module, as Holling type-II functions convert between fish 

density and the number of days fished. Rather than errors in the underlying 

reasoning for connection, these errors are flagged as STELLA assumes the higher-

level process (e.g. number of days fished) adopts the same units as its driver (e.g. 

fish density). In such cases, the errors are manually checked to assess the 

plausibility of driver connections.  

4.2.2 Qualitative parameter assessment 

Parameter assessment attributes confidence to information used in 

parameterisation, traditionally involving discussing parameters with other 

modellers and system experts (Sterman, 2000). Chapman and Darby (2016) 

devise a formal framework to assign a confidence score to each parameter, based 

on the reliability, number and spatiotemporal transferability of data sources. 

Datasets from the area of interest, multiple experiments and the reporting of 

statistical significance (e.g. p-value < 0.001) equates to the most reliable variables. 

The total parameter score of each variable equals the sum of individual scores 

divided by the total possible score. Variables with an element of personal 

intuition or with total scores less than one standard deviation below the mean are 

qualitatively uncertain (appendix C.1).  
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Information sources around the average score generally only conducted one 

experiment, with one time-series and unreported significance levels. For example, 

whilst following protocols for the parameterisation of graphical functions in the 

absence of multiple data points (Sterman, 2000), the parameter scores of the 

dynamic rainfall-runoff coefficients are qualitatively uncertain. The LMC and WC 

are comparable environments to the Gamasiab river catchment of Ghashghaei et 

al. (2013); however, the areas of LMC and WC are respectively double and half the 

Gamasiab, giving limited spatial transferability.  

Ultimately, parameter assessment identifies at least eleven variables requiring 

sensitivity analysis to understand whether parametric uncertainties 

disproportionately affect model processes and outcome states.  

4.2.3 Qualitative extreme conditions 

Extreme condition tests explore whether model processes uphold beyond normal 

operating ranges (Forrester and Senge, 1980, Barlas, 1996). Qualitative extreme 

conditions trace input minimums and maximums through model structure to 

hypothesise both local and global impacts – which are then checked with 

behavioural tests. As foundations of past problematic behaviours, the stocks of 

freshwater runoff, fish and fisher populations receive the extreme conditions.  

Ultimately, extreme inputs and outputs are traceable through model structure, 

hypothesising scenarios leading to fishery collapse. If LMC and WC rainfalls start 

at zero mm/month, surface runoff of both catchments should equal zero 

(equation 3.1). If rainfall becomes zero after months of business-as-usual, then 

the lagged baseflows (figure 3.11) gradually decline runoff (in reality, upper 

catchment flows from the Middle Mahanadi should maintain LMC runoff). In turn, 

fluvial sediment transport should cease if freshwater discharges stop. However, 

littoral inputs would continue to build Chilika’s sediment stock because sediment 

removal requires freshwater inflows (equation 4). Assuming the tidal outlet is 

clear and vegetation coverage is low, salinity persists ~21 ppt (chapter 3.4.2.1) 

and dissolved oxygen equals ~6.9 ppm (chapter 3.4.2.2) under zero freshwater 

influx. In the short-term, these conditions would not significantly affect fish 

survival. However, multidecadal sedimentation from littoral drift would eventually 

close the outlet (equation 3.5), leading to lagoon freshening and macrophyte 

proliferation. Fish survival and migration would decline, along with catchability 

due to blocked fishing grounds.  
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Conversely, extreme-high monthly rainfall would produce high freshwater 

deliveries, causing the lagoon to freshen beyond average during and after the 

monsoon (chapter 3.4.2.1). Despite boosted flushing, extreme sediment 

deliveries may choke the outlet, accelerating salinity declines and macrophyte 

growth. These extreme conditions hypothesise equifinality, as extreme-low and 

extreme-high inputs may cause fishery decline albeit over different time scales.  

Fish regeneration becomes zero if fish births or survival cease (chapter 3.4.3). 

Once all juveniles mature, catch and natural deaths should cause the total fish 

stock to fall to zero – ceasing financial outputs and causing the livelihood 

carrying capacities to tend towards zero. Setting fisher birth rates to zero would 

cause the human population to decline immediately. Conversely, extreme-high 

birth rates allow the fisher populations to grow until it reaches the livelihood 

carrying capacity.  

4.3 Behavioural analysis 

Behavioural assessments explore whether a structurally sound model produces 

dynamics consistent with reality (Barlas, 1989). Graham (1976) states that the 

measures used to judge consistency with reality must relate to the model’s 

purpose. Processes leading to collapse dynamics are of particular interest as the 

overarching aim is to investigate future fishery persistence. Therefore, dynamics 

similar to Chilika’s late-1980s collapse should be reproduced, including timing, 

magnitude and causes (Forrester and Senge, 1980). Furthermore, outputs should 

not be overly sensitive to changes in driver values; sensitivity suggests that a 

parameter value sits within a region of uncertainty, potentially over predicting 

collapse and causing unjustified concern. Behavioural analysis assesses both 

high-level and emergent behaviours wherever possible, although data availability 

forms a limitation where datasets completely inform parameterisation (e.g. 

dissolved oxygen).  

4.3.1 Quantitative extreme conditions 

This section tests the hypothesis that model integrity remains under extreme 

inputs by ‘switching off’ or maximising inputs to stocks from 1973 (Forrester and 

Senge, 1980, Barlas and Kanar, 2000). Five variables receive extreme conditions 

(table 4.1); pertaining to the three drivers of monthly rainfall, fish survival and 

human population growth. Only hydroclimatic extremes are traceable across the  
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entire system because the dynamics of the fish and human populations do not 

feedback to the hydroclimatic and ecohydrological modules. Therefore, extreme 

fish survival and fisher population growth are stored in appendix C.2. 

Overall, the modelled extreme behaviours match the qualitative hypotheses, 

implying that realistic and readily explainable behaviours are produced beyond 

the model’s normal operating range. As hypothesised, persistent maximum 

historical rainfall overwhelms sediment flushing and the resulting outlet closure 

(figure 4.1B) causes lagoon freshening (figure 4.1C). Low salinity and high 

sedimentation provide suitable conditions for macrophytes to cover the whole 

lake after 10 years (figure 4.1D). In response to an immobile resource, catch 

(figure 4.1E) and active fishers (figure 4.1F) fall to zero, with the latter lagged by 

ten years due to the smoothing coefficient representing fishers unwilling to leave 

fishing (chapter 3.4.4).  

Outlet closure increases under the extreme-low rainfall scenario due to littoral 

inputs (figure 4.1B), but as predicted, closure is shallower than under extreme-

high rainfall. Consequently, salinity remains above 15 ppt (figure 4.1C). Catch 

increases due to effort intensification and unimpeded fish migration, implying 

that zero freshwater influx fails to decline dissolved oxygen to levels detrimental 

to fish survival. Unlike the qualitative hypothesis, the rate of outlet closure does 

not trigger catch collapse; therefore, extreme-low rainfall is preferable of the two 

extremes for catch persistence over this timeframe. In reality, a forty-year  

Table 4.1: Scenarios used to assess model integrity under extreme 

conditions. Outputs: 1- outlet closure; 2- salinity; 3- macrophyte 

coverage; 4- catch; 5- fisher population. 

  Extreme scenario  

Module Variable(s) Low High Outputs 

Hydroclimatic LMC and WC 

rainfall 

0 mm/month 0 mm/month 1, 2, 3, 4, 

5 

Fishery Survival rate 0 fish/month Max. ratio (0.5) 4, 5 

Socioeconomic  

 

Traditional 

and non-

traditional 

growth 

0 fishers/month 1000 

fishers/month 

4 
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Figure 4.1: System responses to (A) extreme high (red) and low (blue) rainfall 

inputs: (B) outlet closure expressed as a percentage of the lagoon’s 

sediment capacity; (C) lagoon-wide average salinity; (D) macrophyte 

coverage; (E) catch and (F) active fisher population. 



Chapter 4: Model evaluation 

117 

drought would cause the fisher population to decline through human health 

impairments and outmigration.  

Stored in appendix C.2, zero fish survival causes collapse within 12 years due to 

resource exhaustion – as hypothesised under qualitative extreme conditions. In 

contrast, nonlinear catch growth occurs once the density-survival feedback is 

switched-off, as exponential fish population growth essentially causes the fish to 

fall into the nets of fishers. However, fisher population growth remains slow, 

driven by underlying birth and death rates rather than livelihood constraints. 

Catch intensification occurs under 1000 new fishers/month, reaching >15,000 

tonnes by 1980 (appendix C.2). However, the collapse following the catch spike 

suggests overexploitation. Here we see the first signs of a SJOS, with catch 

reversal beginning around 65,000 fishers. Fishers abandon the system for ~10 

years until catch disappearance causes resource recovery and livelihood 

generation. The second case of catch stagnation emerges after 40 years, 

suggesting that extreme fisher population growth may trigger boom and bust 

dynamics. A constant fisher population produces a catch reference mode similar 

to reality (see below), albeit with three main disparities owing to dampened effort 

intensification: (i) a relatively limited catch spike during the late-1980s, (ii) a 

shallower historical collapse and (iii) a post-2000 recovery that is approximately 

half of reality.  

4.3.2 Behavioural reproduction 

Behavioural reproduction aims to understand the disparity between the model 

and reality, in terms of the magnitudes and timings of problematic outcomes and 

drivers (Sterman, 1983). However, due to non-normality, nonstationarity and co-

dependence, SDM outputs are ill-suited to the statistical measures (e.g. 

coefficient of determination) conventionally used to assess goodness of fit with 

observations (Barlas, 1989, Sterman, 2000). Moreover, a perfect regression 

coefficient can occur when time-series dynamics are antiphase. Nevertheless, it is 

useful to understand whether the model tracks the past. To this end, percentage 

error calculates coherence between the mean averages of the total simulated and 

observed time-series, checking whether long-term magnitudes of drivers are 

systematically over/underestimated. Second, mean absolute percentage error 

assesses the residuals between individual records, albeit dependent on the 

completeness of the observed datasets.  
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Overall, the model overestimates reality by 1.0% across the 17 processes 

assessed (table 4.2), although the absolute mean is 2.4%. Likewise, the model 

reproduces the historical reference modes of four drivers (figure 4.2) and annual 

catch (figure 4.3), including periods of stability, decline and recovery. 

Hydroclimatic processes have the closest coherence to the long-term averages, 

with half of the percentage errors below 1%. However, the mean average 

percentage errors of LMC freshwater and sediment fluxes above 40% are because 

the model marginally mistimes the rising and falling limbs associated with the 

start and finish of the southwest monsoon, leading to monthly differences up to 

nine orders of magnitude! Therefore, the model captures creeping stresses like 

the closure of the tidal outlet but underperforms with precise intra-annual 

deviations, representing a trade-off of using non-specialist models.  

Overestimating the proportions of monsoon freshwater and sediment fluxes 

indicates that the runoff coefficients could be dampened at high rainfall volumes. 

Yet, freshwater and sediment flows to Chilika from the LMC are within 2% of 

reality, suggesting suitable flow proportioning and routing downstream of Naraj. 

The proportions of fluvial inputs to Chilika match reality, suggesting both 

catchments are parameterised adequately in relation to one another.  

The model estimates long-term salinity to within 1% and captures the main 

features of the observed record, including the gradual multidecadal decline until 

2000 and the abrupt recovery to 15 ppt post-restoration (figure 4.3A). However, 

the modelled trend is less variable than reality, primarily due to the dampening 

effect of outlet sedimentation (equation 3.8). Consequently, the model misses the 

short-term spikes that might provide a window of opportunity for recovery (Balke 

et al., 2014). However, history suggests Chilika’s state is comparatively coupled 

with long-term salinity trends, with temporary improvements (e.g. 1993) 

producing negligible fishery recovery.         

The modelled fisher population captures the magnitude of observed change 

(figure 4.3C), with mean average percentage error never exceeding 8%. However, 

the trends are antiphase during the 1970s and 1980s, meaning regional birth and 

death rates and the livelihood carrying capacity switch are unable to explain all 

variations in the observed fisher trend. CPUB is particularly informative for model 

performance by combining the trends of catch and the number of boats. Both 

CPUB and per capita income trends capture historical reference modes (figure 

4.3B and D). Modelled CPUB replicates the period of stability covering the 1970s 

to the late 1980s, followed by abrupt decline during the 1990s and recovery post- 
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2000. Modelled and observed incomes remain below 10,000 INR until year 2000, 

before both abruptly increasing to ~20,000 INR from 2002 following 

ecorestoration.  

It is also important to evaluate fish catch as the principal outcome synthesising 

both human use and ecological health. Overall, modelled catch replicates both 

the long-term volume (table 4.2) and temporal patterns (figure 4.3), including 

stable productivity pre-1985 and briefly increased catch pre-collapse. The model 

also captures the presence and magnitude of the 1990s collapse, with outputs 

from 1996 closely aligned with reality. Based on the detection of breakpoints in 

linear regression trends (Zeileis et al., 2015), both time-series optimally split into 

three periods, suggesting that the model replicates the number of observed time-

series phases (figure 4.3). However, modelled collapse lags reality by 3 years, 

potentially caused by slightly underestimating sediment deliveries over the 1980s 

and 1990s (table 4.2). This disparity is arguably insignificant when considering 

multidecadal dynamics, with the model aiming to explore pathways to normative 

states rather than specific timings.  

 

Figure 4.3: Modelled (red solid) versus observed catch (black dashed) from 

1973-2009, overlain with modelled (red dotted) and observed 

(black long-dash) time-series breakpoints. 
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4.3.3 Time-step dependency 

The model exhibits the ability to replicate the observed periods of system 

stability, collapse and recovery when simulating at monthly time-steps (chapter 

4.3.2). However, common to system dynamics studies, historical dynamics are 

simulated at default and half-default resolution to assess whether significantly 

different outcomes emerge. The underlying assumption is that model equations 

are insensitive to the model’s temporal resolution, so that doubling the frequency 

with which the fish population migrates to and from the Bay of Bengal should not 

cause qualitative changes in the model’s reference mode. However, the 

emergence of different dynamics questions the generality of model processes and 

signifies a potential dependence on the selected time-step (Sterman, 2000). 

Where a variable is represented by a temporally discrete dataset (e.g. LMC 

monthly rainfalls), STELLA splits the value equally across the new time-step.  

Simulating under the half time-step reproduces the phases of catch stability, 

growth, collapse and recovery (figure 4.4). The trends diverge after the 

introduction of motorboats in 1983, because the finer temporal resolution 

doubles the number of times traditional fishers can upgrade per month. This 

 

Figure 4.4: Time-series depicting the difference between fish catch outputs 

from default (red) and halved (blue) time-steps against observed 

catch (black). 
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dynamic causes a higher and earlier late-1980s peak catch, and steeper recovery 

post-2000. As output normality cannot be assumed (Sterman, 1983), a non-

parametric test (Wilcoxon-Mann-Whitney) assesses whether a significant 

difference exists between the output mean averages, with the time-step halved 

until differences are insignificant (Simonovic, 2010). The Wilcoxon-Mann-Whitney 

output (p >0.05) implies that halving the time-step does not cause significantly 

different catch, suggesting that model outcomes are not overly reliant on time-

step length. 

4.3.4 Structural analysis through alternative pasts 

Thus far, the model is able to replicate the historical reference mode under 

parameterised conditions and a halved time-step, as well as retaining its 

behavioural integrity under extreme conditions. The remainder of the chapter 

assesses the contribution of different drivers to the modelled reference mode, in 

order to check that the model reproduces the past for the right quantitative and 

qualitative reasons (Barlas and Kanar, 2000). This subchapter helps to test the 

reality of the model’s structure by removing modelled processes one-at-a-time 

and assessing the resulting coherence to the historical reference mode. If the 

model matches our understanding of Chilika’s past, it is expected that removing 

the ecological drivers of fish catch will cause the greatest disparities from the 

reference mode (see figure 4.4 – red line).   

Seven scenarios are modelled by removing a key driver of catch from the model: 

1. Fish migration via the tidal outlet: all mature fish remain inside the 

lagoon throughout the year, decoupling fish stock dynamics from the 

sedimentation of the tidal outlet.  

2. Ecohydrological conditions: the survival of new-born fish is decoupled 

from the salinity, temperature and dissolved oxygen of the lagoon.  

3. Aquatic vegetation: fishing efforts are decoupled from vegetation 

coverage, meaning all areas are open to fishing.  

4. Fisher population growth: the fisher population remains constant at its 

1973 value of 19,000. 

5. Motorboat use: the fisher population is dynamic, but all fishers continue 

to use traditional boats.  

6. Days fished: each fleet fishes the maximum possible days per month (see 

chapter 3.4.3). 
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Figure 4.5: (top) time-series depicting seven alternative pasts, each derived by the 

removal of one system stress; (bottom) time-series calculated by the 

cumulative sum of the absolute errors between the annual catches of 

the alternative pasts and the reference mode. 

7.  Juvenile catch: fishes no longer have the adaptive capacity to compensate 

for fewer days fished by catching juveniles.  

Disparities between the seven scenarios and the reference mode may be broken 

into three time periods: (i) pre-collapse (1973-1992), (ii) collapse (1993-2000) and 

(iii) recovery (2001-2009). As the fisher population is constant and motorboats do 
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not appear until 1984 (figure 4.5), the fish catch decline under scenario 4 is likely 

due to the linear increase in aquatic vegetation that blocks ~100 km
2

 by the early-

1980s. The noticeable divergence from the reference mode occurs from 1984, 

when all runs except for scenario 5 (motorboats) undergo a short-lived catch 

peak. Catch is further boosted under the scenarios where the ecological drivers 

are removed, with catch sensitivity increasing from the removal of aquatic 

vegetation to the removal of fish migration via the tidal outlet. The cumulative 

disparities between scenarios 1 and 2 and the reference mode begin increasing 

nonlinearly from the early-1990s, reflecting the removal of tidal outlet 

sedimentation and ecohydrological degradation, respectively. In contrast, all 

other scenarios undergo catch collapse, albeit with subtle differences in their 

timings and magnitudes. For instance, the deepest and steepest collapse is driven 

by the removal of aquatic vegetation, which allows fishing efforts to reach their 

full, unblocked potential. In contrast, removing dynamic fishing extent (i.e. fisher 

population) and intensity (i.e. motorboats) causes shallower collapses with 

recoveries that are marginally faster than the reference mode, owing to shallower 

growths in fishing effort. Interestingly, removing ecohydrological degradation 

(scenario 2) causes a catch downturn no deeper than pre-1980’s catch levels, 

suggesting that coherent with system understanding (Kumar and Pattnaik, 2012, 

Mohanty et al., 2015), the collapse in the modelled reference mode was a result 

of both outlet sedimentation and ecohydrological degradation.  

The removal of fisher population growth (scenario 4) and motorboats (scenario 5) 

causes weaker than observed fishery recovery, suggesting that reference mode 

recovery is a synergy of fishery intensification, extensification and a renewed fish 

stock. Scenario 2 also sharply recovers following outlet opening in 2000, whilst 

the catch stagnation caused by ecohydrological degradation and macrophyte 

growth disappears from 2000 in scenario 1. Lastly, catch reaches more than 

15,000 tonnes in scenario 3, implying that the complete loss of vegetation from 

the lagoon would have further boosted fishery recovery.  

The modelling of alternative pasts has uncovered the different driver 

contributions to the historical reference mode. Overall, the removal of fish 

migration from the model produces the most erroneous estimations, due in large 

to the overestimation of 1980s fishery intensification and subsequent flatline 

during the 1990s. Variability in the number of days fished and the removal of 

juvenile catches caused negligible divergence from the reference mode, reflecting 
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the system’s comparative sensitivity to the lagoon’s sediment dynamics, 

ecohydrology and fishing efforts (extent and composition).  

4.3.5 One-at-a-time sensitivity analysis  

Sensitivity analysis investigates errors associated with uncertain model processes 

(Loucks et al., 2005); parameterisation may need revising if outputs are overly 

sensitive to a particular driver in comparison to reality. Methods range from 

perturbing one variable at a time to complex methods decomposing output 

variance (Saltelli, 1999). Here, a sensitivity degree metric (equation 4.1) first 

assesses model sensitivity by monitoring output responses to one-at-a-time input 

changes. Chapter 4.3.6 then explores multiple interacting sensitivities.  

The sensitivity degree (𝑆𝑄) has been applied to SDMs of lake management (Guo et 

al., 2001), urban water planning (Zhang et al., 2008), river basin development 

(Wei et al., 2012) and agricultural production (Chapman and Darby, 2016). The 

variables identified as qualitatively uncertain during parameter assessment 

(chapter 4.2.2) form the inputs(𝑋(𝑡)); outputs are variables influencing the top-

level dynamics of Chilika’s fishery (𝑄(𝑡)):  

𝑆𝑄 = |
∆𝑄(𝑡)

𝑄(𝑡)
 .

𝑋(𝑡)

∆𝑋(𝑡)
|            (Eq 4.1) 

One limitation of the sensitivity degree is that it is unclear from Guo et al. (2001) 

and subsequent applications whether 𝑆𝑄 compares inputs and outputs at different 

times (e.g. t = 20, 40…120) to initial values (t = 0), or, to the reference mode of 

optimal parameters (e.g. figure 4.3). Here, the former approach assesses how 

system sensitivity changes for different input values, asking whether driver-

responses become nonlinear, rather than how outputs change relative to a 

reference mode assumed to be correct. As per Chapman and Darby (2016), 

analysis is ran four times per variable, changing input values by +10%, -10%, +20% 

and -20% per 40 model iterations, whilst holding all other variables constant at 

their median observed value. The general sensitivity (GS) degree then averages 

sensitivity across the four runs. Critically sensitive variables are assumed to have 

GS >0.1 (Zhang et al., 2008).  

Overall, model outcomes are sensitive to a variety of hydrological and 

ecohydrological processes (GS >0.1), but are less sensitive (GS <0.1) to fish 

population parameters and socioeconomic drivers, with the exception of  
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ecological carrying capacity (table 4.3). In particular, hydrological fluxes to Chilika 

are sensitive to LMC rainfall-runoff coefficients, reflecting the LMC’s 75% 

contributions to the annual freshwater and sediment deliveries. As expected, 

salinity is sensitive to outlet closure, as seen by observed salinities declining from 

Table 4.3: One-at-a-time sensitivities of critical outputs to 17 social and 

ecological drivers. Highlighted cells represent critically sensitive 

driver-response relationships, where generalised sensitivity >0.1. 
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~ 18 ppt (1957) to 3.6 ppt (1997). Modelled macrophyte growth is sensitive to 

relatively short-term ecosystem variations, consistent with the growth of 

macrophyte coverage from 314 km
2 

to 540 km
2 

between October 1994 and 

January 1995 (Pal and Mohanty, 2002). It is important to note that lagoon 

sedimentation was at a record high in the 1990s; thus, stepwise macrophyte 

growth likely reflects nutrient abundance, low salinity and stagnant water. 

Historical macrophyte coverage also increased from 20 km
2

 (1973) to 573 km
2

 

(1996) (Kadekodi and Nayampalli, 2005) without significant alterations in long-

term freshwater inputs, indicating sensitivity to multidecadal, cumulative 

sedimentation and salinity.  

The modelled fish population is generally insensitive to individual inputs, 

suggesting that uncertainties in the hydroclimatic and ecohydrological modules 

do not propagate through model structure. The only exception is the 

disproportional fish population change relative to the change in eco-K, likely 

reflecting the process’ control on the population growth rate and maximum 

supportable population. Change over the first 40 time-steps has an 𝑆𝑄  equalling 

0.9, as the fish population rapidly adjusts to a dynamic eco-K. Uncertainty 

surrounding the eco-K estimate requires further investigation with multivariable 

sensitivity analysis.   

All outputs are insensitive to WC rainfall-runoff coefficients (table 4.3), reflecting 

the 25-30% contribution to Chilika’s total freshwater delivery. Likewise, ecological 

dynamics are proportional to the input of littoral sediment, supporting the 

dominant influence of fluvial sediment deliveries on fishery dynamics (Das and 

Jena, 2008). The insensitivity of fish population growth to processes like 

fecundity and natural deaths builds confidence that the fish population traits do 

not endogenously cause fish population collapse. Similarly, insensitivity to 

socioeconomic parameters suggests that small changes in fishing efforts are 

insufficient to cause resource nonlinearities.  

Therefore, one-at-a-time sensitivity analysis suggests that nonlinear resource 

change generally requires stresses that are: (i) combinations of human and 

natural, (ii) multidecadal, and/or (iii) nonlinear. Positively, problematic behaviours 

are not endogenously produced around parameter estimations changing one-at-a-

time (Bueno, 2014). However, this analysis does not assess interacting 

uncertainties emerging from multiple nonstationary scenarios. Therefore, current 

knowledge gaps include the combined effects of uncertainties around fishing 

effort, plus whether simultaneously varying fishing effort and eco-K causes 
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unrealistic outcomes. To this end, the next subchapter investigates the sources 

and magnitudes of multiple interacting uncertainties effecting whether the model 

reproduces historical dynamics and states.  

4.3.6 Multivariable sensitivity analysis 

4.3.6.1 Introduction and purpose 

The main advantage of global sensitivity analysis over one-at-a-time analysis is 

the ability to explore how combinations of uncertainties [known as ‘sets’ – Loucks 

et al. (2005)] effect output dynamics (Saltelli, 2000b). Global sensitivity analysis 

can be intra- or inter-module, with the former producing relatively regional 

analysis. Sampling-based methods facilitate systematic global sensitivity analysis 

(Helton and Davis, 2000); whilst individual frameworks vary (for reviews see 

Helton et al., 2006, Pianosi et al., 2016), sampling-based methods generally 

consist of five stages (Campolongo et al., 2000): 

1. Factor screening identifies particularly sensitive variables from variable-

rich models. Here, qualitative parameter analysis (chapter 4.2.2) and one-

at-a-time sensitivity analysis (chapter 4.3.5) form this initial step.  

2. Probability distribution functions bind minimum and maximum uncertainty 

values for each variable.  

3. Per simulation, random number generation or stratified techniques such 

as Latin Hypercube Sampling generate uncertainty sets for each variable 

(Helton and Davis, 2000). Therefore, some simulations have variable sets 

close to parameterised values, whilst others simulate major deviations.  

4. Simulate uncertainties through the model and capture outputs relating to 

the behaviour of interest. 

5. Undertake uncertainty and sensitivity analysis to attribute confidence to 

parameters, establish acceptable bounds and contributions to outputs 

(Campolongo et al., 2000, Helton et al., 2006).        

The process of randomly deviating a variable’s value is known as Monte Carlo 

analysis (MCA) (Fedra, 1983, Campolongo et al., 2000). MCA originates from 18
th

 

century probability theory, specifically the “needle experiment” of Georges Louis 

LeClerc (1707-1788) (Harrison, 2010). Modern MCA is commonly traced to the 

work of John von Neumann and Stanislaw Ulam, through their application of 

probabilistic techniques to nuclear physics in the 1940s (Robert and Casella, 

2011). Models of chemical, health and environmental systems now use MCA 
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(Doubilet et al., 1985, Burmaster and Anderson, 1994), facilitated by computers 

capable of ~10,000 simulations over a matter of hours.  

In SDM, Phillips (1976) and Sharp (1976) use MCA to argue that model outputs 

are robust if qualitative conclusions are consistent across the range of plausible 

error values. Similarly, after establishing metrics of acceptable behaviours, Fedra 

(1983) identifies ‘behaviour-giving’ parameter sets for lake nutrient and rainfall-

runoff models of the Attersee watershed, Austria. Unjustifiably sensitive process 

combinations may undermine the confidence of decision-makers to act on model 

conclusions, especially if the parameterisation datasets also have considerable 

qualitative uncertainties.  

Building on finding acceptable and optimal parameter values, Hekimoglu and 

Barlas (2010) assess the sensitivity of dynamic outputs to MCA inputs. For a SDM 

of business project management, the authors formulate GLMs between rates of 

job completion and plausible error magnitudes, finding uncertainties in total staff, 

deadline date and job complexity to be significant determinants of desirable 

outputs. Importantly, this GLM approach is only applicable under certain 

assumptions, namely independence between variables, input-output linearity and 

residual normality. However, variable independence is contentious (Ford, 2010), 

particularly if multiple feedbacks cause the value of a certain variable to be a 

legacy of another. Here for example, days fished and boat numbers depend on 

fishery state, albeit over different temporal scales.  

Therefore, MCA can provide numerous insights into model dynamics, 

uncertainties and robustness unobtainable from one-at-a-time analysis. Here, 

investigating the effects of error magnitudes on model outputs explores: 

1. How outputs vary across multiple interacting uncertainties; 

2. Which variables produce most sensitive outputs and why; 

3. Whether acceptable error bounds can be defined for the most sensitive 

variables. 

The first objective seeks to understand the effects of output uncertainties, before 

question two apportions their different sources. Question three checks whether 

these uncertainties affect the ability to simulate past and future dynamics.  

4.3.6.2 Parameter selection, sampling technique and behaviour metrics 

Parameter screening selects variables known to exert most influence on outputs 

(Saltelli, 2000b); as such, variables converting between units are discounted  
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immediately. Variables undergoing MCA here are those which underwent one-at-a-

time analysis (table 4.4), which were previously screened through qualitative 

parameter assessment. Disaggregating LMC and WC rainfall-runoff coefficients is 

to understand their relative contributions, whilst disaggregating the individual 

drivers of macrophyte growth is due to the sensitivity of the process during one-

at-a-time analysis. MCA additionally explores interacting sensitivities associated 

with socioeconomic drivers, despite not showing one-at-a-time sensitivities.  

STELLA lacks a built-in tool to vary every variable automatically, so probability 

distribution functions are defined manually between minimum and maximum 

bounds. The probability distribution functions involve density functions 

representing the relative frequency of randomly selecting any given error 

(Hammond and McCullagh, 1974). As particular variables are lacking historical 

data (e.g. eco-K), samples are made from relative error magnitudes rather than 

absolute values. Thus, the MCA parameter estimate (V) of a given variable for a 

Table 4.4: The 25 model variables given Monte Carlo error magnitudes 

alongside a summation of their model process. See figure 3.11 for 

hydroclimatic abbreviations. 

Module Process Variable(s) 

Hydroclimatic Rainfall-runoff 

generation 

LMC Rc, LMC Te, LMC Co, WC Rc, WC 

Te, WC Co 

Sediment generation LMC sediment rating, WC sediment 

rating 

 Coastal 

sedimentation 

Littoral sediment, outlet closure 

Eco-hydrological Salinity  Monthly salinity 

Dissolved oxygen  Monthly dissolved oxygen 

Macrophyte coverage  Salinity effect on macrophyte growth, 

dissolved oxygen effect on 

macrophyte growth, sedimentation 

effect on macrophyte growth 

Core fishery Fish population 

dynamics  

Fecundity, reproductive life length, 

natural death rate, survival rate, 

mature fish per unit weight, 

ecological carrying capacity 

Social-economic Fishing effort  Catch capacities, proportion of 

fishers upgrading, fishers per boat, 

days spent fishing 



Chapter 4: Model evaluation 

133 

given simulation (i) equals the product of the original parameterised value (V
0

) 

and the randomly sampled error magnitudes (ɛ): 

𝑉 = 𝑉0,𝑖 × 𝜀𝑖     0.5 ≤ 𝜀 ≤ 1.5       (Eq 4.2) 

STELLA’s sensitivity analysis tool generates ɛ. Each variable is given a different 

random seed to remove duplicate random number strings and reduce collinearity 

between error estimates (Hannon and Ruth, 2009). The model is run 2000 times 

for global sensitivities (chapter 4.3.6.4), then a further 1500 times for the 

variables classified as critically sensitive (chapter 4.3.6.4). The probability 

distribution functions are given uniform distributions as common when historical 

observations are lacking (Campolongo et al., 2000). Therefore, per simulation, 

each variable has an equal chance of simulating the effects of underestimation or 

overestimation, up to 50% in either direction. The assumption that large errors 

are equally as likely as small errors arguably undervalues parameterisation 

accuracy, but the uniform distributions facilitate comparisons between input and 

output distributions to explore error bias (Phillips, 1976, Campolongo et al., 

2000). It is assumed that the relationship between error magnitude and output is 

linear; however, as one-at-a-time sensitivity analysis shows, model outputs have 

different sensitivities to inputs. Consequently, nonlinearities may occur once 

multiple errors interact, hence the use of MCA to discover the significant 

contributors and sensitivities across parameter space.  

Many strategies exist to communicate uncertainties, from time-series illustrating 

outcome dispersion to statistical breakdowns of variance (Loucks et al., 2005). 

Outputs are classified against a ‘corridor of constraints’ to understand which 

uncertainties fail to produce Chilika’s historical reference mode (Fedra, 1983, 

Beck and Chen, 2000). As the model is interested in the long-term state of catch, 

outputs are considered behaviour-giving if ≥80% of modelled production lies 

within the 99% confidence intervals of historical catch (figure 4.6). The confidence 

intervals derive from a locally weighted least squares regression curve fitted in R 

(R, 2008) and the 80% threshold factors the narrowing of the constraint corridor 

from 2001-2005. Next, the Spear-Hornberger method of generalised sensitivity 

analysis uses a two-sample Kolmogorov-Smirnov test to assess equality between 

behaviour-giving and non-giving input distributions (Spear and Hornberger, 1980, 

Wade et al., 2001); a variable is critically sensitive if its two distributions are 

significantly different. 
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It is here worth describing the Kolmogorov-Smirnov test in detail, as it is also 

used later to investigate separation between safe and just and dangerous driver 

trajectories. The Kolmogorov-Smirnov test is nonparametric, meaning 

observations do not have to meet assumptions about distribution type, including 

normality or the same number of observations (Massey, 1951, Mitchell, 1971). 

Moreover, the Kolmogorov-Smirnov test applies to continuous distributions (e.g. 

uncertainty magnitudes), rather than discretised data required by the Chi-squared 

test (Mitchell, 1971). In essence, the Kolmogorov-Smirnov statistic (𝐷𝑚,𝑛) 

measures the maximum vertical distance between two empirical cumulative 

distribution functions, where 𝑚 is the distribution of the behaviour-giving 

uncertainties and 𝑛 is the distribution of the ungiving uncertainties (Massey, 1951, 

Spear and Hornberger, 1980). The null hypothesis (H
0

) that the distributions are 

drawn from the same population can be rejected once the vertical difference 

between the empirical cumulative distribution functions surpasses a threshold set 

by the significance level (Massey, 1951). Failing to reject H
0 

means that the 

reproduction of historical catch is insensitive to the error magnitude of a given 

 

Figure 4.6: Observed catch (black) and its upper and lower 99% confidence 

intervals (red). Observed catch is smoothed (n=3) to remove short-

term volatility and accentuate the long-term trend.   



Chapter 4: Model evaluation 

135 

driver. One weakness of the Kolmogorov-Smirnov statistic is its increased 

sensitivity to two distributions with vastly different numbers of observations.   

Isolating the variables found to be significant determinants of whether the model 

reproduces historical catch addresses the third aim of this section. In order to 

assess the error magnitudes degrading the model’s ability to replicate the past, 

MCA is then conducted again, only this time varying the significant variables 

between ±10%, ±20% and ±30% of their parameterised values.   

4.3.6.3 Global sensitivity analysis outputs 

Applying the Spear and Hornberger method to 25 model variables produces an 

array of catch time-series over the historical period (figure 4.7). Of the 2000 

simulations, only 41 (2.1%) have at least 80% of annual catches within the 

constraints corridor. Therefore, perturbing parameterised values by up to 50% 

effectively produces a different model, whereby catches may collapse by the late-

1970s or reach 40,000 tonnes after 35 years (figure 4.7)!  

Regarding the second aim of this subchapter, whether catch falls within the 

corridor of constraints is most sensitive to uncertainties in the sediment effect on 

macrophyte growth and the eco-K estimate (table 4.5). The sensitivity of outputs 

to macrophyte growth reflects the double-edged nature of the process. As 

macrophytes provide refuge from fishing efforts, a strengthened sediment-

macrophyte feedback reduces catch relative to the constraint corridor (figure 

4.7A). Contrastingly, a weakened feedback provides limited refuge, enabling 

efforts to fulfil their potential (Bueno and Basurto, 2009), although 

overexploitation occurs if the feedback is weakened towards 50% of original. The 

highest frequency of behaviour-giving inputs corresponds to an error magnitude 

of 75%, suggesting that the feedback strength may be slightly overestimated. The 

sensitivity to eco-K is unsurprising given the one-at-a-time sensitivity, with 

positive eco-K errors generally overestimating catch relative to the constraint 

corridor and negative errors causing earlier than observed collapse.  

Whether output dynamics match the constraint corridor is also statistically 

dependent on the number of fishers per boat (table 4.5). The highest frequency 

of behaviour-giving sets correspond to 7.5 fishers per boat (figure 4.8B), rather 

than 6 fishers per boat derived from CDA (2015) records (1999-2014). Less 

complete data sources also indicate fewer than 7.5 fishers per boat, with Noack 

et al. (2013) assuming 3.5 fishers per boat in their economic model and Kumar  
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and Pattnaik (2012) observing 4-6 fishers per boat. Therefore, insufficient 

evidence exists to change the conversion between the stocks of fishers and boats, 

whilst consistency with the observed trends of boats, CPUB and per capita income 

supports current parameterisation (chapter 4.3.2).  

Catch is also sensitive to LMC sediment rating, which drives the volume of 

Mahanadi sediment transported for a given streamflow, and WC’s runoff 

coefficient that determines the proportion of stormflow for a given monthly 

rainfall volume. These sensitivities are coherent with the perceptions of Chilika’s 

experts, with outlet sedimentation principally blamed for the historical catch 

collapse (Pattanaik, 2007, Iwasaki et al., 2009). Whilst the parameterisation of 

WC’s runoff coefficient produces the highest density of behaviour-giving outputs 

(figure 4.8C), the input-output distributions of LMC’s sediment rating suggests 

the volume of sediment transported per unit streamflow is reducible by up to ~20% 

(figure 4.8D). However, the modelled long-term sediment flux at Tikarapara and 

multidecadal catch mode align with observations (chapter 4.3.2), supporting the 

suitability of parameterisation.    

 

Figure 4.7: The 2000 catch time-series resulting from randomly perturbing 25 

model variables by ±50% of their parameterised values. Prop.inside – 

proportion of annual catches inside the constraint corridor. 
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Table 4.5: Outputs depicting the separation between the error distributions 

producing catch within the corridor of constraints and those 

causing catches outside. See figure 3.11 for the hydrological 

acronyms. Significance levels: ‘1’ – p < 0.01; ‘2’ – 0.01 ≤ p ≤ 0.1; 

‘3’ – p > 0.1. K-S – Kolmogorov-Smirnov. 

Variable 
K-S 

score 
p-value Significance 

Sediment effect on aquatic vegetation growth 0.255 0.005 1 

Ecological carrying capacity 0.252 0.005 1 

Fishers per boat 0.238 0.011 2 

LMC sediment rate 0.238 0.011 2 

WC Rc 0.191 0.070 2 

Outlet closure 0.179 0.081 2 

Dissolved oxygen effect on aquatic 

vegetation growth 
0.167 0.155 3 

Salinity effect on  aquatic vegetation growth 0.164 0.168 3 

Fish natural death rate 0.163 0.173 3 

Catch capacities 0.161 0.183 3 

WC abstraction coefficient 0.150 0.254 3 

Fecundity 0.145 0.289 3 

WC evaporation coefficient 0.145 0.291 3 

evaporation coefficient 0.125 0.467 3 

Default survival rate 0.124 0.480 3 

Dissolved oxygen 0.119 0.535 3 

Mature fish per unit weight 0.113 0.620 3 

LMC abstraction coefficient  0.110 0.630 3 

Littoral sediment 0.110 0.635 3 

Salinity 0.110 0.639 3 

LMC Rc 0.106 0.684 3 

Days fished 0.102 0.723 3 

WC sediment rating 0.102 0.730 3 

Traditional upgrade 0.097 0.778 3 

Reproductive life 0.077 0.946 3 
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 Figure 4.8: (A-D) density plots depicting the relative frequency of runs inside 

and outside the constraint corridor across different error 

magnitudes; (E) an example of a driver with insignificant difference 

between error magnitudes producing runs inside and outside the 

constraint corridor. 
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MCA identifies six processes with significant separation between behaviour-giving 

and non-giving uncertainty magnitudes. Arguably, variables not leading to 

significant behaviour changes are superfluous because their removal from the 

model might not affect catch. This argument aligns with the misconception that 

the representation of reality always improves as variables and processes are 

added (Oreskes, 2003). ‘Integronsters’ may emerge (Voinov and Shugart, 2013), 

whereby an overly complex model makes driver-response relationships 

unexplainable and the model useless for its intended purpose.  

Various reasons exist to retain insensitive variables. First, whilst insignificantly 

affecting output behaviour over the historical range, salinity and dissolved 

oxygen are two key indicators of ecosystem health for Chilika’s decision-makers; 

for example, low salinity and dissolved oxygen may signify that processes that 

are more significant require immediate management, such as unsustainable 

sedimentation of the tidal outlet. Second, Chilika’s experts (Mohanty – personal 

communication; Pattnaik – personal communication) argue the system is 

vulnerable to growing motorised practices, so setting the proportion of 

motorboats and days fished constant arguably underrepresents the future 

influence of fishers (Nayak, 2014). Third, variables such as fecundity, survival and 

reproductive life average are fundamental to modelling fish populations with 

SDMs (Bueno and Basurto, 2009, Duer-Balkind et al., 2013). In all, finding model 

outputs are indifferent to fishery parameters suggests wide confidence bounds, 

providing assurances that parameterised values are appropriate to model 

Chilika’s multidecadal dynamics.  

This section has considered the interactions of 25 uncertain parameters to isolate 

the critical determinants of historical catch; it is now important to identify 

permissible error magnitudes inhibiting the replication of the reference mode.  

4.3.6.4 Isolating critically sensitive drivers  

Only the six most sensitive variables undergo this second stage of MCA (table 

4.5). To understand permissible error ranges, the experiment splits into four 

groups of 500 simulations, simulating ±5%, ±10%, ±20% and ±30% of 

parameterised values. Time-series of salinity, macrophyte coverage and CPUB 

provide wider sensitivity assessment alongside catch, representing the key 

ecological and socioeconomic indicators of Chilika’s sustainability.  

All simulations within the ±5% and ±10% error range undergo catch decline during 

the 1990s, before recovering to at least 5,000 tonnes post-restoration (figure  
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4.9C). Moreover, the maximum magnitude of recovery does not exceed the 99% 

confidence interval of observed catch, which peaks around 14,800 tonnes in 

2006. The pattern is similar for CPUB, with ±10% errors generally capturing the 

periods of stability pre-1990, collapse, recovery post-2000 and subsequent 

stability (figure 4.9D).  

The degree of similarity between model outputs and observations decreases as 

error ranges relax. The second subset (±20%) produces catches with shallow 

declines by 2000, due to a more resilient fish population under positive eco-K 

errors. Oppositely, underestimating eco-K and comparatively few fishers per boat 

causes earlier than observed collapse, whilst also suppressing system recovery 

post-2000. Lastly, ±30% errors cause the earliest fishery collapses, reaching 0 

tonnes around 7 years before the 99% confidence interval of observed catch. 

Alternatively, a combination of positive eco-K errors and underestimated fishers 

 

Figure 4.9: Graphical outputs from sensitivity analysis where the six critically 

sensitive variables are simulated under four error ranges. Observations 

(black) are plotted against model generated time-series of four social-

ecological processes: (A) salinity; (B) macrophyte coverage; (C) catch 

(99% confidence intervals) (D) catch per unit boat (99% confidence 

intervals). 
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per boat can keep catch above 10,000 tonnes, before outlet opening further 

boosts catches up to 20,000 tonnes (~1.4 times MSY). 

Regarding the drivers of catch, discontinuous salinity and macrophyte trends 

inhibit the use of locally weighted least squares regression (figure 4.9A-B). 

Unaffected by initial uncertainties in ecological carrying capacity and fishers per 

boat, the ecohydrological time-series tend to diverge over time until 2000, 

reflecting the cumulative effects of different hydrological influxes, outlet closure 

and sediment trapping by macrophytes. All simulations within ±10% error bounds 

follow the historical mode of linear salinity decline by 2000, rapid recovery post-

2000 and shallow decline until 2009 as the outlet begins to reclose. Both ±20% 

and ±30% errors may produce salinities of 0 ppt during the late-1990s, which is 

~4 ppt lower than the freshest observation (figure 4.9A). Within the ±10% error 

range, the model captures nonlinear macrophyte growth pre-2000 and decline 

post-2000 (figure 4.9B). The lagoon is completely covered by macrophytes after 

25 years if the macrophyte-sediment feedback, WC R
c

, LMC sediment rating and 

outlet closure are overestimated by up to 30%. Contrastingly, parameter 

underestimation causes coverage roughly four times less than observed by the 

late-1990s, which later disappears under brackish conditions post outlet opening.  

Building on previous tests, this subchapter provides two key lessons from 

multivariable sensitivity analysis. First, six drivers are found to significantly 

influence whether model processes reproduce historical catch dynamics (table 

4.5). The relative importance of these drivers is consistent with qualitative 

knowledge, with Chilika’s resource availability historically coupled to fish 

migration/mobility via the tidal outlet (Rajawat et al., 2007, Iwasaki and Shaw, 

2009, Mohanty et al., 2015). Therefore, in combination with behavioural 

reproduction (chapter 4.3.2), it is argued that the model captures the relative 

magnitudes and sources of drivers underpinning problematic behaviours. Second, 

it is argued that the six critically sensitive parameters are robust up to ±10% 

errors, as conclusions about system outcomes are consistent across the range of 

uncertainties (Sharp, 1976, Saltelli, 2000b). Robustness extends to the trends of 

salinity, macrophyte coverage and CPUB – which all form dimensions of the future 

pathways towards different plausible futures.  
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4.4 Chapter conclusion 

The first aim of this research is to conceptualise and parameterise a model 

capable of simulating plausible future processes, states and scenarios for the 

Chilika lagoon fishery (chapter 2.6). SDMs have previously been left unevaluated, 

either due to data constraints or time demands (see Leal Neto et al., 2006, Zhu et 

al., 2015), whilst conventional analysis only involves trend matching (Hossain et 

al., 2017) or one-at-a-time sensitivity analysis (Sušnik et al., 2012, Wei et al., 

2012). Therefore, the nine tests conducted here may seem excessive, but each 

seeks to build confidence in the model’s ability to simulate futures that are 

plausible given knowledge of contemporary social-ecological interactions, 

feedbacks and deep uncertainty about the system’s sustainability. 

To this end, the structural tests show that (i) flows, stocks and converters have 

realistic units of measurement and connected variables are dimensionally 

consistent; (ii) qualitatively uncertain datasets can be screened for behavioural 

assessment, and (iii) structural integrity persists under hypothesised extreme 

conditions. In turn, behavioural assessment finds that: (iv) dynamic extreme 

behaviours match the qualitative hypotheses made during structural assessment, 

arguing that the model produces expected outputs once human-natural processes 

are forced beyond their normal operating range; (v) the model reproduces 

observed growth, decline and inflection for various processes underlying system 

sustainability, and (vi) catch is not dependent on the parameterised time-step.      

Sensitivity analysis does not assess whether the model is right or wrong, but 

uncovers unexpected dynamics and uncertainties affecting model usefulness 

(Saltelli, 2000b). Both one-at-a-time analysis and MCA argue that model 

sensitivities match qualitative and quantitative knowledge of the system. 

Consistent conclusions and the replication of observed catch declines when 

varying parameters up to ±10% suggests that uncertain parameters do not sit 

within overly sensitive regions of parameter space. Regarding model usefulness, 

sensitivities show that the model is appropriately responsive to short-term 

socioeconomic changes and creeping environmental trends. 

Sensitivity analysis aids model transparency by explaining the causes of variability 

(Saltelli, 2000b). Through MCA and generalised sensitivity analysis (Spear and 

Hornberger, 1980), the most significant drivers of multidecadal catch were found 

to be: (i) the feedback between lagoon sediment and macrophyte coverage, (ii) 

eco-K of the fish population, (iii) the number of fishers per boat, (iv) Mahanadi 
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sediment generation (v) WC R
c

 and (vi) the degree of tidal outlet closure. These 

processes are consistent with the knowledge that the number of boats is a major 

component of fishing effort (FAO, 2002); aquatic weeds modify fish catchability 

by blocking fishing grounds (Bueno and Basurto, 2009, Iwasaki et al., 2009) and 

outlet sedimentation is considered the leading cause of the 1990s collapse 

through the constraint of anadromous and catadromous fish migration (Pattanaik, 

2007, Rajawat et al., 2007). Therefore, this model captures the sources and 

magnitudes of the competing grindstones of environmental degradation and 

socioeconomic development (Pattanaik, 2007).  

Model insensitivities are just as insightful as sensitivities (Saltelli, 2000a). Catch 

insensitivity to uncertainties in evaporation and runoff abstraction provides 

confidence that uncertainties at lower levels do not propagate disproportionately 

through model structure. With the exception of survival rate, which varies with 

population density, fish traits are assumed constant. The ranking of multivariable 

sensitivities (table 4.5) argues that a percentage change in fishing effort exerts a 

greater influence on catch than an equivalent change in fecundity, reproductive 

life length and other life traits. Therefore, finding that slightly different fish trait 

estimations produce problematic behaviours in the absence of environmental or 

anthropogenic stimuli would have degraded confidence in the model’s ability to 

simulate realistic social-ecological interactions and future scenarios.  

It is important to note the various limitations of the MCA conducted here. First, 

the constraint corridor assumes that catch observations are accurate. Dujovny 

(2009) and Nayak and Berkes (2010) question this assumption, citing fishers 

arguing that the reported figures are overestimations. Moreover, sampling each 

landing centre six times per month undoubtedly introduces uncertainties (Kumar 

and Pattnaik, 2012). Therefore, this study assumes catches are consistent 

between samples, with the replication of the long-term trend taking precedence 

over annual observations. Second, the initial screening process may have omitted 

sensitive variables. However, variables undergoing further assessment were those 

informed by data considered to be qualitatively uncertain (appendix C.1), plus the 

processes considered fundamental to fishery dynamics. Moreover, the 

sensitivities of untested variables like diesel price and Naraj flow proportioning 

aggregate into evaluated processes, such as the number of fishers upgrading and 

the LMC rainfall-runoff coefficient, respectively.  

In synthesis, the model has undergone a variety of tests to gain insight into the 

variability and causes of output dynamics. The replication of multidecadal trends 
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signifies that the model produces the ‘right’ quantitative behaviours (Barlas and 

Kanar, 2000, Sterman, 2000); the dimensionally robust structure upholding under 

extreme conditions and uncertainties argues that the behaviours are produced for 

the ‘right’ reasons (Barlas, 1989). The drivers found to be key determinants of 

fishery persistence are consistent with regional literature, mental models of 

regional experts and wider understanding of resource-limited systems. Therefore, 

the relative importance of each process is consistent with reality, supporting the 

fitness of the model to simulate Chilika’s plausible futures of creeping natural 

stresses and human activities. 
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Chapter 5: Plausible future scenarios and 

normative definitions 

5.1 Chapter introduction 

Model rationale, construction and evaluation are detailed to here. Altogether, the 

model produces dynamics consistent with observations, plus sensitivities 

coherent with qualitative and quantitative system understanding. However, an 

evaluated model does not directly inform decision-makers as to the future safety 

of their system. Therefore, following the framework of Ford (2010), the model 

can now explore the impacts of policies and future driver trajectories on 

problematic behaviours of interest.  

Future scenarios are required to project system dynamics. The definition of a 

scenario varies from qualitative storylines, to strings of numbers ranging from 

‘visionary thinking to minor adjustments to “business-as-usual”’ (Swart et al., 

2004, p.139). This study uses two types of scenarios: (i) exploratory scenarios 

defining the future trajectories of five external variables (chapter 5.2); (ii) four 

governance scenarios exploring how the social-ecological sustainability of 

internal interactions relate to decisions makeable today (chapter 5.3). Outcome 

dynamics are then classified by pre-defined conditions of ‘safe and just’, 

‘cautionary’ and ‘dangerous’ futures (chapter 5.4), based on system sustainability 

relative to today’s norms and values (Dearing et al., 2014, Verburg et al., 2016).  

Consistent with backcasting, driver scenarios are assumed to have uniform 

likelihoods and are classified by their normative future by mid-century. In 

contrast to backcasting, only a limited number of feasible policies are tested, 

assumed to start today rather than any point between now and 2060. Therefore, 

the approaches described below form a hybrid between forecasting and 

backcasting techniques (chapter 2.3.3), where internal dynamics are projected 

forward under a spectrum of external trajectories to uncover SJOS dimensions 

and associated complexities. 

5.2 Exploratory external scenarios 

Three main methods exist to generate future dynamics in SDMs. For closed 

systems, dynamics derive purely from internal structures. For open systems, 
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fishery SDMs have traditionally favoured constant external dynamics (Bueno and 

Basurto, 2009, Duer-Balkind et al., 2013, Martins et al., 2015). Akin to turning a 

key in an engine’s ignition, external variables offer leverage points to generate 

dynamics, which is particularly appropriate if externals contribute towards 

problematic behaviours. This subchapter represents stage B of figure 2.4, 

describing the identification of maximum plausible external trajectories, their 

operation in STELLA and any resulting bias.  

Chilika’s governors are unable to influence rainfall today or in future. Likewise, 

atmospheric and near-surface air temperatures externally influence aquatic 

habitat conditions and hydrological flows. Scenarios of future warming across the 

region are relatively consistent. Under the steepest greenhouse gas emission 

scenario (IPCC RCP8.5, used hereafter unless stated), IPCC (2013) predict up to 

3°C annual mean surface air temperature change across India’s east coast by 

2046-2065 relative to 1986-2005 (baseline hereafter). This was revised up from 

the previous IPCC assessment (Meehl  et al., 2007), which predicted 1.5-2.5°C 

warming by 2046-2065 relative to 1980-1999. Using an ensemble of 10 IPCC 

climate models, Kumar et al. (2012) predict Odisha’s annual average temperature 

will be 2.9-3.1°C warmer in the 2050s than the 1970s; Mitra et al. (2012) predict 

2.9°C for the same period.  

Projections of future rainfall are relatively inconsistent, owing to the complexities 

of topography, landcover and regional circulation systems, including Odisha’s 

southwest monsoon (Houghton, 2009). Synthesising these factors globally, Allen 

and Ingram (2002) find climate models generally produce precipitation increases 

of 3% per degree Celsius warming. This rule of thumb gives ~9% precipitation 

increase under RCP8.5 across Odisha by 2060. By 2081-2100, IPCC (2013) predict 

increases of 20% and 30% for June-July-August (JJA) and September-October-

November (SON) rainfalls across the region, respectively. Rainfall changes for 

2046-2065 are insignificant, with the exception of a 20% increase in SON. From 

ensemble simulations using the Hadley Centre’s PRECIS regional model, Kumar et 

al. (2012) project 15-20% rainfall increases across India’s coastal regions by 2060, 

reaching 30% by 2080. Mitra et al. (2012) project increases between 5-20%, 

depending on whether the 1970s (lower) or 1901-2000 (higher) is the baseline.   

Whilst rainfall and temperature drive ecohydrological conditions, future fishing 

efforts and value are driven by fish price, diesel price and the human population 

growth rate. Unlike the climate projections, regional fish and diesel price 

scenarios are lacking. Therefore, historical dynamics inform the socioeconomic  
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trajectories, varying between no change and the highest observed interannual 

change over the data range. 

Regional fish price is considered inelastic (Kadekodi and Nayampalli, 2005) – 

historically increasing regardless of production and local demand. Fish price 

increased from 12 to 28 INR/kg between 1980 and 1999. The rate of change 

increased four-fold in the subsequent nine years, reaching 65 INR/kg by 2009 

and 140 INR/kg by 2014 (CDA, 2016). The maximum annual fish price increase 

from 1979-2014 was 30 INR (2000-2001and 2012-2013) (CDA, 2016). Affecting 

non-traditional costs, the non-traditional livelihood carrying capacity and the cost 

to upgrade fishing practices, the highest interannual increase in diesel price from 

1989-2014 was 7.0 INR (2012-2013) (Verma and Fernandez, 2010). Whilst it is 

unlikely that these steepest trajectories persist, their simulation aims to cover the 

dimensions of the SJOSs by exploring internal resilience to the spectrum of 

external evolutions. 

Without introducing fertility awareness programmes, fisher birth and death rates 

are external to governors. Whilst increasing ‘r’ contradicts Odisha’s wider 

multidecadal birth and death rate convergence (PCD, 2011), this model aims to 

produce a broad range of population trajectories between a stabilising population  

Table 5.1: The plausible trajectory ranges of the five external drivers used to 

drive the model’s internal dynamics into future; current values 

derive from the baseline period 1986-2005. 

Driver Current value (±SD) Plausible trajectory range 

  Min Max 

Annual average 

rainfall 

1259.3 (±205.3) 

mm/year 

0 +20% by 2065 

Annual average 

temperature 

25.3 (±1.2) °C 0 +3°C by 2065 

Fish price  133.6 INR/kg 0 30 INR/kg/year 

Diesel price 55.9 INR/litre 0 7 INR/litre/year 

Birth rate minus 

death rate 

(Malthusian’s ‘r’) 

14.0  0 2.20%/year 
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and a doubled population from present, in order to probe the edges of the SJOSs 

rather than predict most likely outcomes. Importantly, livelihood carrying 

capacities may also influence the populations during fishery declines.  

STELLA operationalises these trajectories by setting the variables as sensitivity 

parameters in the sensitivity analysis tool. Per simulation, STELLA randomly 

samples between minimum and maximum trajectories (table 5.1), bound by 

uniform probability distribution functions assuming each trajectory is equally 

likely under deep uncertainty (Kwakkel et al., 2010). The random number seeds 

  

Figure 5.1: The five external 

funnels generating dynamics until 

2060: (A) mean annual near-

surface air temperature across the 

Lower Mahanadi and Western 

catchments; (B) mean annual 

rainfall across the same areas; (C) 

fish price; (D) diesel price and (E) 

net of birth and death rates (‘r’). 
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are the same for the different governance scenarios to assess resilience under the 

same external trajectories.  

Deriving monthly (𝑡) values of diesel and fish price involves adding the random 

annual increase (𝑥) for a given simulation (𝑖) to the previous value: 

𝐴𝑛𝑛𝑢𝑎𝑙𝑃𝑟𝑖𝑐𝑒𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑖 = 𝑅𝐴𝑁𝐷𝑂𝑀(𝑥𝑖)        (Eq 5.1a) 

𝑃𝑟𝑖𝑐𝑒𝑡,𝑖 = 𝑃𝑟𝑖𝑐𝑒𝑡−1,𝑖 +
𝐴𝑛𝑛𝑢𝑎𝑙𝑃𝑟𝑖𝑐𝑒𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑖

12
       (Eq 5.1b) 

Future ‘r’ follows the same principle, except changes are percentage and 

multiplicative rather than absolute and additive. Nonstationary rainfall and 

temperatures are driven by: 

𝐹𝑖𝑛𝑎𝑙𝐶𝑙𝑖𝑚𝑎𝑡𝑒𝐶ℎ𝑎𝑛𝑔𝑒 = 𝑅𝐴𝑁𝐷𝑂𝑀(𝑦𝑖)       (Eq 5.2a) 

𝐶𝑙𝑖𝑚𝑎𝑡𝑒𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖,𝑡 = 𝑉𝑎𝑙𝑢𝑒𝐹𝑟𝑜𝑚𝐸𝐶𝐷𝐹𝑡 + 𝐹𝑖𝑛𝑎𝑙𝐶𝑙𝑖𝑚𝑎𝑡𝑒𝐶ℎ𝑎𝑛𝑔𝑒𝑖 ×
𝑛

𝑁
  (Eq 5.2b) 

Where 𝑦𝑖 is the sampled rainfall/temperature trajectory by 2060 (table 5.1), 𝑛 is 

the number of months passed since 2010 and N is the total number of months 

between January 2010 and December 2060. For instance, if the output from the 

temperature empirical cumulative distribution function (chapter 3.4.1.6) for 

March 2030 is 26°C, under a scenario of 2°C warming, the climate change 

influenced temperature equals 26.8°C (26 + 2 ×
255

612
 ). This method increases 

climatic means and variances over time (Houghton et al., 2001).  

Per governance scenario, 1000 trajectories per external driver are simulated. It is 

important to note that the resulting scenario funnels have various limitations. 

Climate trajectories could be linked given that atmospheric warming generally 

increases atmospheric moisture capacity. However, independent trajectories 

assess system sensitivity to different rates of rainfall and temperature change, 

equally insightful considering uncertainty exists around the eventual magnitude 

of rainfall change. Furthermore, modelling monthly climate dynamics excludes 

sub-monthly events like tropical cyclones and flash rainfalls. Fish price and diesel 

price are also unlinked to explore resilience to the spectrum of incomes and costs. 

Moreover, one Monte Carlo sample per driver per simulation produces linear 

socioeconomic trajectories. Alternatively, the trajectories could be sampled 

multiple times per simulation (e.g. annually) to generate spikes (e.g. fuel price 

hikes) and flatlines (e.g. fish price stagnation). However, this strategy would 

increase the number of Monte Carlo samples from five to 255 per simulation.  
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Figure 5.2: Histograms of the five external trajectories, plotted in the same 

order as figure 5.1. The socioeconomic trajectories are described by 

annual gradients from 2015-2060; the climate variables are described 

by their 2050-2060 annual average relative to the baseline. 

It is important to understand the external trajectory distributions and 

combinations to contextualise the outcome distributions. For example, does the 

above methodology produce bias conditioning the outcomes to a particular future 



Chapter 5: Plausible futures 

151 

(e.g. overexploitation)? Despite localised peaks and troughs, the future 

trajectories of temperature change, fish price, diesel price and ‘r’ are uniformly 

distributed between zero and maximum plausible change (figure 5.2). 

Consequently, the model simulates an array of socioeconomic scenarios 

(appendix C.3), with combinations of steep fish and diesel price as likely as any 

other trajectory. In contrast, rainfall trajectories have a slight positive skew: the 

mean rainfall trajectory is +4% from 2050-2060, with 95% of trajectories falling 

between -5% and +15% change. The rarity of steep positive change derives from 

the positively skewed historical rainfalls (chapter 3.4.1.6), particularly during dry 

post- and pre-monsoon months. Nevertheless, ~30 simulations per governance 

scenario explore the effects of ≥ 15% rainfall increase, distributed across the 

temperature trajectories (appendix C.3).  

This subchapter has described the methods used to frame and operationalise the 

exploratory external scenarios. Rather than constant external variables 

conventionally modelled by fishery SDMs, this study parameterises nonstationary 

conditions to force internal dynamics into unchartered regions of parameter 

space. Moreover, this nonstationary approach aims to assess interacting 

thresholds, such as whether socioeconomic SJOSs shift under climate change.   

5.3 Internal governance scenarios 

System governance provides a method to manipulate future sustainability and the 

location of thresholds (Hughes et al., 2017). Numerous options were possible 

prior to the fieldtrip, including doing nothing; business-as-usual outlet 

maintenance (Kumar and Pattnaik, 2012); restrictions on fishing area and/or time; 

licence limits; motorboat bans; MSY quotas and alternative livelihoods. Regional 

literature and Chilika’s experts helped identify feasible policies, here described in 

order of increasing decommonisation whereby CPR rights are traded for 

command and control (Nayak and Berkes, 2011). In addition, the causal 

mechanisms are hypothesised to provide context and avoid black-boxing 

governance (Biesbroek et al., 2017). The four governance scenarios modelled are: 

1. No governance (NO): less regulatory than business-as-usual, doing nothing is 

the default model setting after outlet opening in 2000. Modelling NO assesses 

whether the previous outlet opening has created a fishery resilient to plausible 

stresses until 2060. NO governance may be forced if state level decision-

makers stop funding regional conservation activities: 
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 Operationalisation: no further action/variables required.  

2. Periodic outlet maintenance (OM): although a new outlet has not been cut 

since 2000, the CDA has published plans to cut a new tidal outlet 

“approximately once in 10 years” to maintain resource mobility to and from 

the Bay of Bengal (Kumar and Pattnaik, 2012, p.115). Therefore, starting in 

January 2020, OM pulses sediment from the modelled stock every 120 months. 

The magnitude of the pulse stabilises sedimentation at a pre-1980 levels to 

maintain the brackish water environment, meaning sediment removal is 

positively associated with sediment accumulation between openings.  

 Operationalisation: an additional variable (‘outlet maintenance’) removes 

sediment every 120 months: 

𝐈𝐅 𝐓𝐈𝐌𝐄 = 576 𝐎𝐑 696 𝐎𝐑 816 𝐎𝐑 936 𝐎𝐑 1056  

𝐓𝐇𝐄𝐍 ChilikaSedimentStock𝑡 × 0.3 𝐄𝐋𝐒𝐄 0     (Eq 5.3) 

3. OM plus a permanent fishing ban across an area equivalent to the tidal 

outlet (OB): expanding upon the six months ban of OMFRA 1988, the 

permanent restriction here reflects the desire to stop all fishing within the 

tidal outlet, communicated during both the key informant and stakeholder 

interviews. The aspatial model assumes fish abundance and fishing efforts 

distribute uniformly across the lagoon, meaning OB may underestimate the 

effects of limiting extraction from the main migratory highway. The ban is 

implemented in January 2015 (Eq 5.4a), but its regulatory effect rises linearly 

from zero to full cooperation in 2025 (Eq 5.4b) (Mohanty – personal 

communication). 

 Operationalisation: each fleet’s (𝑖) fishing effort (chapter 3.4.3) is limited 

once the ban is active (equation 5.4a) and adhered to (equation 5.4b): 

𝐵𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑒 = 𝑰𝑭 𝑻𝑰𝑴𝑬 < 516 𝑻𝑯𝑬𝑵 0 𝑬𝑳𝑺𝑬 1     (Eq 5.4a) 

𝐵𝑎𝑛𝐴𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑮𝑹𝑨𝑷𝑯𝑰𝑪𝑨𝑳 𝑭𝑼𝑵𝑪𝑻𝑰𝑶𝑵 

[(0,0) − (1056,1)], (515,0), (516,
1

120
) , (635,1)    (Eq 5.4b) 

       𝐵𝑎𝑛𝐸𝑓𝑓𝑒𝑐𝑡𝑖 = 𝐹𝑖𝑠ℎ𝑖𝑛𝑔𝐸𝑓𝑓𝑜𝑟𝑡𝑖 × 

(1 − 𝐵𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑒 × 𝐵𝑎𝑛𝐴𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 ×
𝑂𝑢𝑡𝑙𝑒𝑡𝐴𝑟𝑒𝑎

𝐿𝑎𝑔𝑜𝑜𝑛𝐴𝑟𝑒𝑎
)    (Eq 5.4c) 

Where 𝑂𝑢𝑡𝑙𝑒𝑡𝐴𝑟𝑒𝑎 equals 70 km
2

 and 𝐿𝑎𝑔𝑜𝑜𝑛𝐴𝑟𝑒𝑎 equals 1000 km
2

 (Srichandan 

et al., 2015). 
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4. OB plus alternative livelihoods (OL): in addition to OB, alternative livelihoods 

aim to reduce fishing pressure and human dependence on the fish stock. The 

CDA, Odisha’s state government and ICZMP currently divert fishers into coir 

production, agriculture and poultry farming (Kumar and Pattnaik, 2012). 

However, no detail exists about the number and uptake of alternative 

livelihoods. Therefore, fishers are removed from their respective populations 

at an exploratory rate of 1 in 2000 fishers per fleet per month. With ~35,000 

fishers in 2015, this rate equates to ~420 alternative livelihoods over the year, 

split roughly 60:40 between traditional and non-traditional fishers. Fishers 

with alternative livelihoods disappear from the model, thus assuming an 

absence of part-time fishing.  

 Operationalisation: From January 2015, an outflow from each fisher stock 

(𝑖) removes 1 in 2000 fishers/month: 

𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒𝐿𝑖𝑣𝑒𝑙𝑖ℎ𝑜𝑜𝑑𝑠𝑖,𝑡 = 𝑰𝑭 𝑻𝑰𝑴𝑬 < 516 𝑻𝑯𝑬𝑵 0 

 𝑬𝑳𝑺𝑬 
𝐹𝑖𝑠ℎ𝑒𝑟𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑡,𝑖

2000
         (Eq 5.5) 

Importantly, these policies are static as decision-makers are unresponsive to 

changes in conditions after policy implementation. Alternatively, adaptive 

governance could open the outlet or implement bans once catch falls beneath 

MSY, with robustness analysis finding optimal policy magnitudes and frequencies 

(Kasprzyk et al., 2013, Kwakkel et al., 2016). However, Chilika’s decision-makers 

are not seeking to optimise outcomes, instead prioritising wise use and 

maintenance (Kumar et al., 2011). Moreover, SJOSs of decisions makeable today is 

consistent with the original SJOS concept (Dearing et al., 2014). Third, simulating 

relatively few governance scenarios improves the tractability of their effects whilst 

building foundations to consider additional policies in future.   

5.4 The safety of plausible futures 

The previous subchapter operationalises spectrums of plausible futures to assess 

the resilience of Chilika’s fishery to nonstationary natural and human drivers. This 

subchapter defines what it means to be resilient and/or safe and just, based on 

present day environmental baselines and socioeconomic norms (Dearing et al., 

2014). The SJOSs definitions established by Dearing et al. (2014) have different 

means of operationalisation. Linear thresholds represent conditions that once 

crossed produce normatively alternative states. Common examples include the 
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World Bank’s international poverty line (Jolliffe and Prydz, 2016) and the FAO’s 

minimum daily energy requirement (FAO, 2008). Linear thresholds also inform a 

number of social foundations for humanity (Raworth, 2012), including food 

security, income and equity. Like the international poverty line, linear thresholds 

are iterative and show outcome proximity to the threshold. However, normative 

targets may not be attainable for all outcomes, as evidenced by absent 

foundations for social voice, resilience and jobs (Raworth, 2012).  

Dearing et al. (2014) base safe and cautionary thresholds of sediment and water 

regulation on nonlinear dynamics; Hossain et al. (2017) flag dangerous social-

ecological conditions for the Ganges-Brahmaputra-Meghna delta once rice 

production falls below its historical envelope of variability. Whilst indicating 

abrupt and surprising trends, the envelope of variability approach has limitations. 

First, nonlinear changes or novel outcomes are not always unsafe; for instance, 

abrupt catch decline might reflect a sudden shift in dependence away from 

fishing rather than resource scarcity. Second, an envelope parameterised with 

observations may include recent regime shifts (e.g. Chilika in the 1990s), 

implying that resource collapse is part of normal functioning. Third, whilst 

models can explore system configurations leading to nonlinearities, these may be 

missing for systems without reinforcing feedbacks. Therefore, only basing safety 

on the presence/absence of nonlinear thresholds implies long-term drifts are 

always safe.   

Ultimately, SJOSs are system and outcome dependent. Fisheries have multiple 

outcomes which should ideally remain safe and just, including catch, resource 

availability, incomes and broader social foundations (Raworth, 2012). However, 

rather than defining SJOSs individually, this study adopts a top-down 

classification to seek driver trajectories leading to social-ecologically desirable 

catch (Bai et al., 2016, Verburg et al., 2016), in line with the view of Brucet et al. 

(2013) that future ecological targets should fundamentally secure the long-term 

capacity to supply ecosystem services. The sustainable future is normative in the 

sense that it is deemed to be a good Anthropocene future (Berkhout, 2014) by 

system experts; however, achieving 100 tonnes less than MSY is unlikely to have 

substantial quantitative or qualitative social impacts. Moreover, the linear 

definitions aim to provide an initial proof of concept, so that nonlinear 

boundaries may be sought in future. 

To this end, catch is the principal service generating at least 70% of Chilika’s 

economic value (Ray and Garada, 2017), employing 35,000 fishers and 200,000  
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secondary dependants (Iwasaki and Shaw, 2010b), whilst acting as the main 

indicator of resource health under the assumption that catch and abundance are 

positively related. Therefore, the following definitions classify the 1000 future 

catches per governance scenario (figure 5.3), representing stage C of figure 2.4: 

1. Safe and just: from 2050-2060, annual catch averages between MSY lower 

(11,400 tonnes) and MSY upper (13,900 tonnes) estimations (CIFRI, 2006, 

Kumar and Pattnaik, 2012). 

MSY is conceptualised as the maximum catch that is indefinitely extractable from 

a fish stock without degrading its long-term renewal (Maunder, 2008). Catch 

above MSY is arguably socially just by allowing short-term profits, but ecologically 

unsafe in the long-term. Oppositely, sub-MSY catch is ecologically safe, but 

comparatively unjust by limiting catch below the maximum sustainable rate.  

An alternative definition might consider the fishery safe only if all catches equal 

MSY. However, averaging MSY from 2050 onwards acknowledges that inherent 

 

Figure 5.3: Schematic representation of plausible catches resulting from the 

spectrums of internal and external dynamics. The challenge here is 

to understand which futures are safe and just, and in turn, discover 

the causal pathways and interactions to guide system governance.  
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interannual variability is not necessarily unsustainable (Andrew et al., 2007) and 

its suppression may constrain multidecadal resilience (Carpenter et al., 2015b). 

The 2050-2060 period aligns with goal-seeking SDMs, aiming to balance mid-

term governance, mid-century climate projections and uncertainties increasing 

over time from the potential emergence of processes like nonlinear climate 

change or shifts from today’s social norms. To this end, the goal represents a 

checkpoint towards longer-term sustainability, recognising that safe and just 

outcomes are relatively likely to prepare the system for challenges beyond 2060.  

2. Dangerous: in any year, the total fisher population exceeds the total 

livelihood carrying capacity.  

The livelihood carrying capacity represents a hypothetical population whose 

fishing costs are covered by the fishery value (chapter 3.4.4). Therefore, 

dangerous futures imply that the system is overcapacity, whereby the principal 

ecosystem service no longer supports the average livelihood cost. Consequently, 

a number of fishers proportional to the magnitude of overshoot must quit fishing 

as the system reorganises towards a sustainable population.  

Normative dangerous futures have two key assumptions. First, the system is 

dangerous at an aggregated level, assuming fishery value and costs split evenly. 

This aggregation is coherent with population data that does not discriminate 

between traditional and non-traditional fishers (Noack et al., 2013, CDA, 2015). 

Consequently, the livelihood carrying capacity declines as non-traditional fishers 

increase as a proportion of the total population due to the heightened costs of 

motorised fishing. Experimental simulations flagging dangerous futures once 

either population exceeded its carrying capacity found that traditional fishers 

upgrading to motorboats caused temporary overcapacity of non-traditional 

fishing; these futures would become safe at the next time-step in response to 

heightened non-traditional catch value. Second, a dangerous future is dangerous 

across its simulation length. Therefore, any aggregated overcapacity is 

considered undesirable, irrespective of when it occurs and the speed and 

magnitude of reorganisation.  

3. Cautionary: the system is neither safe and just nor dangerous.  

Cautionary futures correspond to two conditions that are neither safe nor 

dangerous. First, sub-MSY catch is cautionary if the total fisher population is 

below the livelihood carrying capacity. In other words, catch is socially unjust 
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relative to MSY, but production still covers the average livelihood cost. Second, 

representing an upper ceiling to discourage unsustainable fishing efforts, 

averaging catch above MSY from 2050 is also considered cautionary.  

5.5 Chapter conclusion 

The first aim of this thesis is to model the future processes, states and scenarios 

of the Chilika lagoon fishery. Through various structural and behavioural 

assessments, chapter 4 argues that the model captures the magnitudes, relative 

contributions and resulting dynamics of key social and ecological drivers. The 

techniques developed in chapter 5 project these processes into future to identify 

pathways towards safe and just futures (chapter 5.4), which are partly shaped by 

how decision-makers (chapter 5.3) influence internal resilience to the plausible 

external trajectories (chapter 5.2). 

The exploratory scenarios, governance scenarios and normative futures aim to 

contribute towards a number of research gaps in sustainability science and 

resilience thinking. First, the normative futures provide a ‘good Anthropocene’ 

target for decision-makers to aim for (Andrew et al., 2007, Berkhout, 2014, Bai et 

al., 2016), representing maximum human utility before multidecadal resource 

persistence is affected. Critically, achieving safe and just futures here does not 

rule out steering towards different trajectories in future (Hughes et al., 2017, 

Sterk et al., 2017), at least relative to the inflexibility of ecological degradation 

and livelihood losses under normatively dangerous futures. Second, in line with 

social-ecological resilience, coupling exploratory futures with normative targets 

investigates the maximum permissible stress before desirable functions are lost 

(e.g. self-organisation towards safe and just futures) (Folke, 2006). Third, 

modelling five external trajectories builds on conventional one-at-a-time resilience 

assessments to define resilience across multiple and interacting pathways 

(Scheffer et al., 2015, Sterk et al., 2017). 

The next chapter operationalises the above principles to investigate the future 

sustainability of the Chilika lagoon under alternative governance approaches, as 

judged by the interacting pathways and thresholds delineating safe and just 

futures, wider social-ecological outcomes, trade-offs and nonlinearities 

influencing the usefulness of steering SESs under the SJOS concept.  
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Chapter 6: Model outputs – future outcomes, 

safe and just operating spaces, and social-

ecological complexities 

6.1 Chapter introduction and structure 

To provide a holistic assessment of Chilika’s sustainability, this chapter conducts 

a series of exploratory analyses with ramifications for the governance of Chilika, 

the SJOSs concept, and wider notions of social-ecological sustainability and 

resilience. Consequently, it is worth mapping the structure of this chapter to aid 

its narrative. First, by offering a metric to assess the quality of future scenarios 

and states, catch time-series synthesise the resilience of system functions under 

different governance approaches (chapter 6.2). Analysis then switches to the 

causal pathways, assessing driver-response relationships under NO to understand 

whether Chilika remains susceptible to historical causes of collapse (chapter 6.3). 

The focus then shifts to governance scenarios with SJOSs, with probabilistic 

resilience analysis exploring system attraction to undesirable futures (Peterson, 

2002) (chapter 6.4).  

Chapter 6.5 analyses the classical system dynamics forming pathways towards 

normative futures (Verburg et al., 2016), including periods of linear growth, 

nonlinearities and collapse. However, time-series alone do not fully communicate 

the resilient interactions underpinning SJOSs (Scheffer et al., 2015, Hossain et al., 

2017). To this end, SJOSs synthesise the relationships between driver trajectories 

and outcome states, helping to depict permissible driver limits (chapter 6.6) and 

interactions (chapter 6.6.5), including how climate change influences resilience to 

local human stressors (Scheffer et al., 2015). Chapter 6.7 furthers these 

principles by designing “core SJOSs” to reduce system precariousness to the 

identified thresholds (Walker et al., 2004), facilitate tiered governance (Biggs et 

al., 2015b) and identify the most critical drivers of system safety. 

Social-ecological functions extend beyond supporting livelihoods at an 

aggregated level (Cumming and Collier, 2005, Costanza et al., 2011), whilst 

sustainability has broader dimensions beyond the persistence of resource 

productivity (Kates et al., 2001). Therefore, chapter 6.8 helps evaluate the use of 

normative states through wider aspects of ecosystem health, human livelihoods 
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and social-ecological trade-offs omitted from the SJOS definition. Chapter 6.9 

then compares the system’s current trajectory to the identified SJOSs, evaluating 

whether threshold transgression is a genuine concern or if trends are set to 

remain sustainable.  

The final two subchapters focus on the nonlinear concepts of SJOSs. Nonlinear 

driver-response relationships suggests vulnerability to abrupt and potentially 

irreversible degradation (Scheffer et al., 2001), forming deeper perils beyond 

livelihood losses (Green et al., 2017). To this end, simulating until 2100 explores 

the time-scales, reversal forces and presence of hysteresis when recovering from 

overexploitation (chapter 6.10). In line with type-II and type-III dynamics (Dearing 

et al., 2014), a novel time-series metric is then developed to assess the 

relationship between the predictability of historical envelope exit and future 

outcome conditions. Such analysis provides additional future guardrails, and 

evaluates the use of linear and nonlinear SJOS definitions (chapter 6.11).     

6.2 Plausible future catch 

This section presents the 1000 future catch time-series per governance scenario. 

Considering all outcomes from each governance scenario (table 6.1), managed 

decommonisation generally increases annual average catch from 2015-2060, 

which is most noticeable in the normative future space from 2050-2060. 

Moreover, managed decommonisation limits catch variability under the spectrum 

of driver trajectories, thus creating relatively stable social-ecological interactions. 

In turn, governance has three headline effects on the persistence of Chilika’s fish 

catch (figure 6.1). In general, simulations removing CPR rights (i.e. OL governance) 

(i) are more likely to reach the normative safe and just space, and are less likely 

to reach the normative dangerous space, (ii) undergo shallower and later 

collapses from desirable outcomes, and (iii) exhibit safe and just catch pathways 

with relatively limited variance between now and 2050 (appendix D.2). Therefore, 

managed decommonisation enhances system persistence, resistance and 

robustness to plausible external trajectories.  

Regarding scenario specific dynamics, safe and just futures are absent under do 

nothing governance (figure 6.1A), with the disappearance of all 1000 simulations 

suggesting that unmanaged sedimentation effectively closes the tidal outlet to 

Chilika’s migratory fish, as occurred during the 1990s (Rajawat et al., 2007, Das 

and Jena, 2008). In support of this historical legacy, NO catch takes an average of  
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6.5 years to fall from 8,000 tonnes/year to below 2,000 tonnes/year, mirroring 

the rate of sedimentation induced collapse from 1988-1995 (figure 2.6).  

OM governance suggests that averaging MSY from 2050-2060 is only possible if 

resource availability and mobility are maintained, explicating the need for 

periodic tidal outlet maintenance. However, whilst OM inhibits all simulations 

from collapsing, cautionary catches remain the dominant outcome (figure 6.1B). 

Consequently, the frequencies of cautionary and dangerous futures suggest 

merely flushing the tidal outlet builds insufficient robustness against drivers like 

fishing efforts or long-term undesirable ecosystem conditions.  

Introducing fishing bans almost doubles the frequency of safe and just catches 

relative to OM (figure 6.1C). Therefore, it may be hypothesised that a proportion 

of OM’s dangerous futures are caused by unsustainable fishing efforts, which are 

converted to sustainable trajectories under OB’s regulations. As a result, 

exposing Chilika to overexploitation is an unintended consequence of building 

resilience against the legacy of outlet sedimentation. Transitioning from 8,000 

tonnes/year to 2,000 tonnes/year takes an average of 12.0 and 10.5 years under 

OM and OB respectively. Therefore, processes under OM and OB are more 

resistant to change than NO, meaning that collapses with elements of 

overexploitation are more resistant than collapses caused by resource immobility. 

Despite the slower transitions, dangerous catch generally occurs earlier under OM,  

Table 6.1: Summary statistics of the annual catch time-series per governance 

scenario for the period 2015-2060, unless otherwise stated. See 

chapter 5.3 for governance scenarios.   

 Catch statistics (tonnes) 

Governance 

scenario 

Mean 

average 

Standard 

deviation 

Maximum Range 

Mean 

average 

(2050-

2060) 

NO 4,500 5,400 15,000 15,000 0 

OM 11,200 4,000 17,800 17,700 5,800 

OB 12,000 3,300 17,700 17,400 7,800 

OL 13,400 1,400 17,600 13,800 12,700 
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Figure 6.1: Catch time-series generated under the four governance scenarios 

(colour), plotted alongside pre-2015 catch values (black). The pie 

charts depict the proportions of different normative futures per 

governance scenario. Green – safe and just, orange – cautionary, and 

red – dangerous. See appendix E for colour-blind friendly version. 
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with the year of fishery overcapacity ranging from 2050-2060 (mean = 2056), as 

opposed to 2052-2060 (mean = 2058) for OB.  

The uptake of alternative livelihoods from 2015 completely avoids collapse and 

increases the frequency of sustainable catch five-fold over OM (figure 6.1D). 

Therefore, the safest balance between resource availability and exploitation 

corresponds to policy approaches that preserve resource mobility whilst 

dampening the growth of fishing efforts, in terms of total boats and area fished. 

The proportion of safe and just futures under OL increases to 81% if runs 

averaging above MSY from 2050 are included; however, these are classified as 

cautionary to discourage mid-century overexploitation.   

Analysis of the catch time-series hypothesises that relatively shallow gradients of 

socioeconomic development (e.g. motorboat uptake and income) are required to 

persist desirable catches once the resource mobility is secured. Consequently, 

governors may be cautious of trading short-term profitability for multidecadal 

persistence. However, with the exception of NO, average safe and just catches 

until 2049 are ~25% higher than the observed average catch from 2001-2010 

(appendix D.2). Furthermore, OL’s safe and just catches from 2050 are closest to 

the preceding four decades, reflecting the relative resource conservation afforded 

by the most regulatory policy (appendix D.2). Arguably, an extra 100 tonnes/year 

under OM until 2049 is an unsafe trade-off, considering the proportion of 

sustainable futures is 80% less than OL.  

In summary, average catch and the achievement of normative safe and just 

futures are proportional to the number of governance interventions, representing 

the process of managed decommonisation. Doing nothing attracts the system 

towards collapse as outlet sedimentation degrades resource mobility. Decadal 

dredging of the tidal outlet establishes the possibility of sustainable futures, 

which is further enhanced by the introduction of fishing bans across an area 

equal to the new tidal outlet. Dangerous futures disappear once alternative 

livelihoods remove 1/2000 fishers/month. Therefore, securing resource mobility 

does not guarantee sustainable development as the system becomes sensitive to 

anthropogenic actions, which represent novel concerns for decision-makers. The 

following subchapters develop this hypothesis, first by interrogating NO’s 

collapses, before exploring the driver pathways influencing sustainability across 

OM, OB and OL.  
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6.3 ‘No governance’ scenario 

NO is analysed separately here because driver based SJOSs are undefinable. 

Interestingly however, catches exhibit variability in terms of maximum catch, 

gradients of collapse and the timing of disappearance (figure 6.1). Consequently, 

this section ascertains whether variability is due to human and/or natural stresses, 

in order to understand whether doing nothing retains vulnerability to the 

historical legacy of collapse.  

Pearson’s correlation and linear regression analysis performed in R (2008) assess 

whether the trajectories of three natural and three human drivers associate with 

the date of catch disappearance (DCD), defined here as the year when catch first 

equals zero (tonnes/year). Rather than one-off, potentially extreme values 

coinciding with DCD, rainfall and temperature changes are represented by their 

respective 2043-2053 mean averages, covering the range of DCD dates. These 

means are standardised relative to the IPCC (2013) baseline of 1986-2005 to 

derive climate change magnitude. If natural conditions drive catch variability 

under NO, it is hypothesised that DCD should be inversely proportional to the 

magnitude of rainfall increase. In contrast, future temperatures may exhibit a 

positive relationship with DCD due to the evaporation of runoff. Annual lagoon 

salinity indicates the internal effects of hydroclimatic changes, tidal water 

ingressions and the closure of the annual fish migration route. As a slow process 

relative to annual rainfall and temperatures, salinity is represented by its 2042 

average, hypothesised to be inversely related to DCD.  

Regarding socioeconomic drivers: (i) fish price is taken in 2042 to match the year 

before the first DCD, (ii) the maximum active fisher population per simulation 

indicates both peak fishing efforts and the number of livelihoods directly 

dependent on catch, and (iii) the maximum number of motorboats depicts fishing 

effort composition. These latter two conditions are taken pre-2043. If natural 

conditions solely drive NO’s collapse then no relationship should be present 

between socioeconomic drivers and DCD.  

Overall, variance in DCD can be significantly explained (p < 0.05) by all drivers 

with the exception of temperature change (figure 6.2), suggesting heightened 

evaporation cannot compensate for intensified hydrological flows towards Chilika 

(figure 6.2A). However, insensitivity to ~2°C warming is a positive discovery, 

suggesting that warmer waters and associated habitat changes are sustainable as 

long as resource mobility persists. Conversely, average annual rainfall is  
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negatively correlated with DCD (figure 6.2B) and salinity is positively correlated 

with DCD (figure 6.2C), together suggesting Chilika remains vulnerable to 

changing hydroclimatic inputs and resource immobility in the absence of outlet 

maintenance.  

Interestingly, it is not possible to reject the null hypotheses that socioeconomic 

drivers influence the DCD (figure 6.2D-F). Two possible reasons exist for the 

 

Figure 6.2: Relationships between the trajectories of (A-C) natural and (D-F) 

human drivers and the dates of catch disappearance under NO 

governance. All degrees of freedom equal 998. 
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positive association between maximum fisher population and DCD (figure 6.2E). 

First, increased fishing efforts may temporarily offset catch decline before 

resource loss. However, this hypothesis is undermined by the inverse relationship 

between the maximum number of motorboats and DCD (figure 6.2F), implying 

that intensive fishing efforts encourage collapse. Therefore, the positive 

correlation between the maximum fisher population and DCD is likely an artefact 

of prolonged livelihood persistence under shallow hydroclimatic trajectories.  

In summary, model outputs suggest that NO governance will cause catch 

disappearance by the early 2050s, regardless of socioeconomic and biophysical 

trajectories. The timing of collapse is inversely proportional to the magnitude of 

rainfall change under climate change, with enhanced freshwater and sediment 

deliveries undermining resource mobility. Therefore, model outputs suggest that 

decision-makers must dredge the tidal outlet once every 10 years to have any 

chance of persisting desirable social-ecological functions to mid-century. The 

analysis of NO unlocks a suite of additional questions to steer Chilika towards a 

safe and just future. Can sustainable driver pathways be distinguished, securing 

resource mobility without facilitating overexploitation? How does proactive 

governance influence resilience to external and internal stresses? And, do novel 

ecosystem conditions emerge under OM, OB and OL governance?  

6.4 Probabilistic resilience analysis 

In essence, a system can be considered resilient if desirable outcomes and 

functions persist across the plausible range of driving conditions (Holling, 1973, 

Folke, 2006). However, the fuzzy nature of the catch time-series obscures a 

number of qualities relating to resilience, including the density and range of 

outcomes at different times. To this end, probabilistic resilience synthesises the 

catch time-series by plotting probability distribution functions of the probability 

of a given output magnitude at a given time (Peterson, 2002, Perz et al., 2013, 

Bitterman and Bennett, 2016), with inverted vertical axes creating resemblance to 

ball-and-cup diagrams (e.g. figure 2.2). Plotting the probability distribution 

functions over time explores how the system’s attraction to different ranges of 

outcomes evolves. A resilient system will have all outcomes aligned with the 

desirable region of the landscape, meaning that desirable conditions persist 

regardless of driver trajectories at that time (Perz et al., 2013).  
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Figure 6.3: The decadal evolution of stability landscapes under OM, OB and OL. 

Catch between MSY estimates (green) is symptomatic of a resilient 

fishery under the range of human and natural driver trajectories. Note: 

the scale of the y-axis across the top panel is different to the other five 

due to the high density of MSY catches. 
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In all, the probabilistic landscapes have two key implications for system 

persistence. First, drifts to higher catches precede the emergence of undesirable 

basins, suggesting Chilika’s long-term sustainability is undermined by catches 

above MSY. Second, retaining CPR rights causes the emergence of an alternative 

basin by 2050, which is delayed until 2060 under OB, and completely absent 

under OL.  

Explaining these overarching dynamics, modelled catch in 2010 forms a single 

basin within MSY bounds (figure 6.3) because the model is only driven by 

divergent scenarios from 2010 onwards; the observed 2010 catch of 11,955 

tonnes sits within the basins (Kumar and Pattnaik, 2012). All landscapes then 

undergo two transformations by 2020. First, whilst remaining inside MSY bounds, 

modal catch is positively displaced. Second, the upper edges of the desirable 

basins shallow due to catches above MSY. These dynamics signify fishery 

intensification by 2020, resulting from a combination of fishing effort growth and 

renewed resource availability after outlet opening in 2020.  

By 2030, the modal catch moves beyond MSY under OM and OB (figure 6.3). 

Although the lower edges of the basins shallow, the proportions of catch below 

MSY are <10% and <1% for OM and OB respectively, giving little indication of the 

undesirable outcomes that emerge over the following decades. OM’s desirable 

basin flattens by 2040, with the system uniformly attracted to catches from 

10,000-14,000 tonnes. A second, deeper basin forms by 2050 covering 4,000-

7,000 tonnes, indicating that certain driver trajectories may tip the system away 

from sustainable outcomes. OM’s desirable basin further shallows by 2060, whilst 

the undesirable basin becomes more resilient by steepening, deepening and 

shifting towards diminished catches. In contrast, substantial basin flattening is 

not evident until 2050 under OB due to robustness afforded by the fishing ban. 

The stability landscape of OB resembles OM by 2060, albeit with a weaker 

tendency for catches below 7,000 tonnes and the persistence of a distinct shallow 

basin around the MSY lower bound.  

Under OL, an alternative basin emerges by 2030 centred on 15,000 tonnes (figure 

6.3), representing an alternative trajectory away from MSY. However, this basin 

disappears by 2040 as the landscape evolves towards lower (more sustainable) 

catches. Concurrently, the proportion of catches below MSY increases from 0.2% 

(2030) to 12.4% (2050) as cautionary outcomes emerge. A distinct undesirable 

basin never emerges under OL, coherent with the absence of normatively defined  
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dangerous futures. Therefore, the chance of a given catch magnitude by 2060 

remains inversely proportional to its displacement from MSY.  

The need for a desirable state definition aligns with the persistence of ecological 

functions, as a system with a steep-sided basin of attraction may be trapped in 

unsustainable configurations. To this end, the probabilistic resilience score is 

developed here, equalling the proportion of catches per year between MSY 

bounds; a probabilistic resilience score equal to one means that MSY is the only 

outcome across the driver trajectories at that time. 

Probabilistic resilience score fluctuates across all three governance scenarios until 

~2040 (figure 6.4). The troughs observed around 2023 in all three scores 

correspond to the tendency of catches to exceed MSY after outlet opening in 

2020, highlighting sensitivity to the unintended consequences of outlet opening 

during steep socioeconomic growth. Missed by the decadal resolution landscapes 

(figure 6.3), all trends recover to ~70% of initial probabilistic resilience score by 

 

Figure 6.4: Time-series depicting the annual probabilistic resilience score 

(the proportion of catches inside maximum sustainable yield 

estimates) under OM, OB and OL governance. 
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the late-2020s as catches fall to MSY, before outlet opening in 2030 again boosts 

catches and weakens the probabilistic resilience score. Hereafter, the cyclical 

patterns under OM and OB terminate, with subsequent openings unable to 

remediate catch degradation. In contrast, OL’s probabilistic resilience score 

retains some sensitivity to decadal outlet openings, partly afforded by relatively 

weak catch intensification following earlier outlet openings.  

In conclusion, probabilistic resilience landscapes provide a method to synthesise 

the dynamics of 1000 time-series, whilst also charting the emergence of 

undesirable outcomes. Initial landscape evolution towards catches above MSY 

suggests short-term dynamics may undermine long-term resource renewal. 

Interestingly, tidal outlet opening in 2020 and 2030 helps boost catches above 

MSY, but degrades the ability of subsequent openings to restore sub-MSY catches. 

So far, the catch time-series and probabilistic resilience analysis black-box the 

causal interactions between resource availability, governance and fishing efforts. 

Therefore, to further the SJOS concept as a forward-looking tool, the next 

subchapter investigates causal trajectories before designing SJOSs for sustainable 

development.  

6.5 Future driver trajectories  

This section presents 36,000 driver trajectories (1000 trajectories x 12 drivers x 

3 governance scenarios) to assess whether particular system dynamics, such as 

gradients, cycles and nonlinearities, are symptomatic of different futures. The 

drivers scrutinised are:  

 External drivers: (i) annual rainfall averaged across the six districts (figure 

3.12), (ii) annual temperature averaged across the six districts, (iii) fish 

price at first sale and (iv) diesel price. The effect of birth and death rates 

(‘r’) is excluded as it is incorporated into the more tractable fisher 

population, which is annually measured by regional authorities. 

 Internal anthropogenic drivers: (i) total active fisher population, (ii) number 

of motorboats (iii) proportion of motorboats within total boats, and (iv) 

juvenile catch rate – defined here as the percentage of immature catch in 

total catch. These socioeconomic drivers indicate the extent and intensity 

of fishing efforts, plus human dependency on the system. 

 Natural drivers affected by internal human actions: (i) total annual 

freshwater inflow, (ii) total annual sediment inflow, (iii) annual average 

salinity and (iv) annual average macrophyte coverage. Whilst freshwater 
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and sediment deliveries are unmanageable short of upstream damming, 

dredging the tidal outlet internalises ecological effects, including the 

impacts on macrophyte growth, salinity and fish migration.  

Other drivers aggregate into the twelve above. Unsafe dissolved oxygen levels 

historically couple with undesirable salinity during stagnant freshwater conditions 

and periods of abundant macrophyte coverage (Biswas, 1995). The total number 

of boats is assumed to equal the fisher population divided by six. Boat upgrades 

are captured in the motorboat time-series, providing a relatively tangible indicator 

of fishing effort composition. Whilst catches are generally linked to stock 

abundance (Pauly et al., 2013), model performance analysis shows that stocks are 

stable in the absence of human and natural stresses (chapter 4.3.5). Therefore, 

the fish population is considered a wider social-ecological outcome of fishing and 

stock renewal (chapter 6.8). 

6.5.1 External drivers 

The dynamics of the four external drivers have three main implications for 

Chilika’s sustainable pathways. First, despite their linear trajectories, fish price 

and diesel price appear to have pathways symptomatic of the three normative 

futures (figure 6.5). In general, system safety tends to be inversely proportional 

to the gradient of fish price change but positively related to the gradient of diesel 

price growth, potentially due to the combination of high profitability and limited 

costs that make intensive non-traditional practices affordable. Second, managed 

decommonisation widens the safe and just trajectories of fish price and diesel 

price. The maximum sustainable fish price is 690 INR/kg by 2060 under OM, 

expanding to 800 INR/kg and 1,500 INR/kg under OB and OL, respectively. 

Likewise, the minimum safe diesel price by 2060 falls from 75 INR/litre under OM, 

to 65 INR/litre and 60 INR/litre under OB and OL, respectively.  

Third, and in contrast to fish and diesel prices, future catch appears insensitive to 

the trajectories of rainfall and temperature change as sustainable and dangerous 

outcomes occur across the magnitudes of decadal climate change (figure 6.5). 

The lack of clear associations between climate change and fishery safety supports 

the hypothesis that decadal tidal outlet maintenance builds resilience against the 

climate change magnitudes modelled here, with resource mobility preserved to 

avoid the type of collapse found under NO.  
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Figure 6.5: External trajectories under OM, OB and OL governance, classified as 

safe and just (green), cautionary (orange) or dangerous (red) 

depending on their normative future from 2050-2060 (figure 6.1). 

Climate trajectories are plotted as decadal anomalies from the 1986-

2005 baseline (blue dashed). Historical – black. See appendix E for 

colour-blind friendly versions. 
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6.5.2 Internal drivers: anthropogenic 

Three key findings underpin the safety of internal socioeconomic pathways at the 

system level (figure 6.6). First, the four internal socioeconomic drivers generally 

increase in magnitude over time, owing to fishery production that supports a  

 

Figure 6.6: Internal fishing effort trajectories driving fish catch under OM, OB and 

OL governance. Time-series colours are the same as figure 6.5. See 

appendix D.1.3 for colour-blind friendly version. 
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growing number of livelihoods and the shift towards non-traditional fishery 

practices (at least over the next three decades). Second, outcome safety is 

generally inversely proportional to the gradients of the four drivers, further 

suggesting that Chilika is vulnerable to intensifying human actions in future. 

Third, as with the external socioeconomic drivers, the maximum gradient leading 

to safe and just catches generally increases with decommonisation, indicating 

that decisions are makeable today that increase cross-scale resilience. For 

instance, the maximum permissible number of motorboats increases from 7,500 

under OM to 9,300 and 10,000 under OB and OL, respectively. The SJOSs are 

detailed further in chapter 6.6. 

Amongst these generalisations are complex dynamics that also influence 

sustainability. First, model outputs suggest that the active fisher population may 

abruptly rise then fall over the next 15 years. This spikey dynamic is explained by 

traditional fisher income increasing three-fold by 2020 under the steepest 

trajectories of fish price and catch. Consequently, ~75% of traditional fishers may 

switch to motorboats, causing the rapidly expanding non-traditional livelihood 

carrying capacity to accommodate steep population growth. However, ~25% of 

the traditional population cannot afford motorboats, causing the traditional 

sector to enter a spiral of decline. The remaining traditional fishers are then out-

fished by the dominant and expanding non-traditional sector, causing traditional 

livelihood loss once resource access no longer covers livelihood costs. 

The population trends return to a restricted funnel from the mid-2020s, with 

either a relatively sustainable mix of traditional and non-traditional fishers, or a 

system dominated by non-traditional fishers. Nonlinearities from higher 

population growth rates re-emerge by 2040. From 2050-2060, dangerous 

populations undergo stabilisation or reverse, as livelihood carrying capacities 

shrink due to catch collapse. Therefore, dangerous futures are associated with 

livelihood losses for the poorest during a quantitatively healthy fishery, before 

the total population is vulnerable to resource exhaustion from mid-century. 

Safe and just motorboat uptake tends to be linear under OM. Nonlinear 

trajectories may be sustainable under OB, whilst OL accommodates the stepwise 

changes and motorboat dominance associated with cautionary and dangerous 

futures under OM and OB. The eventual state of an unsafe trajectory also depends 

on long-term population growth, with dangerous curvilinear motorboat trends 

emerging from the 2040s under the steepest population changes. Therefore, 
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whilst short-term nonlinear efforts may push the system from its SJOS, the 

dynamic does not alone lead to dangerous futures.  

Juvenile catch forms a reinforcing feedback driving both resource degradation 

and the adaptive responses of fishers to declining resource density. Unsafe 

juvenile catch emerges first under OM as fishers adapt to the earliest stock 

declines, but due to two synergistic dynamics, OB’s fish catch may be completely 

dependent on juvenile catch by 2060. First, a predominantly non-traditional fisher 

population perceives the decline in mature fish, causing the slow switch to 

juvenile catch in an attempt to maintain productivity (figure 3.23). Second, the 

outlet fishing ban limits mature fish catch (chapter 5.3), further encouraging the 

transition to juvenile catch. Thus, whilst helping to delay catch declines and 

widen permissible fishing effort trajectories, fisher adaptations under OB may 

unintentionally cause less selective catches that undermine long-term persistence.  

The socioeconomic dynamics of OL are distinct insofar as safe and just futures 

are possible despite spiked population growth by 2020, nonlinear population 

growth by 2060 and motorboat domination. Such resilience is because the 

modelled rate of alternative livelihoods keeps the fisher population (i.e. total 

fishing effort) below the dangerous zone of OM and OB. Therefore, for at least 

the next 45 years, OL offsets the creeping causes of overexploitation and builds 

resilience against short-term dynamics found to destabilise the system under less 

regulatory governance.   

Relative to the external drivers, the safety of internal socioeconomic pathways is 

complex, dependent on different linear and nonlinear growth rates, multivariable 

interactions and responses to governance. However, it is not yet known whether 

the system is heading towards particular ecosystem conditions, and if so, whether 

associations exist with fishery state that undercut resilience to human processes.  

6.5.3 Internal drivers: biophysical 

Freshwater and sediment delivery trajectories are plotted as mean percentage 

changes from 1999-2009, which represents the period of available data (figure 

6.7). The extreme deliveries of 2001 are excluded as per Kumar and Pattnaik 

(2012), giving baselines of 4,300 MCM/year and 790,000 tonnes/year for 

freshwater and sediment deliveries, respectively. Overall, the gradients of 

ecohydrological change and fishery safety share fuzzy relationships consistent 

with the climate drivers (figure 6.5). Therefore, decadal outlet maintenance  



Chapter 6: Results 

176 

 

 Figure 6.7: Chilika’s ecohydrological trajectories classified as safe and just, 

cautionary or dangerous, depending on their respective fishery 

outcomes. Time-series colours are as per figure 6.5. 

appears to desensitise fishery state from both climatic and hydrological dynamics, 

considered the main causes of the 1990s decline.  
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Decadal outlet opening produces a distinct salinity funnel. Of the 138,000 annual 

salinities across the three governance scenarios (2015-2060), 77 are beneath 8 

ppt lower limit for brackish species (Martin et al., 2009). All annual salinities 

remain above 5 ppt, regarded as the lower limit for Chilika’s relatively tolerant 

brackish species (Biswas, 1995). Brackish conditions also indicate that the 

migration route for 70% of Chilika’s fish stock remains relatively sediment free, 

thus helping to conserve resource mobility.   

Macrophyte coverage steadily increases in future because salinities are suitable 

for the growth of species such as Potamogeton pectinatu, Najas flaveolata and 

Phragmites (Forbes and Cyrus, 1998, Meyerson et al., 2009). Across OM, OB and 

OL, macrophyte coverage by 2060 has a positive correlation with the degree of 

decadal sediment delivery change (r = 0.63, r
2

 = 0.39, p < 0.05, df = 2998). Yet, 

persistent outlet opening keeps salinity and sedimentation safe relative to the 

levels that triggered nonlinear macrophyte growth during the 1990s.  

Overall, decadal outlet maintenance creates pathways of lagoon sedimentation, 

salinity and macrophyte growth that are ecologically safe, at least relative to the 

1990s decline. However, brackish water conditions and ~500 km
2

 of ecological 

refuge do not avert overexploitation driven collapses under nonstationary fishing 

efforts. The presence of different states along similar driver (multifinality) and 

outcome (equifinality) pathways produces fuzzy time-series. Therefore, except for 

the most distinct trajectories (e.g. dangerous motorboats – figure 6.6), it is 

difficult to distinguish safe and just SJOSs from cautionary and dangerous 

pathways. Therefore, the next subchapter synthesises time-series complexities 

and interactions to define driver based SJOSs, beyond which sustainable catch 

from mid-century cannot be achieved.  

6.6 Driver based safe and just operating spaces 

6.6.1 Design and visualisation 

Since the seminal study of Rockström et al. (2009), SOSs and SJOSs (Cole et al., 

2014, Dearing et al., 2014) have mainly been depicted as radar plots to facilitate 

comparisons between current outcome conditions and thresholds (figure 6.8A). 

Whilst possible here, adopting this method of visualisation for future thresholds 

downplays: (i) multidimensional driver pathways, and (ii) dynamic thresholds, 

which map how safety changes due to cross-scale interactions. Evidenced by the  
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driver time-series, multifinality arises when near identical driver trajectories 

associate with multiple output states, whilst equifinality occurs when the same 

outcome state is reached by different driver trajectories. Of the four dynamics 

defining SJOSs (Dearing et al., 2014), type-I thresholds are used here to represent 

normatively defined futures from 2050-2060, identifying how far drivers can 

evolve before the desirable future is unachievable. Whilst potentially downplaying 

nonlinearities, linear thresholds are applicable to every driver and readily 

communicate the time remaining until a current trend exceeds its SJOS.  

As in chapter 6.3, each trajectory must be summarised by a descriptive statistic 

to assess its relationship with the normative future:  

 Socioeconomic drivers are represented by their maximum annual value by 

2049, as dynamics until this date determine whether the system is 

overexploited from 2050-2060.  

 Macrophyte coverage is represented by its maximum value by 2049, due to 

its perceived role in undesirably limiting resource access.  

 

Figure 6.8: (A) SJOSs of current outcome values relative to environmental limits 

and social foundations, represented by single threshold values 

(Dearing et al., 2014, p.233). (B) driver based thresholds defined here 

by associations between driver trajectories (horizontal axis) and 

normative outcome states (vertical axes); soft thresholds (green line) 

are due to multivariable interactions causing a driver trajectory to 

associate with multiple outcome states. See chapter 6.7 for core SJOS 

explanation. 
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 As freshwater conditions are undesirable, salinity trajectories equal the 

minimum annual value reached by 2049.  

 Using an annual value for hydroclimatic trajectories is unsuitable because 

extreme inputs occur even under shallow multidecadal trajectories. 

Therefore, trajectories of rainfall, temperature, freshwater and sediment 

inflows are identified by their 2050-2060 mean averages relative to their 

1986-2005 baselines.  

Conditional probabilities are plotted in the R (2008) package ‘cdplots’ (Zeileis, n.d) 

to depict the proportion of different futures for a given driver trajectory (figure 

6.8B). Driver ranges only associating with safe and just futures (%
SJOS

 = 100) 

denote the safest plausible trajectories. Alternatively, a range without safe and 

just futures (%
SJOS

 = 0) means that a driver exists beyond its SJOS. As the pathways 

are interlinked, being outside the SJOS edge of a given driver means that all other 

drivers also transgress their SJOS. Such interdependencies are missing from the 

original planetary boundaries (Rockström et al., 2009), but their consideration 

here is critical to exploring cross-dimensional boundary shifts.  

When viewed together, the plots form a multidimensional tool to drive systems 

towards safe and just futures. The conditional probabilities may be also displayed 

as empirical cumulative distribution functions, plotting the cumulative 

frequencies of safe and just and dangerous trajectories. Based on the separation 

between empirical cumulative distribution functions, the non-parametric 

Kolmogorov-Smirnov statistic (Massey, 1951) assesses whether the safe and 

dangerous spaces are statistically distinct (chapter 4.3.6.2), helping to gauge the 

significance of the cautionary window that warns of unsafe trajectories becoming 

dangerous.  

Much thought has been given to the representation of SJOS uncertainties. 

Arguably the most critical uncertainty exists around the edges of the SJOSs (%
SJOS

 = 

0), as the location of this threshold is partly dependent on the number of 

simulations. Three approaches to communicate uncertainty were considered, with 

option 3 used here: 

1. The standard deviation of the conditional probabilities of each SJOS. 

However, dispersion around the mean is less important than variability in 

the point beyond which sustainable futures disappear. 

2. Calculate confidence intervals of a GLM between conditional probability 

and driver trajectory. However, complex probability trends (e.g. OL 

motorboats – figure 6.10) perturb the use of GLMs.   
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3. Disaggregate the 1000 simulations into 20 groups of 50 simulations, 

taking the last (first) safe (dangerous) trajectory of each subset. Then, 

based on the technique of Paul and McDonald (2005), the samples are 

bootstrapped 1000 times to ascertain the 95% confidence intervals 

around the mean trajectory causing the loss (emergence) of safe 

(dangerous) futures. This technique assesses how the space edges may 

vary with a different number of simulations, assuming that the population 

distribution can be determined by resampling the original data. 

The driver based SJOSs are displayed below in the same order as the time-series 

(chapter 6.5). 

6.6.2 External drivers 

The SJOSs of the external drivers have four key implications for the impacts of 

internal fishery policies on permissible driver pathways. First, the probability of 

reaching the safe and just normative future from 2050-2060 does not reach 100% 

(figure 6.9), meaning a safe and just future cannot be guaranteed by a particular 

external pathway under the governance modelled here. Second, only fish price 

trajectories under OM and OB have distinct SJOSs (figure 6.9), respectively  

Table 6.2: The 95% confidence intervals of the external SJOSs, alongside 

Kolmogorov-Smirnov statistics (D) signifying the degree of 

separation between the safe and the dangerous spaces. 

Significance (S) levels: ‘1’ – p < 0.01; ‘2’ – 0.01 ≤ p ≤ 0.1; ‘3’ – p > 

0.1. Dashed cells are where distinct SJOSs are undefinable. 
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reaching 370-430 INR/kg and 490-550 INR/kg by 2050 before losing safe and 

just outcomes (table 6.2). Third, as hypothesised from the time-series, the 

chances of achieving safe and just futures are proportional to the diesel price 

gradient, particularly under OM and OB (figure 6.9). However, both safe and 

dangerous futures cover the range of diesel price trajectories, making SJOSs 

undefinable (table 6.2). Therefore, whilst steeper costs tend to discourage 

upgrades to non-traditional fishing, the effect is insufficient to avert resource 

overexploitation.  

Fourth, whilst model outputs suggest that safe and just futures are achievable 

across all modelled trajectories of climate change, the conditional probabilities 

show mixed relationships between climate change and the proportion of 

normative futures (figure 6.9). For instance, the proportion of dangerous futures 

increase by 1.5 and 2.5 times beyond +15% rainfall for OM and OB, respectively, 

suggesting that increased freshwater runoff and outlet closure undermines 

resilience to human actions. However, the trend is opposite under OL, as the 

probability of safe futures is proportional to the magnitude of future rainfall 

change. The safety of temperature change is generally homogeneous across the 

plausible trajectories, suggesting that as per NO, increased evaporation and 

warmer waters do not influence fishery sustainability across the modelled horizon.  

Safe and just outcomes across the magnitudes of climate change further supports 

climate resilience. However, under OM and OB, fish price must remain inside well-

defined thresholds to avoid unsustainably intensifying anthropogenic processes. 

Therefore, these SJOSs point to three ways decision-makers can avoid unsafe 

futures: (i) do nothing and hope that fish price remains safe, (ii) actively reduce 

exposure to external pressures, perhaps through price caps or export reductions, 

or (iii) modify internal dynamics to dampen internal causes of overexploitation, 

like the switch from traditional to non-traditional fishing.  

6.6.3 Internal drivers: anthropogenic 

The SJOSs of the internal socioeconomic drivers have three key implications for 

the sustainable governance of Chilika. First, consistent with the time-series 

(chapter 6.5.2), the proportion of safe and just futures declines as all four 

socioeconomic drivers intensify (figure 6.10). Simultaneously, managed 

decommonisation increases the range of socioeconomic trajectories achieving 

safe and just futures. Third, and in contrast to the external drivers, only the  
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number of active fishers under OL does not have distinct safe and unsafe spaces 

(figure 6.10), reinforcing the interpretation that Chilika’s persistence is more 

closely related to fishery intensity rather than total extent.    

Within these generalities lie interesting dynamics. The probability of dangerous 

futures tips abruptly from <10% around 53,000 fishers, to >50% around 56,000 

fishers under OM (figure 6.10), suggesting that business-as-usual is sensitive to 

slow anthropogenic processes. Explaining the weakest Kolmogorov-Smirnov 

scores, dangerous fisher populations emerge inside the edges of the SJOSs under 

OM and OB. Therefore, despite the association between socioeconomic 

intensification and unsustainability, the safety of active fishers is at least partly 

dependent on other drivers. In agreement, whilst safe futures are possible across 

all OL’s fisher populations, the four-fold loss in safety from 45,000 to 50,000 

fishers corresponds to the steepest gradients of population growth and 

motorboat use.   In contrast, with the highest Kolmogorov-Smirnov scores (table 

6.3), the SJOSs of motorboats and juvenile catch are well defined. The number of 

motorboats under OM and OB is the only socioeconomic driver with ranges with 

at least 75% chances of safety. Decision-makers should prioritise these high 

safety spaces (“core SJOS”) over SJOS edges to ensure drivers with less spiky 

conditional probabilities remain safe (chapter 6.7).  

Table 6.3: The 95% confidence bounds of the internal socioeconomic SJOSs, 

alongside Kolmogorov-Smirnov statistics (D) signifying the degree of 

separation between the safe and the dangerous spaces. Significance 

(S) levels are as per table 6.2. 
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OL expands the upper edge of the motorboat SJOS by 40% and 14% relative to OM 

and OB, respectively. OL’s SJOS edge beyond 9,000 motorboats suggests an 

inherent vulnerability to the absolute magnitude of intensive practices, 

irrespective of policy approach. Interestingly however, fish catch under OL is 

resilient to the complete loss of traditional practices by 2049, as long as the 

number of motorboats remains below 8,500. Moreover, OL’s bimodal motorboat 

SJOS is because 4,500-5,500 motorboats by 2049 are associated with catches 

above MSY, resulting from resource conservation during the preceding years.  

The expansion of the juvenile catch SJOS under OB implies increased system 

resilience against lower fish maturation rates (figure 6.10). Although the safe 

edge contracts under OL, resilience to juvenile catch increases in relative terms as 

the entire range of juvenile catch only produces safe and cautionary futures. 

Therefore, the distinctness of the motorboat and juvenile catch SJOSs argue that 

Chilika’s sustainability is more closely linked to effort intensification than 

extensification (Nayak, 2014); consequently, even though total boat numbers may 

appear safe, a dangerous number of motorboats may still cause undesirable 

futures. As Chilika’s motorboat fleet is only sporadically monitored, these results 

suggest that the system may be sleepwalking towards its SJOS edge. 

The socioeconomic SJOSs synthesise permissible fishing effort pathways from 

2015-2049, acting as interacting guardrails to guide human processes and avoid 

tipping towards unsafe futures from 2050. The multidimensional nature of these 

SJOSs argues for the prioritisation of spaces with the highest proportion of safe 

and just outcomes. Before identifying these core SJOSs, it is important to assess 

whether internal ecosystem conditions must also remain within permissible limits.   

6.6.4 Internal drivers: biophysical 

Overall, the proportion of sustainable outcomes is generally positively related to 

the maximum macrophyte coverage reached, meaning blocked fishing grounds 

are desirable to counteract fishing effort intensification (figure 6.11). Therefore, 

of the four ecohydrological drivers, only macrophyte coverage exhibits significant 

differences between safe and dangerous trajectories (table 6.4). Interestingly, the 

link between outcome safety and macrophyte growth is least noticeable under OM, 

suggesting unregulated fishing efforts overcome the effect of ecological refuge 

until macrophytes cover approximately 525 km
2

.  



Chapter 6: Results 

186 

 

 

F
i
g
u
r
e
 
6
.
1
1
 
C

o
n
d
i
t
io

n
a
l
 
p
r
o
b
a
b
i
li
t
i
e
s
 
r
e
la

t
i
n
g
 
t
h
e
 
m

a
g
n
i
t
u
d
e
s
 
o
f
 
i
n
t
e
r
n
a
l
 
e
c
o
h
y
d
r
o
lo

g
i
c
a
l
 
d
r
iv

e
r
s
 
t
o
 
t
h
e
 
p
r
o
p
o
r
t
i
o
n
 
o
f
 
‘
s
a
f
e
 
a
n
d
 

j
u
s
t
’
,
 
‘
c
a
u
t
io

n
a
r
y
’
 
a
n
d
 
‘
d
a
n
g
e
r
o
u
s
’
 
f
u
t
u
r
e
s
 
f
r
o
m

 
2

0
5

0
-
2

0
6

0
.
 
C

o
lo

u
r
s
 
a
n
d
 
l
i
n
e
 
t
y
p
e
s
 
a
r
e
 
a
s
 
p
e
r
 
f
i
g
u
r
e
 
6

.
9

.
 



Chapter 7: Results 

187 

Table 6.4: The 95% confidence bounds of the ecohydrological SJOSs, alongside 

Kolmogorov-Smirnov statistics (D) signifying the degree of 

separation between the safe and the dangerous spaces. Significance 

(S) levels are as per table 6.2. 

 

Hydrological inflows also miss distinct SJOSs as associations with safety remain 

relatively homogeneous across OM and OB (table 6.4). Higher hydrological inflows 

tend to increase catch safety under OL, potentially by strengthening the feedback 

between macrophyte growth and sediment retention in-between outlet openings. 

Interestingly however, salinity trajectories do not associate with safety from 2050-

2060 (figure 6.11), evidenced by the trendless conditional probabilities and 

insignificant Kolmogorov-Smirnov scores. Therefore, although increasing 

macrophyte coverage up to 550 km
2

 may bolster resilience against 

overexploitation, the plausible trajectories of natural drivers do not form critical 

pathways towards safe and just futures.  

This chapter has shown that modelling can develop the SJOS concept by 

designing forward-looking driver-based limits based on the proportion of 

different futures for given driver pathways. In summary, regarding Chilika’s 

future sustainability: (i) socioeconomic drivers are generally associated with 

distinct SJOSs, whilst safe and just outcomes are present across the plausible 

ranges of internal and external biophysical conditions; (ii) managed 

decommonisation increases resilience latitude to all socioeconomic drivers; (iii) 

whether a given driver trajectory (e.g. fisher population) is sustainable may also 

depend on the concurrent trajectories of human (e.g. motorboats) and natural 

stresses (e.g. macrophyte coverage). Extending these notions of 
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multidimensionality, the next subchapter explores whether cross-scale 

interactions influence system safety.  

6.6.5 Safe and just space interactions 

This thesis explores the permissible driver pathways and spaces leading to safe 

and just, cautionary and dangerous futures. As highlighted in other studies, 

interactions between SJOSs are presently unclear, forming a research demand at 

the regional (Hossain et al., 2017) and Earth system scales (Rockström et al., 

2009). Of particular interest are trade-offs where the safety of ‘driver a’ decreases 

as ‘driver b’ increases (figure 6.12). Critically for decision-makers, such 

antagonistic relationships mean that the safety of ‘driver a’ is not solely self-

determined, but partly dependent on interactions with processes potentially of 

different spatiotemporal scales. 

To identify such interactions, Pearson’s correlation analysis is performed in R 

(2008) between the safe and just trajectories of the twelve key drivers under OM  

 

Figure 6.12: Hypothetical interactions between two SJOSs, whereby the 

safety of ‘driver a’ is conditional on the safety of ‘driver b’. In 

actuality, SJOSs exist within hyperdimensional space (e.g. more 

than three dimensions), but two dimensions are shown here for 

visual clarity. 
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and OB. Here, the strongest social-ecological correlation under each governance 

scenario is plotted to operationalise the theory that global stresses like climate 

change may influence the safety of local drivers (Scheffer et al., 2015, figure 1). 

The axes of Scheffer et al. (2015, figure 1) are flipped, as it is argued that drivers 

at higher spatial scales beyond the reach of regional governance condition the 

permissible trajectories of local stressors. Thus, the interactions help guide the 

governance of local stressors in the face of uncontrollable climate change and 

globalisation. The remaining significant correlations (p < 0.05) are plotted in 

appendix D.3.1. 

Eleven cross-scale social-ecological SJOSs are significantly correlated under OM, of 

which the strongest antagonistic relationship is displayed in figure 6.13A. The 

inverse relationship between motorboat use and sediment delivery (figure 6.13A) 

suggests that faster rates of sedimentation may undermine permissible fishing 

efforts. Likewise, the fish population becomes increasingly vulnerable to juvenile 

catch under steeper gradients of climate change (appendix D.3.1). Therefore, 

whilst not directly causing collapse, resource immobility via the tidal outlet 

contracts permissible socioeconomic trajectories. As an illustration of this trade-

off, the maximum number of safe motorboats in a future with >20% sediment 

delivery change equals 5400 (mean = 4900, n = 16); in contrast, 5900 

motorboats (mean = 5200, n = 10) are permissible under futures with <-15% 

sediment delivery change. These cross-scale interactions have implications for the 

adaptive capacities of stakeholders under climate change, meaning governors 

cannot completely discount biophysical trajectories when aiming for SJOSs.   

OB governance builds resilience against these antagonistic cross-scale 

interactions, with only three social-ecological significant correlations (appendix 

D.3.1). Whilst the synergistic relationship between fish price and diesel price 

remains (r
OM 

= 0.25, r
OB 

= 0.26), the antagonistic relationship between fish price 

and active fishers intensifies (r
OM 

= -0.26, r
OB 

= -0.31), although this potentially 

reflects OB’s 79 extra safe and just futures (figure 6.13B). Therefore, the safest 

space involves relatively few fishers sharing a relatively invaluable fishery, 

meaning fishing effort extent and intensity are constrained. The SJOSs of fish 

price and macrophyte coverage positively interact under OB (appendix D.3.1), 

implying that refuge from fishing becomes increasingly important as per unit 

value rises. Interestingly however, the associations between macrophyte coverage 

and total fishers and motorboats are insignificant, suggesting that ecological  
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refuge builds resilience against the individual effects of fishing effort extent and 

intensity (appendix D.3.1).  

This subchapter has shown that driver based SJOSs are interactive, where the 

safety of a given driver trajectory depends on both its own contribution to system 

sustainability, plus simultaneous pathways of other drivers with moderating or 

reinforcing effects. Furthering this notion of multidimensionality, the next 

subchapter seeks to design “core SJOSs” of the most sustainable configurations 

under each governance scenario, whereby simultaneously remaining inside 

multiple limits positions the system away from SJOS edges.   

 

Figure 6.13: The strongest cross-scale SJOS interactions under (A) OM and (B) OB 

governance scenarios, suggesting system resilience to local drivers is 

partly conditioned by external processes . See appendix D.3.1 for 

correlation coefficients. 
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6.7 Core safe and just spaces 

This study has found that SJOSs of interacting and interdependent drivers are 

complex; simply remaining within one driver limit does not guarantee sustainable 

system outcomes. The concept of a “core SJOS” was introduced by Steffen et al. 

(2015b), who argue that climate change and biosphere integrity are the two 

planetary boundaries with independent capacities to drive state changes in the 

Earth system. In relation, the concept of core SJOSs used here arises from causal 

complexities where similar driver trajectories produce different outcomes due to 

subtle variations in feedbacks, nonlinearities and interactions (Young, 2010, 

Schlüter et al., 2015). Therefore, the cores identified here represent trajectories 

leading to the metaphorical centre of the SJOSs (figure 6.8), communicating the 

least precarious pathways towards desirable futures.   

The core spaces are designed by subsetting driver ranges corresponding to ≥75% 

safe and just futures (figure 6.8B). This threshold reflects the desire for better 

than fifty-fifty chances of sustainability, whilst also recognising the absence of the 

certainty magnitudes often used in statistics (e.g. 90%, 95% and 99% confidence 

intervals). The core does not require all drivers to have safety ranges ≥75%; 

instead as per Steffen et al. (2015b), only the drivers critical to system 

sustainability form the core’s cornerstones. The remaining dimensions are the 

corresponding trajectories of the other eleven drivers, exploring whether less 

influential variables must also follow distinct trajectories. Rather than conditional 

probability plots, the cores are plotted as time-series to visualise their range, 

number and responses to governance. The six drivers with significant differences 

between safe and just and dangerous pathways are plotted here; the remaining 

drivers are plotted in appendix D.4. 

The core SJOSs have three key implications for the governance and sustainable 

development of Chilika. First, the number of cornerstone variables increases as 

governance is decommonised, meaning that more sensitive leverage points 

emerge to shape sustainability. Only the number of motorboats have safety 

ranges ≥75% under OM, meaning confidently producing sustainable outcomes is 

dependent on a narrow range of trajectories. Under OL, fish price, the number of 

motorboats and decadal rainfall change all have individual safety ranges ≥75%. 

Second, the number of simulations within each core increases from nine under 

OM, to 28 under OB and 712 under OL! Thus, the likelihood of a plausible future 

following the core increases under decommonisation. Third, the permissible  



Chapter 6: Results 

192 

 

Figure 6.14: The core SJOS trajectories of the system drivers found to have 

statistically distinct sustainable and dangerous configurations 

(chapter 6.6). Key: black – core SJOS, green – wider SJOS. 
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range of core driver trajectories expand under decommonisation, evidenced by 

core trajectories covering the wider SJOSs of active fishers, fish price, motorboat 

proportion and macrophyte coverage (figure 6.14).  

Regarding specific dynamics, OM’s core depends on the shallowest plausible 

gradients of socioeconomic drivers (figure 6.14). The current number of 

motorboats may permissibly double by 2050, although linear or stabilising 

trajectories must be followed, and motorboats must not constitute over 60% of 

total boats. Fish price may increase by up to 2.4 INR/kg/year from present; 

worryingly however, fish price has increased by an average of 7.6 INR/kg/year 

since 2005. The total number of active fishers must not increase by more than 

58%. Moreover, the core space requires steep macrophyte growth relative to the 

wider SJOS, illustrating the need to counterbalance multidecadal-fishing 

intensification with ecological refuge (figure 6.14). 

The core foundation of OB is formed between 4800-5000 motorboats and fish 

price between 140-400 INR/kg by 2050 (figure 6.14). The maximum permissible 

fish price gradient (6.0 INR/kg/year) increases 250% relative to OM. Despite 

accommodating up to 400 more motorboats than OM, OB’s core tightens due to 

the tendency of trajectories with less than 4800 motorboats to produce catches 

above MSY. OB’s core also includes curvilinear population growth up to 60,000 

total fishers by 2050 (OB simulation #111). Interestingly however, the fish price 

corresponding to this future remains below 140 INR/kg, causing the fisher 

population to relax from the early 2040s as the non-traditional population 

exceeds its livelihood carrying capacity. Under OB, the system is resilient to 

macrophyte coverage as sparse as 390 km
2

 – with fishing bans replacing the need 

for ecological refuge.  

Whilst OL’s core generally covers the wider SJOSs trajectories, an upper limit on 

the number of motorboats remains (figure 6.14), indicating the persistence of a 

driver that is able to degrade sustainability irrespective of others. Drivers without 

distinct safe and dangerous trajectories may also exhibit subtle core trajectories 

(appendix D.4). Most noticeably, OM’s core requires diesel prices of at least 130 

INR/litre by 2050 (figure 6.15), reflecting the anchoring effect of steeper costs on 

fishery intensification; under OB, the core diesel price trajectory relaxes to 75 

INR/litre by 2050.  

As per the wider SJOSs, various correlations exist between core socioeconomic 

and natural trajectories (appendix D.3.2). The number of permissible motorboats  
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within OM’s core displays antagonistic relationships with decadal rainfall (r = -

0.85, r
2

 = 0.72, p<0.05, df = 7) and freshwater changes (r = -0.92, r
2

 = 0.84, 

p<0.05, df = 7) (figure 6.15). This relationship mirrors the wider SJOS (chapter 

6.6.5), with steep trajectories of fishing effort only permissible under shallow 

gradients of climate change, as both drivers separately degrade resource 

availability. OM’s core SJOS is therefore dependent upon both social and 

ecological conditions and specific social-ecological interactions, with the system’s 

sensitivity to multivariable interactions weakening with stricter governance. 

However, with only nine core configurations, it is difficult to assess the 

robustness of these core relationships. The relationships are insignificant across 

OB’s 28 and OL’s 712 core trajectories, suggesting that increased internal 

interventions desensitises the system to interactions forming the core SJOS. 

This subchapter furthers SJOS operationalisation by identifying interacting social-

ecological trajectories leading to the deepest regions of the SJOSs. However, 

numerous questions involving inter- and intra-generational trade-offs remain 

before decision-makers might commit to safe and just trajectories over pathways 

of steeper socioeconomic development. Thus, the next chapter explores wider 

 

Figure 6.15: The negative correlations between external and internal drivers 

inside the core space suggests that the system must follow 

multidimensional pathways where the permissible number of 

motorboats is conditioned by the decadal magnitudes of (left) 

rainfall change and (right) freshwater delivery change. 
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outcomes and trade-offs, before the safety of the system’s current trajectory is 

explored.  

6.8 Wider social-ecological outcomes 

6.8.1 Rationale and indicators 

This study highlights two methods to steer systems away from thresholds and 

towards normatively defined safe and just futures. First, active decision-making 

seen here through fishing bans and alternative livelihoods may directly limit 

degradation by widening system resilience. Second, the governance scenarios 

have multidimensional (core) SJOSs forming explicit signposts towards 

sustainability, meaning resilient configurations are achievable without 

transformative governance.  

Focusing solely on driver pathways ignores wider social-ecological outcomes and 

trade-offs influencing whether decision-makers choose to do nothing, follow 

particular pathways or instigate transformational governance (Janssen and 

Anderies, 2007). To this end, five social-ecological outcomes, spread across the 

model’s subsystems (Levin et al., 2015), help to evaluate the safety and justness 

of the normative futures further: 

1. Total fish population: the sum of mature and immature stocks in any year, 

expressed as a percentage of the average total stock in 2015. The total fish 

population explores the relationship between catch and fish population (Pauly 

et al., 2013), plus the level of resource degradation associated with the SJOSs.  

2. Total fishery value: the product of annual catch and average fish price, 

monitored annually by the CDA.  

3. Catch per unit effort (CPUE): the conventional metric of fishery efficiency 

which combines productivity, resource availability and fishing efforts. 

Combining both fishing fleets, Chilika’s CPUE has averaged 7 kg/boat-days 

since 2000. According to a database charting fishing efforts from 85 globally 

distributed lagoons (Pérez-Ruzafa and Marcos, 2012), 7 kg/boat-days is below 

expected for a system with Chilika’s fisher density.  

4. Per capita income: the average financial benefit received by fishers. Beyond 

the modelled system, income provides access to goods and services 

underpinning socioeconomic wellbeing, including food, water and education.  
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5. Differences in resource access has led Pattanaik (2007) and Nayak and Berkes 

(2010) to argue that Chilika’s traditional fishers are economically marginalised. 

To this end, the model tracks the ratio of traditional to non-traditional per 

capita income, assessing the association between marginalisation and 

different normative futures. This inequality ratio is bound between 0 

(disappearance of traditional income) and infinity, where 1 is equality between 

traditional and non-traditional incomes. The commonly used GINI coefficient 

(Gini, 1912) cannot be applied here as only two incomes are known.  

6.8.2 Future dynamics 

The future dynamics of wider social-ecological outcomes have four headlines for 

the sustainable development of Chilika. First, resource loss is universal across the 

three governance scenarios, with its magnitude inversely proportional to outcome 

safety from 2050-2060 (figure 6.16). Resource degradation occurs even when 

annual catches average MSY from 2050-2060, associated with up to 50% (OM) and 

45% (OB) stock losses by mid-century. The persistence of this downwards 

trajectory implies that safe and just futures may eventually become cautionary, 

reminding decision-makers that the 2060 horizon is only a checkpoint towards 

longer-term sustainability. Second, unsafe trajectories of fishery value and per 

capita income may peak and reverse by 2050, questioning whether cumulative 

financial benefits are higher under safe or unsafe futures.  

Third, safe and just futures are associated with the persistence of today’s income 

inequality between traditional and non-traditional fishers, creating a lose-lose-lose 

situation as either: (i) inequality persists as neither fleet dramatically increases in 

size, meaning current resource access persists, (ii) income inequality dramatically 

grows after an abrupt increase in non-traditional practices, or (iii) income equality 

gradually increases as both fleets grow, making the system becomes vulnerable 

to overexploitation. Moreover, the core SJOS trajectories under OL are associated 

with growing income inequality, implying that traditional fishers are marginalised 

even under the most resilient governance scenario.  

CPUE dynamics mirror the fish population declines, with the magnitude of 

efficiency loss proportional to fishery safety. The magnitudes of CPUE loss within 

the SJOS are similar under OM (-43%) and OB (-44%) by 2050-2060. Therefore, 

despite different system structures and resilience to the spectrum of plausible 

futures, restricting fishing efforts under OB produces the same CPUE dynamics as 

steeper socioeconomic growth and greater resource degradation under OM.  
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Figure 6.16: Time-series of five wider social-ecological outcomes under OM, 

OB and OL governance (chapter 5.3). Key: dark green – ‘core safe 

and just’, green – 'safe and just', orange – 'cautionary', red – 

‘dangerous’. See appendix D.1.4 for colour-blind friendly version. 
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For both OM and OB, safe fishery value follows linear trajectories up to US$130 

million by 2060. However, under dangerous futures, fishery value may peak 

around US$200 million by 2042 before falling to averages of US$34 million (OM) 

and US$49 million (OB) from 2050-2060. Cautionary futures have characteristics 

of both safe and dangerous dynamics, with the steepest gradients of change 

reaching US$250 million, before reversing from the mid-2040s. However, the 

occurrence of linear trajectories means that cautionary futures average fishery 

value above both safe and dangerous futures from 2050-2060.   

Annual per capita income exhibits a positive linear relationship with fishery value 

(r
2

OM

 = 0.92, p
OM

 < 0.05, df = 998; r
2

OB

 = 0.92, p
OB

 < 0.05, df = 998), meaning 

stakeholders depend on the combined effects of catch and unit worth. 

Consequently, per capita income steadily rises under safe and just trajectories, 

but reverses under dangerous futures from the mid-2030s. The combination of 

delayed declines and some linearly rising trends means cautionary futures 

average income from 2050-2060 equal to US$67,600 (OM) and US$93,000 (OB), 

as opposed to US$61,100 (OM) and US$71,800 (OB) under safe and just futures, 

and US$35,800 (OM) and US$49,400 (OB) under dangerous futures. 

The outcomes of OL are described separately here due to the dominance of core 

safe and just futures. Whilst resource availability and CPUE remain positively 

related to output sustainability, SJOSs may associate with less than 10% resource 

degradation by 2060 (figure 6.16). Moreover, cautionary resource abundance and 

CPUE only diverge from safe trajectories from the mid-2030s. Also unlike OM and 

OB, catch values of US$200 million do not precede collapse. Instead, fishery value 

may increase ten-fold from today by 2060, equalling a compound annual growth 

rate (CAGR) of 5.8%. To put this figure in context, CAGR from 1979-2014 equalled 

1.1%/year (CDA, 2016), whilst maximum inter-annual growth equalled 5.5%/year 

(2000-2001). However, despite improved socioeconomic outcomes, the equality 

ratio under OL remains below unity. In fact, the SJOSs are more unequal under OL 

because the system is resilient to the abrupt uptake of motorboats and fisher 

population growth. Therefore, OL decouples the sustainability of the fishery from 

shifts in resource access, which generally cause unsafe futures under OM and OB.  

6.8.3 Outcome trade-offs 

Social-ecological trade-offs can hinder sustainable governance as decision-makers 

consider competing demands, differences between short-term and long-term 

system performance (e.g. fish catch), and balances between risk and productivity  
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Figure 6.17: The negative associations between short-term and mid-century catch 

under (A) OM, (B) OB and (C) OL. The GLMs (black lines) account for 

the variance of all 1000 points per plot. Coefficients of determination: 

r
2

OM

 = 0.33, r
2

OB 

= 0.34, r
2

OL 

= 0.10 (all p < 0.05, df = 998). Colours are 

as per figure 6.16. 
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(Janssen and Anderies, 2007, Biggs et al., 2015b, Levin et al., 2015). Whilst driver 

based SJOSs guide sustainable catch, ignoring socioeconomic trade-offs may give 

an incomplete assessment of the safety and justness of decisions made today.  

Trade-offs highlighted so far include the finding that building general resilience 

requires limits on the number and type of fishing efforts, and the wickedness of 

present-day resource access and livelihood inequalities. Adding to these intra-

generational trade-offs, one potential inter-generational trade-off is the 

compromise between short-term and long-term system outcomes. For instance, 

to what extent does allowing catches above MSY advantage short-term benefits? 

Likewise, does sacrificing short-term fishery value ensure persistence to mid-

century?  

Regarding inter-generational trade-offs, catch until 2025 is negatively correlated 

with average catch from 2050-2060 across OM, OB and OL (figure 6.17) (R
OM

 = -

0.57, R
OB

 = -0.58, R
OL 

= -0.32). The slope of the linear regression model between 

long-term and short-term catch is a proxy for inter-generational trade-off 

magnitude. Under OM, increasing 2015-2025 average catch by 100 tonnes is 

associated with -570 tonnes from 2050-2060 (figure 6.17A); the equivalent 

changes under OB and OL equal -540 tonnes (figure 6.17B) and -120 tonnes 

(figure 6.17C), respectively. 
 

Therefore, the trade-off between short-term 

productivity and multidecadal sustainability weakens with decommonisation.  

 

Figure 6.18: Time-series charting cumulative annual fishery value under (A) 

OM and (B) OL governance. Colours are as per figure 6.17.   
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Moreover, under both OM (figure 6.17A) and OB (figure 6.17B), model outputs 

indicate that the safe and just future is achievable by averaging up to 13,900 

tonnes/year from 2015-2025. This figure aligns with the MSY upper bound of 

13,896 tonnes, arguing that safe and just outcomes may only be achieved if catch 

remains within sustainable bounds over the next decade. Consequently, any 

catches above 17,000 tonnes/year (chapter 6.2) must emerge after the first 

decade to avoid establishing a legacy of over-exploitation by mid-century. In 

contrast, safe and just futures are achievable up to 14,300 tonnes (2015-2025) 

under OL, suggesting that the path dependency between short-term and mid-

century catches can be weakened.  

The trade-off between cumulative benefits is comparatively severe. Under OM 

(figure 6.18A), safe and just futures undergo shallowest growth in cumulative 

fishery value from the shallowest fish price trajectories. Cautionary futures 

average cumulative values 51% (OM) and 62% (OB) higher than safe and just 

futures by 2060, whilst dangerous futures are 49% (OM) and 54% (OB) higher than 

safe and just. Therefore, even though annual incomes may collapse by mid-

century (figure 6.16), following riskier trajectories over the next 45 years may 

double cumulative revenues. Such trade-offs are absent under OL (figure 6.18B) 

due to fish catch persistence across the range of fish price trajectories.  

This subchapter has shown that normatively defined desirable futures based on 

system-wide outcomes have trade-offs of short-term versus long-term benefits, 

cumulative versus annual outcomes and the well-being of traditional versus non-

traditional fishers. Trade-off analysis helps to inform system governors of the 

holistic implications of their decisions, including human and natural elements 

negatively affected by fishery policies, as well as providing further evidence to 

evaluate the broader implications of steering SESs towards SJOSs.  

6.9 The sustainability of contemporary trajectories 

This study has probed divergent exploratory futures forming pathways towards 

safe and just futures. However, little is currently known about the sustainability of 

the system’s current direction. To this end, this subchapter extrapolates the 

trends of the drivers found to have SJOSs (chapter 6.6) to understand the safety 

of the system’s current course relative to model outputs. Drivers heading for 

danger would explicate a pressing need for regulatory governance beyond  
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business-as-usual, whilst sustainable trajectories may relax calls for interventions 

as long as contemporary gradients persist.   

Fast processes like fish price and motorboat numbers have undergone different 

periods of stability and growth, meaning single rates of change are 

unrepresentative of contemporary trajectories. For instance, fish price increased 

from 12 to 28 INR/kg between 1980 and 1999, before the rate of change 

increased four-fold in the subsequent nine years, reaching 65 INR/kg by 2009 

and 140 INR/kg by 2014 (CDA, 2016). To account for this temporal variability, 

the historical trends of fish price, active fishers, motorboats and motorboat 

proportion are extrapolated to 2050 based on the average annual growth rates of: 

(i) 1981-2015, and (ii) 2010-2015. The resulting deterministic scenario funnels 

represent historically steep and shallow gradients of driver evolution (figure 6.19).  

These funnels subset the spectrum of OM’s plausible trajectories (chapter 6.5) to 

assess whether the persistence of contemporary trajectories is associated with 

model derived safe and just, cautionary or dangerous futures. First, it is therefore 

assumed that model outputs accurately estimate Chilika’s future safety. Second,  

 

Figure 6.19: The deterministic trajectory funnels of four critical drivers of fish 

catch (2015-2050), created by linearly extrapolating their 5 (dot-

dash) and 35 year (dashed) trends. 
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it is assumed that the system’s direction can be represented by the linear 

trajectories of four drivers. Third, driver trajectories are assumed to be self-

determined (figure 6.19), thus excluding feedbacks between drivers. This 

independence enables the deterministic funnels to be ranked by the proportion of 

futures within the scenario funnel that are safe and just: 

= 100 × ( 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑓𝑒 𝑎𝑛𝑑 𝑗𝑢𝑠𝑡 𝑓𝑢𝑡𝑢𝑟𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑓𝑢𝑛𝑛𝑒𝑙

𝑇𝑜𝑡𝑎𝑙 𝑓𝑢𝑡𝑢𝑟𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑓𝑢𝑛𝑛𝑒𝑙
)    (Eq 6.1) 

Overall, the deterministic trajectory funnels imply that Chilika is on course to 

avoid dangerous futures, as long as the proportion of motorboats within total 

boats remains below 60%. The motorboat proportion funnel aligns with 95% of all 

plausible futures due to wide divergence between high and low trajectories 

(figure 6.19); as such, the continuation of the trend since 1981 may see no 

traditional boats operating by 2037.  

In contrast, the contemporary motorboat funnel is coherent with OM’s core SJOS – 

located between 4200 and 4600 motorboats by 2049. The discrepancy between 

the narrow motorboat funnel and wide motorboat proportion funnel is because 

the proportion of motorboats within the total boats stock has outpaced the 

absolute rise in the number of motorboats over the past 35 years. The 

deterministic funnel of the number of motorboats only matches 1.3% of all 

simulations, arguing that the contemporary rates of motorboat uptake are slow 

Table 6.5  The proportions of different future states within the deterministic 

funnels of the four socioeconomic drivers (figure 6.19). The risk of a 

driver exceeding its safe operating space is inversely proportional to 

the percentage of safe and just outcomes within the funnel. 
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relative to potential nonlinearities triggering under future catch and income 

trajectories. Therefore, disconnecting fishery value, fisher wealth and adaptive 

capacity may give a conservative estimate of the number of motorboats in future. 

Cautionary futures are the modal normative future under the fish price funnel, 

coherent with the window of opportunity from 250-400 INR/kg (chapter 6.6.2). 

Therefore, if fish price continues along an evolutionary pathway between that of 

the previous 5 and 35 years, the resulting internal socioeconomic conditions may 

initiate unsafe catches by 2050. 

Cautionary futures dominate the deterministic funnels of active fishers. However, 

the meaning of cautionary reflects catches above MSY from 2050-2060, due to 

the creeping rate of total fishing effort growth relative to the wider plausible 

futures. On the one hand, avoiding near-term overexploitation associated with 

sub-MSY catch by 2050 is positive for fishery sustainability. On the other hand, 

delaying unsustainable catch until mid-century has potentially unknown 

implications for a slowly degrading fish stock.  

The independent trajectories of the key socioeconomic drivers exhibit mixed 

safeties, as derived from the fully coupled model dynamics. Persistence of the 

fish price trend since 2010 may cause cautionary or dangerous futures if an 

abrupt uptake in the number of motorboats occurs. The removal of dependencies 

and feedbacks captures only linear trajectories during a period when 

overexploitation was not a concern for decision-makers. Therefore, a key 

contribution of this work is the uncovering of potential nonlinearities able to 

force the intensity of fishing efforts towards unsustainable levels. The next 

subchapter explores such nonlinearities further, assessing the presence of 

nonlinear driver-response relationships and their association with irreversibility.  

6.10 Driver-response relationships 

The system dynamics analysed so far have been plotted over time; therefore, little 

is known about the speeds of driver-outcome relationships, which may mean 

small changes in driver magnitudes cause disproportional outcome effects 

(Groffman et al., 2006, Hughes et al., 2013). Finding future driver-response 

nonlinearities would provide further limits for social and ecological drivers, 

assess the proximity of normative SJOSs to nonlinearities and evaluate the wider 

ramifications of normative SJOSs, such as whether linear limits associate with 

driver-response tipping points and irreversibility.  
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Driver-response relationships are commonly depicted using phase spaces of state 

variables (e.g. Dearing, 2008, Zhang, 2016). Features of interest include periods 

of stability represented by linear bivariate relationships, and thresholds that once 

exceeded accelerate outcome degradation. Furthermore, hysteretic relationships 

suggest that recovery only occurs when a driver is reversed back past the point of 

collapse (Scheffer et al., 2001), with potential implications including the need to 

forgo productivity and livelihoods to return the system to its desired state. 

6.10.1 Driver-response nonlinearities 

Whilst catch is the principal social-ecological outcome, Wang et al. (2012) 

recommend plotting phase spaces of bistable variables controlled by feedback 

structures. Therefore, total fish population, expressed as a percentage of the 

average population in 2015, is plotted against a fast (number of motorboats) and 

a slow driver (active fishers).  

Overall, fish population and fishing effort are negatively associated (figure 6.20), 

although the gradient and linearity of this relationship differs between states, 

drivers and governance scenarios. Safe futures are relatively resilient to fisher 

population growth across both governance scenarios, evidenced by linear phase 

space relationships (figure 6.20A-B). Under dangerous futures, the relationship 

between the fish population and motorboat numbers is relatively stable until 

~6,000 motorboats, suggesting that fishery sustainability is initially insensitive to 

technological uptake. Beyond ~7,500 motorboats, fish population falls by an 

average of 82% by 2060 whilst the number of motorboats increases by an average 

of 48% (figure 6.20C-D) – meaning small changes in driver conditions cause 

disproportional outcome effects (Groffman et al., 2006). Therefore, the linear 

relationship between the fisher population and fish stock suggests that 

nonlinearities may be missed if motorboats numbers continue to be monitored 

only sporadically. Positively, the nonlinear thresholds of OM and OB are beyond 

the normative SJOSs of total fishers and motorboats (chapter 6.6.3), sitting within 

the cautionary zone of risk (Steffen et al., 2015b).   

Interestingly, fish population declines of ~50% appear to require 2,000 fewer 

motorboats under safe futures than under dangerous futures (figure 6.20). This 

pattern has two possible explanations. First, relatively stable catch over future 

decades weakens resilience to fast processes (Gunderson and Holling, 2002), 

reducing the number of motorboats needed to produce the same catch 

degradation. Alternatively, it is more likely that resource loss under safe and just  
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futures does not reflect motorboat uptake; instead, the steeper relationships are 

actually slower in time, reflecting degradation caused by multidecadal population 

growth. These dynamics explicate the need to monitor multiple drivers over 

multiple timescales, as only tracking a single (albeit important) driver like the 

number of motorboats provides an incomplete picture of resilience. 

6.10.2 Chilika: a hysteretic system? 

Chilika’s cautionary futures are associated with tipping points where increasing 

the number of motorboats beyond a critical threshold abruptly accelerates 

resource loss. However, it is currently unclear whether Chilika’s driver-response 

nonlinearities are smoothly reversible (e.g. Scheffer et al., 2001, fig. 1b) or folded  

 

Figure 6.20: Phase spaces comparing the driver-response trajectories of safe 

and dangerous futures under OM and OB. Total fish population is 

compared with active fishers (top) and motorboat numbers 

(bottom). 
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between alternative states (e.g. Scheffer et al., 2001, fig. 1c). Smooth reversals 

imply that dangerous futures are recoverable by remediating the system by the 

same stress magnitude that caused the collapse. Discontinuity means that the 

undesirable state is irreversible unless drivers return past the point of collapse – 

 

 

Figure 6.21: Phase spaces exploring the coupled relationships between fish 

population and (A) the active fisher population and (B) the number of 

motorboats. The forward switch covers until 2060; the reverse switch 

covers 2061-2100. 
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with potentially catastrophic impacts on fishery value, livelihood opportunities 

and human wellbeing.  

Simulations beyond 2060 are required to explore system recovery. For efficiency, 

only configurations causing dangerous futures by 2060 are modelled, 

corresponding to fish price increases between 17 and 30 INR/kg/year, and ‘r’ 

trajectories producing more than 55,000 fishers by 2050. Diesel price was not 

found to have a SJOS, so trajectories vary as normal between 0-7 INR/litre/year 

(figure 5.10). Rather than stationary climate change after 2060, the maximum 

trajectories of rainfall and temperature change extend to 2100 under RCP8.5 

(IPCC, 2013), equalling ~30% rainfall and 4°C temperature increases relative to the 

1986-2005 baseline.  

Regarding system governance, OM operates until 2060, before decision-makers 

attempt to reverse degradation by removing 100 non-traditional fishers per 

month. An alternative method could explore self-organised recovery resulting 

from livelihood losses under dangerous futures; however, this approach would 

not give a baseline recovery rate. Recovery is assessed from 360 simulations, 

matching the number of dangerous futures under OM. This analysis seeks to 

answer questions surrounding: (i) the possibility and time-scales of recovery; (ii) 

whether Chilika’s recovery is hysteretic, and if so (iii) the driver conditions 

determining hysteresis presence and magnitude.  

Overall, normative dangerous futures are found to have deeper social-ecological 

implications beyond the loss of fisher livelihoods. By 2100, 75% of simulations 

recover to 90% of the initial fish stock, requiring 22 years (±1.2 years) on average 

from 2060. In systems terms, recovery requires reversing the number of 

motorboats by an average of 6,900 (±220) and the fisher population by an 

average of 44,000 (±1400). Therefore, dangerous futures position the system 

within an alternative state of resource collapse that may not reverse without 

further and forced livelihood losses (figure 6.21). Moreover, as per figure 6.20, 

the fish stock versus fisher population relationship is negatively linear until 2060 

(figure 6.21A). Finding that hysteretic relationships result from linear forward 

switches is significant, because hysteretic relationships are conventionally 

depicted: (i) as symmetrical trends from nonlinear forward shifts (e.g. Scheffer et 

al., 2001, fig. 1c) and (ii) only for one driver, thus exempting multivariable 

interactions which may cause linear forwards shifts to appear hysteretic. 

Additional questions useful for system governance emerge from this evidence of 

hysteresis, including whether the reversal magnitude is a legacy of pre-collapse  
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Figure 6.22: Time-series of (A) motorboats, (B) active fishers, (C) catch and (D) 

fish population (percentage of average 2015 population) classified by 

the four types of driver-response relationships. The bottom panel 

shows the phase space portraits of the fish population against (E) 

motorboats and (F) active fishers. 

dynamics, and why particular trajectories appear to undergo a second phase of 

collapse beyond the initial forward switch?  
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To answer these questions, driver-response relationships are classified into four 

categories based on the relationship between the number of motorboats and fish 

stock (figure 6.21B): (i) the forward shift includes all dynamics until 2060; (ii) 

non-hysteretic relationships happen when fish stock recovery occurs before the 

critical driver threshold (6000 motorboats); (iii) hysteretic relationships occur 

when recovery requires the removal of less than 6000 motorboats, and (iv) 

trapped runs undergo a second phase of collapse by 2100.  

Non-hysteretic responses associate with relative shallow trajectories of fisher 

population and motorboats, producing resource degradation that is reversible 

with at least 6,000 motorboats operating (figure 6.22E). Therefore, trajectories 

involving <9,800 motorboats and <62,000 fishers by 2050 do not require driver 

reversal past the forward tipping point, thus representing the safest region of the 

normatively dangerous space. Importantly, the economic value of the fishery still 

supports the livelihood costs of the active fisher population, which involves a 

relatively high proportion of traditional fishers. Therefore, linear population 

declines result from the removal of non-traditional fishers, with traditional 

livelihoods providing resistance against abrupt resource recovery (figure 6.22D).   

The pre-2060 trajectories of active fishers and motorboats give little warning of 

hysteresis, with the steepest fisher population only starting to show signs of 

reversal due to overcapacity. Due to notions of irreversibility (Dearing et al., 2014, 

Bohensky et al., 2015), it may be hypothesised that hysteretic relationships 

require timescales of reversal longer than non-hysteretic relationships. Model 

outputs reject this hypothesis, as the temporal duration of resource recovery in 

hysteretic relationships is inversely related to the magnitude of motorboat 

reversal (figure 6.23). Hysteretic relationships result from the combination of 

forced livelihood losses and severe overcapacity, where catch disappearance 

during the 2060s (figure 6.22C) causes the complete loss of fishing as a 

livelihood source (figure 6.22B). Interestingly, hysteretic relationships appear to 

have a minimum duration of recovery, exhibited by saturation in the temporal 

speed of recovery as reversal efforts increase (figure 6.23-inset). The hysteretic 

system also has a minimum required driver reversal magnitude, here equating to 

the removal of ~5000 motorboats from the average in 2060 (figure 6.23-inset). 

This inverse relationship between reversal duration and hysteresis magnitude 

presents a social-ecological dilemma for decision-makers, because the system is 

rapidly recoverable to the least precarious phase space location at the expense of 

fishery livelihoods (figure 6.23-main). Consequently, this finding argues that a  
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complete collapse is favourable for systems becoming dangerous in order to 

encourage rapid self-organisation back to the desirable system state. In contrast, 

interactions that relatively preserving socioeconomic functions increase the 

duration of recovery and return the system to a position precariously close to the 

nonlinear threshold (figure 6.23-main).   

Dangerous futures exhibit a third behaviour mode post-2060, as a second phase 

of decline may follow recovery (figure 6.22A). These trapped futures are found to 

correspond to a distinct set of sensitive driver trajectories (figure 6.24). Resource 

degradation is initially shallow relative to the broader spectrum of dangerous 

futures (figure 6.24E), owing to relatively shallow fish price growth (figure 6.24A) 

and gradual motorboat uptake over the next two decades (figure 6.24C). However,  

 

Figure 6.23: (Main) three-dimensional phase space depicting the number of 

motorboats, fish population and the year in which the fish 

population recovers to 90% of its 2015 value; the forward shift has 

been removed for visual clarity. (Inset) the negative relationship 

between the duration of recovery and the reversal magnitude 

(difference between the number of motorboats in the year of 

recovery and 2060). 
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Figure 6.24  Driver and outcome time-series of trapped simulations (colour), 

plotted for reference on top of the wider spectrum of dangerous 

futures (grey). 
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overcapacity triggers by 2060 due to the steep trajectories of background 

population (figure 7.24B). Therefore, during the forward switch, trapped runs 

occupy a region within the dangerous space between high population-high 

motorboats (hysteretic) and low population-low motorboats (non-hysteretic).  

The removal of non-traditional fishers from 2060 triggers resource and catch 

recovery by 2070 (figure 6.24D-E). The second phase of collapse is then caused 

by two dynamics that inhibit the full recovery of the fish population. First, an 

increasingly valuable fishery again accommodates steep fisher population growth. 

Second, nonstationary fish price and catch restoration causes step-wise 

motorboat uptake. The resulting effort intensification and extensification 

outweighs stock regeneration within the modelled time horizon, with the steepest 

effort trajectories corresponding to the earliest collapse reoccurrences. 

Interestingly, the second phase of collapse exhibits an improved fish population 

for a given driver magnitude, suggesting that boom and bust dynamics build 

robustness against driver intensification (Gunderson and Holling, 2002). However, 

further into future, following this trapped configuration risks iteratively 

increasing the number of motorboats needed to be removed in order to recover 

the fish population. 

This subchapter has shown that normative unsafe futures have deeper 

implications beyond the loss of livelihoods, including nonlinear driver-response 

relationships, hysteresis which varies in duration and magnitude, and clearly 

defined alternative states. Recovery from a dangerous future is not 

straightforward: the steeper the system degradation pre-collapse, the quicker the 

system may recover, albeit with deeply undesirable social-ecological trade-offs. 

Special configurations arise where relatively few motorboats but steep fisher 

population growth may trap the system, causing fishing efforts to fall abruptly in 

response to catch collapse, but rise again rapidly during catch recovery. 

Discussed later, these findings have important implications for the future 

governance of Chilika, regional SJOSs and wider concepts of resilience.  

6.11 Defining ‘safe and just’ by catch predictability 

6.11.1 Rationale and approach 

The conditions used to determine the safety of driver trajectories are normatively 

defined a priori based on type-I dynamics (Dearing et al., 2014). A proportion of 
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future catches are dangerous based on the perceptions of regional scientists, 

governors and modellers, meaning that their underlying driver trajectories must 

also be dangerous. The underlying system dynamics then establish theories 

about the safety of different trajectories. Type-II dynamics occur when a system 

exits its historical envelope of variability, whilst type-III and type-IV thresholds 

signify the presence of outcome nonlinearities, where the latter is marked by 

EWSs (Dearing et al., 2014). Type-III and type-IV dynamics derive from broader 

theories and observations from climatic, hydrological, and social-ecological 

systems (e.g. Alley et al., 2003, Milly et al., 2008, Scheffer, 2009, Scheffer et al., 

2012). Therefore, in order to ascertain whether Chilika may exhibit surprising 

characteristics considered unsafe in other systems, this section creates a further 

set of guardrails through the novel use of ARIMA forecasting as a measure of 

ecological surprise and abruptness.  

To this end, remaining inside the envelope of variability defined by observed 

catch from 2002-2015, or exiting but later returning (figure 6.25A), suggests 

resilience against short-term stresses and the ability to reorganise towards 

sustainable trajectories in the face of novel driver magnitudes (Holling, 1973, 

Folke, 2006). Although a longer calibration period is desirable, extending the 

envelope of variability to pre-2000 would incorporate the undesirable 1990s 

collapse into the definition of safe and just. Instead, the shortened envelope 

captures healthy system variability post-ecosystem recovery. Catch moving and 

remains outside the envelope is indicative of nonstationarity (Milly et al., 2008) 

and a regime distinct from the historical mean (Dearing et al., 2014).  

Here, the distinction between cautionary and dangerous dynamics is the 

predictability of envelope exit (figure 6.25B-C). Autoregressive integrated moving 

average (ARIMA) forecasts assess the predictability of future values based on the 

stationarity, seasonality and autocorrelation of the preceding time-series (Menard, 

2007, Wang et al., 2012). Each ARIMA forecast generated in the forecast package 

(Hyndman and Khandakar, 2008) in R (2008) requires three parameters: (i) 

autocorrelation at different time lags (p), (ii) degree of differencing making the 

time-series stationary (d), and (iii) the order of moving average (q). These 

coefficients are determined by autocorrelation (ACF) and partial autocorrelation 

functions (PACF) of 50 randomly selected cautionary time-series under OM 

(appendix D.5), covering 2015 to permanent departure from the envelope of 

variability. Of this subset, 70% of ACFs exhibited sinusoidal decays, supporting a 

(p, d, 0) model (Hyndman and Athanasopoulos, 2014); 82% of PACFs were  
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Figure 6.25: A method to classify the safety of outcomes based on ARIMA 

forecasting: (A) catch exiting (orange dot) and remaining outside 

the envelope (green and blue dashed) are unsafe. ARIMA models 

(grey fill – 95% confidence interval, blue fill – 80% confidence 

interval) are then projected for each unsafe trajectory from the year 

after envelope exit. (B) Catch is classified as ‘cautionary’ if the next 

five records (red) fall inside the 95% confidence intervals of the 

ARIMA forecast (predictable), but (C) ‘dangerous’ if catch falls 

outside the forecast at least once (unpredictable).    
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significant at lag-2 without further significances, supporting a (2, d, 0) model 

(Hyndman and Athanasopoulos, 2014). Finally, the time-series were differenced (d 

= 1) to induce stationarity in the multidecadal means prior to envelope departure, 

supporting the interpretation that unsafe catches are nonstationary.  

The next section charts the time-series and summary statistics of the catch 

trajectories, considering whether unpredictable dynamics (dangerous envelope 

departures) are symptomatic of undesirable catches by mid-century. Thresholds 

then capture the driver magnitudes at the point of envelope exit, providing 

additional guardrails to guide sustainable governance.  

6.11.2 Outcome trajectories 

The alternative SJOS definition has three key implications for the sustainable 

steering of Chilika’s fishery. First, of the 1000 plausible futures, 8.7% are safe 

and just, meaning that classifying based on the predictability of outputs leads to 

a 25% decline in system safety compared to the definition based on MSY catch  

 

Figure 6.26: Future catch under business-as-usual OM governance plotted 

alongside pre-2015 catch values (black). Whether catch is ‘safe and 

just’ (green), ‘cautionary’ (orange) or ‘dangerous’ (red) is 

determined by the predictability of envelope departure. See 

appendix D.1 for colour-blind friendly version. 



Chapter 7: Results 

217 

(chapter 6.2). Therefore, 39 of the simulations exit the envelope but still average 

MSY from 2050-2060, implying that a proportion of the normatively safe futures 

are beginning to shift from the safe space. In contrast, the proportions of 

cautionary and dangerous futures are similar to the normative definitions, with 53% 

(+1.9%) and 38% (+5.6%) of futures exhibiting predictable and unpredictable 

departures from the envelope, respectively. 

Second, both cautionary and dangerous futures average 4,500 tonnes/year from 

2050-2060. Therefore, whilst unpredictability is traditionally perceived as 

undesirable in natural resource management (Holling, 1973), the condition does 

not determine the degree of social-ecological degradation from 2050-2060. The 

majority of envelope departures occur during the 2040s, supporting the earlier 

interpretations of probabilistic resilience, which begins eroding in the 2030s but 

accelerates during the 2040s (chapter 6.4). Third, cautionary departures from the 

envelope of variability tend to occur earlier than dangerous (figure 6.27), with the 

earliest predictable envelope departure in 2034. The dominance of dangerous 

thresholds post-2050 implies that prolonged system stability leads to 

comparatively unpredictable envelope departures. In practice, this may be 

 

Figure 6.27: Temporal distributions of predictable (orange) and unpredictable 

(red) departures from the historical envelope. 
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because stable catches parameterise relatively narrow ARIMA forecasts. The 

bimodal frequencies signify a second stage of transitions from the mid-2050s, 

corresponding to stressor conditions too shallow to cause collapse during the 

2040s, but too steep to keep catch safe until 2060. Thus, reduced threshold 

frequency from the late-2040s to early-2050s provides a limited window to 

remediate stressors reaching magnitudes associated with the second phase of 

thresholds.  

Despite offering alternative views of system safety, little is known about the 

driver trajectories underlying resilience and causing the envelope departures. As 

with the normative futures (chapter 6.5), the next section relates the 

predictability of envelope departure to driver magnitude to design a third suite of 

guardrails towards sustainable futures.  

6.11.3 Alternative driver thresholds 

Conditional probabilities are inappropriate to visualise these alternative nonlinear 

thresholds because the frequency of envelope departure changes over time. 

Therefore, rather than bounding the SJOSs by maximum permissible driver values 

(chapter 6.6), sustainable pathways are identified from three-dimensional 

landscapes relating driver magnitude (x-axis), time (y-axis) and threshold 

frequency (z-axis). The safest pathways avoid cautionary and dangerous threshold 

dynamics, whilst hazardous pathways are associated with localised peaks of 

thresholds.  

Overall, system sensitivity to the different drivers influences the presence of 

thresholds. For instance, the absence of cautionary and dangerous thresholds for 

5,000 motorboats marks a well-defined safe and just pathway to 2060 (figures 

6.28A and 6.29A). This SJOS matches the core SJOS defined in chapter 6.7, with 

up to 4700 motorboats by 2050 giving high chances of reaching the normative 

desirable future. The system is safe up to ~7000 motorboats until the mid-2040s 

and ~8000 motorboats by 2050. Post 2045, the emergence of thresholds at less 

than 7000 motorboats suggests that futures avoiding unsafe dynamics over the 

next thirty years become vulnerable at lower stress levels in subsequent decades. 

This pattern is due to the concurrent growth in total fishing effort over the next 

four decades, meaning that fewer motorboats are required to trigger threshold 

dynamics as the system approaches overcapacity.  
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The flat space centred on ~60,000 fishers in 2045 reflects the absence of 

plausible population totals (figures 6.28B and 6.29B). Therefore, highlighting the 

importance of driver interactions, the number of motorboats must remain safe to 

avoid triggering thresholds associated with between 50,000-55,000 fishers by the 

mid-2040s. This is supported by the normatively defined SJOS (chapter 6.6), with 

cautionary futures occurring across all plausible fisher populations from 2050. 

Such insensitivity to the fisher population trajectory reinforces the argument that 

Chilika’s sustainability links more closely to the composition of fishing efforts 

than their combined magnitude, despite regional decision-makers only annually 

monitoring the latter. 

In agreement, distinct peaks of cautionary and dangerous thresholds arise when 

motorboats represent up to 90% of total boats (figures 6.28E and 6.29E). 

Therefore, based on departures from the envelope, a multivariable SJOS for the 

next 30 years is bound by up to 7,000 motorboats with at least 1,000 traditional 

boats in operation. The critical proportion of motorboats declines over time, as 

previously safe trajectories may become cautionary with 50-65% motorboats and 

dangerous with 50-80% motorboats from the 2050s.  

Until 2045, cautionary and dangerous thresholds only emerge beyond fish prices 

~350 INR/kg (figure 6.28C and figure 6.29C), corresponding to motorboat 

proportions above 90%. However, the emergence of thresholds post-2050 at less 

than 300 INR/kg is symptomatic of extensification driven collapses, occurring at 

prices, total fishers and numbers of motorboats deemed safe during periods of 

lower fishing effort in earlier years. Consistent with the normatively defined safe 

and just future (chapter 6.6.3), cautionary and dangerous nonlinear dynamics are 

absent beneath 2% juvenile catch (figure 6.28D and figure 6.29D). The emergence 

of thresholds around >3% juvenile catch results from reduced catch selectivity 

during stock declines, brought about by earlier overexploitation from non-

traditional practices. Therefore, monitoring the proximity of juvenile catch to 

these thresholds may provide an indicator of fish stock health, knowing that the 

likelihood of envelope departure increases beyond 2% juvenile catch. 

How does the system’s contemporary trajectories (chapter 6.9) compare to these 

alternative thresholds? The deterministic scenarios suggest motorboats will 

remain <5000 by 2050 (figure 6.19), thus avoiding the rise of dangerous 

thresholds pre- and post-2050 (figure 6.29A). A fish price of 400 INR/kg by 2050 

is on course to meet the ridge of dangerous thresholds post-2050, albeit  
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avoidable with sustainable motorboat trajectories. Likewise, the fisher population 

will likely overcome the ridge of nonlinear thresholds if other drivers remain  

 

Figure 6.28: The landscape of predictable envelope departures for five 

socioeconomic drivers (A-E) and one ecological driver of catch (F). 

Two-dimensional density is proportional to the frequency of 

thresholds for a given driver trajectory at a given time. The salinity 

threshold landscape reflects the simultaneously occurring human-

induced thresholds.     
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Figure 6.29: The landscape of dangerous envelope departures for the six drivers 

depicted in figure 6.28. 

sustainable – such as less than 7,000 motorboats making up less than 90% of 

total boats. 

In synthesis, this subchapter has operationalised an exploratory method to assess 

whether a system (un)predictably exits its historical envelope. Overall, simulations 

remaining inside the envelope for longer tend to exit unpredictably, although the 
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mode of exit does not determine catch magnitude by mid-century. These 

thresholds build additional multidimensional, time explicit thresholds to persist 

post-ecorestoration catch variability. To avoid departures from the envelope by 

2045, model outputs suggest that average fish price must remain <350 INR/kg, 

motorboats <7000 (constituting <90% of total boats), and juvenile catch must 

remain <2%. However, avoiding these pitfalls does not ensure safety, as system 

dynamics then become vulnerable to thresholds at lower fishing efforts due to 

longer (albeit shallower) degradation. The narrower SJOSs is arguably 

counterintuitive given the later emergence of thresholds, yet it indicates an 

inverse relationship between the length of time that sustainable outcomes are 

desired and the permissible driver trajectories.
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Chapter 7: Discussion 

7.1 Chapter introduction 

The overarching aim of this study is to investigate social-ecological thresholds 

delineating sustainable pathways for the Chilika lagoon. Developed on a case-study 

with a legacy of undesirable social-ecological conditions, the modelling framework 

involves problem conceptualisation, model construction, plausible external 

trajectories, alternative governance schemes, and ultimately the classification of 

safe and just, cautionary and dangerous dynamics. Therefore, this study presents 

novel contributions to three major research areas: (i) the future sustainability and 

governance of the Chilika lagoon; (ii) the broad concepts of SJOSs, TBM, 

sustainability and resilience, and (iii) the modelling of SESs. The headline findings 

with respects to these themes are synthesised below.  

This study provides the first medium-term projections of the Chilika lagoon fishery, 

and therefore represents the first estimations of Chilika’s social-ecological 

thresholds and tipping points. Periodically dredging the tidal outlet remobilises the 

fish population to build resilience against the reoccurrence of the 1990s collapse. 

However, stable resource availability exposes the system to overexploitation by 

supporting short-term and multidecadal fishery intensification. In parallel, the 

frequency of sustainable pathways is inversely associated to the gradients of fish 

price, motorboat use, total fishers and/or boats and juvenile catch, but is generally 

insensitive to magnitudes of climate change, hydrological change and fishing costs. 

Managed decommonisation enhances system resilience against exploratory external 

drivers and internal manifestations; however, the approach is unable to avoid the 

complete loss of traditional livelihoods, thus questioning the justness of aggregated 

policies and sustainability classifications.   

More widely, this study has operationalised the search for multivariable SJOSs 

delineating sustainable future pathways (Dearing et al., 2014, Verburg et al., 2016). 

Therefore, this work builds upon the contemporary outcomes of Dearing et al. 

(2014) and Cole et al. (2014), and the discrete model scenarios and binary 

thresholds of Hossain et al. (2017). Consequently, novel driver-based SJOSs are 

found to be associated with properties of social-ecological resilience responsive to 

decision-making. Resilience latitude and resistance derive from the complexity of 



Chapter 7: Discussion 

224 

human-natural interactions, whereby similar trajectories of fast drivers (e.g. 

motorboats) produce different states depending on the trajectory of slow 

drivers (e.g. total fishers). Built from driver ranges found to critically influence 

Chilika’s normative future, the core SJOSs identifies driver trajectories leading to the 

least precarious region of safety, thus providing decision-makers with a hierarchy of 

leverage points to shape sustainability.  

This study finds that the implications of normative unsafe spaces extend beyond 

their linear definition. For example, beyond 6000 motorboats, the fish population 

response abruptly switches from linear to nonlinear. Moreover, Chilika is found to 

be a hysteretic system, with resource recovery from overexploitation requiring the 

number of motorboats and active fishers to be reversed past their forward tipping 

points. Reversal magnitude (i.e. the change in driver magnitude needed to escape 

the alternative state) is positively related to the degree of pre-collapse fishery 

intensification. Subsequently, decision-makers must choose between dangerous 

futures of complete collapse and rapid renewal, or, relative livelihood preservation 

and slower ecological recovery.  

This study also develops a time-series metric using ARIMA forecasting to assess the 

predictability of outcome dynamics. Interestingly, the predictability of the system 

exiting its historical envelope of variability does not foreshadow the magnitude of 

catch from 2050-2060, questioning the use of only nonlinear dynamics to judge 

outcome safety and justness. Wider implications of model outputs include the 

effectiveness of influencing slow and fast drivers (Walker et al., 2012, Biggs et al., 

2015a) and the use of exploratory futures in modelling (Kwakkel and Pruyt, 2013, 

Maier et al., 2016). This study also has various limitations, particularly associated 

with parametric uncertainties and processes excluded from the modelling 

framework.  

Thus, this chapter discusses this study’s findings in the contexts of: (i) literature on 

the Chilika lagoon (chapter 7.2), (ii) broader theories of social-ecological governance 

(chapter 7.3), shifts (chapter 7.4) and modelling (chapter 7.5), and (iii) limitations of 

study design, modelling and assumptions (chapter 7.6).  
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7.2 Future of the Chilika lagoon 

7.2.1 Through the system archetype lens 

The quantitative metrics (e.g. values, rates and thresholds) and qualitative modes 

(e.g. linear and nonlinear growth/decay) inform archetypes of problematic 

behaviours common to systems of feedback structures (Senge, 1990, Meadows, 

2009). System archetypes provide a method to synthesise the future sustainability 

of Chilika, with the additional benefits of helping to recognise problematic 

symptoms prior to occurrence, prepare corrective actions and provide insights into 

the structures driving unsustainability.  

Senge (1990) describes 10 archetypes common to political, economic and 

environmental systems. If judged by mid-century catch alone (figure 6.1), 

dangerous futures under OM and OB governance might be interpreted as ‘tragedy 

of the commons’, where fishers overexploit the resource to maximise benefits 

between 2015 and 2050. In support, the livelihood benefits of continued fishing are 

seen to shrink as overexploitation is not remediated (Bailey and Jentoft, 1990), 

whilst further intensification only widens the disparity between resource loss and 

renewal (Morecroft, 2007). However, Moxnes (2000) and Bueno (2014) argue that 

basing archetypes purely on aggregated system state can cause misconceptions 

about the roles of different feedbacks.  

 

Figure 7.1: Causal-loop diagram depicting the ‘success to the successful’ 

archetype found to drive unsustainable fishery intensification over 

the next decade; adapted from Senge (1990). Feedbacks: R – 

reinforcing, B – balancing. 



Chapter 7: Discussion 

226 

An alternative explanation for unsustainable fishery intensification in future would 

be traditional and non-traditional fleets entering ‘ratchet mode’ to remain 

competitive (Meadows, 2009). However, rather than adapting to each other’s 

actions, the modelled fleets intensify through parameterised feedbacks with the 

environment (e.g. perceived fish abundance) and conditions internal to each fleet 

(e.g. traditional productivity). The ‘success to the successful’ (Senge, 1990) offers 

an alternative archetype for the dangerous pathways, characterised by a reinforcing 

feedback that strengthens non-traditional resource access as more motorboats fish 

the lagoon (figure 7.1). The success of motorboat fishing under steep 

socioeconomic gradients accommodates new motorboat entries from (relatively) 

wealthy traditional fishers. In turn, the poorest traditional fishers become poverty 

trapped (Carpenter and Brock, 2008) with resource access insufficient to generate 

profits required to switch practices. Inequality between the two fleets grows until 

traditional fishing becomes inadequate for livelihood persistence, causing livelihood 

losses and a shrinking fisher population.  

Chilika’s dangerous futures also align with ‘limits to growth’, found in systems with 

an inherent limiting condition (Meadows et al., 1972). Timely diagnosis of system 

limits is critical to avoid inappropriate remediation, like the misconception that 

 

Figure 7.2: Causal-loop diagram of the ‘shifting the burden’ archetype, whereby 

periodic tidal outlet opening promotes fishery intensification until 

catch surpasses the sustainable limit; adapted from Senge (1990). 

Feedbacks: R – reinforcing, B – balancing. 
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catch is blocked by vegetation or supressed by limited technology. Such shifting of 

the burden away from unsustainable resource extraction will only increase the 

possibility that the limit is exceeded in future – failing to address reasons why the 

limit was approached in the first place (Senge, 1990). Similarly, model outputs 

suggest that business-as-usual governance is inappropriate when resource 

availability already supports sustainable catch, as fish stock additions from a 

sustainable state unintentionally drives the system closer to its environmental 

ceiling (figure 7.2). Outlet maintenance irrespective of resource condition is a 

rigidity trap with governance reluctant to adapt from a previously successful 

strategy, to the detriment of building resilience against nonstationary 

socioeconomic stresses. In contrast, OM’s and OB’s safe and just futures avoid 

‘success to the successful’ because motorised fleets are unable to generate 

sufficient revenues to monopolise resource access; however, persistence of today’s 

inequalities means success still remains with the successful.  

7.2.2 Implications for users and decision-makers 

These first future projections of Chilika’s fishery provide insights into the evolution 

of social and ecological processes underpinning regional development. Although 

not directly evaluating aspects of sustainable development like education, 

sanitation and health (WorldBank, 2001, Kumar et al., 2011), this study contributes 

to the discussion of contemporary fishing challenges, including the equity and 

access rights of traditional practices and the impacts of policies on adaptive 

capacities.   

The different system trajectories identified here project the wise use matrix of 

Kumar et al. (2011) into future. Regarding the system’s current position, a four–fold 

increase in decadal catch rates and a nine–fold increase in per capita income since 

2000 moves the system right of its 1990’s location on the human wellbeing axis 

(figure 7.3). As for the modelled future trajectories from today, all futures follow 

downwards trajectories as resource degradation occurs even under the most 

sustainable future (chapter 6.8.2). Cautionary futures pass through the ‘win-win 

space’ to a space where social benefits are traded against ecological sustainability, 

with highest per capita incomes by mid-century associated with steeper-than-safe 

resource degradation. Dangerous futures follow parabolic trajectories to the ‘no-go’ 

space of unacceptable ecological decline and wellbeing loss. The resulting 

ecological conditions may be inferior to the 1990s collapse, because rather than the  
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instantaneous recovery of mobility limited stocks, overexploited stocks are found to 

require decadal rates of recovery even after fishing efforts suddenly cease (chapter 

6.10.2).  

The application of the wise use matrix here and by Kumar et al. (2011) arguably 

overlooks Chilika’s poorest stakeholders. Therefore, in future, the matrix could be 

expanded to a three-dimensional space to factor in poverty alleviation – one of the 

key objectives of ‘wise use’ (CDA and WI, 2010). If based on absolute outcomes, the 

safe and just future by 2060 would arguably sit further into the win-win quadrant 

due to traditional incomes increasing three-fold by 2060 under OM. However, if 

defined by inter-fleet income and livelihood equalities, the safe and just trajectory 

would reside within a three-dimensional ‘win-win-lose’ space due to the continued 

marginalisation of traditional livelihoods. 

 

Figure 7.3: Phase space diagram depicting the trajectories of safe and just (solid 

green), cautionary (dotted orange) and dangerous (dashed red) futures 

across the wise use matrix of Kumar et al. (2011). 
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The marginalisation of traditional fishers is critical to the sustainability of practices, 

the efficacy of system governance and the degree to which outcomes address 

poverty alleviation. Incentivised by state-wide fishery commercialisation and the 

booming international prawn trade, non-traditional fishers gained competitive 

advantage during the 1980s through the use of fine-meshed synthetic nets, 

motorboats and lease price rises that disproportionately affected the poor (Dujovny, 

2009, Nayak and Berkes, 2011). Model outcomes show that without banning 

motorboat uptake, as advocated by Kadekodi et al. (2000), achieving both fishery 

sustainability and livelihood equality remains a wicked problem. Fishers desire 

intensification to increase resource access and personal wellbeing (Nayak, 2014), 

but these unintentionally advance unsustainable fleet compositions and traditional 

livelihood marginalisation. Therefore, the uptake of non-traditional practices fits the 

paradox of innovation (OECD, 2001, Westley et al., 2011), as technological advance 

benefits a proportion of society before contributing to unsustainability for all.   

Therefore, findings suggest that Chilika will remain a contested commons as long 

as access inequalities persist, thus agreeing with the assertions of Nayak et al. 

(2015) that Chilika’s social relations of power are key to steering towards 

sustainable futures. Therefore, this study echoes approaches to rejuvenate 

stewardship amongst and between stakeholders (Kumar et al., 2011, Nayak and 

Berkes, 2011), including incentives to forgo intensive practices, such as the subsidy 

of traditional livelihood costs (Kumar et al., 2011, Nayak, 2014). Likewise, 

consistent with Kadekodi and Nayampalli (2005), results advocate closer connection 

between traditional and non-traditional practices through the promotion of joint 

responsibility for the same resource.  

Alternatively, rather than relying on self-organisation and the ‘stewardly nature’ of 

fishers (Mohanty – personal communication), various regulatory approaches may 

limit the abilities of users to shape the future. For instance, model outputs support 

banning fishing within the main tidal outlet (Sahu et al., 2014), limiting motorboat 

activities (Kadekodi et al., 2000) and limiting population growth to 1%/year 

(Kadekodi and Nayampalli, 2005). Such increased state control represents 

decommonisation, causing the loss of common arrangements of excludability and 

subtractability. Nayak and Berkes (2011) argue the erosion of traditional rights, 

increasing population density and the individualisation of fishing activities has 

steadily decommonised Chilika since the 1970s. Whilst increasing total fishers, total 

boats and motorboats are all associated with unsustainability, juxtaposition exists, 
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as the modelled system is most resilient under increased top-down regulation that 

accommodates steeper and more intense fishing efforts.  

The OL governance scenario aligns with the view of Dujovny (2009, p.193) that 

Chilika is an “organic machine” (White, 1995), with catches becoming increasingly 

reliant on government interventions that dampen natural variability. Prior to 

decommonisation, the fishery could be considered a Holocene deltaic subsystem 

with dynamic interplay between natural and human drivers (Renaud et al., 2013). In 

turn, periodic outlet dredging tips the system into an Anthropocene state, whereby 

outcomes are more sensitive to human processes than natural. Chilika may 

therefore become locked-in to a trajectory of hydraulic interventions (van Staveren 

and van Tatenhove, 2016), whereby de-engineering would tip the system towards 

collapse. This study shows that a balance exists between letting nature take its 

course and introducing regulations that may only detriment the livelihoods of the 

most vulnerable stakeholders, all the whilst building resilience against highly 

uncertain and nonstationary external drivers.  

To this end, sustainable pathways also require a wider cultural shift away from the 

high value catches traditionally desired for export and income. At 1000 INR/kg, 

shellfish like P.monodon and S.serrata are valued approximately 8-times the 

average daily wage of fishers (CDA, 2015). Assuming prawn is caught at the average 

CPUE of 2014 and assuming fishers retain all income, a fisher capturing prawn only 

has to work 43 days to generate the average per capita income of INR 53,000. 

However, shellfish capture favours fishers travelling to central sector recruitment 

grounds (Kumar and Pattnaik, 2012), further marginalising relatively immobile 

traditional fleets which encourages ‘success to the successful’.  

Positively, this study has shown that sustainable configurations exist along the 

continuum of decommonisation (Nayak and Berkes, 2011). Therefore, the exact 

pathways followed depends on the desired system identity held by decision-makers 

(Cumming and Collier, 2005). Governors could choose to preserve CPR rights, 

despite model outputs suggesting that current arrangements increase the likelihood 

of ‘success to the successful’ and overexploitation. Alternatively, regulating the 

expansion and operation of fishing efforts enhances aggregated resilience, with the 

loss of traditional cultures and identity becoming trade-offs under steep 

development trajectories. Moreover, various other unintended consequences make 

decommonisation unattractive. Banning motorboats isolates those requiring motors 
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to access distant grounds and punishes those who have saved to be able to adapt. 

Likewise, should alternative livelihoods target non-traditional communities despite 

their contribution to fishery value, or the more populous traditional communities 

that have fished for centuries? As a midpoint, model results find that splitting 

alternative livelihoods evenly triples the frequency of sustainable futures relative to 

no alternative livelihoods at all.   

7.2.3 Implications for the wider system 

In addition to direct social, economic and ecological benefits, various secondary 

functions form part of the wider SES. For instance, service based revenues are 

gradually increasing across Chilika, with tourist arrivals doubling from 1994 to 

2004 (Kumar and Pattnaik, 2012), predominantly in response to the reappearance 

of Irrawaddy dolphins and the restoration of the Nalabana bird sanctuary. Therefore, 

mechanisms to enhance fishery sustainability must avoid transferring stresses to 

other elements of the ecosystem and society, which may in turn feedback to 

degrade fishery resilience.  

Globally vulnerable to habitat degradation and bycatch (IUCN, 2008), Chilika’s 

Irrawaddy dolphins are found in only two lagoons worldwide (CDA, 2011, Kumar 

and Pattnaik, 2012). The Irrawaddy population declined to ~20 individuals in 1992 

in response to freshwater conditions from the lagoon-sea disconnect (Mohanty and 

Otta, 2008). In addition to cultural ecosystem services, including mythological 

connections with traditional fishers, D’Lima et al. (2014) report an association 

between dolphin presence and fish catch, driven by foraging behaviours chasing 

fish towards nets. This social-ecological co-dependency on fish availability suggests 

that dangerous futures found here with >80% fish stock losses threaten the future 

food security of the Irrawaddy population, with potential feedbacks on fishery 

productivity during catch declines. D’Lima et al. (2014) also find that non-traditional 

communities are relatively unsupportive of conservation actions that might limit 

catch. Thus, pathways dominated by non-traditional practices provide further 

ecological threats, associated with a weaker sense of co-dependency, increased 

water and noise pollution (not modelled here), and increased risk of dolphin 

bycatch (Mohanty and Otta, 2008, D’Lima et al., 2014).  

Since 1972, ~300 km
2  

of dense forest within Chilika’s western and northern 

catchments has been converted to open forest, whilst ~150 km
2 

of agricultural land 
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has undergone urbanisation (Kumar and Pattnaik, 2012). Lost runoff sinks and 

increased soil erosion are compounded by networks of flood defences along the 

Daya and Bhargavi rivers that inhibit sediment deposition upstream of Chilika (Das 

and Jena, 2008). Positively, this study shows that under decadal outlet maintenance, 

Chilika’s fishery can remain productive up to at least +30% runoff and sediment 

influxes by mid-century. Such reliance on engineering is common across the 

Mahanadi delta, with D'Souza (2006) arguing that rural systems of livelihoods and 

food production have transitioned from ‘flood-dependent’ to ‘flood-vulnerable’, 

following the loss of the annual flood pulse. Whilst results here suggest that 

productivity should be resilient to the hydrological effects of deforestation and 

urbanisation, the wider impacts of landcover change are excluded. For instance, as 

Chilika is managed as a ‘pollution-free catchment’ (Pattnaik – personal 

communication), the model excludes the potential effects of undesirable inputs (e.g. 

agricultural fertilisers and domestic wastes) on habitat quality. The sensitivity of the 

fishery to these processes may also increase as the number of agricultural farmers, 

reservoir aquaculturalists and livestock owners increase through alternative 

livelihoods.  

To this end, as the model does not specify the destination of the alternative 

livelihoods, it must be recognised that the region’s economic sectors have different 

capacities to absorb livelihood needs. Discounting natural demographic additions, 

transferring ~6,000 fishers to agriculture would increase the population of the 

sector by 6% (Kumar and Pattnaik, 2012). In contrast, the same additions to 

Chilika’s tourism sector increases the number of members and tourist boats by 600% 

(Kumar and Pattnaik, 2012) – intensifying disturbances on the same biodiversity 

tourists pay to visit. Therefore, whilst dampening fishery stresses, undesirable 

feedbacks and unintended consequences may only emerge once a policy is 

implemented (Sterman, 2002).  

The modelled alternative livelihoods are framed by compliance, as former fishers do 

not re-enter the lagoon. However, fishers in alternative livelihoods may continue to 

supplement income, questioning the efficacy of the strategy in reducing fishing 

efforts (Pollnac et al., 2001, Sievanen et al., 2005, Hill et al., 2012). From the 

perspective of traditional fishers, the modelled alternative livelihood rate fails as a 

safety net (Ellis, 1998), as traditional practices are still marginalised or lost under 

steep socioeconomic trajectories. A complex scenario confuses the targeting 

scheme, with traditional fishers reluctant to give-up fishing due to their deep-rooted 
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identity (Nayak and Berkes, 2010) and non-traditional fishers potentially wanting to 

supplement income (Ellis, 1998). New fishers may enter the system as others leave 

(Hill et al., 2012), potentially using more exploitative gear across already 

overexploited grounds. Although not modelled here, Hoorweg et al. (2006) find a 

positive association between income diversity and the use of destructive gear across 

a Kenyan artisanal fishery. Therefore, a double-edged sword exists, whereby 

targeting traditional fishers threatens replacement by non-traditional practices, but 

targeting non-traditional fishers may be less effective due to their weaker sense of 

stewardship and ability to support multiple livelihoods within the surrounding SES.  

7.2.4 Subchapter synthesis 

This subchapter has discussed how this study builds upon the regional literature 

focusing on Chilika’s SES and its problematic behaviours. The threat of fishery 

overexploitation is novel in Chilika’s history, found here to emerge in part from the 

shift to an Anthropocene deltaic system to overcome historical problems. Despite 

unique social-ecological settings, patterns and interactions, unsafe pathways can be 

distilled to a suite of common storylines. At an aggregated level, dangerous futures 

emulate tragedy of the commons, whereby unchecked intensification overwhelms 

resource renewal. Yet this work suggests that the causal pathways are more 

nuanced: short-term success to (relatively) successful traditional fishers can trigger 

nonlinear fishing effort growth, establishing a legacy of overexploitation and access 

inequality, which builds vulnerability to fishery overcapacity by mid-century.   

Of the normative futures, SJOSs correspond to the system’s wisest use in terms of 

sustainable development and wider social-ecological outcomes. The sustainability of 

the different socioeconomic pathways is critically linked to the balance of resource 

access, with relatively wealthy traditional and non-traditional fishers holding 

leverage over the system’s future. Consequently, the spectrum of options sits 

between: (i) committing Chilika to an organic machine through decommonisation by 

internalising system responses to the spectrum of external trajectories, but 

potentially diluting traditional rights, or (ii) preserving traditional practices through 

initiatives of stewardship to anchor socioeconomic trajectories, albeit potentially 

trading-off individual adaptive capacities. Whichever route is chosen, decision-

makers must remember that Chilika is more than a fishery, with potential 

consequences for the economically and culturally valuable dolphin population, 

catchment pollution inputs and landuse changes.  



Chapter 7: Discussion 

234 

7.3 Governing regional social-ecological systems 

7.3.1 Systems of leverage points 

A key consideration emerging from this study is whether governance should 

continue business-as-usual with a focus on the limited SJOSs, or whether 

governance and overarching social-ecological functions should transform to widen 

and deepen the driver-based SJOSs. Defined as internal points of power shaping 

system dynamics, the theory of leverage points is central to this challenge 

(Meadows, 1999). Yet, finding where to intervene may be counterintuitive, labour 

intensive and risk steering a system in an unintended direction.  

This study generally supports the leverage point rankings of Meadows (1999, 2009), 

which increase in influence from parametric adjustments to paradigm shifts, like 

switching from desiring maximum profits to multidecadal persistence. The deepest 

leverage point is arguably the realisation that sustainable catch is desirable in 

future, which promotes safe and just pathways and the targeting of sustainable 

catch over indefinite intensification. The CDA and CIFRI already incorporate MSY 

into decision-making (Kumar and Pattnaik, 2012, ICAR-CIFRI, 2016); however, as the 

fishery intensifies, governance must not interpret returning to MSY after persistent 

periods above MSY as a drift to lower performance (Meadows, 2009). Therefore, 

recognising that sustainability is social-ecologically desirable is not a silver bullet, 

but instead a precursor for further leverage point analysis (Gallopín, 2002), 

including mechanisms that build resilience against unintended consequences of 

governance aiming to enhance sustainability (e.g. decadal tidal outlet opening).  

The shallowest leverage points may only delay problematic behaviours: linear 

motorboat uptake may still cause dangerous futures under relatively steep fisher 

population growth. The importance of parametric adjustments increases when 

deeper leverage points trigger as a result (Meadows, 2009). Catch declines until 

~2030 are buffered by the post-ecorestoration fish stock, which simultaneously 

facilitates fishing effort growth that eventually causes dangerous outcomes. 

Therefore, a stabilising, virtuous stock can become destabilising if its size promotes 

unsustainable dynamics, such as feedbacks driving ‘success to the successful’. 

Consequently, leverage points should not be viewed in isolation (Abson et al., 2017), 

but within a system whereby the effectiveness of lever ‘A’ changes with the 

evolution of leverage points ‘B’, ‘C’ and ‘D’. 
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Moving up the leverage point classification of Meadows (2009), fast drivers are 

often the main concern for users and decision-makers (Walker et al., 2012), 

potentially stemming from catastrophes like earthquakes with positively skewed 

magnitude-frequency relationships (Rudolph and Repenning, 2002, Adger, 2006). In 

contrast, slow processes are often undetectable or ignored, but may magnify short-

term stresses that require stronger remediation (Biggs et al., 2009, Biggs et al., 

2015a). Here, the interplay between the system of fast and slow processes is 

complex. Although nonlinear motorboat increases by 2030 are symptomatic of 

dangerous futures, the steepest trajectories of population growth are also required 

to force Chilika beyond the normative cautionary space. Therefore, consistent with 

Anthropocene deltas, the controlling slow variable shifts from ecological to human, 

occurring once the ecosystem is stable and motorboat nonlinearities have shocked 

the system. Chilika is thus becoming a ‘novel’ ecosystem (Collier, 2015) because (i) 

historically insignificant stresses are growing in importance, and (ii) the system 

cannot return to its original ecological status without causing dangerous futures 

(e.g. following NO governance) 

Sustainable outputs under OL support keeping socioeconomic stresses as slow as 

possible. Whilst OM and OB governance scenarios principally adjust stocks and 

flows to rebalance resource renewal and extraction, OL governance shifts the 

underlying goals of the system from supporting its dependants to a system that 

adapts drivers to the resilience of the resource (Berkes, 2011). These deeper 

leverage points overcome vulnerabilities to fast processes and displace slow 

processes below dangerous levels to sustain system functions.  

This subchapter has built on the discussion of system archetypes to analyse the 

links between leverage points, governance and sustainability. Ultimately, interacting 

levers shape progress towards desirable and undesirable consequences over time. 

Absence of a silver bullet emphasises the usefulness of interacting, 

multidimensional SJOSs to guide systems towards sustainable futures. Next, the 

findings uncovered here are compared to other fishery systems to understand the 

prevalence of challenges found here and whether the system of leverage points fit 

the general frameworks of fishery sustainability.     
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7.3.2 Sustainable fishery governance 

Fishery systems are hotspots of social-ecological challenges, involving appropriate 

resource use, different user rights and combinations of human and natural stresses 

(Bailey and Jentoft, 1990, Berkes, 2011). Sustainability principles for fisheries based 

on these characteristics emphasise the necessity of viewing fisheries as SESs (Berkes, 

2011, Kittinger et al., 2013, Lade et al., 2015), differing from the traditional 

paradigm of biophysical and social disconnection, built around the perception that 

natural variability influences human uses but not vice versa (Berkes, 2011).  

Consistent with the conclusions of Lade et al. (2015) for the Baltic Sea fishery, this 

study shows that the SES narrative is critical to the sustainability of Chilika. Whilst 

stable ecosystem dynamics fundamentally open sustainable pathways, only relying 

on this conventional wisdom would ignore the nonstationary social responses that 

have contributed to fishery failures across developing nations (FAO, 1984, Bailey 

and Jentoft, 1990). Consequently, linear forecasts may overestimate the 

sustainability of contemporary trends in the face of globalisation and environmental 

change (chapter 7.9). Similarly, externalising fishing efforts by varying initial boat 

numbers may overestimate immediate stock losses (e.g. Bueno and Basurto, 2009, 

Martins et al., 2015), destabilising the systems earlier than if efforts had increased 

from today. 

A second key theme in fishery governance is the importance of cross-scale 

interactions (Kittinger et al., 2013, Nayak and Berkes, 2014). Traditionally, cross-

scale interactions have been spatial, such as migrant fisher entries or fleets of 

highly mobile roving bandits that exploit fish stocks across geographical 

boundaries (Berkes et al., 2006). This study illustrates how regional fisheries are 

directly and indirectly vulnerable to temporally cross-scale processes, thus 

explicating the need for fishery governors to build resilience against creeping rates 

of fish price and nonstationary annual rainfalls, respectively. Alternatively, 

modelling fish price by regional supply and demand may have overestimated 

resilience through a balancing feedback, whereby high productivity causes 

oversupply relative to domestic demand, which lower prices and so forth. In reality, 

exports expose Chilika to national and global consumption demands which have 

tripled and doubled since the 1960s, respectively (FAO, 2015). Exporters demand 

high prices from burgeoning markets, meaning fishers are triply trapped by export 

demand, regional food security and livelihood benefits. Elements of this trap 
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interact, with exports undermining regional food security and population growth 

reducing CPUF. Similar dilemmas are found in East African reef fisheries (Cinner, 

2011, Cinner et al., 2011), where the poorest are trapped into cheap destructive 

gears in order to maintain livelihoods.  

Coping with cross-scale interactions, feedbacks and surprises is shown to be central 

to sustainable governance even within the SJOS. Berkes and Seixas (2005) develop a 

general resilience framework (italicised) from five small-scale fisheries. Learning 

from past crises, Chilika’s decision-makers have committed to periodic outlet 

opening to stabilise ecological conditions and resource mobility. Consequently, 

Chilika must learn to live with change and uncertainty stemming from both 

inherent (e.g. freshwater inputs) and induced variability (e.g. rejuvenated fish 

stocks). Decision-makers must thus consider diversifying the portfolio of coping 

strategies, from official fishery regulations to the stimulation of ecological 

stewardship. However, this requires a shift in ecological memory from a perceived 

dependence on resource inputs to the importance of extraction. Likewise, the view 

that aquatic vegetation degrades catch by blocking fishing grounds (Rajawat et al., 

2007) must be replaced by an appreciation of its buffering role against 

overexploitation.  

These social-ecological perspectives also require new social memory (Folke et al., 

2002), like suppressing the legacy that humans do not affect resource availability. 

However, building trust between users may be problematic for systems like Chilika 

with histories of inequality and conflict (Berkes and Seixas, 2005). To overcome this 

sticking point, Berkes and Seixas (2005) recommend greater integration between 

fishing communities through the involvement of fishers in environmental 

monitoring, the sharing of information between scientists and user groups, and the 

co-development of case-specific sustainability principles. Decision-makers may 

resultantly reduce dependence on regulations limiting variability, but may still fail 

to address wider archetypes of unsustainability, including overcapacity, limits to 

growth and success to the successful.  

In relation, the use of MSY here in the definition of safe and just might be argued to 

contradict resilient fishery governance (Larkin, 1977, Punt and Smith, 2001). Aside 

from the data uncertainties in MSY estimation (chapter 7.6), MSY is thought to 

detrimentally impose stability on an inherently variable resource. However, this 

study aligns with the ‘new definitions of sustainability’ argument of Andrew et al. 
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(2007, p.234), that catches above MSY are permissible as long as degradation is 

reversible. Therefore, this study applies MSY differently from conventional fishery 

management. Rather than a permanent level of productivity to avoid wasting food 

or efficiency (Larkin, 1977), setting MSY as a future target facilitates short-term 

variability and opportunities for self-organised resilience. Therefore, sustainability is 

not measured by the short-term achievement of MSY, but by whether MSY remains 

an option in future; oppositely, normatively and nonlinearly dangerous futures may 

not achieve MSY without substantial delays and social-ecological hysteresis. The 

2050-2060 horizon is thus a checkpoint towards longer-term sustainability, 

whereby rerunning the analysis in ten years for 2060-2070 creates a moving 

window of sustainability.  

According to Andrew et al. (2007), setting a desirable outcome operationalises the 

first principle of sustainable fishery governance. This modelling framework then 

provides a diagnosis for sustainability by giving decision-makers options to steer 

the system (second principle - Andrew et al., 2007), akin to a satellite-navigation 

system guiding a vehicle driver to their desired destination. Evaluating trade-offs 

associated with future trajectories represents the third principle (Andrew et al., 

2007); failing this reflection stage might lead to the perception that sustainable 

socioeconomic growth is slower than desirable, which in turn might promote the 

pursuit of unsustainable pathways.  

This study supports the growing body of literature calling for fishery systems to be 

considered as SESs. In turn, cross-scale and interacting social and ecological 

processes recognise both direct (e.g. fishing effort limits) and indirect (e.g. positive 

effects of macrophyte coverage) leverage points for sustainability. The next section 

broadens the scope of discussion to wider SESs thinking; further contextualising 

sustainability challenges and evaluating the actions needed to operationalise 

sustainable fishery governance.   

7.3.3 The roles of resilience, adaptability and transformability 

Chilika’s decision-makers have traditionally focused on resource predictability and 

productivity, achieved by stabilising resource mobility and the number of resource 

units. Whilst NO governance shows that resource mobility remains critical in future 

(chapter 7.2), model outputs also argue that sustainability is linked to numerous 

second-level variables of the social-ecological systems framework (Ostrom, 2009), 
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including the number of users, harvests, and socioeconomic self-organisation. This 

web of drivers expands once operational rules are introduced under alternative 

governance scenarios. 

Chilika is therefore becoming a more complex system to steer. Positively, this 

increases the number of entry points for decision-makers, ranging from delaying 

problematic behaviours through fishing bans to adjusting creeping causes of 

unsustainability through alternative livelihoods. The ability of resource users to 

shape sustainability suggests an increased need for participation in decision-making. 

Chilika therefore stands at a breakpoint in the long-now (Brand, 1999), with 

decision-making based only on historical legacies threatening to tip the system 

towards undesirable social-ecological states (Carpenter, 2002).   

With these challenges in mind, this study argues that the concepts of specified and 

general resilience are not mutually exclusive (chapter 2.2.1) (Walker and Abel, 2002). 

Measures of specified resilience against individual drivers (chapter 6.6) derive from 

resilient system-wide interactions; thus, pathways such as the core SJOS provide an 

approach to target individual drivers without disregarding or degrading less 

important components. Moreover, SJOSs have trade-offs which require resilient 

support networks; for instance, avoiding unsafe motorboat numbers requires 

fishers to forgo possible catch improvements, which may only be possible with the 

trust that others behave similarly. Weak general resilience may fail to generate 

sustainable self-organisation needed to follow safe trajectories, simultaneously 

failing marginalised fishers even when outcomes appear safe. More widely, social-

ecological resilience requires reorganisation and learning, based on the resilience of 

experience sharing, knowledge creation and conflict resolution (Folke, 2006, Folke 

et al., 2010). Thus, this study provides a reminder that general resilience is 

intrinsically linked to specific trade-offs, inequalities and unintended consequences.  

This study also argues that adaptability, defined as the ability of collective actions 

to shape resilience (Walker et al., 2004), is not necessarily a precursor for 

transformative sustainability. Adaptability may actually undermine both general and 

specified system resilience, with relatively wealthy traditional fishers deepening the 

poverty trap of the poorest. Therefore, building social resilience must utilise 

strategies that avoid pushing SESs closer to their environmental ceilings, including 

programmes of public participation, efforts to increase the attractiveness and 

coping strategies of traditional livelihoods, and methods to increase interest in  
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alternative livelihoods (Lebel et al., 2006, Marshall and Marshall, 2007). It is 

therefore argued that this discovery of potential problems and solutions opens a 

window of opportunity for Chilika (figure 7.4). Moreover, the potential trajectories 

of climate change and international markets encourage transformation whilst the 

system’s state is currently desirable and resilient – at least relative to the historical 

collapse and unsafe plausible futures. 

To this end, the driver pathways, governance strategies and leverage points can be 

synthesised into five scenarios relating resilience, adaptability and transformability 

(figure 7.4). Under OM and OB, stakeholder adaptations may lead to the undesirable 

basin (figure 7.4A). The system is first forced to the edge of the desirable basin by 

nonlinear fishing efforts, before the creeping effects of slow parameters like fisher 

population growth and long-term fish stock depletion develop the undesirable basin. 

Cautionary futures are similarly forced from the desirable basin (figure 7.4B), but 

the relative maintenance of traditional livelihoods and slow population growth do 

not cause sufficient parameter changes to tip the system (Beisner et al., 2003). 

 

 

Figure 7.4: Qualitative scenarios from today’s window of opportunity 

summarising the adaptability, transformability and stability 

landscapes of the plausible futures. 
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Safe pathways may be driven by keeping driver levels sustainable from the bottom-

up (figure 7.4D). These findings support the need for ‘good governance’ that 

focuses on social-ecological resilience (Lebel et al., 2006, p.2), including harbouring 

equality between social groups, social learning and stakeholder empowerment 

(Lebel et al., 2006, Folke et al., 2010, Lebel et al., 2010). However, system state 

remains vulnerable to abrupt fishery intensification, hence the shallow desirable 

basin. The OL scenario combines top-down and bottom-up governance, as managed 

realignment of fishing effort reduces the precariousness of individual drivers to 

their thresholds, enhances general resilience to create a deep desirable basin (figure 

7.4E) and facilitates sustainable adaptability up to all but the steepest 

socioeconomic trajectories (figure 7.4C).  

7.3.4 Subchapter synthesis 

This chapter has evaluated findings with respect to sustainable and resilient 

governance. In synthesis, remaining within SJOSs requires specific and general 

resilience, whereby drivers of unsustainability can be targeted without knock-on 

effects. Therefore, a resilient system accommodates sustainable variability, where 

users can adapt without undermining resilience elsewhere in the system. Rather 

than waiting for the first signs of unsustainability, decision-makers should build the 

resilience of viability loops that may be later overwhelmed by surprising 

nonlinearities deriving from previously sustainable actions. However, steering 

Chilika is a complex task even within this model’s structure, requiring a diverse 

portfolio of leverage points including a combination of traditional engineering 

strategies and softer approaches promoting traditional livelihoods, self-organisation 

and human-natural connectedness. These leverage points are found to change in 

number and type as a function of time and previous interventions, which potentially 

causes misconceptions and rigidity. Therefore, decision-makers cannot rest on their 

laurels, because although a system may have recently recovered, understanding of 

novel stresses, outcomes and leverage points must be continuously updated to 

avoid sleepwalking off the sustainability cliff.  
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7.4 Undesirable shifts in social-ecological systems 

7.4.1 Thresholds, tipping points and regime shifts 

Building on the concepts of sustainability, adaptive capacity and transformability, 

this study uses the paradigm of SJOSs to identify futures that support neither 

human needs nor ecosystem functions (Raworth, 2012, Dearing et al., 2014). In 

turn, the SJOS concept develops the planetary boundaries framework (Rockström et 

al., 2009), which itself developed earlier ideas around ‘safe minimum standards’ 

where nonlinearities and thresholds were integral (Ciriacy-Wantrup, 1952). 

Consequently, this study raises questions about the coherence between SJOSs and 

wider resilience thinking, like whether exiting a normative SJOS can be considered a 

tipping point and to what extent dangerous futures constitute regime shifts? 

Chilika’s shift from safe to dangerous futures has characteristics of parameter-

driven and variable-driven alternative stable states (Scheffer et al., 2001, Beisner et 

al., 2003). Expressed through the canoe metaphor (chapter 2.3.1), Chilika’s canoe 

has been relatively resilient to small-scale stresses since ecorestoration, including 

above average monsoonal freshwater inputs and motorboat uptake (figure 7.5A). In 

future, steep fishery value growth acts as an external shock – like waves hitting the 

canoe. Internal system responses may further destabilisation, with nonlinear 

motorboat uptake causing non-analogous catch. The  

socioeconomic development resulting from mistimed outlet opening is akin to a 

canoeist shifting position to regain control against external stresses, but 

unintentionally destabilising the system whilst doing so (figure 7.5B). These fast 

and slow stresses combine to erode system resilience and cause an alternative state 

(figure 7.5C), unsupportive of human and ecological functions, and internally 

uncontrollable without significant reversal efforts. Therefore, consistent with the 

fundamental functions of the canoe to safely transport its occupants, dangerous 

futures do not support the livelihood requirements of its dependants.  

It is important to reemphasise that the entire trajectories of dangerous futures are 

classified as such to depict continuous pathways from today. Therefore, despite 

parallels to the canoe metaphor, the extents to which the different thresholds ([i] 

conditional probabilities, [ii] variability based and [iii] nonlinear driver-response 

relationships) constitute social-ecological tipping points vary. Overall, the different  
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thresholds represent critical values that once transgressed associate with a state of 

degraded social-ecological functions (Renaud et al., 2013) and/or nonlinear driver-

response trajectories (Cairns Jr, 2004, Lenton et al., 2008). Thus, under the latter 

definition, it may be argued that tipping points are absent across the linear phase-

spaces (e.g. fish population versus total fishers) and normative futures. Countering 

this argument, switching from predominantly cautionary to dangerous pathways 

may only require slightly steepened driver trajectories. For example, steepening the 

motorboat trajectory by 13% (8000  9000 motorboats) by 2050 under OM 

collapses the probability of safe and just outcomes from 50% to <5% (figure 6.10). 

Such disproportionality between driver and outcome state is consistent with the 

concept of tipping points (Groffman et al., 2006); depicting the SJOSs as conditional 

probabilities acknowledges the difficulty of defining deterministic futures for 

 

Figure 7.5: Shift from a desirable to an undesirable basin under OM and OB 

governance: (A) a resilient system varies within its desirable basin 

during unremarkable disturbances (D
norm

); (B) outcome variability 

increases with stress magnitudes, pushing the system into non-

analogous regions of the basin; (C) slow parameter changes encourage 

basin shallowing, reducing outcome resistance to internal variability. 
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inherently complex systems. Therefore, only governing with respects to driver-

response nonlinearities or unpredictable outcomes might overlook the creeping 

trajectories undermining resilience against ecological degradation, livelihood losses 

and human migration. 

Normative futures have additional characteristics consistent with regime shifts, 

including: (i) social-ecologically unsustainable conditions (Cairns Jr, 2004), (ii) 

threshold values that respond to governance (Walker and Meyers, 2004), and (iii) 

new social experiences, like the cascading effects of livelihood loss (Kinzig et al., 

2006, Christensen and Krogman, 2012). Dangerous futures also align with the 

criteria of the Regime Shift Database (Biggs et al., 2015c), whereby inadequate 

ecosystem service provisions and reinforcing feedbacks cause social-ecological 

reorganisation through impacts on human wellbeing. However, these 

interpretations are less applicable to cautionary thresholds that do not necessarily 

reorganise system functions, create new social experiences or degrade human 

wellbeing.  

Consistent with Steffen et al. (2015b), driver-response nonlinearities between the 

number of motorboats and the fish population are found to sit within the cautionary 

zone of increased risk en route to dangerous futures. In turn, reversing ecological 

degradation caused by the steepest driver trajectories is hysteretic – as 

hypothesised by type-III SJOS boundaries (Dearing et al., 2014). Therefore, it is 

questionable whether normative cautionary futures represent window of 

opportunities for remedial governance, as driver-response nonlinearities may 

accelerate resource degradation before the normative dangerous spaces are 

reached. Developing on Biggs et al. (2009) who only assess one-at-a-time drivers, it 

would be interesting to understand how multivariable interactions effect the 

aversion of a regime shift beyond the forward tipping point. For example, although 

Biggs et al. (2009) find management can avert shifts from fast drivers up to 10 

years into the transition, how might the concurrent creep of population growth over 

that time resist system reversal? 

In relation, driver-responses that enter the cautionary zone as linear trends may 

exhibit hysteretic reversals due to multivariable interactions and governance affects, 

thus questioning the conventional linear, nonlinear and hysteretic driver-response 

relationships (Scheffer et al., 2001, Sterk et al., 2017). This highlights the 

importance of monitoring multiple and appropriate driver-response relationships, as  
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only tracking the fish population versus fisher population trajectory might 

mistakenly lead governors to believe that recovery always follows the same 

trajectory as collapse (figure 6.20). More widely, Blackwood et al. (2012) asks 

whether the need to reduce or eliminate fishing efforts to avoid hysteresis can be 

based on degradation severity. This study affirms that steeper fishing effort growth 

produces a more resilient (and undesirable) alternative state from 2060; 

alternatively, relatively shallow resource degradation avoids hysteresis despite 

normatively dangerous conditions.  

These findings also suggest recovery lags stress remediation both temporally and 

within phase space, building on work that assesses time and driver reversal 

magnitude in isolation (Blackwood et al., 2012, Nyström et al., 2012, Sugiarto et al., 

2015). Critically, the trade-off between the two dimensions questions whether 

 

Figure 7.6: Hysteretic trajectories coloured by a composite metric summing the 

standardised temporal and driver reversal dimensions (figure 6.23–

inset). Red colours represent trajectories where the number of 

motorboats are reversed relatively rapidly per unit time. The forward 

shift is removed for visual clarity. 
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decision-makers should prioritise rapid ecological restoration or socioeconomic 

preservation. A composite metric combining hysteresis duration and reversal 

magnitude identifies a sweet spot between trajectories that require many years but 

retain livelihoods, and those that are abrupt but socioeconomically costly (figure 

7.6). Interestingly, two trajectories with high efficiency appear to follow trapped-like 

trajectories (chapter 6.10.2), coherent with the highly responsive dynamics which 

undergo a second collapse by 2100. In all, these finding show that normative 

futures share various characteristics with social-ecological thresholds, tipping 

points and regime shifts. Consequently, this work questions the distinct depictions 

of the four different types of SJOSs (Dearing et al., 2014), as leaving a normatively 

defined safe space may be followed by nonlinear dynamics if remedial actions are 

not implemented in time.  

7.4.2 Operationalising threshold-based management through safe and just 

operating spaces 

The previous subchapter discussed various consistencies between normative SJOSs 

and theories of regime shifts in SESs. Moving from the conceptual aspects, a key 

contribution of this study is the use of SJOSs to operationalise the setting of target 

conditions (Kelly et al., 2015), multidimensional safe spaces (Selkoe et al., 2015) 

and the identification of safe spaces away from thresholds (Biggs et al., 2015b).  

Setting appropriate target conditions arguably forms the foundation of TBM, 

because without a destination, we cannot hope to delineate boundaries. However, 

for SESs vulnerable to undesirable outcomes, decision-makers may struggle 

deciding between targeting desirable outcome conditions and precautionary 

principles keeping the system away from undesirable outcomes (Lempert and 

Collins, 2007). Dearing et al. (2014) and Levin et al. (2015) agree that targets 

should be social-ecologically compatible and achievable given today’s norms and 

baselines, making the definition of ‘desirable’ iterative; for instance, a desirable 

future for Chilika during the 1990s may have simply overcome the livelihood 

challenges of fishery collapse. Alternatively, whilst potentially bringing substantial 

socioeconomic benefits, opting for industrial-scale aquaculture would have been 

ecologically unsafe. Thus, aiming to average MSY catch from 2050-2060 seeks to 

balance the lagoon’s ecological and anthropogenic functions, whilst keeping 

alternative governance strategies open (Rosenhead, 2013). This approach to 

modelling SJOS includes iteration as a strategic element, in case new information 
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makes the previous SJOS definition less desirable. It would be straightforward to 

recast towards alternative futures in light of new information, such as decision-

makers suddenly desiring ‘optimum yield’ following an economic transition away 

from fishing (Levin, 2014). Abrupt biophysical trends may also be incorporated, 

such as suddenly accelerated nutrient fluxes. 

Directly parallel to regionalising the planetary boundaries, the need for 

spatiotemporal coherence between governance and thresholds is the second key 

element of TBM (Foley et al., 2015). Whilst decadal outlet maintenance might be 

perceived to balance intra-annual resource mobility and multidecadal sedimentation, 

model outputs suggest mismatch exists with interannual fishery intensification. 

Therefore, the safe and just pathways here incorporate different temporal horizons 

to capture the perfect storm of fast and slow drivers (Beddington, 2009), helping to 

avoid both near-term and longer-term departures from sustainability: akin to 

combining the short-term safe landing approach (Alcamo and Kreileman, 1996) and 

the centennial tolerable windows approach (Petschel-Held et al., 1999) when 

modelling greenhouse gas scenarios.  

Debate also exists over whether TBM should remediate drivers most at risk (Liu et 

al., 2015b) or those associated with the wickedest trade-offs (Kelly et al., 2015). For 

instance, motorboat numbers may become rapidly unsafe, but outlawing their use 

might push the practice underground – potentially prolonging ecological 

degradation and widening social divisions. An alternative view might prioritise 

cascades where the crossing of one threshold causes knock-on effects, like resource 

declines leading to the emergence of unsustainable juvenile catch. This also applies 

to the multidimensional core, where leaving the core motorboat pathway under OM 

increases the chances that all other drivers will also be unsafe.  

Multidimensionality here refers to multiple interacting human and natural drivers 

(Lade et al., 2013), discouraging decision-makers from focusing on one driver 

without understanding wider contributions and feedbacks. This study’s SJOSs are 

additionally multidimensional because outcome sustainability is dependent on both 

driver trajectories and interactions, producing soft thresholds that build on the 

conventionally hard and static SJOSs (Cole et al., 2014, Hossain et al., 2017). These 

non-binary thresholds align the SJOS concept with multidimensional notions of 

resilience. The range of safe and just trajectories represent resilience latitude, 

denoting the range of driver trajectories that lead to desirable outcomes (Walker et 
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al., 2004). In turn, system resistance is the rate at which safety changes over the 

driver range. Therefore, a deep driver SJOS indicates attraction to sustainable 

outcomes over the resilience latitude of the driver (e.g. OB motorboats), but a steep 

conditional probability gradient means that the system offers little resistance to 

slight variations in the trajectory of that driver. These interpretations are in line with 

theories from the Baltic Sea cod fishery, whereby latitude and resistance combine to 

form the horizontal component of resilience (Vasilakopoulos and Marshall, 2015). 

Future work may seek to formalise how system precariousness changes over time 

based on the model defined SJOSs, for instance, the product of the driver’s distance 

from its SJOS edge and its SJOS conditional probability.  

In contrast, traditional binary thresholds only distinguish between trajectories 

inside and outside the SJOS (Hossain et al., 2017), with little understanding of 

proximity to the SJOS edge or the presence of a cautionary window. Addressing the 

challenges of following desirable versus precautionary pathways outlined above, 

keeping threshold-vulnerable processes within their core SJOS provides a novel 

method of setting safe limits away from thresholds (Biggs et al., 2015b). Moreover, 

the core SJOS helps to operationalise the ‘thresholds of potential concern’ used in 

South Africa’s Kruger Park (Biggs et al., 2015b), where transgressing a ‘worry-level’ 

prompts meetings between scientists and decision-makers. Thus, core and wider 

SJOSs facilitate tiered governance (Selkoe et al., 2015), whereby management needs 

relate to a driver’s position within its SJOS.  

Despite the theoretical developments outlined above, time-dependent SJOSs conflict 

the time-independence philosophy of TBM (Kelly et al., 2015). However, time has 

been a fundamental component of SJOSs ever since their conception, with 

retrospective studies basing SJOS definitions on time-series of 10 (Cole et al., 2014) 

and 100 years (Dearing et al., 2014). This study supports coupling time and system 

dynamics as dimensions of SJOSs by establishing an explicit future for decision-

makers to head towards, and if necessary, remediate trajectories before. System 

dynamics underpinning progression towards the target are then incrementally 

measurable (Kelly et al., 2015, Bai et al., 2016), whilst the temporal signature of the 

outcome can be viewed if the SJOS is missed.  

Kelly et al. (2015) argue that TBM increases management efficiency. Whilst this 

study supports the relative efficiency of SJOSs over managing hysteretic reversals, 

the broad statement underplays trade-offs associated with sustainability. Business-
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as-usual governance may reap high rewards under cautionary futures, whilst 

governance either widening SJOSs or keeping drivers within limits is associated with 

financial trade-offs, decommonisation and issues of equity. Similarly, the degree to 

which this study constitutes proactive TBM is questionable, given that perceptions 

of unsustainability might not exist without the 1990s collapse. Countering this, the 

modelled governance is proactive by recognising that SESs are complex adaptive 

systems, whereby legacies of path thresholds produce new thresholds. Therefore, 

whilst Chilika’s future could be modelled without the 1990s collapse ever occurring, 

the resulting model would potentially exclude the fisher adaptations that emerged 

due to resource degradation (e.g. dynamic fishing days and catch selectivity).  

Overall, this study has operationalised multiple concepts of TBM within a modelling 

environment, including pathways to inform tiered governance, the use of future 

targets and concepts of social-ecological resilience. However, all of these 

contributions are built on the assumption that averaging MSY from 2050-2060 is 

social-ecologically desirable and symptomatic of a resilient system. Therefore, akin 

to the suite of social foundations analysed by empirical studies (Raworth, 2012, 

Cole et al., 2014, Dearing et al., 2014), it is important to discuss the wider 

implications of these desirable futures to ascertain the extent to which they can be 

considered safe and just.  

7.4.3 How just are safe and just operating spaces? 

The term ‘just’ in SJOSs exposes the concept to debates associated with sustainable 

development, including definitions of successful sustainable development, needs 

versus rights, and intra- and inter-generational justice (Hopwood et al., 2005, 

Holden et al., 2014). Therefore, the assertion of this study that the normative future 

of averaging MSY catch from 2050-2060 is safe and just must be scrutinised to 

evaluate the degree to which SJOSs facilitate sustainable development and 

associated challenges.  

The notions of justness in the original framework (Raworth, 2012) encompass 

conditions of well, productive and empowered social priorities. Of the 11 

subcategories, this study directly explores the income (well), employment 

(productive) and resilience (productive) of Chilika’s stakeholders, finding that SJOSs 

generally produce inter-generational justness. However, Daly (1993) argues that 

sustainability prioritises quality over quantity, where equity between stakeholders is 
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the foundational component. To this end, this work shows that decision-makers 

must be wary that normatively defined safe and just futures do not necessitate 

equity in income, livelihood opportunities and social-ecological resilience.  

Can such unequal conditions be considered just sustainable development? The 

question may be answered ‘no’ because the poorest today remain poorest in future, 

aligning with the argument that resilience concepts exist merely to maintain the 

status quo (Blühdorn, 2007, Kopnina, 2016). This viewpoint is supported by system 

resilience under OL, because as per Hardin (1974), traditional fishers must either 

give up their livelihood or altogether leave the fishery ‘lifeboat’ as relatively wealthy 

fishers dominate resource consumption. Therefore, relaxed population growth 

under OL maintains system resistance and latitude, however, improved aggregated 

resilience masks deeper injustices. These trade-offs emphasise the complex 

challenges of socially just sustainable development (Dobson, 2000, Raworth, 2012): 

a more resilient outcome state is associated with the loss of traditional livelihoods; 

however, the remaining livelihoods are wealthier on average than under less 

regulatory governance. 

Conversely, the earlier question of justness may be answered ‘yes’ if sustainability 

aims to persist today’s aggregated conditions (Redclift, 2005), or at least not make 

them worse in the face of accelerating biophysical and socioeconomic stresses. 

Providing disparities are less than those occurring under different social settings 

(e.g. fishery collapse), accepting that inequalities are inherent features of 

sustainable development fits the controversial ‘difference principle’ of Rawls (1999). 

Moreover, as catch sources are currently unrecorded (i.e. traditional or motorboats), 

decision-makers might overlook the disappearance of traditional livelihoods as long 

as the lagoon remains productive, particularly given that the switch to non-

traditional practices is positively viewed through the perspectives of social mobility 

and adaptive capacities.  

To address some of these challenges and provide a more holistic assessment of 

justness, the criteria judging future desirability could be changed. For example, 

establishing a desirable CPUE would explore whether fishers are receiving just 

returns for their financial and time outlays. CPUE declines when the volume of active 

fishing gear per unit time increases, even if catch already greatly exceeds 

sustainable levels. These interactions between catch and fishing effort in the CPUE 

calculation are known to overestimate abundance due to a phenomenon known as 
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‘hyperstability’ (Harley et al., 2001), meaning changes in stock abundance may not 

be noticed until too late. Setting today’s CPUE of ~7 kg/boat-days as the desirable 

target due to its present association with sustainable catch would reduce the 

number of futures considered ‘safe and just’ (chapter 6.8.2), with remediation to 

improve CPUE needing ecologically unsafe catch intensification, or, potentially 

unjust fisher removals to reduce fishing efforts. Consequently, the transient nature 

of CPUE makes it difficult to establish a future norm in the face of nonstationary 

driving conditions, which includes the dependant fisher population.  

The equitable share of resources up until the sustainable catch level is a challenge 

customary to common-pool resources. Additional targets may supplement the use 

of sustainable catch, akin to the multiple social foundations of Raworth (2012), 

such as tracking whether traditional income averages below the international 

poverty line of US$1.90/day. Applying this filter reduces the number of safe and 

just futures by 60%, 45% and 25% for OM, OB and OL respectively, suggesting that 

achieving MSY from 2050-2060 may overstate social justness. The wider social-

ecological outcomes of chapter 6.8 may form additional filters; their ranking from 

least to most just helps expose trade-offs of shallow fishing effort growth, for 

example (figure 7.7). Environmental ceilings like resource availability, mobility and 

juvenile abundance could also be ranked to avoid anthropocentric views of 

sustainability (Fischer et al., 2007, Kopnina, 2016). Decision-makers would then be 

able to choose pathways from the different outcomes or a combined metric, rather 

than considering all futures achieving MSY as safe and just. However, Holden et al. 

(2014, 2017) counter this strategy by arguing that multiple targets can equate to no 

targets at all, especially when underperformance (e.g. traditional income) can be 

offset against overperformance (e.g. fish population). Therefore, as a first pass, this 

study portrays pathways to a future with baseline sustainability where intra-state 

variance is less important than the persistence of desirable social-ecological 

functions (i.e. inter-state variance).   

It is important to note that limited inferences are available into wider aspects of 

sustainable development like social voice and food availability, whilst issues of 

education and gender equality are regrettably excluded. Therefore, future modelling 

efforts or decision-maker engagement may wish to investigate whether sustainable 

catch would boost regional food availability, given the tendency of governors to 

intensify exports (Kadekodi et al., 2000); likewise, whether fisher population growth 

improves the involvement of women in fishing. Positively however, the model  
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recognises futures likely to suppress equality and create voiceless communities. 

Therefore, if based on the sustainability of a contested natural resource, futures 

that do not significantly degrade the equality and equity of the poorest might be 

deemed safe and relatively just, particularly when compared to futures associated 

with social-ecological collapse for all. This addition confronts the idea that SJOSs are 

universally just, shown here to be constrained by historically entrenched archetypes, 

feedbacks and legacies.  

 

Figure 7.7: (Top) annual fish catch and (bottom) motorboat use ranked by the 

average per capita income (INR/year) associated with each simulation. 

Please refer to chapter 6 for historical dynamics. 
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7.4.4 Subchapter synthesis 

This research aimed to understand the extent to which the concept of future SJOSs 

is useful for governing with respects to thresholds and tipping points, assessing 

social-ecological trade-offs, and guiding sustainable development. Overall, this 

study has shown that decision-makers must be aware that transgressing linear 

SJOSs may lead to temporal and inter-driver nonlinearities, social reorganisation and 

hysteresis. These occur beyond the normative SJOSs, thus recommending that 

figure 2 of Dearing et al. (2014) is updated to include multiple types of dynamic 

behaviours, as opposed to their current isolated arrangement. Similarly, figure 1C 

of Scheffer et al. (2001) may be updated to include asymmetric hysteresis 

trajectories resulting from (i) linear driver-response trajectories (figure 6.21B), and 

(ii) recovery trajectories dependent on the magnitude of resource degradation 

during the forward shift and system responsiveness and resistance during reverse. 

Moreover, by appreciating driver multifinality and equifinality, this work has 

developed the hard boundaries that traditionally classify driver scenarios as either 

safe or unsafe. Therefore, the SJOSs defined here track safe space latitude, 

resistance and precariousness to unsafe conditions, and the core SJOSs facilitate 

tiered governance through the recognition of multidimensional interactions leading 

to the deepest regions of desirable space.  

Moreover, although MSY is inter-generationally just at an aggregated level, intra-

generational justness between fleets cannot be guaranteed. Counterintuitively, least 

just conditions occur when the system is most resilient, as the system becomes 

robust to inequalities associated with unsustainable pathways under less regulatory 

governance. Therefore, the SJOSs here locate pathways to avoid aggregated losses, 

but future efforts are needed to ensure Chilika’s marginalised dependants also 

remain within the livelihood lifeboat.  

7.5 Modelling social-ecological systems 

This study has developed a modelling framework based around understanding 

problematic behaviours, concerns of stakeholders and experts, and interacting 

pathways reaching different normative futures. Whilst a problem-based focus is 

common amongst system dynamics studies, this work advances a number of SDM 

and conventional modelling techniques through the integration of coupled natural 

and human interactions (Verburg et al., 2016), emergent rather than modeller 
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defined problematic behaviours and the use of exploratory external scenarios to 

uncover threshold locations. This last characteristic is consistent with the rising 

popularity of exploratory scenarios relative to traditional ‘best-guess’ futures (Maier 

et al., 2016), which aim to explore highly divergent external drivers, deeply 

uncertain processes and multiple governance paradigms.   

7.5.1 Using models as satellite-navigation systems 

Assessing the quality of deeply uncertain Anthropocene futures is a key challenge 

for decision-makers (Berkhout, 2014, Bai et al., 2016), due in part to the volatile 

and ambiguous nature of external drivers influenced by global economic forces and 

climate change (Brugnach et al., 2008, Maier et al., 2016). Consequently, this study 

adopts an approach similar to a satellite navigation system used to guide drivers 

towards their desired destination. A safe and just future defined by experts, 

decision-makers and/or stakeholders forms the destination, whilst the exploratory 

scenarios are akin to the sat-nav assessing possible routes. In turn, following the 

core safe and just pathways is analogous to a driver wishing to avoid hazardous 

routes. Furthermore, decision-makers are forced to think outside conventional 

reference frames bound by historical dynamics, including leaving behind the 

perception that rejuvenating resource mobility is sufficient to ensure long-term 

resource persistence. This quality is akin to a new route potentially beyond the 

driver’s comfort zone, which would have remained undiscovered if it was not for the 

sat-nav.  

An alternative method could simulate system dynamics under a limited number of 

predictive scenarios, perhaps relating to low, medium and high rates of 

socioeconomic development. However, this strategy is akin to using an out of date 

map that misses newer and potentially less precarious routes. Therefore, a limited 

number of sustainable routes may not be suitable where cross-scale interactions 

undermine resilience to local drivers, plus where slight alterations in driver 

trajectories can cause catastrophic impacts across feedback dependent systems like 

fisheries and coral reefs (Scheffer et al., 2001). For instance, although Hossain et al. 

(2017) find scenarios of sea-level rise, temperature change and agricultural subsidy 

causing dangerous crop production, decision-makers have little understanding of 

how system precariousness changes between 2°C and 3.5°C warming, whilst 2°C 

warming is considered equally as safe as 0°C warming. Consequently, decision-

makers may interpret 1.5°C warming as always safe, despite co-occurring 
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trajectories of agricultural subsidy reductions and water withdrawal potentially 

undercutting resilience. Therefore, this thesis questions the use of highly divergent 

storylines when envisioning plausible futures (e.g. Gallopín, 2002, Carpenter et al., 

2015a). Whilst stories of landscape abandonment and youth movements are 

provocative, this study shows that regional thresholds often occur in the spaces 

between divergent futures, such as 5% differences in the number of active fishers 

(chapter 6.6).  

Moreover, divergent storylines give a level of confidence that decision-makers will 

agree on interventions despite different knowledge frames and trade-offs (Brugnach 

et al., 2008), and shape the system as intended despite inherent complexities and 

deep uncertainties about the likely plausible future. In contrast, exploratory 

scenarios allow model structures and interactions to define the most frequent 

futures from a system’s internal structure and interactions. However, it is important 

to note that thousands of exploratory futures may not suit models with substantial 

runtimes or significant conceptual components. In these cases such studies will 

benefit from scenarios accounting for scenario uncertainty (Maier et al., 2016), 

assessing whether qualitative conclusions persist across slightly different 

development trajectories, akin to uncertainty propagation in multivariable 

sensitivity analysis (chapter 4.3.6). 

In relation, this study builds on using probabilistic landscapes to represent social-

ecological resilience. As per the methodology of Bitterman and Bennett (2016), 

aggregating all data points for each governance scenario into one landscape creates 

the illusion that MSY remains the deepest attractor until 2060 (figure 7.8), when 

actually outputs suggest that only 12% of modelled futures average MSY from 2050-

2060. In line with the findings here, Perz et al. (2013) recognise that stability 

landscapes shift due to parameter changes. Ignoring the temporal evolution of 

resilience landscapes may encourage decisions leading away from the desirable 

future, such as persisting business-as-usual despite steep gradients of non-

traditional livelihood uptake, which is shown to force the system from its SJOS and 

open windows for multidecadal overexploitation (chapter 6.5.2).  

This study uses rigid governance policies rather than polices adapting to system 

conditions. Consequently, this work does not model how undesirable trajectories 

can be continuously shaped towards sustainability, which would be akin to a sat-nav 

rerouting around unexpected traffic incidents or road closures. Static governance  



Chapter 7: Discussion 

256 

may therefore underestimate outcome resilience, because adaptive regulations 

could be introduced when necessary. Regulations across Chilika are thought to have 

implementation delays of ~10 years (Mohanty – personal communication), meaning 

planning after the first sign of decline might fail to avert dangerous futures. 

Therefore, this study focuses on decisions makeable today that enhance persistence, 

akin to planning the route of a journey before travelling. Therefore, robust policies 

here produce desirable outcomes which are resistant to driver trajectories (Maier et 

al., 2016) and do not prevent future interventions in light of new evidence 

(Schindler and Hilborn, 2015). 

7.5.2 Evaluating the role of system dynamics modelling in sustainability 

science 

Social-ecological systems may be modelled through a plethora of dynamical, 

statistical and conceptual approaches (Letcher et al., 2013, Filatova et al., 2016). An 

 

Figure 7.8: The probabilistic resilience landscape of OM governance involving 

all outputs from 2015-2060, as per the method of Bitterman and 

Bennett (2016), rather than the annual method used in chapter 6.4.  
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SDM approach was justified on the need to explore feedback-driven sustainability 

challenges and uncertainty around appropriate system-wide policy scenarios. 

However, certain aspects of SDMs are seen as inferior to other forms of modelling 

(Sterman, 2002, Featherston and Doolan, 2012), such as the focus on pattern over 

prediction and the inability to model heterogeneous frames of reference. Therefore, 

this subchapter discusses how this study has addressed these criticisms and helped 

to advance SDM in social-ecological modelling. 

A balance ultimately exists between capturing the critical feedbacks, cross-scale 

interactions and emergence (Verburg et al., 2016), and building ‘Integronsters’ 

where components become intractably meshed (Voinov and Shugart, 2013). SDMs 

are reduced complexity models as relatively light data demands and simple 

feedback structures can produce complex surprises, delays and shifts (Verburg et 

al., 2016). Hypothetically removing the human-natural feedbacks imagines 

dynamics that might have occurred under approaches less supportive of feedbacks, 

like Bayesian networks or integrated assessment models. For instance, spiky fisher 

populations would be absent if the populations were only driven by birth and death 

rates. Whilst wealthy traditional fishers would still upgrade, the absence of a 

shrinking traditional livelihood capacity would fail to produce ‘success to the 

successful’. Consequently, adaptive capacities would not be a wicked problem – 

potentially overestimating the resilience of traditional livelihoods as increasing 

motorboat use would not drive overexploitation and marginalisation. The feedback 

between fish abundance and days fished also shows that despite its perceived role 

in limiting degradation during the 1990s (Mohanty – personal communication), the 

adaptive behaviour does not guard against overexploitation driven collapses. These 

insights could be further formalised by measuring system sensitivity to feedbacks 

through formal loop dominance analysis (Ford, 1999, Bueno, 2014); however, 

absolute driver values are favoured here parallel to the indicators monitored by 

Chilika’s governors. 

Tools like graphical functions and IF-THEN-ELSE statements make it possible for 

SDMs to explore virtually any problem. However, Letcher et al. (2013) stress 

feedbacks must be evidenced rather than hypothesised to avoid Integronsters. The 

collection of qualitative data helped to uncover potentially hidden dynamics across 

Chilika. For instance, excluding switches from traditional to non-traditional fishing 

would have missed the fishing effort nonlinearities causing safe space 

transgressions. Therefore, by expanding the boundaries of our mental models, the 
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techniques used in developing and simulating SDMs help to guard against errors of 

omission where decision-makers fail to foresee undesirable dynamics due to 

ignorance of underlying processes (Collie et al., 2016). Here, well-intentioned but 

narrow governance is shown to be associated with policy resistance causing only 

temporary offset of problematic behaviours (Sterman, 2002). Alternative results 

might have indicated that business-as-usual overcomes plausible fishing effort 

trajectories, prioritising climate change resilience over sustainable exploitation. 

Various other modelling requirements are satisfied and developed, including the 

effects of biophysical constraints on sustainable development (Letcher et al., 2013, 

Filatova et al., 2016), the delivery of realistic governance options with respects to 

complexity and uncertainty (Verburg et al., 2016), and multidimensional evaluation 

(Jakeman et al., 2006).  

A common weakness amongst social-ecological modelling approaches is the 

capture of emergence (Verburg et al., 2016), conceptualised as the unforeseen 

appearance of system-wide behaviours driven by local interactions (Dearing et al., 

2010). SDMs capture emergence if the key interactions driving problematic 

processes are known today, for instance, recognising the potential threat posed by 

non-traditional practices. However, whether this can be considered true emergence 

is questionable because feedbacks excluded from parameterisation cannot emerge 

during simulation, such as non-traditional fishers returning to traditional practices 

or the emergence of heavy industry pollution. Instead, these behaviours result from 

bottom-up interactions between users and decision-makers captured by techniques 

like ABM and cellular automata (Dearing et al., 2006, Janssen and Ostrom, 2006), 

including cooperative behaviours or defections against regulation. Therefore, the 

SJOSs designed here must be framed as coupled social-ecological pathways of 

today’s drivers and feedbacks; however, this could be interpreted as rationalising 

the status quo, discouraging transformative relationships between users, 

stakeholders and nature. 

Similarly, the deterministic nature of SDMs has led to debate over the ability to 

capture heterogeneous human agency (Featherston and Doolan, 2012), ranging 

between views that SDM are dehumanising (Jackson, 1991) to the opposite belief 

that all human decisions are conditioned by their surroundings (Forrester, 1961, 

Lane, 2000). Here, expressions between model variables are predominantly 

deterministic, insofar as satisfying a condition triggers an outcome at a higher level 

(e.g. boat upgrades require a threshold profit and the value of traditional fishing to 
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be declining). Probabilistic human processes were included in earlier model versions, 

such as using Monte Carlo analysis to vary the number of fishers per boat; however, 

where data permits, deterministic variables offer enhanced output tractability, 

computational efficiency and sensitivity analysis. Stakeholder and expert interviews 

led to the inclusion of variables emulating real-life decisions, such as dynamic 

fishing days and catch selectivity increasing during perceived stock declines. 

Moreover, distinguishing between the two fishing communities is more humanising 

than the datasets of aggregate population which overlook social inequalities, 

adaptive capacities and marginalisation (e.g. Noack et al., 2013, CDA, 2015).  

Osgood (2009) develops a SDM of human agency by downscaling variables that are 

dimensionally consistent across scales. However, additional Monte Carlo 

simulations to capture the different combinations of decisions would make model 

runtimes impractical, given the probabilistic techniques already generating future 

climate conditions and external trajectories. Moreover, the need to disaggregate 

below the fleet level is questioned by the strong links between social norms and 

fishing effort, including time spent fishing, group fishing and the sense of 

community belonging (Nayak and Berkes, 2014).  

The pattern versus prediction debate questions whether SDMs should be used to 

predict the most likely outcome (Ford, 2010). To this end, some system dynamics 

studies standardize outputs to emphasise output dynamics over absolute values 

(e.g. Máñez Costa et al., 2011, Chapman and Darby, 2016). However, this study 

recognises multiple benefits of keeping model outputs in absolute values and units. 

First, measurement units consistent with those used in decision-making are 

comparatively tangible, such as catch averaging 1,000 tonnes/year rather than a z-

score of -3. Likewise, standardisation can cause misinterpretations when comparing 

inter-scenario outputs; for example, due to OL’s superior average catch, the 

scenario appears to undergo divergent catches when scaled by z-scores (figure 7.9). 

Third, standardization is only suitable once the mean and standard deviation of a 

complete simulation is known, meaning sustainability assessments cannot be made 

on the fly. Finally, a neutral z-score may become negative if the output abruptly 

grows, giving the perception that the pre-growth period was undesirable 

irrespective of its absolute value.  

Proponents of standardising SDM outcomes may question whether the quantitative 

thresholds defined for Chilika overstretch the capabilities of SDM (chapter 6.6). This  
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argument would certainly be valid if single ceiling values were used (Rockström et 

al., 2009, Cole et al., 2014), encouraging decision-makers to drive towards the edge 

of SJOSs despite ignorance of threshold interactions, latitude and precariousness. 

Instead, the thresholds are consistent with SDM’s philosophy of goal-seeking 

behaviour (Forrester, 1961), where the SJOSs are bound by permissible driver 

trajectories averaging MSY from 2050-2060. This modelling activity has produces 

numerous insights for decision-makers even if the threshold ranges are considered 

unreliable, including the identification of the smallest and steepest SJOSs, and the 

positively skewed SJOSs that encourage shallow fishing effort trajectories to remain 

within core safe spaces.  

7.5.3 Study transferability 

This study provides decision-makers with explicit pathways towards normatively 

sustainable futures, alongside evidence of cross-scale interacting thresholds and 

potential social-ecological trade-offs. Yet, the usefulness of the modelling 

framework (figure 3.1) is arguable if it is not transferable to other SESs. Whilst it is 

not possible to cover all modelling techniques, system types and problematic 

behaviours, this subchapter generalises the challenges and opportunities of 

applying this modelling framework to similar fisheries and different SESs with 

sustainability challenges.  

 

Figure 7.9: The 1000 future catch simulations of OM and OL governance scaled 

by z-score standardization: 𝑧 =
𝑥−𝜇

𝜃
 , where  𝑥 equals annual catch in 

tonnes,  𝜇 equals the mean of all catches and  𝜃 equals the standard 

deviation of all catches. 
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Fundamentally, this framework is transferable to SESs where decision-makers wish 

to surmount contemporary problems by reaching safe and just futures. For fisheries, 

this target may be futures that persist the ability to catch at MSY, although 

alternative metrics could include ‘optimum yield’ (Levin, 2014) that adapts MSY as a 

function of ecological, economic and social constraints. Nonlinear outcomes like 

historical envelopes of variability, STARS (Rodionov and Overland, 2005) or ARIMA 

forecasting (chapter 6.11) provide thresholds where normative futures are 

undefinable. Second, in order to use this SDM framework, problematic behaviours 

must manifest through temporal dynamics, whilst the modelling strategy must 

facilitate enough simulations to cover plausible future trajectories and their 

interactions. Therefore, SDMs ill-suit problems where the spatial flow of ecosystem 

services is critical to system sustainability, such as surface water dynamics and 

forest cover structures (Swetnam et al., 2011, Boumans et al., 2015); consequently, 

these problems tend to rely upon spatially disaggregated datasets unconducive to 

Monte Carlo simulations.  

The modular nature of the model and its individual processes are adaptable to 

similar fishery systems. The hydroclimatic and ecohydrological modules may be 

parameterised for any river catchment and lagoon respectively, as long as available 

datasets are sufficiently long and complete to facilitate parameterisation and 

evaluation. Importantly, ecological contributions to problematic behaviours should 

be multidecadal, otherwise specialist hydrological models or ecosystem based 

models may be favoured for their higher predictive powers. As an example, 

freshwater and sediment regulation from the Akosombo dam have caused 

ecoyhdrological disturbances across the Keta and Sangar lagoons of Ghana’s Volta 

delta (Nairn, 1998, Dankwa et al., 2004). The resulting spread of aquatic vegetation 

and closures of the lagoon-sea canals are blamed for the collapse of oyster and 

shrimp fisheries. Due to similar drivers and outcomes, transferring the model to the 

Volta requires datasets of runoff and sediment downstream of Akosombo, plus 

estimations of key parameters like eco-K, fishing effort and ecohydrological 

conditions. In turn, external trajectories may include Akosombo’s water storage, 

fisher population growth and catch capacities under technological change. Similar 

ecohydrological stresses effect the Nile delta’s Manzala and Burullus lakes (Negm 

and Hossen, 2017), whilst unsustainable anthropogenic trajectories and catchment 

modifications threaten inland fisheries across Southeast Asia (Coates, 2002) and 

Africa (McIntyre et al., 2016).  
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The approach developed is also transferable to models of non-fishery SESs, 

particularly those with readily defined external drivers. Developing the eight 

scenarios of Hossain et al. (2017), MCA could explore interactions between 

temperature change, water withdrawals and agricultural subsidy keeping rice 

production within its envelope of variability. Likewise, an interesting experiment 

would be simulating the World3 model of Meadows et al. (1972) with nonstationary 

external variables (e.g. land fraction harvested) to explore how interactions between 

global limits like land fertility and cultivated land area influence the timing of 

population overshoot.  

To illustrate this study’s transferability to regional systems, safe and just 

trajectories can be defined for California’s Mono Lake basin (figure 7.10), which is 

facing the challenge of providing just water supplies to surrounding settlements 

(including Los Angeles) whilst retaining safe lake levels for ecological functions and 

recreational uses. By projecting spectrums of precipitation, evaporation and runoff 

diversions with the Lake Mono model of Ford (2010), safe and just outcomes are 

recognised by water levels above 125 feet (Ford, 2010) after 50 years, whilst 

dangerous outcomes meet neither just water supply or safe ecological needs (<115 

feet). The shallowing lake depths over the first 25 years indicate that the current 

water balance is unsustainable. Despite being a manmade problem, Lake Mono’s 

future safety is relatively sensitive to climatic drivers across the range of driver 

trajectories, evidenced by the distinct SJOS of precipitation change but the absence 

of a SJOS for water exports. The safest multidimensional pathways correspond to 

precipitation changes ≥75%, evaporation change ≤-18% and negative export 

changes. Therefore, this rapid assessment suggests that continuing to govern Lake 

Mono as business-as-usual (i.e. no export regulations) will likely lead to unsafe 

futures due to growing water demands in a warming world and annual evaporation 

across the basin expected to increase by 5% by 2050 (Ficklin et al., 2013). 

Unsustainable feedback structures, external processes and deep uncertainty about 

the future provide a checklist to apply the modelling framework developed here. 

Adding to the challenges of modelling spatial problems outlined earlier is a suite of 

problems where this technique does not naturally fit. For problems suited to ABMs, 

including defector or collective behaviours, the exploratory scenarios could be 

adapted to investigate SJOSs of individual decisions. For example, varying decision 

thresholds determining farmland abandonment could explore permissible ranges of 

collective behaviour (Figueiredo and Pereira, 2011). Moreover, spectrums of  
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Figure 7.10: Time-series of (A) future lake depth under the spectrum of (B-D) 

precipitation, evaporation and export changes; (E-G) the driver 

based SJOSs depicting the proportion of future states after 50 years 

under the external trajectories. Colours are as per figure 6.11. 
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biophysical scenarios may also design SJOSs where livelihood decisions, like 

cropping patterns (Mialhe et al., 2012) or daily fishing efforts (Elliston and Cao, 

2006), are influenced by external environmental conditions.  

Modelling SJOSs complements rather than replaces optimisation techniques, which 

are designed to reduce uncertainty about the expected outcomes of a policy 

(Kwakkel et al., 2016). For example, an optimal scenario of fishery exploitation that 

balances competing targets of handling times and inter-fleet competition (Agnew, 

1979) may be located on the wider spectrum of outcomes. The need to balance 

competing social and ecological outcomes may position the system towards SJOS 

edges (chapter 6.8) – fundamentally opposed to the safety and persistence of core 

trajectories.  

Finally, this study also complements backcasting by offering forward-looking 

pathways towards normative futures. However, where backcasting aims to 

understand the freedom of policy action and timing (Robinson, 1990), future SJOSs 

are defined by norms and feasible governance from today. To align with back-

casting, the timing and magnitude of governance could be simulated with Monte 

Carlo analysis, akin to viability theory that seeks all policy scenarios producing 

outcomes within predetermined constraints (Mathias et al., 2017). However, the 

method developed here favours policies known to be feasible from today, rather 

than black-boxed policies in future with little or no causal mechanisms (Biesbroek et 

al., 2017). 

7.5.4 Subchapter synthesis 

This study utilises deep uncertainty about the future and inbuilt sensitivity 

techniques to define continuous and interacting thresholds that bound SJOSs. 

Consequently, trajectories and interactions beyond what might have been 

achievable with best-guess scenarios have been identified, thus providing insights 

for sustainability beyond modelling the continuation of contemporary trends 

(Börjeson et al., 2006). Such analysis has helped to define the width of the 

goalposts bounding goal-seeking behaviour, plus whether system structures and 

governance scenarios are attracted to the goal. In turn, thresholds from SDMs can 

be defined by trajectories achieving the goal, including qualitative reference 

behaviours (e.g. linear or nonlinear growth) and/or quantitative metrics (e.g. 6000 

motorboats). The resulting multivariable interactions producing drive-response 
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equifinality and multifinality are arguably most valuable by encouraging decision-

makers to target sustainable interactions forming the core SJOS (‘persistence’) over 

safe space edges ('efficiency'- Gunderson and Holling, 2002).  

Whilst a range of modelling techniques exists, the perceived threats of social-

ecological interactions, feedbacks and traps make Chilika’s problematic behaviours 

particularly suited to an SDM approach. The modelling framework is readily 

transferable to SESs vulnerable to feedbacks that may intensify under plausible 

external drivers, leading to problematic behaviours that emerge over time. In 

contrast, this framework is less suited to spatially explicit problems, short-term 

forecasting or instances where decision-makers desire optimised outcomes. 

Moreover, uncertainties of this study are expressed in terms of structural evaluation, 

behavioural analysis and sensitivity analysis, plus regular descriptions of study 

limitations during model construction and discussion. Therefore, the next 

subchapter further discusses how uncertainties in study design, methodological 

framework and data affect the use of this study to steer Chilika until mid-century. 

7.6 Model uncertainties, multiple worldviews and 

indeterminacy  

Uncertainties are inherent to modelling studies (Sterman, 2002). Rather than 

stunting progress, uncertainty is utilised here to build plausible futures as defined 

by available data, perceptions of stakeholders and modeller intuitions. Chapter 4 

has already detailed uncertainties associated with model structures, parameters and 

sensitivities, concluding that right quantitative behaviours are produced for the 

right reasons. However, it is now important to discuss how decision-makers might 

interpret study outcomes in light of inexact knowledge and potentially more exact 

methodologies (Refsgaard et al., 2007).  

Numerous conceptual frameworks exist to classify uncertainties in modelling 

studies and environmental sciences (e.g. van Asselt and Rotmans, 2002, Walker et 

al., 2003, Brugnach et al., 2008). Here, inexact knowledge can be categorised as 

(van Asselt and Rotmans, 2002): (i) ‘what we roughly know’ – involving uncertainties 

of natural variability and measurements inaccuracies, (ii) ‘we don’t know what we 

know’ – including the potential effects of excluded variables and conflicting 

evidence, and (iii) unknown unknowns due to unidentified events and indeterminacy. 

These classifications are porous because some uncertainties correspond to multiple 
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domains, such as data shortages (type-i) leading an expert to believe that a 

particular process is unimportant (type-ii) (Zimmermann, 2000). 

7.6.1 Uncertainties and limitations that we roughly know 

Termed Gaussian uncertainties, every measurement of a physical quantity is 

effected by some error (van Asselt and Rotmans, 2002), meaning the causes, 

likelihoods and potential impacts of roughly known uncertainties can be estimated 

(Pawson et al., 2011). For example, the rainfall-runoff models have uncertainties 

associated with data, parametric relationships and spatiotemporal aggregation. 

More specifically, measurement errors derive from the calibration of rainfall gauges, 

flow meters and thermometers used by the Indian CWC and IMD, including possible 

systematic biases (Regan et al., 2002).  

Different conclusions are reached if variables were to vary across potential 

uncertainties. From Monte Carlo sensitivity analysis, we roughly know that 

uncertainties up to ±50% errors in 19 variables do not significantly affect the 

reproduction of Chilika’s reference mode (table 4.5), including the key variables of 

the Bueno and Basurto (2009) fishery model, the Ghashghaei et al. (2013) rainfall-

runoff model and human population growth model (chapter 4.3.6). Would the 

model be as useful if these variables were excluded? Freshwater and sediment 

influxes could be externally generated by sampling from historical distributions. 

Alternatively, hydrological inputs could be assumed constant, de rigueur for fishery 

SDMs (Morecroft, 2007, Bueno and Basurto, 2009, Martins et al., 2015). Whilst 

reducing uncertainties of rainfall-runoff generation, the above techniques would 

gain little insight into how external natural processes potentially affect future 

dynamics. Furthermore, lagoon salinity and days fished are indicators used by the 

CDA to monitor natural and human processes; omitting these variables would be 

inconsistent with the mental models of decision-makers. Moreover, catch is 

insensitive to survival rate and fecundity, but the two variables are required to drive 

fish regeneration within fishery SDMs (Bueno and Basurto, 2009, Duer-Balkind et al., 

2013) .  

In contrast, six variables have uncertainties where errors ≥10% tend to produce 

outputs different from the historical reference. Chapter 4.3.6 provides a detailed 

evaluation of these parametric uncertainties, arguing that rather than introducing 

errors, the sources and magnitudes of uncertainty are consistent with qualitative 
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and quantitative system knowledge. Therefore, despite uncertainties inherent to the 

different datasets, the model’s relatively simple structure and equations are able to 

replicate the timing, magnitude and relative contributions of past problematic 

behaviours.  

A shortcoming of the model evaluation conducted here is the lack of quantitative 

sensitivity analysis around changes in the form of graphical functions (e.g. how 

would monthly salinity variations change if the non-monsoon graphical function 

took linear form?). It is however possible to have a qualitative discussion based on 

knowledge gained from the alternative pasts (chapter 4.3.4) and sensitivity analyses 

(chapters 4.3.5 and 4.3.6). Arguably, the most significant impacts on model outputs 

would derive from changes in the rainfall-runoff and sediment generation functions. 

For example, giving LMC rainfall-runoff a steep linear form would overestimate non-

monsoonal sediment fluxes, causing earlier than expected outlet sedimentation. 

Thus, we can have confidence in the parameterised form given its consistency with 

observed magnitudes of freshwater and sediment delivery (chapter 4.3.2), plus its 

relative contribution to the historical reference mode of fish catch (chapter 4.3.4). 

Likewise, linear functions between Chilika’s ecohydrological conditions and fish 

survival (chapter 3.4.2.5) would likely undermine fish stock resilience to fresher, 

warmer and deoxygenated waters, overlooking the deleterious effects that 

accelerate with ecological degradation. In contrast, the alternative pasts and 

sensitivity analyses suggest that altering the graphical form of the number of days 

fished would have little impact on the resulting fish catch.  

A specific shortcoming of chapter 4.3.6 is the inability to assess the effects of 

disaggregating key model structures. For instance, spatially lumped parameters 

aggregate runoff-generating processes to the catchment scale. Such models are less 

exact than spatially distributed models that simulate the effects of local surface and 

subsurface characteristics (Beven, 2002). To this end, Ahmed and Simonovic (2004) 

develop a spatially disaggregated SDM of the Red River basin in Canada. However, 

assigning one runoff stock per grid cell (4km x 4km) is only computationally 

feasible for small catchments, over sub-annual timescales and limited future 

scenarios. Similarly, disaggregating Chilika’s fish stock into its 317 species 

(Mohanty et al., 2015) is infeasible on the grounds of data availability, model 

capacity and inexact knowledge surrounding how different species interact with 

each other, the environment and catch efforts. A comparatively plausible approach 

would be to parameterise individual stocks for the 17 most commercially important 
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finfish and shellfish (Kumar and Pattnaik, 2012), exploring whether disaggregated 

stocks and target species build resilience against external pressures, internal 

nonlinearities and inequalities.  

Rather than a SDM, specialist hydrological models like the Integrated Catchment 

Model (INCA) (Whitehead et al., 2016) and Soil and Water Assessment Tool (SWAT) 

(Arnold et al., 1998) could be coupled with an ecosystem based fishery model (for 

review see Plagányi, 2007) to explore the dynamics of individual stocks, trophic 

interactions and ecosystem health. However, an ecosystem-based framework has 

limitations that would hamper the search for social-ecological thresholds and SJOSs. 

Models like SWAT require run-times up to tens of hours (Sloboda and Swayne, 2011), 

meaning exactness comes with the cost of limited simulations, which potentially 

miss threshold regions within phase space. Second, model resolutions and 

dimensions must be cross-compatible, but inconsistencies often arise between 

integrated models developed within different research spheres (Voinov and Shugart, 

2013). Furthermore, complex models with process disaggregation may be perceived 

as black-boxes by decision-makers unable to understand their ‘mathematical 

wizardry’ (Mulligan, 2013, p.339). Usability and scrutiny are traded-off, potentially 

disengaging the stakeholders and decision-makers the models aim to serve.  

Therefore, we know that reduced complexity models like SDMs must prioritise 

medium-term patterns over short-term forecasts requiring finer precision, such as 

hydrological flows in a given day/month. Thus, model outputs must be interpreted 

as what-if scenarios: what if fishers continue to adapt from traditional to 

motorboats when financially viable? And, what if today’s attitudes persist (e.g. MSY 

and business-as-usual governance)? Rather than ignoring parametric uncertainties, 

these interpretations help to bound insights within limits of what we roughly know. 

7.6.2 We do not know if we know the effects of excluded processes  

The multiple worldviews informing this model’s structure makes knowledge of 

system processes fundamentally uncertain, as the representation of dynamics is 

open to questioning from different mental models (Brugnach et al., 2008). 

Indicating the lagoon’s social-ecological health and safety of plausible futures, 

perhaps the most fundamental uncertainties are associated with the catch record. 

Six days per month, catch weights of every fourth boat entering Chilika’s 18 landing 

sites are recorded (Kumar and Pattnaik, 2012). Small boats are assessed by eye and 
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catches are reported without confidence intervals, adding to the uncertainties 

associated with interpolating between samples. Moreover, stakeholders and officials 

give conflicting accounts of productivity (Dujovny, 2009), including ICAR-CIFRI 

(2016, p.25) simultaneously quoting catch in 2015 as 9,184 tonnes and 12,000 

tonnes! Thus, it is critical models can reproduce relatively certain reference modes, 

like the 1990s catch decline that is agreed upon by both decision-makers and 

stakeholders (Nayak, 2014).  

Perhaps most noticeable to readers familiar with Chilika is the exclusion of prawn 

aquaculture. Although Kadekodi and Nayampalli (2005) promote aquaculture to 

benefit catch and livelihoods, it is argued to have contributed to the 1990s collapse 

through the spread of disease, pollution and encroachment on traditional grounds 

(Dujovny, 2009, Nayak, 2014). Aquaculture across Chilika was outlawed in 2001, 

although Kumar and Pattnaik (2012) map remnants around the lagoon’s periphery. 

Therefore, we do not know whether the model overestimates fishery persistence if 

prawn aquaculture is to proliferate by mid-century. Exclusion from the model is first 

due to the lack of information linking prawn aquaculture to habitat effects – making 

the potential feedbacks speculative at best. Second, decision-makers prioritised the 

catch of juveniles, tidal outlet fishing and overcapacity when asked to consider 

future threats. Model outputs are therefore framed by the assumption that 

aquaculture does not impede MSY, thus encouraging decision-makers to uphold its 

outlaw.  

Although the system exhibits resilience to monthly and annual hydroclimatic inputs, 

future resilience to cyclones and storm surges is unknown. From 1975-2013, 14 

cyclones affected Odisha (Yadav and Barve, 2017), including the 1999 Super 

Cyclone which killed ~10,000 people. The 2013 Cyclone Phailin disrupted Chilika’s 

salinity, dissolved oxygen and temperature cycles, with Barik et al. (2017) finding 

the normal annual salinity regime supressed for 20 months post-Phailin. 

Meteorological extremes also affect fishing operations by damaging boats, landing 

jetties and roads (Iwasaki and Shaw, 2010b). The natural effects of cyclones could 

be modelled by pulsing additional rainfall to the LMC and WC, assessing whether 

sub-monthly processes undermine resilience against slower stresses. However, 

exploratory analysis attempting to screen cyclone rainfalls from the monthly data 

found that the signal of the most powerful cyclone to date is hidden, with rainfall in 

October 1999 (Super Cyclone) equalling the median October rainfalls of both 

Khordha and Puri districts from 1973-2009. Therefore, this model instead aims to 
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find system configurations that are resilient to multidecadal trends, under the 

assumption that this increases the likelihood of overcoming extreme events. 

We also do not know whether growth in the number of motorboats and the active 

fisher population will cause toxic conditions for fish due to waste and petroleum 

hydrocarbon emissions. Clusters of relatively high hydrocarbon concentrations 

around jetty stations suggest spatial modelling techniques are required (Mohanty et 

al., 2016). Mohanty et al. (2016) find hydrocarbon concentrations around jetties to 

be ~15 times below the 100 µg L
−1 

threshold of the Indian Central Pollution Control 

Board (CPCB, 1993), whilst Baliarsingh et al. (2014) note that the main source of 

pollution is the unsafe handling of fuels, rather than exhaust emissions. Therefore, 

rather than erroneously modelling pollution dynamics and potentially causing 

unjustified concern, this study raises awareness of plausible causal trajectories to 

encourage further study of Chilika’s pollution dynamics and its effects on habitat 

quality.  

Despite the existence of predictive models (Malek et al., 2011), zooplankton and 

phytoplankton dynamics are excluded in favour of directly linking water quality 

indicators to explicit drivers of catch (e.g. macrophyte coverage, survival and 

migration). Such parsimony inhibits the exploration of how primary productivity and 

nutrient fluxes under climate change may buffer catch losses (Cloern et al., 2014). 

The excluded processes explicate a limitation of finding the sweet-spot (Collie et al., 

2016) for data driven models between including all processes, which increases the 

degrees of freedom for errors (Jakeman et al., 2006), and only including processes 

perceived to be key to past, present and future dynamics (Verburg et al., 2016). 

This study adopts a relatively conservative stance, favouring the exclusion of 

processes and acknowledgement of uncertainties over erroneous parameterisation 

that may undermine the tractability of relatively certain processes.  

Uncertainties also derive from human behaviour. In terms of information gained 

from the interviews, fishers may display cognitive dissonance between perceived 

and actual fishing habits, potentially caused by the want to appear environmentally 

conscious. All fishers interviewed expressed negative views towards juvenile catch 

and outlet fishing; therefore, including fishers involved in destructive practices 

might have increased understanding into the motivations behind such behaviours. 

Similarly, the model excludes relatively non-rational behaviours like the acts of 

fishing despite bans, the poorest fishers upgrading boats and the maintenance of 
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fishing days despite stock declines. Dissonance may also exist between the plans 

and implementations of governors (e.g. policing fishing bans) when faced with the 

real-life resistance of international consumers and fishery cooperatives absent from 

the model.     

Hitherto, this chapter has discussed factors questioning the extent to which we 

know the model accurately captures holistic social-ecological functions. Given the 

various exclusions, driver pathways are framed by an effective absence of pollution, 

prawn aquaculture and defector behaviour, which become implicit dimensions of 

the SJOSs. However, the SJOSs do not build reciprocal robustness against the 

excluded processes, meaning further study of these uncertain processes must be 

encouraged to widen the scope of future models.  

7.6.3 A brief word on indeterminacy  

The third major suite of uncertainties in modelling studies are processes not 

determinable by humans (van Asselt and Rotmans, 2002). Difficult to discuss due to 

their very nature beyond the mental models of observers, the definition of 

‘unknown unknowns’ (after Donald Rumsfeld’s famous press briefing as US 

Secretary of State, 2002) is relaxed to include processes with undeterminable risks 

or impacts over the horizon of study (Cleden, 2009).  

The fish price funnel rising from today assumes that domestic and international 

demand for fish will continue to rise, thus implying that demand declines are 

inconceivable. Carpenter et al. (2015a) provide an alternative approach by including 

a plausible future of weakened consumerism in their model of agricultural landuse 

change. Here, decision-makers might diverge from desiring MSY, perhaps following 

unexpected fish population declines that make MSY suddenly unsafe. Additional 

indeterminable risks include the industrialisation of aquaculture, akin to the failed 

joint ventures of Tata and the Government of Odisha in 1991 (Ray and Garada, 

2017), the introduction of marine trawlers, invasive species and fish disease. These 

stresses all stem from natural events or social tipping points with unknown chances 

and impacts (Pawson et al., 2011), meaning that the SJOSs assume that these 

unknowns also remain absent. Prioritising particular known processes is a 

fundamental limitation of problem-based modelling (Wintle et al., 2010); however, 

failing to build resilience against known processes may mean that the system 

transgresses a tipping point before unknowns even emerge.  
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7.6.4 Subchapter synthesis 

The aphorism all models are wrong (Box, 1976, 1979, Sterman, 2002) emerged 

from the inherent nature of uncertainty in modelling studies. However, the saying is 

qualified by a number of caveats, which make models useful as tools for decision 

support and explorers of system dynamics.  

The three types of uncertainty discussed above are fundamental to interpret the 

future sustainability of Chilika. Parametric uncertainties are effectively universal, as 

the quantitative and qualitative variables are sampled from populations. Therefore, 

it is not important whether uncertainties exist, but whether changing parameter 

estimations over their plausible range produce fundamentally different conclusions 

about outcome behaviours. Critically, this study has defined permissible error 

ranges so that we roughly know that conclusions are consistent up to ±10% errors 

across the most sensitive system drivers. Additional data does not necessarily 

reduce uncertainties if the modelling strategy is also inexact; for instance, the sub-

district rainfall data must be aggregated for use in spatially implicit rainfall-runoff 

models. To this end, specialist hydrological, economic and fishery models offer 

alternative approaches, but often exclude social-ecological feedbacks, performance 

evaluation and external scenarios achievable with SDMs. Consequently, model 

projections here should not be viewed as deterministic forecasts but plausible 

patterns of behaviours emerging from different external trajectories, key internal 

feedbacks and decisions.  

Limited insights are gained into the sustainability of processes excluded due to 

parsimony, lack of observations or conflicting evidence. Ideally, the model would 

capture all human and natural processes, but speculative relationships have been 

avoided where possible to improve the tractability of processes and feedbacks 

important in the eyes of stakeholders and experts. Ultimately, within the bounds of 

limited knowledge, this model has uncovered insights into the sustainability of 

Chilika’s internal feedbacks, adaptive behaviours and decommonisation. Crucially, 

this study also shows that decision-makers may degrade resilience through actions 

designed to be sustainable, which Sterman (2002) promotes as the crucial indicator 

of model usefulness. 
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Chapter 8: Conclusions and future research 

This study is grounded in the concepts of SESs, sustainability, resilience and system 

dynamics. In all, this project details the conceptualisation, construction and 

simulation of an ambitious model designed to investigate the future of a deltaic 

natural resource system, focusing on pathways bounding sustainability, system 

responses to decision-making and resulting social-ecological trade-offs. Chapter 8.1 

presents five conclusions to summarise the contributions of this study to the key 

themes, before chapter 8.2 describes future research directions to begin addressing 

unanswered and emerging questions. 

8.1 Five-point synthesis 

Conclusion 1: The Chilika lagoon fishery is an Anthropocene deltaic system: 

the persistence of social-ecological functions is dependent on but also 

vulnerable to human actions  

The Chilika lagoon of India’s Mahanadi delta has a legacy of resource collapse. 

Productivity during the 1990s reached a 50-year low, principally blamed on the 

unchecked sedimentation of the Magarmukh tidal outlet channel that degraded the 

lagoon’s brackish environment, inhibited fish migration to and from the Bay of 

Bengal, and promoted the spread of freshwater macrophytes across the lagoon. 

Following the dredging of a shorter tidal channel in 2000, reported catch recovered 

from an average of 3,100 tonnes/year in the 1990s, to 12,100 tonnes/year since 

2005. However, uncertainty surrounds the efficacy of this policy to overcome cross-

scale interactions, unsustainable fishing efforts and future habitat changes. 

Therefore, this research builds on the plethora of historical analysis by providing 

the first horizon scan of problematic behaviours. 

Synthesising the relationship between governance and future system persistence, 

managed decommonisation is found to build resilience against abrupt fishing effort 

intensification and creeping gradients of total efforts. As a worst-case scenario, 

ceasing outlet maintenance under do nothing governance retriggers the historical 

cause and rate of collapse, found to be proportional to the rate of decadal rainfall 

change and minimum annual salinity. Decadal tidal outlet maintenance tips the 

fishery from a Holocene SES to an Anthropocene SES, where persistence of 
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ecological and human functions are dependent on and vulnerable to human actions. 

In turn, stable resource mobility under business-as-usual builds climate resilience, 

but rejuvenating the fish stock every ten year facilitates the growth of unsustainable 

fishing efforts under steep trajectories of fish price and fisher population growth. 

Fishing bans across an area equivalent to the new outlet almost doubles the 

frequency of sustainable catch (OB), whilst dangerous futures disappear once OB is 

combined with an exploratory alternative livelihood policy removing 1/2000 

fishers/fleet/month (OL).  

In terms of future pathways, sustainability is also found to be inversely proportional 

to the magnitudes of socioeconomic drivers by 2049, including externally driven 

fish price, active fishers, total boats, motorboats and juvenile catch. Managed 

decommonisation builds specified resilience against these components of fishing 

effort, with the latitude of permissible trajectories increasing from OM to OL. 

Despite this, the SJOSs of juvenile catch and the number of motorboats remain 

distinct even under OL, suggesting that Chilika is inherently vulnerable to effort and 

catch compositions. Furthermore, motorboat numbers and juvenile catch have the 

most distinct SJOSs relative to their dangerous spaces – signifying key levers to 

steer system sustainability. In terms of temporal dynamics, stepwise motorboat 

proliferation over the next decade is symptomatic of unsafe futures, deriving from 

relatively wealthy traditional fishers adapting during falling traditional productivity. 

A spiked fisher population is indicative of success to the successful, whereby non-

traditional resource access dominance causes the loss of traditional livelihoods. 

However, whether an unsafe trajectory ultimately becomes dangerous is positively 

linked to the gradient of fishing effort beyond 2040. 

This research shows that the persistence of Chilika’s social-ecological functions is 

dependent on short-term fishing intensities, multidecadal effort extents and the 

ability of governance to build internal resilience against external trajectories. 

Moreover, whilst hydroclimatic processes are found to have statistically indistinct 

SJOSs, negative correlations exist with the permissible gradients of fishing effort 

within the SJOS. In particular, the sustainable number of motorboats shallows as 

freshwater and sediment deliveries steepen, highlighting the antagonistic 

relationship between degraded resource mobility and exploitation. Therefore, cross-

scale interactions undermine resilience to regional processes, meaning decision-

makers must also consider external trajectories of climate change and globalisation 

when steering internal dynamics.  
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Chilika’s future fish population, CPUE, per capita income and income equality 

display complexities relating to driver pathways. Generally, fish population and 

CPUE decline linearly over time, with the gradient of change inversely related to 

safety. Sustainable futures have linear trends of income and fishery value, which 

abruptly rise then fall from 2040 under dangerous futures. This inflection is delayed 

under cautionary futures, producing highest average income and fishery value from 

2050-2060. This dilemma adds to a wider suite of trade-offs for decision-makers to 

consider going forward, including whether to follow shallow socioeconomic 

trajectories that might require stakeholders to forego adaptive capacities – 

effectively trapping traditional fishers into less productive practices. Second, 

whether Chilika’s historical CPR status should be waived in order to build resilience 

against the spectrum of plausible external stresses. Whilst missing a definitive 

answer, this study ultimately empowers Chilika’s decision-makers to make an 

informed decision about desired system identity, based on the dynamics of social-

ecological pathways, unintended consequences and cross-scale interactions that 

underpin system persistence. 

Conclusion 2: Future regional SJOSs can be operationalised as 

multidimensional pathways of interacting drivers and thresholds  

The SJOSs paradigm emerged from the planetary boundaries concept to find 

sustainable development that meets social foundations but avoids environmental 

ceilings. Studies to date have principally compared contemporary observations to 

predefined thresholds at the international (Raworth, 2012), national (Cole et al., 

2014) and regional (Dearing et al., 2014) scales. A model of the Ganges-

Brahmaputra-Meghna delta shows that rice production might be forced from its 

envelope of variability under particular climatic and economic scenarios (Hossain et 

al., 2017); however, these scenarios are limited in number and diversity, whilst the 

model only involves statistical couplings and inter-driver interactions are absent. 

Consequently, little is known about how SJOSs may evolve in future, the driver 

interactions needed to achieve safety, and how the pathways respond to governance 

and cross-scale processes like climate change and globalisation.  

Transcending the importance of the specific pathways for Chilika, this study shows 

that SJOSs can be operationalised by driver trajectories reaching a desirable future 

defined a priori that balances socially just (catch) and ecologically safe (resource 

consumption) conditions. Therefore, depicting causal dynamics from today 
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achieving sustainable catch by mid-century converts the SJOS concept from a purely 

outcome-based assessment of today’s sustainability to a driver based tool to guide 

future evolutions. Whilst only one outcome is used as a first pass, multiple social 

foundations and environmental ceilings may be added in future to constrain the 

pathways further. Moreover, through the concept of conditional probabilities, SJOSs 

communicate how sustainability changes over the plausible range of driver 

trajectories. Rather than static/single value thresholds, driver based SJOSs are better 

thought of as soft thresholds where safety is partly conditioned by multivariable 

interactions. In turn, multivariable interactions operationalise the concept of core 

safe spaces (Steffen et al., 2015b) by identifying the drivers that critically underpin 

sustainability. This study takes the concept one-step further by delineating the 

permissible trajectories giving at least a 75% chance of safe and just outcomes. 

Conclusion 3: Linear SJOSs have various characteristics of nonlinear concepts 

of social-ecological resilience  

Normative thresholds (type-I: Dearing et al., 2014) are used here to operationalise 

SJOSs within a modelling environment. Despite linear definitions, the SJOSs of 

social-ecological drivers are found to exhibit nonlinear properties of social-

ecological resilience and regime shifts. When viewed as conditional probabilities 

between a given driver trajectory and outcome state, the SJOSs resemble stability 

landscapes commonly used to describe general resilience and system attraction. In 

actuality, the SJOSs depict resilience to specific drivers, with the range of driver 

trajectories producing safe and just outcomes akin to resilience latitude. Resistance, 

‘the ease or difficulty of changing the system’ (Walker et al., 2004, p.2), is 

communicated by the rate that safety changes across the latitude. The 

precariousness of the system to a given driver is a function of latitude and 

resistance, where the least precarious position would be within a wide, deep and 

shallowly changing SJOS. However, this study highlights a trade-off where the 

deepest and most distinct SJOSs (e.g. motorboats) also have the steepest 

boundaries, meaning outcomes become rapidly unsafe as the edge of the SJOS 

approaches. This represents a key difference to conventional outcome-based 

stability landscapes, where steep sides are desirable for outcome recovery. Instead, 

the SJOSs found here align with the idea that resilient social-ecological functions 

persist across driver magnitudes (Folke, 2006, Carpenter et al., 2015b).   
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Developing the nonlinear aspects of the SJOSs concept, driver-response 

nonlinearities and hysteresis are found to be associated with normative cautionary 

spaces. Therefore, driver-response nonlinearities within cautionary spaces questions 

whether unsustainable trajectories can be restored once within the normative 

window of opportunity. Beyond the window of opportunity, hysteresis trajectories 

are found to have added dimensions beyond their theoretical depiction (e.g. 

Scheffer et al., 2001), with the temporal duration of resource recovery positively 

associated with the magnitude of resource loss. Moreover, the reverse trajectory 

through phase space is dependent on the priorities of decision-makers. Chilika’s 

overexploited fish stock may be recovered within ten years if ecological functions 

are prioritised at the expense of socioeconomic functions; alternatively, recovery 

may require 30 years if decision-makers wish to retain livelihood generation.   

This conclusion builds on the operationalisation of driver based SJOSs to note their 

numerous similarities with wider resilience thinking. Rather than binary attributions 

of sustainability, this study shows that driver-based SJOSs exhibit latitude, 

resistance and precariousness all dependent on multivariable interactions. 

Therefore, system safety cannot be gauged by one driver alone, promoting the core 

SJOS to find simultaneously sustainable trajectories.  

Conclusion 4: Normative safe and just futures are associated with trade-offs 

effecting holistic sustainability 

Previous studies overlooked the creation of winners and losers within SJOSs, with 

the default position being that remaining between the environmental ceilings and 

social foundations is safe and just for all stakeholders. This study finds that SJOSs 

are associated with heterogeneous outcomes, particularly when feedbacks drive 

poverty traps with imperceptible effects at the system level. Importantly for 

decision-makers designing Chilika’s identity, building general resilience through 

managed decommonisation accommodates levels of income inequality associated 

with collapse under OM and OB. Consequently, general resilience converts the 

‘success to the successful’ archetype from a problematic behaviour to a trade-off of 

fishery persistence. These results also have important implications for Chilika’s 

governors, who do not currently differentiate between traditional and non-

traditional catch, income or livelihood opportunities.  

Similarly, safe and just futures under business-as-usual are partly dependent on the 

continued marginalisation of traditional fishers, as stepwise uptake of non-
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traditional practices risks overexploitation. Consequently, a delicate balance exists 

between promoting adaptation to further livelihood opportunities and shifting 

fishing effort intensities towards unsustainable levels. The suggestion that the 

adaptive capacities of certain users should be limited to preserve the wider system 

is itself unjust. Therefore, this work calls for future studies to assess how deeper 

structural leverage points (e.g. feedbacks and self-organisation) can bolster the 

social resilience of Chilika’s most marginalised without edging the system closer to 

its environmental ceilings.  

Conclusion 5: Combining divergent external trajectories with reduced 

complexity modelling probes interactions causing safe space transitions, 

tipping points and regime shifts. 

Alternative plausible futures are gaining traction within SESs thinking as a means of 

envisaging divergent and transformative futures (Carpenter et al., 2015a, Bai et al., 

2016). Modelling highly divergent external conditions builds upon previous 

research that uses expert appraisal to investigate how internal interactions and 

feedbacks attract a region towards different divergent futures. To this end, societal 

goals (e.g. MSY average from 2050-2060) involve both equifinality and multifinality. 

Equifinality emerges when the same normative future results from different driver 

trajectories; for instance, cautionary futures achieved from linear and nonlinear 

motorboat use. Multifinality argues that similar trajectories can lead to different 

normative futures – discouraging rigid decision-making or the focus on one driver 

whilst others become unsustainable.  

Consequently, the location of thresholds may be brought forward or pushed back 

due to social-ecological interactions. Interestingly, drivers with insignificant 

connections to outcome state are found to influence the size of statistically distinct 

SJOSs. Drivers like climate change and livelihood costs may not directly cause 

dangerous futures, but their disregard may promote unsafe outcomes when 

combined with anthropogenic trajectories approaching SJOS limits. Thus, when 

modelling social-ecological interactions and thresholds, predictive scenarios must 

be at least combined with a buffer zone of uncertainty (e.g. Maier et al., 2016, 

figure 1d) to begin to understand how resilience latitude, resistance and 

precariousness changes over plausible interacting driver trajectories.  
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8.2 Future research directions 

This thesis has developed and critically evaluated a novel framework to project 

plausible futures and subset safe and just driver limits. Various future research 

directions have emerged from this study, forming additional requirements to 

operationalise policies across Chilika, expand model breadth and depth, and 

undertake investigations to further or verify a number of implications for SESs and 

their governance.  

Following the commitment of the CDA to reopen the tidal outlet every decade, the 

realisation that sustainability is also intrinsically linked to future fisher dynamics is 

arguably the key message for Chilika. Therefore, the main future research demand 

for Chilika is to focus on the pathways underpinning sustainability, because within 

the headline lies the respective roles of traditional and non-traditional practices, 

with the persistence of the former critical to avoid overexploitation from the latter. 

This study showing that a future with <9,000 total boats and <5,000 motorboats by 

2050 is safe, whilst <9,000 total boats but 8,000 motorboats is unsafe. However, 

routine surveys presently aggregate both fleets (Noack et al., 2013, CDA, 2015), 

whilst any datasets with differentiation are sporadic at best (Kadekodi et al., 2000, 

Mohapatra et al., 2007b, Mohanty et al., 2016). Therefore, this study highlights a 

need to routinely monitor the different fleets, productivity contributions and 

adaptive behaviours, potentially foreseeing transitions towards non-traditional 

dominance and the marginalisation of traditional livelihoods.  

Through only a single feedback, this study has shown that system-wide 

sustainability is sensitive to the timing and number of switches between traditional 

and non-traditional fishing. Therefore, adding to the quantitative data demand is 

the need for qualitative insights into the decisions causing traditional fishers to 

intensify livelihood practices. Building knowledge of the wider push and pull factors 

will improve the exactness of model parameterisation, plus highlight additional 

levers to steer socioeconomic trajectories and address root causes of 

unsustainability (Kadekodi and Gulati, 1999, Abson et al., 2017). For instance, 

subsidising costs of traditional practices may be ineffective if younger generations 

continue to disconnect with the traditional identity (Ray and Garada, 2017), 

favouring efficient practices over ecosystem stewardship (Nayak, 2014).  
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Whilst formal regulations forcibly anchor driver trajectories, the resulting trade-offs 

effect holistic sustainability through decommonisation and the marginalisation of 

traditional livelihoods. Consequently, research may wish to focus on the role of 

shadow networks (Olsson et al., 2006) and informal institutions (Pelling et al., 2007) 

operating outside formal regulations. Cross-livelihood cooperatives and education 

programmes may foster sustainable self-organisation from the bottom-up, helping 

to limit divergence between socioeconomic pathways and the emergence of 

inequitable archetypes. The CDA recognise the absence of a social scientist as an 

institutional weakness (Kumar and Pattnaik, 2012); this study explicates the 

necessity to continue expanding research into the regional impacts of humans upon 

Chilika’s nature, rather than only the legacy of nature upon humans.  

This refocus may be aided by developing the usefulness and exactness of this 

model. The former is currently on-going, with study insights being fed-back to 

decision-makers via informal discussions, formal meetings and scientific 

publications (e.g. Cooper and Dearing, in prep.). Regarding model exactness, a 

number of plausible expansions have been discussed in chapter 7.6, including the 

modelling of defector behaviours and pulse events. An alternative direction would 

be to use the horizon scans conducted here to guide more specialised modelling 

efforts. Whilst deep regions of dangerous spaces may be relatively certain, 

ecosystem-based models could target scenarios at the edge of the SJOSs, assessing 

whether simulating all trophic interactions shifts safe spaces and associated trade-

offs (Daw et al., 2015). Likewise, the spatial disaggregation of multispecies 

migration, fleet dynamics and ecological conditions may explore how these 

heterogeneities influence the speed and cause of collapse.  

Another logical direction would be to model adaptive governance, whereby 

decisions are only made in direct response to undesirable conditions. Adaptive 

governance could be operationalised through the use of model switches (e.g. IF 

catch < MSY THEN dredge outlet ELSE do nothing), exploring whether small yet 

frequent interventions help to dampen the variability found to occur under 

scenarios of decadal outlet openings and steep socioeconomic trajectories. The 

engineering resilience of constantly returning the system to equilibrium could be 

compared with the results found here, exploring the successes of persistent 

steering against implementing major decisions today.  
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In reality, the model and framework can be expanded in almost every direction. 

EWSs have been overlooked due to the linear SJOSs definitions and the linear fish 

population declines over time. Therefore, future research could explore whether 

Chilika’s resource stock exhibits the variance and autocorrelation based EWSs found 

in the toy fishery model of Biggs et al. (2009), and if so, how their appearance 

relates to the space between dangerous normative and dangerous nonlinear 

thresholds. Ideally, EWSs will appear even before the normative dangerous space, 

prompting action based on time-series properties as well as linear thresholds. 

Disappearance of the fish population without EWSs would be the worst-case 

scenario (Hastings and Wysham, 2010), entering a hysteretic regime as a result of 

long-term albeit temporally linear resource degradation.  

To further investigate the conclusion that normative SJOS are not always safe and 

just for everyone, a future study might enhance the number of constraints defining 

the safe and just future. Exploring the interplay between numerous environmental 

ceilings and social foundations helps scrutinise the trade-off between simply aiming 

for safe and just persistence and desiring relatively precise outcomes with narrower 

thresholds.  

This research has developed and tested a dynamic social-ecological model to 

produce the first projections of the Chilika lagoon fishery system and operationalise 

interacting pathways to safe and just futures. This study may be ultimately 

expanded in breadth (e.g. process inclusion), depth (e.g. SJOS constraints) and 

application (e.g. different SESs); the transferability of the model and wider 

approaches makes these directions possible in the presence of new data, emergent 

knowledge or research demands.  

8.3 Closing thoughts 

The development of the model and associated framework has been an incredibly 

interesting and fulfilling experience, stemming from Professor John Dearing’s desire 

to ‘build a model and crash it into the ground’. I initially aimed to model an entire 

deltaic SES, focusing on the wider water-energy-food nexus to capture interactions 

between deltaic natural fluxes and social functions like agriculture, fisheries and 

migration. I soon realised that the Chilika lagoon provided a deltaic subsystem with 

clearly defined boundaries, external processes and a problematic history. The final 

version of this model has vastly improved early iterations which barely captured the 
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1990s’ collapse (appendix C.4); access to qualitative and quantitative data during 

the fieldtrip to Odisha in spring 2016 was invaluable in this respect, and I am 

exceptionally grateful to my supervisors, DECCMA and the wider Indian team for 

this opportunity. The discussions of uncertainties concede there are undoubtedly 

aspects of this study that could be improved with further research. However, this 

work paves the way for future studies to develop models that seek to uncover safe 

and just dimensions of regional SESs. Likewise, the SJOSs designed here are 

intended to add to the suite of tools building resilience across SESs, particularly 

where the plausible future driver trajectories, outcome responses and trade-offs 

represent novel concerns for system governors and stakeholders alike.
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Appendix A – Interview information sheet and 

question matrices  

A.1 Participant information sheet 

Study Title:  Social-ecological tipping points in world deltas: designing a safe and 

just operating space for the Chilika lagoon fishery, India 

Researcher: Gregory Cooper    Ethics number: 17721 

What is the research about? 

The purpose of this research is to discover the key natural and human factors 

affecting past, present and future fishery productivity across the Chilika Lagoon. 

This study will learn from the experiences and expectations of local and regional 

stakeholders and experts, to help model future changes in fishery production 

across the Chilika system under different biophysical and human conditions. 

Who is the researcher? 

The researcher is a postgraduate student at the University of Southampton in the 

United Kingdom (UK).  This project forms part of the training which will lead to a 

Doctorate of Philosophy (PhD) in the subject of Geography. Specific research 

interests include modelling complex social-ecological and natural resource 

extraction systems of river deltas.  

Why have I been chosen? 

The participants in this project are all adults from different stakeholder 

backgrounds within the Chilika Lagoon region. The researcher is looking to speak 

to and learn from people with a variety of different experiences of working, living 

and governing in the Chilika Lagoon environment.  

What does the interview involve? 

If you agree to take part, the interview can either happen right away or at a later 

arranged time. The location is up to you, but it is best to choose somewhere quiet 

and without disturbance, and where you will feel comfortable. The interview will 

take no longer than 45 minutes. There is no financial cost to take part. If you 
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consent, the questions will focus on your past experiences fishing in the Chilika 

Lagoon and the expectations you have about your future abilities to fish. An 

interpreter will be part of our conversation, so that we can all effectively 

communicate. The conversation will be recorded for later analysis; only the 

researcher has access to the recordings. 

Are there any benefits in my taking part? 

I hope that you will find taking part an interesting experience.  The results of this 

research may be useful to fishers, scientists and regional managers, looking to 

sustain future fishery production across the Chilika Lagoon by controlling the 

relevant natural and human influences. Although there is much research on the 

health of the Chilika Lagoon, there are few studies which project the future 

sustainability of the fishery, given the likely evolution of the lagoon’s natural and 

human conditions.  

Are there any risks involved? 

There are no risks in terms of your safety and you are not obliged to talk about any 

experiences you feel uncomfortable discussing or find distressing. 

Will my participation be confidential? 

Confidentiality is very important in this project.  The recording and any documents 

will be stored on a computer and they will be password protected so that they 

cannot be accessed by anyone other than the researcher.  In any written documents 

your name and the names of anyone else you mention (such as family members or 

work colleagues) will be changed, as will any other details by which you could be 

identified.  Information will be kept safe in line with UK laws (the Data Protection 

Act) and University of Southampton policy.  The interpreter in the interview has 

signed a confidentiality agreement. 

What happens if I change my mind? 

You have the right to withdraw at any time and this will not have an effect on any of 

your rights. Please contact the people below to withdraw from the study. 

What happens if something goes wrong? 

If you have any concerns or complaints about how this research is conducted, you 

may contact: 
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Research and Governance Office 

University of Southampton, UK 

+44 2380 594684 

legalservices@soton.ac.uk 

If you would prefer to speak with someone directly in India in order to raise your 

concerns or find out more information about the research, you can contact: 

Dr Sugata Hazra,  

Jadavpur University,  

India.  

Email: sugata_hazra@yahoo.com.  

Tel.: +913324146242. 

Where can I get more information? 

If you have any further questions once you have read this information sheet, please 

get in touch with me using the following details: 

Gregory Cooper 

University of Southampton, UK 

<<Indian mobile number to be added once obtained on arrival in Odisha>> 

gsc1g11@soton.ac.uk

mailto:sugata_hazra@yahoo.com
mailto:Rea1g11@soton.ac.uk
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A.2 Key informant 

The matrix below details the range of questions asked to the key informants 

interviewed (chapter 3.3.1) from the Chilika Development Authority (CDA), Odisha 

Integrated Coastal Zone Management Project (ICZMP), Odisha Government 

Directorate of Fisheries and Chilika Fisherman’s Central Cooperative Society. Due to 

the semi-structured nature of the interviews, the exact combination of questions 

differed between interviews as different issues were raised.  

 

Topic Questions 

Understanding the 

background of the 

key informant 

 What is your occupation? 

 What role does your occupation have in the 

governance/study of Chilika? 

 How long have you been in your role? 

Chilika’s past, 

present and future 

 Which do you consider to be the more important 

determinant of Chilika’s fish catch, social-economic 

or biophysical processes? 

 Which do you consider to have a more significant 

impact upon fish catch levels across Chilika: 

resource availability or resource accessibility? 

 Over the past fifty years, what have been the main 

drivers of Chilika’s fish catch? 

 What is the lagoon’s current ecological status? 

 If you could ensure that one stress never becomes 

unsustainable or reaches a dangerous level, what 

would it be? 

 If I am to visit Chilika in 20 years, how do you think 

the system will look different? 

 Is there the potential for a similar shift from a high 

to a low productivity regime to happen again in 

future? 

 How do you expect the natural conditions of the 
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lagoon to evolve in future? 

Plausible 

governance 

options 

 Are there any difficulties implementing regulation 

across Chilika? 

 If yes, do you see the difficulties relaxing in future? 

 Talk to me about the 1990’s fishery collapse: for 

example, what were the main reasons for the 

decline and what were the main management 

strategies ‘x’ implemented? 

 Do you believe the lagoon’s ecorestoration will have long-

lasting positive effects? 

 What influence over catchment processes does 

Chilika governance have? 

 How do you envisage governance to react to your 

expected future changes? 
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A.3 Stakeholder 

The matrix below details the questions asked to the stakeholders interviewed 

(chapter 3.3.2) from the four fishing villages. The original matrix included more 

questions that were relatively complex (e.g. what do you believe were the main 

causes of the 1990s collapse?); however questions were revised after consultation 

with local informants to instead focus on the everyday knowledge of fishers.  

 

Topic Questions 

Background 

questions 

 What is your occupation? 

 How long have you fished in Chilika? 

 Where do you fish? 

 What is your monthly income? 

 How many people in your family fish? 

 How many people in your family are educated? 

Fishery perceptions  What are the commercially important species? 

 What are the prices of the species? 

 What are the greatest threats to Chilika’s fish? 

 What do you think about the actions of the government 

(e.g. new tidal outlet)? 

Future plans  What are your future plans? 

 Are there any other livelihood options? 

 Do your children plan to fish? 
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Appendix B – Model equations and constants 

Future trajectories 

DIESEL PRICE PER LITREt (Indian Rupees[INR]/litres)

= 𝐈𝐅 𝐓𝐈𝐌𝐄 < 504 𝐓𝐇𝐄𝐍 OBSERVED DIESEL PRICEt 𝐄𝐋𝐒𝐄 DIESEL PRICEt−1

+ DIESEL PRICE INCREASEt × DT 

DIESEL PRICEt=504 = 60 

DIESEL PRICE INCREASEt (INR) = 𝐏𝐔𝐋𝐒𝐄(𝐑𝐀𝐍𝐃𝐎𝐌(𝐌𝐈𝐍 = 0, 𝐌𝐀𝐗 = 7), 𝐈𝐍𝐈𝐓𝐈𝐀𝐋 𝐓𝐈𝐌𝐄 = 516, 𝐅𝐑𝐄𝐐𝐔𝐄𝐍𝐂𝐘

= 12) 

OBSERVED DIESEL PRICEt (INR) = Verman and Fernandez (2010) dataset 

Where t equals time step in months.  

FISH PRICE PER KGt (INR/KG)

= 𝐈𝐅 𝐓𝐈𝐌𝐄 < 504 𝐓𝐇𝐄𝐍 OBSERVED FISH PRICEt 𝐄𝐋𝐒𝐄 FISH PRICEt−1 + FISH PRICE INCREASEt

× DT 

FISH PRICEt=504 (INR) = 133 

FISH PRICE INCREASEt (INR) = 𝐏𝐔𝐋𝐒𝐄(𝐑𝐀𝐍𝐃𝐎𝐌(0, 30), 516, 12) 

OBSERVED FISH PRICEt (INR) = CDA (2016) dataset 

FUTURE HUMAN POPULATION GROWTH RATE [FUTURE R]t (DMNSL)

= 𝐈𝐅 𝐓𝐈𝐌𝐄 < 504 𝐓𝐇𝐄𝐍 OBSERVED Rt 𝐄𝐋𝐒𝐄 Rt−1 + R INCREASEt × DT 

Rt=504 (Dimensionless[DMNSL]) = 14 

R INCREASEt (DMNSL) = 𝐏𝐔𝐋𝐒𝐄(𝐑𝐀𝐍𝐃𝐎𝐌(0, 0.022), 516, 12) 

OBSERVED Rt (DMNSL) = OBSERVED BIRTH RATEt − OBSERVED DEATH RATEt 

OBSERVED BIRTH RATEt (DMNSL) = OBSERVED BIRTH RATEt − OBSERVED DEATH RATEt

= ‘India Development Indicators Revised, 2012’ dataset, 

published by the United Nations StatisticsDivision, and The 2013 − 14 Odisha Economic Survey  

OBSERVED DEATH RATEt (DMNSL) = see OBSERVED BIRTH RATE 

TEMPERATURE CHANGEt (°C) = 1 + TEMPERATURE CLIMATE CHANGE × TIME GRAPHICALt 

TIME GRAPHICALt (months) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍 (DT) {(1,0), (504, 0), (1524, 1)} 

TEMPERATURE CLIMATE CHANGE (DMNSL) = 𝐑𝐀𝐍𝐃𝐎𝐌(0, 0.2) 

RAINFALL CHANGEt (%) = 1 + RAINFALL CLIMATE CHANGE × TIME GRAPHICALt 
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RAINFALL CLIMATE CHANGE (DMNSL) = 𝐑𝐀𝐍𝐃𝐎𝐌(0, 0.22) 

Governance 

PERSISTENT OUTLET OPENINGt (tonnes) = 𝐈𝐅 𝐓𝐈𝐌𝐄

= 576, 696, 816, 936, 1056) 𝐓𝐇𝐄𝐍 0.3 × CHILIKA SEDIMENT STOCKt 𝐄𝐋𝐒𝐄 0 

LAGOON AREA (km2) = 1000  

OUTLET AREA (km2) = 70 

FISHING BANt (DMNSL) = 1 − ((
LAGOON AREA

ANNUAL AVERAGE AREA
) × IMPLEMENTATION PROCESSt × BAN ACTIVE SCENARIO) 

IMPLEMENTATION PROCESSt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(DT) {(1,0), (516,0), (636,1), (1056,1)} 

BAN ACTIVE SCENARIO (DMNSL) = can equal 0 or 1, as determined by modeller.   

ALTERNATIVE LIVELIHOOD UPTAKE (DMNSL) = 𝐈𝐅 ALTERNATIVE LIVELIHOOD ACTIVE

= 1 𝐓𝐇𝐄𝐍 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍 (DT) {(1,0), (515,0), (516,0.001), (1056,0.001)}𝐄𝐋𝐒𝐄 0 

ALTERNATIVE LIVELIHOOD ACTIVE (DMNSL) = can equal 0 or 1, as determined by modeller.   

Fish population 

Population renewal 

IMMATURE POPULATION STOCKt (fish)

= 𝐈𝐍𝐓𝐄𝐆 (IMMATURE POPULATION STOCKt−1

+ (REGENERATION RATEt − MATURATION RATEt − JUVENILE CATCHi,t) 𝐝𝐭 

Where i is the boat type (i.e. traditional or non-traditional/motorised fleets). 

IMMATURE POPULATION STOCKt=0(fish) = 67,500,000 

REGENERATION RATEt

= (BIRTHSt × MODIFIED SURVIVAL RATEt) − (MIGRATIONAL FRACTION × BIRTHSt

× MODIFIED SURVIVAL RATEt × OUTLET CLOSUREt) 

MIGRATIONAL FRACTION (DMNSL) = 0.7 

MATURATION RATEt (fish) = 𝐃𝐄𝐋𝐀𝐘(BIRTHSt , 𝟏𝟐, 𝟏𝟐) − (IMMATURE CATCHi,t + BIRTHS LOSTt) 

IMMATURE CATCHi,t (fish)

= IMMATURE FISHING EFFORTi,t × (1 − VEGETATION COEFFICIENT ×
VEGETATION AREAt

LAGOON AREA
) 

VEGETATION COEFFICIENT (DMNSL) = 0.4 
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BIRTHSt (fish) = MATURE POPULATIONt × FEMALE PERCENTAGE × (
FECUNDITY

REPRODUCTIVE LIFE
) 

BIRTHS LOSTt(fish) = (MIGRATIONAL FRACTION × BIRTHS × MODIFIED SURVIVAL RATE × OUTLET CLOSUREt) 

FECUNDITY (DMNSL) = 105 

FEMALE PERCENTAGE (DMNSL) = 0.5 

REPRODUCTIVE LIFE (months) = 108 

OUTLET CLOSUREt (DMNSL) =
SEDIMENT STOCKt

SEDIMENT CAPACITY
 

SEDIMENT CAPACITY (tonnes) = 44E6 

NATURAL SURVIVAL RATEt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(FISH DENSITYt) 

{(0.00, 0.50), (0.10, 0.49), (0.20, 0.48), (0.40, 0.46), (0.60, 0.42), (0.80, 0.34),  

(0.90, 0.25), (0.95, 0.15), (1.00, 0.00), (1.50, 0.00), (2.00, 0.00)} 

FISH DENSITY𝐭 (DMNSL) = (
TOTAL FISH POPULATIONt

ECOLOGICAL CARRYING CAPACITY
) 

ECOLOGICAL CARRYING CAPACITYt (fish) = 675,000,000 

MODIFIED SURVIVAL RATE t (DMNSL) = NATURAL SURVIVAL RATEt × HABITAT QUALITY IMPACTt 

Mature fish dynamics 

MATURE POPULATION STOCK  t(fish)

= 𝐈𝐍𝐓𝐄𝐆 (MATURE POPULATION STOCKt−1

+ (MATURATION RATEt + MATURE INMIGRATIONt − MATURE CATCHi,t − NATURAL DEATH 

− MATURE OUTMIGRATIONt) 𝒅𝒕 

MATURE POPULATION STOCKt=0(fish) = 608,000,000 

MATURE INMIGRATIONt (fish) = MATURE OUTMIGRATIONt × (1 − OUTLET CLOSUREt) 

MATURE OUTMIGRATIONt (fish) =
(MIGRATIONAL FRACTION × MATURE POPULATIONt)

12
 

NATURAL DEATHS (fish) =
MATURARE POPULATION STOCKt

LIFE LENGTH
 

LIFE LENGTH (months) = 120 

Fish catch  
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TOTAL FISH POPULATIONt (fish) = MATURE POPULATION STOCKt + IMMATURE POPULATION STOCKt 

MATURE CATCHi,t (fish) = MATURE FISHING EFFORTi,t × (1 −
VEGETATION AREAt

LAGOON AREA
) 

MATURE FISH PER KG (fish/kg) = 25 

IMMATURE FISH PER KG (fish/kg) = 50 

MATURE FISH LANDINGi,t (kg) =
MATURE CATCHi,t

1000 × MATURE FISH PER KG
 

IMMATURE FISH LANDINGi,t (kg) =
IMMATURE CATCHi,t

1000 × IMMATURE FISH PER KG
 

Fish landings then converted to tonnes (i.e. 1000 kg).  

TOTAL LANDINGi,t (tonnes) = MATURE CATCHi,t + IMMATURE CATCHi,t 

Socioeconomic 

Fishing efforts 

TRADITIONAL CATCH CAPACITY (fish/month) = 6500 

MOTORISED CATCH CAPACITY (fish/month) = 8000 

MATURE FISHING EFFORTi,t (fish/boat/month) = FISH DENSITYt × MATURE HARVEST FORCEi,t 

MATURE HARVEST FORCEi,t(fish/boat/month)

= DISCOUNT RATEi,t × CATCH CAPACITYi,t × BOATSi,t × FISHING BANt 

MOTORISED DISCOUNT RATEt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(MOTORISED PERCEIVED FISH DENSITYt) 

{(0.10, 0.64), (0.20, 0.78), (0.30, 0.48), (0.40, 0.88), (0.50, 0.90), (0.60, 0.92),  

(0.70, 0.93), (0.80, 0.94), (0.90, 0.95), (1.00, 0.95)} 

TRADITIONAL DISCOUNT RATEt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(TRADITIONAL PERCEIVED FISH DENSITYt) 

{(0.10, 0.66), (0.20, 0.68), (0.30, 0.70), (0.40, 0.70), (0.50, 0.71),  

(0.60, 0.71), (0.70, 0.71), (0.80, 071), (0.90, 0.71), (1.00, 0.71)} 

PERCEIVED FISH DENSITYi,t (DMNSL) = 𝐃𝐄𝐋𝐀𝐘(FISH DENSITYt, 1) 

IMMATURE FISHING EFFORTi,t (DMNSL) = FISH DENSITYt × IMMATURE HARVEST FORCEi,t 

TRADITIONAL IMMATURE HARVEST FORCEt (fish/boat/month)

= (0.71 − TRADITIONAL DISCOUNT RATEt) × TRADITIONAL CATCH CAPACITYt

× TRADITIONAL BOATSt) 
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MOTORISED IMMATURE HARVEST FORCEt(fish/boat/month)

= (0.95 − MOTORISED DISCOUNT RATEt) × MOTORISED CATCH CAPACITYt

× MOTORISED BOATSt) 

BOATSi,t(boats) =
(BOAT OWNERHIP RATE × FISHER POPULATIONi,t)

FISHERS PER BOATS
 

FISHERS PER BOATS (fishers) = 6 

BOAT OWNERHIP RATE (DMNSL) = 0.95 

TRADITIONAL FISHERSt (fishers)

= 𝐈𝐍𝐓𝐄𝐆 (TRADITIONAL FISHERSt−1 + (TRADITIONAL CARRYING CAPACITY CHANGEt

− TRADITIONAL UPGRADEt

− (ALTERNATIVE LIVELIHOOD UPTAKE × TRADITIONAL FISHERSt−1))) 𝐝𝐭 

TRADITIONAL FISHERSt=0 (fishers) = 19,000 

TRADITIONAL CARRYING CAPACITY CHANGEt (fishers) = 𝐈𝐅 TRADITIONAL FISHERSt

> TRADITIONAL CARRYING CAPACITYt 𝐓𝐇𝐄𝐍 𝐒𝐌𝐎𝐎𝐓𝐇 (FISHER Rt × TRADITIONAL FISHERSt

× (
1 − TRADITIONAL FISHERSt

TRADITIONAL CARRYING CAPACITYt
) , 𝟐𝟏𝟔) 𝐄𝐋𝐒𝐄 (FISHER Rt × TRADITIONAL FISHERSt) 

LIVEHOOD CARRYING CAPACITYi,t(fishers) =
TOTAL FLEET REVENUEi,t

LIVELIHOOD COST PER FISHER i,t
 

FISHER Rt (DMNSL) = 𝐈𝐅 𝐓𝐈𝐌𝐄

< 506 𝐓𝐇𝐄𝐍 
(OBSERVED BIRTH RATEt − OBSERVED DEATH RATEt)

12000
𝐄𝐋𝐒𝐄 

FUTURE Rt

12000
 

MOTORISED FISHERSt(fishers)

= 𝐈𝐍𝐓𝐄𝐆 (MOTORISED FISHERSt−1 + (MOTORISED CARRYING CAPACITY CHANGEt

+ TRADITIONAL UPGRADEt

− (ALTERNATIVE LIVELIHOOD UPTAKE × MOTORISED FISHERSt−1))) 𝐝𝐭 

MOTORISED FISHERSt=0(fishers) = 0 

MOTORISED CARRYING CAPACITY CHANGEt (fishers) = 𝐈𝐅 MOTORISED FISHERSt

> MOTORISED CARRYING CAPACITYt 𝐓𝐇𝐄𝐍 𝐒𝐌𝐎𝐎𝐓𝐇 (FISHER Rt × MOTORISED FISHERSt

× (
1 − MOTORISED FISHERSt

MOTORISED CARRYING CAPACITYt
) , 𝟐𝟏𝟔) 𝐄𝐋𝐒𝐄 (FISHER Rt × MOTORISED FISHERSt) 

TOTAL FISHERSt (fishers) = MOTORISED FISHERSt + TRADITIONAL FISHERSt 

TOTAL LIVELIHOOD CARRYING CAPACITYt (fishers) = TRADITIONAL CARRYING CAPACITYt + 

MOTORISED CARRYING CAPACITYt 

Fisher incomes 

TOTAL FLEET REVENUEi,t(INR) = TOTAL LANDINGi,t × FISH PRICE PER KG t 

PER CAPITA INCOMEi,t (INR/fisher) =
TOTAL FLEET REVENUEi,t

FISHER POPULATIONi,t
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PER CAPITA PROFITSi,t (INR/fisher) = PER CAPITA INCOMEi,t − PER CAPITA COSTSi,t 

Fisher costs 

MOTORISED LIVELIHOOD COSTSt (INR/fisher/month)

= (MOTORISED MONTHLY COSTSt + MOTORISED ONE OFF COSTSt + DIESEL USE PRICEt)

× MOTORISED DISCOUNT RATEt 

DIESEL USE PRICEt (INR) =
(DIESEL PRICE PER LITREt × LITRES USED PER DAY × 30)

FISHERS PER BOAT
 

LITRES USED PER DAY (litres/day) = 3.7 

MOTORISED MONTHLY COSTSt (INR/month)

=
(MOTORISED LICENCE COST + NET REPAIR COSTt + BOAT REPAIR COSTt + ENGINE REPAIR COST)

12 × FISHERS PER BOAT
 

BOAT REPAIR COSTt (INR) = 3970 × COST INCREASEt 

NET REPAIR COSTt (INR) = NET REPAIR COST PER UNITt × NET USAGE 

NET REPAIR COST PER UNITt (INR) = 130 × COST INCREASEt 

ENGINE REPAIR COSTt (INR) = 5480 × COST INCREASEt 

MOTORISED LIFETIME COSTSt (INR) =

(LIFETIME ENGINE COSTt + LIFETIME BOAT COSTt + LIFETIME NETS COSTt

+LIFETIME MOTORISED LICENCE COSTt)

FISHERS PER BOAT
 

COST INCREASEt (INR) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍 (TIME) {(1,0.34), (492,1), (1056,1.86)} 

LIFETIME ENGINE COSTt (INR) =
ONE OFF ENGINE COSTt

ENGINE LIFETIME
 

ONE OFF ENGINE COSTt (INR) = 18000 × COST INCREASEt 

ENGINE LIFETIME (months) = 98.4 

LIFETIME BOAT COSTt (INR) =
ONE OFF BOAT COSTt

BOAT LIFETIME
 

ONE OFF BOAT COSTt (INR) = 38000 × COST INCREASEt 

BOAT LIFETIME = 127.2 (months)   

LIFETIME NETS COSTt (INR) =
ONE OFF NET COSTt

NET LIFETIME
 

NET LIFETIME (months) = 70.8 

ONE OFF NET COSTt (INR) = NET USAGE × NET USAGE COSTt 

NET USAGE (kg) = 63 

NET USAGE COSTt (INR) = 680 × COST INCREASEt 
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LIFETIME MOTORISED LICENCE COSTt(INR) =
 MOTORISED LICENCE COSTt

LICENCE LIFETIME
 

MOTORISED LICENCE COSTt (INR) = 235 

LICENCE LIFETIME (month) = 127.2 

MONTHLY COST PER TRADITIONAL FISHERt (INR/fisher/month)

= (TRADITIONAL MONTHLY COSTSt + TRADITIONAL ONE OFF COSTSt)

× TRADITIONAL DISCOUNT RATEt 

TRADITIONAL LIVELIHOOD COSTSt (INR/fisher/month)

=
(TRADITIONAL LICENCE COST + NET REPAIR COSTt + BOAT REPAIR COSTt)

12 × FISHERS PER BOAT
 

TRADITIONAL LICENCE COSTt (INR) = 210 

Switch from traditional to motorised boats (upgrades) 

TRADITIONAL UPGRADEt(fishers) = TRADITIONAL FISHERSt × PROPORTION UPGRADINGt 

PROPORTION UPGRADINGt(DMNSL) = 𝐈𝐅 𝐓𝐈𝐌𝐄

< 120 𝐓𝐇𝐄𝐍 0 𝐄𝐋𝐒𝐄 WILLINGNESS TO UPGRADEt  × UPGRADE PROBABILITYt 

STANDARD DEVIATION PROFITSt (INR)

= (
260

FISHERS PER BOAT
) × DAYS IN MONTHt × TRADITIONAL DISCOUNT RATE 

PER CAPITA UPGRADE COSTt (INR/fishers)

=

(ONE OFF ENGINE COSTt + (MOTORISED LICENCE COSTt − TRADITIONAL LICENCE COSTt)

+BOAT REPAIR COSTt)

FISHERS PER BOAT
+ DIESEL USE PRICEt 

Z − SCORE TRADITIONAL PROFITSt (DMNSL)

=
(TRADITIONAL PER CAPITA PROFITSt − PER CAPITA UPGRADE COSTt)

STANDARD DEVIATION PROFITSt
 

UPGRADE PROBABILITYt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(Z − SCORE TRADITIONAL PROFITSt) {(-3.40, 

0.0003), ,(-3.20, 0.0007), (-3.00, 0.0013), (-2.80, 0.0026), (-2.60, 0.0047),  (-2.40, 0.0082), (-2.20, 0.0139), 

(-2.00, 0.0228), (-1.80, 0.0359), (-1.60, 0.0548), (-1.40, 0.0808), (-1.20, 0.1151), (-1.00, 0.1687), (-0.80, 

0.2119), (-0.60, 0.2743), (-0.40, 0.3446), (-0.20, 0.4207), (0.00, 0.500), (0.20, 0.5793), (0.40, 0.6554), (0.60, 

0.7257), (0.80, 0.7881), (1.00, 0.8413), (1.20, 0.8849), (1.40, 0.9192), (1.60, 0.94452), (1.80, 0.9641), (2.00, 

0.9772), (2.20, 0.9861), (2.40, 0.9918), (2.60, 0.9953), (2.80, 0.9974), (3.00, 0.9987), (3.20, 0.9993), (3.40, 

0.9997)} 

WILLINGNESS TO UPGRADE (DMNSL) = 𝐈𝐅 𝐓𝐈𝐌𝐄 < 132 𝐎𝐑 ∆ TRADITIONAL PER CAPITA PROFITS

> 0 𝐓𝐇𝐄𝐍 0 𝐄𝐋𝐒𝐄 1 

∆ TRADITIONAL PROFITS (INR) = TRADITIONAL PER CAPITA PROFITSt − TRADITIONAL PER CAPITA PROFITSt−1 

Eco-hydrological 

Aquatic vegetation 
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AQUATIC VEGETATION STOCKt (km2)

= 𝐈𝐍𝐓𝐄𝐆 (AQUATIC VEGETATION STOCKt−1 + VEG INCREASEt − VEG DECREASEt) 𝐝𝐭 

AQUATIC VEGETATION STOCKt=0 (km2) = 20 

VEG INCREASEt (km2) = 𝐈𝐅 SALINITY < 18 𝐓𝐇𝐄𝐍 (18 − SALINITY) × DO × OUTLET CLOSUREt × 0.039 𝐄𝐋𝐒𝐄 0  

VEG DECREASEt (km2) = 𝐈𝐅 SALINITY > 14 𝐓𝐇𝐄𝐍 (2.5 × SALINITY − 14) × (
1

DO
) × (

𝟏

OUTLET CLOSUREt
) 𝐄𝐋𝐒𝐄 0  

Dissolved oxygen (DO) 

BASELINE DO (ppm) = 7.4 

DOt (ppm) = 𝐃𝐄𝐋𝐀𝐘(𝐒𝐌𝐎𝐎𝐓𝐇 ((BASELINE DO D + POSTMONSOON DO DEVIATION

− NONMONSOON DO DEVIATION) × (1 −
AQUATIC VEGETATION STOCK

15
) , 𝟑) , 𝟒) 

MONSOON FRESHWATER FLOW (m3) = 𝐈𝐅 FRESHWATER INFLOWt ≥ 800E6 𝐓𝐇𝐄𝐍 FRESHWATER INFLOWt 𝐄𝐋𝐒𝐄 0 

NORMALISED MONSOON FRESHWATER FLOW (DMNSL) = 𝐈𝐅 MONSOON FRESHWATER INFLOWt

> 1 𝐓𝐇𝐄𝐍 
(MONSOON FRESHWATER INFLOWt − 1000E6) 

1000E6
 𝐄𝐋𝐒𝐄 0 

MONSOON DO DEVIATION (ppm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(NORMALISED MONSOON FRESHWATER INFLOWt){(0.0, 1.95), (0.40, 2.27), 

(0.70, 2.53), (1.10, 2.75), (1.40, 2.95), (1.80, 3.11), (2.10, 3.20), (2.50, 3.33), (2.85, 3.42), (3.20, 3.49), 

(3.60, 3.56), (3.90, 3.56), (4.30, 3.62), (4.65, 3.64), (5.00, 3.64)} 

NONMONSOON FRESHWATER FLOW(m3) = 𝐈𝐅 FRESHWATER INFLOWt

< 800E6 𝐓𝐇𝐄𝐍 FRESHWATER INFLOWt 𝐄𝐋𝐒𝐄 0 

NORMALISED NONMONSOON FRESHWATER INFLOWt (DMNSL) = 𝐈𝐅 NONMONSOON FRESHWATER INFLOWt

> 1 𝐓𝐇𝐄𝐍 
(NONMONSOON FRESHWATER INFLOWt − 113E6) 

113E6
 𝐄𝐋𝐒𝐄 0 

NONMONSOON DO DEVIATION (ppm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(NORMALISED NONMONSOON FRESHWATER INFLOWt){(0.0, 0.50), (0.80, 0.49), 

(1.60, 0.46), (2.40, 0.43), (3.20, 0.39), (4.00, 0.35), (4.80, 0.30), (5.60, 0.25), (6.40, 0.19), (7.20, 0.13), 

(8.00, 0.00)} 

Salinity 

OUTLET CLOSURE SALINITY EFFECTt (DMNSL) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐒𝐌𝐎𝐎𝐓𝐇(OUTLET CLOSUREt), 𝟒){(0.00, 0.286), (0.11, 0.38), (0.22, 0.46), (0.33, 

0.54), (0.44, 0.63), (0.56, 0.71), (0.67, 0.79), (0.78, 0.86), (0.89, 0.93), (1.00, 1.00)} 

PREMONSOON FRESHWATER INFLOWt (m3) =  𝐈𝐅 FRESHWATER INFLOWt

≤ 350E6 𝐓𝐇𝐄𝐍 FRESHWATER INFLOWt 𝐄𝐋𝐒𝐄 𝟎 
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NORMALISED PREMONSOON FRESHWATER INFLOWt (DMNSL)

=
(PREMONSOON FRESHWATER INFLOWt − 74.0E6)

74.0E6
 

PREMONSOON SALINITY GRAPHt (ppt) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(NORMALISED PREMONSOON FRESHWATER INFLOWt){(-1.00, 0.99), (-0.94, 

0.99), (-0.885, 0.99), (-0.81, 0.98), (-0.75, 0.95), (-0.69, 0.93), (-0.63, 0.91), (-0.56, 0.88), (-0.50, 0.82), (-

0.44, 0.72), (-0.38, 0.63), (-0.31, 0.55), (-0.25, 0.45), (-0.19, 0.36), (-0.13, 0.25), (-0.06, 0.12), (0.00, 0.01)} 

PREMONSOON SALINITY DEVIATIONt (ppt) = 𝐈𝐅 NORMALISED PREMONSOON FRESHWATER INFLOWt

= −𝟏 𝐀𝐍𝐃 SEASON = 2 𝐓𝐇𝐄𝐍 0 𝐄𝐋𝐒𝐄 PREMONSOON SALINITY GRAPHt  

MONSOON AND POST MONSOON (MAPM) FRESHWATER INFLOW (m3) = 𝐈𝐅 FRESHWATER INFLOWt

> 350E6 𝐓𝐇𝐄𝐍 FRESHWATER INFLOWt 𝐄𝐋𝐒𝐄 𝟎  

FRESHWATER SEASONt (DMNSL) = 𝐈𝐅 MAPM FRESHWATER INFLOWt > 350E6 𝐓𝐇𝐄𝐍 1 𝐎𝐑 3 ELSE 2 

NORMALISED MAPM FRESHWATER INFLOWt (DMNSL) =
(MAPM FRESHWATER INFLOWt − 576E6)

576E6
 

MAPM SALINITY GRAPHt (ppt) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(NORMALISED MAPM FRESHWATER INFLOWt){(-1.00, 

0.00), (-0.50, 0.18), (0.00, 0.36), (0.50, 0.48), (1.00, 0.58), (1.50, 0.70), (2.00, 0.78), (2.50, 0.84), (3.00, 

0.89), (3.50, 0.92), (4.00, 0.95), (4.50, 0.96), (5.00, 0.98), (5.50, 0.98), (6.00, 0.98)} 

MAPM SALINITY DEVIATIONt (ppt) = 𝐈𝐅 FRESHWATER SEASONt ≠ 2 𝐓𝐇𝐄𝐍 11 × MAPM SALINITY GRAPHt 𝐄𝐋𝐒𝐄 0  

SALINITYt (ppt) = (12.6 + (PREMONSOON SALINITY DEVIATIONt − MAPM SALINITY DEVIATIONt) × (1

− OUTLET CLOSURE SALINITY EFFECTt) 

WATER TEMPERATUREt (°C) = (0.80 × AIR TEMPERATUREt + 7.94) − MONSOON BURSTt 

MONSOON BURSTt (°C) = 𝐈𝐅 FRESHWATER INFLOWt > 1000E6 𝐓𝐇𝐄𝐍 0.5 × (
FRESHWATER INFLOWt

1000E6
) 𝐄𝐋𝐒𝐄 0  

Habitat quality modifications on fish survival 

DO SURVIVAL MODIFICATION (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(DOt){(0.00, 0.000), (3.00, 0.700), (5.00, 0.900), 

(7.00, 1.000), (10.00, 1.000)} 

TEMPERATURE SURVIVAL MODIFICATION (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(WATER TEMPERATUREt){(25.00, 

1.000), (31.00, 1.000), (35.00, 0.800), (45.00, 0.000)} 

SALINITY SURVIVAL MODIFICATION (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(SALINITY)(0.00, 0.200), (5.00, 0.700), 

(8.00, 0.900), (15.00, 1.000), (20.50, 1.000)} 

HABITAT QUALITY IMPACTt (DMNSL) =

DO SURVIVAL MODIFICATION × TEMPERATURE SURVIVAL MODIFICATION ×

SALINITY SURVIVAL MODIFICATION  

Hydroclimatic 

Temperatures and potential evapotranspiration (PET) 
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Observed PET across the districts of Chilika’s Western Catchments (WC) 

KHORDHA OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

PURI OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

Observed PET across the districts of the Lower Mahanadi Catchment (LMC) 

ANGUL OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

BAUDH OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

SAMBALPUR OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

SONEPUR OBSERVED PETt (mm) = IMD monthly PET data 1973 − 2002 

Generating future temperatures across Chilika’s WC 

CLIMATE MONTHt (DMNSL) = Vector from 1 → 12 that repeats over the length of each simulation 

DAYS IN MONTHt (DMSNL)

= Vector of 12 numbers with the number of days per month (no leap year) repeated over the simulation  

JAN TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 1 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 18.500), (0.200, 19.300), (0.400, 19.700), (0.600, 20.700), (0.800, 21.000), 

(1.000, 22.300)} 

FEB TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 2 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 20.500), (0.200, 21.700), (0.400, 22.300), (0.600, 22.500), (0.800, 23.000), 

(1.000, 24.000)} 

MAR TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

3 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 23.200), (0.200, 24.400), (0.400, 24.800), 

(0.600, 25.250), (0.800, 15.800), (1.000, 26.200)} 

APR TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 24.700), (0.200, 26.000), (0.400, 26.700), (0.600, 26.900), (0.800, 27.000), 

(1.000, 28.300)} 

MAY TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 5 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 25.600), (0.200, 26.500), (0.400, 27.500), (0.600, 28.000), (0.800, 28.500), 

(1.000, 29.000)} 

JUN TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

6 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 25.100), (0.200, 26.700), (0.400, 27.300), 

(0.600, 27.700), (0.800, 27.900), (1.000, 29.000)} 

JUL TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 7 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 −

𝟏){(-1.000, 0.000), (0.000, 24.600), (0.200, 25.300), (0.400, 26.000), (0.600, 26.500), (0.800, 26.700), 

(1.000, 28.000)} 
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AUG TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

8 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 24.500), (0.200, 25.700), (0.400, 25.950), 

(0.600, 26.400), (0.800, 26.700), (1.000, 27.000)} 

SEP TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

9 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 25.600), (0.200, 26.200), (0.400, 26.400), 

(0.600, 26.500), (0.800, 26.700), (1.000, 27.100)} 

OCT TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

10 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 23.200), (0.200, 24.600), (0.400, 25.400), 

(0.600, 25.700), (0.800, 25.900), (1.000, 26.600)} 

NOV TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

11 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 21.200), (0.200, 21.600), (0.400, 22.700), 

(0.600, 23.000), (0.800, 23.400), (1.000, 24.400)} 

DEC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

12 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 18.500), (0.200, 19.600), (0.400, 20.000), 

(0.600, 20.300), (0.800, 20.600), (1.000, 21.700)} 

Generating future temperatures across the LMC 

JAN LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

1 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 18.900), (0.200, 19.500), (0.400, 19.800), 

(0.600, 20.700), (0.800, 21.000), (1.000, 22.200)} 

FEB LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

2 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 21.800), (0.200, 22.700), (0.400, 23.200), 

(0.600, 23.500), (0.800, 23.900), (1.000, 24.800)} 

MAR LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

3 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 25.600), (0.200, 26.200), (0.400, 26.750), 

(0.600, 27.300), (0.800, 27.600), (1.000, 27.800)} 

APR LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 28.500), (0.200, 29.100), (0.400, 28.800), 

(0.600, 30.000), (0.800, 30.600), (1.000, 32.000)} 

MAY LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 20.250), (0.200, 30.250), (0.400, 20.800), 

(0.600, 31.250), (0.800, 31.500), (1.000, 32.400)} 

JUN LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 27.200), (0.200, 28.100), (0.400, 28.700), 

(0.600, 29.300), (0.800, 29.700), (1.000, 30.400)} 

JUL LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 25.200), (0.200, 26.200), (0.400, 26.400), 

(0.600, 26.800), (0.800, 27.200), (1.000, 28.300)} 

AUG LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

8 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 24.900), (0.200, 26.200), (0.400, 26.400), 

(0.600, 26.700), (0.800, 26.900), (1.000, 27.300)} 
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SEP LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

9 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 25.600), (0.200, 26.250), (0.400, 26.400), 

(0.600, 25.600), (0.800, 26.900), (1.000, 27.400)} 

OCT LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

10 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 22.800), (0.200, 24.300), (0.400, 24.600), 

(0.600, 25.000), (0.800, 25.200), (1.000, 26.000)} 

NOV LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

11 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 19.800), (0.200, 21.100), (0.400, 21.300), 

(0.600, 22.000), (0.800, 22.300), (1.000, 24.000)} 

DEC LMC TEMPERATURE ECDF (°C) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

12 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 18.200), (0.200, 18.900), (0.400, 19.200), 

(0.600, 19.800), (0.800, 20.300), (1.000, 21.100)} 

Calculating future PET across Chilika’s WC 

WC PETt (mm) = 𝐈𝐅 𝐓𝐈𝐌𝐄 < 324 𝐓𝐇𝐄𝐍
 OBSERVED WC PETt

1000
 𝐄𝐋𝐒𝐄 

FUTURE WC PETt

1000
 

OBSERVED WC PETt(mm) = 𝐌𝐄𝐀𝐍(KHORDHA OBSERVED PETt, KHORDHA OBSERVED PETt) 

FUTURE WC PETt (mm) =

(
(700 × FUTURE WC Tm)
(100 − WC LATITUDE)

+ (15 × FUTURE WCt−td))

(80 − FUTURE WC TEMPERATUREt)
 

FUTURE WC TEMPERATUREt (°C) = 𝐒𝐔𝐌(JAN WC TEMPERATURE ECDF, FEB WC TEMPERATURE ECDF, … ,

NOV WC TEMPERATURE ECDF, DEC WC TEMPERATURE ECDF) ×  TEMPERATURE CHANGEt 

FUTURE WC Tmt (°C) = FUTURE WC TEMPERATUREt + 0.006 × WC ELEVATION 

FUTURE WCt−td (°C)

= 0.0023 × 3 + 0.37 × FUTURE WC TEMPERATUREt + 0.53 × WC DAILY TEMP RANGE + 0.35

× WC MONTHLY TEMP RANGE − 10.9 

WC ELEVATION (m) = 5  

WC LATITUDE (°) = 19.45 

WC DAILY TEMP RANGE (°C) = 8.7 

WC MONTHLY TEMP RANGE (°C) = 7.4 

Calculating future PET across the LMC 

LMC PETt (m) = 𝐈𝐅 𝐓𝐈𝐌𝐄 < 324 𝐓𝐇𝐄𝐍
 OBSERVED LMC PETt

1000
 𝐄𝐋𝐒𝐄 

FUTURE LMC PETt

1000
 

OBSERVED LMC PETt (mm) = 𝐌𝐄𝐀𝐍(ANGUL OBSERVED PETt, BAUDH OBSERVED PETt, 

SAMBALPUR OBSERVED PETt, SONEPUR OBSERVED PETt) 
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FUTURE LMC PETt (mm) =

(
(700 × FUTURE LMC Tm)
(100 − LMC LATITUDE)

+ (15 × FUTURE LMCt−td))

(80 − FUTURE LMC TEMPERATUREt)
 

FUTURE LMC TEMPERATUREt (°C) = 𝐒𝐔𝐌(JAN LMC TEMPERATURE ECDF, FEB LMC TEMPERATURE ECDF, … ,

NOV LMC TEMPERATURE ECDF, DEC LMC TEMPERATURE ECDF) ×  TEMPERATURE CHANGEt 

FUTURE LMC Tmt (°C) = FUTURE LMC TEMPERATUREt + 0.006 × LMC ELEVATION 

FUTURE LMCt−td (°C)

= 0.0023 × LMC ELEVATION + 0.37 × FUTURE LMC TEMPERATUREt + 0.53

× LMC DAILY TEMP RANGE + 0.35 × LMC MONTHLY TEMP RANGE − 10.9 

LMC ELEVATION (m) = 192 

LMC LATITUDE (°) = 20.75 

LMC DAILY TEMP RANGE (°C) = 10.25 

LMC MONTHLY TEMP RANGE (°C) = 12.03 

Rainfall 

Observed rainfall across the districts of Chilika’s WC 

KHORDHA OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

PURI OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

Observed rainfall across the districts of the LMC 

ANGUL OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

BAUDH OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

SAMBALPUR OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

SONEPUR OBSERVED RAINFALLt (mm) = IMD monthly rainfall data 1973 − 2009 

Generating future rainfall across Chilika’s WC 

JAN WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 1 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(0.000, 0.000), (0.200, 6.000), (0.400, 10.000), (0.600, 20.000), (0.800, 30.000), (1.000, 60.000)} 

FEB WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 2 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(0.000, 0.000), (0.200, 5.000), (0.400, 20.000), (0.600, 24.000), (0.800, 38.000), (1.000, 90.000)} 

MAR WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 3 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.000), 

(0.200, 10.000), (0.400, 23.000), (0.600, 30.000), (0.800, 50.000), (1.000, 110.000)} 
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APR WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 5.000), (0.200, 20.000), (0.400, 27.000), (0.600, 38.000), (0.800, 57.000), 

(1.000, 90.000)} 

MAY WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), 

(0.000, 25.000), (0.200, 55.000), (0.400, 75.000), (0.600, 100.000), (0.800, 120.000), (1.000, 275.000)} 

JUN WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 130.000), (0.200, 220.000), (0.400, 260.000), (0.600, 300.000), (0.800, 

370.000), (1.000, 470.000)} 

JUL WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 −

1){(-1.000, 0.000), (0.000, 250.000), (0.200, 410.000), (0.400, 480.000), (0.600, 520.000), (0.800, 

550.000), (1.000, 660.000)} 

AUG WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 8 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), 

(0.000, 340.000), (0.200, 410.000), (0.400, 450.000), (0.600, 520.000), (0.800, 550.000), (1.000, 640.000)} 

SEP WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 9 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), 

(0.000, 180.000), (0.200, 270.000), (0.400, 320.000), (0.600, 380.000), (0.800, 460.000), (1.000, 500.000)} 

OCT WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 10 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), 

(0.000, 150.000), (0.200, 210.000), (0.400, 250.000), (0.600, 400.000), (0.800, 420.000), (1.000, 750.000)} 

NOV WC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 11 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), 

(0.000, 10.000), (0.200, 35.000), (0.400, 50.000), (0.600, 110.000), (0.800, 140.000), (1.000, 210.000)} 

DEC WC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

12 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(0.000, 0.000), (0.200, 3.000), (0.400, 8.000), (0.600, 15.000), 

(0.800, 24.000), (1.000, 55.000)} 

WC RAINFALLt (mm) = 𝐈𝐅 𝐓𝐈𝐌𝐄 < 𝟒𝟒𝟒 𝐓𝐇𝐄𝐍 OBSERVED WC RAINFALLt 𝐄𝐋𝐒𝐄 FUTURE WC RAINFALLt 

OBSERVED WC RAINFALLt (mm) = 0.001 × 𝐒𝐔𝐌(KHORDHA OBSERVED RAINFALLt, PURI OBSERVED RAINFALLt) 

FUTURE WC RAINFALLt (mm) = 0.001 × (𝐒𝐔𝐌(JAN WC RAINFALL ECDF, FEB WC RAINFALL ECDF, … ,

NOV WC RAINFALL ECDF, DEC WC RAINFALL ECDF) ×  RAINFALL CHANGEt) 

DIRECT RAINFALL INFLOWt (mm3) = WC RAINFALLt × LAGOON AREA × 1E6 

Generating future rainfall across the LMC 

JAN LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 1 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.0), (0.200, 

5.0), (0.400, 10.0), (0.600, 25.0), (0.800, 40.0), (1.000, 117.0)} 

FEB LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 2 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.0), (0.200, 

10.0), (0.400, 25.0), (0.600, 50.0), (0.800, 70.0), (1.000, 299.0)} 
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MAR LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 3 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.000), 

(0.200, 10.000), (0.400, 30.000), (0.600, 120.000), (0.800, 150.000), (1.000, 290.000)} 

APR LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.000), 

(0.200, 20.000), (0.400, 45.000), (0.600, 70.000), (0.800, 110.000), (1.000, 365.000)} 

MAY LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(0.000, 0.000), 

(0.200, 75.000), (0.400, 90.000), (0.600, 130.000), (0.800, 190.000), (1.000, 340.000)} 

JUN LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), 

(0.000, 300.000), (0.200, 500.000), (0.400, 640.000), (0.600, 740.000), (0.800, 900.000), (1.000, 

1420.000)} 

JUL LMC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

4 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌(0,1) 𝐄𝐋𝐒𝐄 − 1){(-1.000, 0.000), (0.000, 875.000), (0.200, 1100.000), (0.400, 

1200.000), (0.600, 1450.000), (0.800, 1600.000), (1.000, 2100.000)} 

AUG LMC RAINFALL ECDF (mm) =

𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt = 8 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), 

(0.000, 700.000), (0.200, 1100.000), (0.400, 1300.000), (0.600, 1400.000), (0.800, 1500.000), (1.000, 

2256.000)} 

SEP LMC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

9 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 350.000), (0.200, 540.000), (0.400, 650.000), 

(0.600, 750.000), (0.800, 800.000), (1.000, 1220.000)} 

OCT LMC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

10 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(-1.000, 0.000), (0.000, 60.000), (0.200, 120.000), (0.400, 200.000), 

(0.600, 220.000), (0.800, 480.000), (1.000, 641.000)} 

NOV LMC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

11 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(0.000, 0.000), (0.200, 10.000), (0.400, 30.000), (0.600, 50.000), 

(0.800, 75.000), (1.000, 238.000)} 

DEC LMC RAINFALL ECDF (mm) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(𝐈𝐅 CLIMATE MONTHt =

12 𝐓𝐇𝐄𝐍 𝐑𝐀𝐍𝐃𝐎𝐌 (𝟎, 𝟏) 𝐄𝐋𝐒𝐄 − 𝟏){(0.000, 0.000), (0.200, 0.000), (0.400, 0.000), (0.600, 5.000), (0.800, 

15.000), (1.000, 80.000)} 

LMC RAINFALLt (mm) = 𝐈𝐅 𝐓𝐈𝐌𝐄 < 𝟒𝟒𝟒 𝐓𝐇𝐄𝐍 OBSERVED LMC RAINFALLt 𝐄𝐋𝐒𝐄 FUTURE LMC RAINFALLt 

OBSERVED LMC RAINFALLt (mm)

= 0.001 × 𝐒𝐔𝐌(ANGUL OBSERVED RAINFALLt, BAUDH OBSERVED RAINFALLt, SONEPUR 

OBSERVED RAINFALLt, SAMPULPUR OBSERVED RAINFALLt)  

FUTURE LMC RAINFALLt (mm)

= 0.001

× (𝐒𝐔𝐌(JAN LMC RAINFALL ECDF, FEB LMC RAINFALL ECDF, … ,

NOV LMC RAINFALL ECDF, DEC LMC RAINFALL ECDF) ×  RAINFALL CHANGEt) 

Monthly freshwater flows 
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LMC runoff generation 

LMC RUNOFF VOLUMEt (m3)

= 𝐈𝐍𝐓𝐄𝐆 (LMC RUNOFF VOLUMEt−1 + LMC OVERLAND FLOWt + LMC BASEFLOWt

− LMC DOWNSTREAM FLOWt − LMC ABSTRACTIONt − LMC EVAPORATIONt ) 𝐝𝐭 

LMC RUNOFF VOLUMEt=0 (m3)  = 0 

LMC OVERLAND FLOWt (m3) = LMC AREA × LMC RAINFALLt × LMC RUNOFF COEFFICIENTt 

LMC BASEFLOWt (m3) = GROUNDWATER OUTt × LMC BASEFLOW COEFFICIENT 

LMC BASEFLOW COEFFICIENT (m3) = 0.6 

LMC AREA (m2) = 1.4E10 

LMC DOWNSTREAM FLOWt (m3) = (1 − LMC ABSTRACTION COEFFICIENTt) × LMC RUNOFF VOLUMEt 

LMC ABSTRACTIONt (m3) = LMC RUNOFF VOLUMEt × LMC ABSTRACTION COEFFICIENTt 

LMC GROUNDWATER VOLUMEt (m3)

= 𝐈𝐍𝐓𝐄𝐆 (LMC GROUNDWATER VOLUMEt−1 + LMC GROUNDWATER INFLOWt

− LMC GROUNDWATER OUTFLOWt) 𝒅𝒕 

LMC GROUNDWATER VOLUMEt=0 (m3) = 0 

LMC GROUNDWATER INFLOWt (m3) = (1 − LMC RUNOFF COEFFICIENTt) × LMC OVERLAND FLOWt 

LMC GROUNDWATER OUTFLOWt (m3) =
LMC GROUNDWATER VOLUMEt

LMC GROUNDWATER COEFFICIENT
 

LMC GROUNDWATER COEFFICIENT (m3) = 12 

LMC EVAPORATIONt (m3) = 𝐈𝐅 LMC AREA × LMC PETt < LMC RUNOFF EVAPORATIONt 𝐓𝐇𝐄𝐍 LMC AREA ×

LMC PETt 𝐄𝐋𝐒𝐄
LMC RUNOFF VOLUMEt

LMC EVAPORATION COEFFICIENT
  

LMC RUNOFF EVAPORATIONt (m3) = (
LMC RUNOFF VOLUMEt

LMC EVAPORATION COEFFICIENT
) − LMC DOWNSTREAM FLOWt 

LMC ABSTRACTION COEFFICIENTt (DMNSL) = 0.001 

LMC RUNOFF COEFFICIENTt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(LMC RAINFALLt){(0.00, 0.00), (0.01, 0.01), (0.05, 

0.15), (0.17, 0.20), (0.40, 0.25), (0.65, 0.27), (1.50, 0.99)} 

LMC EVAPORATION COEFFICIENT (DMNSL) = 0.1 

OBSERVED LMC DOWNSTREAM FLOWt (m3)

= Indian Central Water Commission Non − classified monthly hydro

− observation dataset from Tikarapara gauging station: 1973 − 1999 
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WC runoff generation 

WC RUNOFF VOLUMEt (m3)

= 𝐈𝐍𝐓𝐄𝐆 (WC RUNOFF VOLUMEt−1 + WC OVERLAND FLOWt + WC BASEFLOWt

− WC DOWNSTREAM FLOWt − WC ABSTRACTIONt − WC EVAPORATIONt) 𝐝𝐭  

WC RUNOFF VOLUMEt=0(m3) = 0 

WC OVERLAND FLOWt (m3) = WC AREA × WC RAINFALLt × WC RUNOFF COEFFICIENTt 

WC BASEFLOWt (m3) = GROUNDWATER OUTt × WC BASEFLOW COEFFICIENT 

WC BASEFLOW COEFFICIENT (DMNSL) = 0.4 

WC AREA (m2)  = 4.8E9 

WC DOWNSTREAM FLOWt (m3) = (1 − WC ABSTRACTION COEFFICIENTt) × WC RUNOFF VOLUMEt 

WC ABSTRACTIONt (m3) = WC RUNOFF VOLUMEt × WC ABSTRACTION COEFFICIENTt 

WC GROUNDWATER VOLUMEt (m3)

= 𝐈𝐍𝐓𝐄𝐆(WC GROUNDWATER VOLUMEt−1 + WC GROUNDWATER INFLOWt

− WC GROUNDWATER OUTFLOWt) 𝐝𝐭 

WC GROUNDWATER VOLUMEt=0(m3) = 0 

WC GROUNDWATER INFLOWt (m3) = (1 − LMC RUNOFF COEFFICIENTt) × LMC OVERLAND FLOWt 

WC GROUNDWATER OUTFLOWt (m3) =
WC GROUNDWATER VOLUMEt

WC GROUNDWATER COEFFICIENT
 

WC GROUNDWATER COEFFICIENT (DMNSL) = 4 

WC EVAPORATIONt (m3) = 𝐈𝐅 WC AREA × WC PETt < WC RUNOFF EVAPORATIONt 𝐓𝐇𝐄𝐍 WC AREA ×

WC PETt 𝐄𝐋𝐒𝐄
WC RUNOFF VOLUMEt

WC EVAPORATION COEFFICIENT
  

WC RUNOFF EVAPORATIONt (m3) = (
WC RUNOFF VOLUMEt

WC EVAPORATION COEFFICIENT
) − WC DOWNSTREAM FLOWt 

WC ABSTRACTION COEFFICIENTt (DMNSL) = 0.002 

WC RUNOFF COEFFICIENTt (DMNSL) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(WC RAINFALLt){(0.0000, 0.000), (0.0100, 0.008), 

(0.0200, 0.012), (0.1000, 0.032), (0.2000, 0.057), (0.3400, 0.095), (0.7150, 0.230)} 

WC EVAPORATION COEFFICIENT (DMNSL) = 5 

Monthly sediment flows 

LMC sediment generation 
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LMC SEDIMENT YIELDt(grams) = LMC SEDIMENT RATEt × LMC DAILY FRESHWATER FLOW × DAYS IN MONTHt 

LMC SEDIMENT YIELDt(tonnes) =
LMC SEDIMENT YIELDt(grams)

1E6
 

OBSERVED LMC SEDIMENT FLOW RATEt (grams/litre)

= Indian Central Water Commission Non − classified monthly hydro

− observation dataset from Tikarapara gauging station: 1973 − 1999 

DAILY LMC SEDIMENT GENERATIONt(grams/litre) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(
LMC DOWNSTREAM FLOWt

DAYS IN MONTH×60×60×24
){(0, 0), 

(2500, 100), (5000, 300), (7500, 500), (10000, 750), (12500, 1100), (15000, 1350), (17500, 1600), 

(20000, 1900), (22500, 2190)} 

LMC SEDIMENT RATEt(grams) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(DAILY LMC SEDIMENT GENERATIONt){(0, 0.00), (180, 

0.29), (360, 0.40), (540, 0.45), (710, 0.48), (890, 0.50), (1070, 0.51), (1250, 0.52), (1430, 0.52), (1610, 

0.53), (1790, 0.54), (1960, 0.54), (2140, 0.54), (2320, 0.54), (2500, 0.54)} 

DAILY LMC FRESHWATER FLOW RATEt(m3) =
LMC DOWNSTREAM FLOWt

DAYS IN MONTH
 

DAILY LMC FRESHWATER FLOW RATEt (litres) = DAILY LMC FRESHWATER FLOW RATEt(m3) × 1000 

LMC SEDIMENT TO CHILIKAt (tonnes) = 0.025 × LMC SEDIMENT YIELDt 

WC sediment generation 

WC SEDIMENT YIELDt (grams) = WC SEDIMENT RATEt × WC DAILY FRESHWATER FLOW × DAYS IN MONTHt 

WC SEDIMENT YIELDt (tonnes) =
WC SEDIMENT YIELDt(grams)

1E6
 

DAILY WC SEDIMENT GENERATIONt (grams/litre) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(
WC DOWNSTREAM FLOWt

DAYS IN MONTH×60×60×24
){(0, 0), (100, 

186), (200, 330), (300, 410), (450, 500), (650, 560), (1000, 650)} 

WC SEDIMENT RATEt(grams) = 𝐆𝐑𝐀𝐏𝐇𝐈𝐂𝐀𝐋 𝐅𝐔𝐍𝐂𝐓𝐈𝐎𝐍(DAILY WC SEDIMENT GENERATIONt){(0.0, 0.0), (27.3, 

0.14), (54.6, 0.21), (81.8, 0.25), (110, 0.27), (140, 0.28), (165, 0.30), (190, 0.30), (220, 0.30), (250, 0.31), 

(270, 0.32), (300, 0.32)} 

DAILY WC FRESHWATER FLOW RATEt(m3) =
WC DOWNSTREAM FLOWt

DAYS IN MONTH
 

DAILY WC FRESHWATER FLOW RATEt(litres) = DAILY WC FRESHWATER FLOW RATEt(cubic metres) × 1000 

Freshwater and sediment deliveries to Chilika 

Freshwater flows to Chilika 

TOTAL FRESHWATER INFLOWt (m3)

= TOTAL LMC FRESHWATER DELIVERYt + DIRECT RAINFALL INFLOWt

+ TOTAL WC FRESHWATER DELIVERYt 
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TOTAL LMC FRESHWATER DELIVERYt (m3)

= LMC DOWNSTREAM FLOW ARRIVINGt + WC PROPORTIONING × WC DOWNSTREAM FLOWt 

TOTAL WC FRESHWATER DELIVERYt (m3) = WC DOWNSTREAM FLOWt × (1 − WC PROPORTIONING) 

WC PROPORTIONING (DMNSL) = 0.4 

LMC DOWNSTREAM FLOW ARRIVINGt (m3) = 𝐈𝐅 LMC DOWNSTREAM FLOWt > 1E10 𝐀𝐍𝐃 LMC FLOW (cumecs)t

> 2830 𝐓𝐇𝐄𝐍 LMC DOWNSTREAM FLOWt × 0.12 𝐄𝐋𝐒𝐄 0  

LMC FLOW t (cubic metres per second) =
LMC DOWNSTREAM FLOWt

DAYS IN MONTHt × 60 × 60 × 24
 

Chilika sediment stock 

CHILIKA SEDIMENT STOCKt (tonnes)

= 𝐈𝐍𝐓𝐄𝐆(CHILIKA SEDIMENT STOCKt−1 + WC SEDIMENT INFLOWt + LMC SEDIMENT INFLOWt

+ LITTORAL SEDIMENTt − OUTLFLOW TO BAYt − PERSISTANT OUTLET OPENINGt

− OBSERVED OPENING) 𝐝𝐭  

CHILIKA SEDIMENT STOCKt=0(tonnes) = 17E6 

LMC SEDIMENT INFLOWt (tonnes) = LMC SEDIMENT YIELDt + WC PROPORTIONING × WC SEDIMENT YIELDt 

WC SEDIMENT INFLOWt (tonnes) = WC SEDIMENT YIELDt × (1 − WC PROPORTIONING) 

LITTORAL SEDIMENTt (tonnes) =  8300 

OUTLFLOW TO BAYt (tonnes) = 𝐈𝐅 TOTAL FRESHWATER INFLOWt

< 200E6 𝐓𝐇𝐄𝐍 ((0.9 × ANNUAL SEDIMENT FLUSHED × REMOVAL PROPORTIONt)

× (1 − AQUATIC VEGETATION STOCKt)) 𝐄𝐋𝐒𝐄 (1.1 × ANNUAL SEDIMENT FLUSHED

× REMOVAL PROPORTIONt) × (1 − AQUATIC VEGETATION STOCKt)) 

REMOVAL PROPORTIONt (DMNSL) =
TOTAL FRESHWATER INFLOWt

5.1E9
 

OBSERVED OPENING (tonnes) = 𝐈𝐅 𝐓𝐈𝐌𝐄 = 324 𝐓𝐇𝐄𝐍 0.8 × CHILIKA SEDIMENT STOCKt 𝐄𝐋𝐒𝐄 0  
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Appendix C – Model evaluation 

C.1 Qualitative parameter assessment 

Module 
Model variable Source(s) Information type Score 

Hydroclimatic Lower Mahanadi 
rainfall-runoff 
coefficients 

Ghashghaei et al (2013)/personal intuition Modelled/personal intuition - 

Western catchments 
rainfall-runoff 
coefficients 

Ghashghaei et al (2013)/personal intuition Modelled/personal intuition - 

Lower Mahanadi 
sediment rating 

Mishra and Jena (2015) Statistical/predictive 67% 

Western catchments 
sediment rating 

Mishra and Jena (2015); Santra and Das 
(2013) 

Statistical 58% 

Lower Mahanadi 
area 

Asokan and Dutta (2008); CWC Statistical 67% 

Naraj barrage flow 
proportioning 

Das and Jena (2008); Kumar and Pattnaik 
(2012) 

Statistical 67% 

Littoral sediment 
inputs 

Rao (n.d) Statistical 67% 

Chilika sediment 
capacity/outlet 
closure 

Personal Intuition Personal Intuition - 
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Ecohydrological Chilika salinity CDA; Kumar and Pattnaik (2012) statistical 75% 

Chilika dissolved 
oxygen 

CDA; Kumar and Pattnaik (2012) statistical 75% 

salinity effect on 
macrophyte growth 

personal intuition/statistical personal intuition/statistical - 

dissolved oxygen 
effect on 
macrophyte growth 

personal intuition/statistical personal intuition/statistical - 

sedimentation effect 
on macrophyte 
growth 

personal intuition/statistical personal intuition/statistical - 

Habitat quality 
effects on fish 
survival 

various (see chapter 3.4.2.5) statistical/controlled 67% 

Core fishery Default fish survival Ricker (1975); Bueno and Basurto (2009) statistical/controlled 50% 

Ecosystem carrying 
capacity 

Mohanty- personal communication expert knowledge 83% 

Average 
reproductive life 
length 

Bueno and Basurto (2009); Duer-Balkind et 
al (2013) 

statistical 58% 

Natural death rate 
constant 

Bueno and Basurto (2009); Duer-Balkind et 
al (2013) 

statistical 58% 

Fecundity constant 
Bueno and Basurto (2009); Duer-Balkind et 
al (2013) 

statistical 58% 

Proportion of stock 
migrating 

Kumar and Pattnaik (2012); Kumar et al 
(2011); Mohanty et al (2015) 

Uncontrolled experiment 66% 

Socioeconomic Traditional boats 
catch capacity 

CDA; Kumar and Pattnaik (2012) statistical 67% 

Motor boats catch 
capacity 

CDA; Kumar and Pattnaik (2012) statistical 67% 

Traditional boats 
days fished 

Jones and Sujansingani (1954); Holling 
(1959b) 

statistical/controlled 75% 
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Motor boats days 
fished 

Kumar Sethi- personal communication; 
Holling (1959b) 

expert knowledge/controlled 75% 

Fish per kg see section 4.3.3 expert/stakeholder knowledge 75% 

Standard deviation 
of traditional profits 

Noack et al (2013) Uncontrolled experiment 67% 

Fish price at first sale CDA Statistical 67% 

Diesel price per litre Verma and Fernandez (2010) Statistical 67% 
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C.2 Quantitative extreme scenarios  

 

Figure A 1: Quantitative extreme conditions associated with (top 3) the fish survival 

rate and (bottom 3) number of new fishers added to the lagoon each 

month. 
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C.3 External trajectory combinations 

 

 

Figure A 2: Two-dimensional densities of external trajectory combinations; (top) 

combinations of future temperature and rainfall changes, measured as 

the average percentage changes (2050-2060) relative to their 1986-2005 

baselines; (bottom) combinations of diesel and fish price trajectories, 

measured as the average gradients between 2015-2060.  
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C.4 Early model evaluation 

 

 

Figure A 3: Comparison of modelled catch (red) relative to the observed record 

(black) from the SDM as of (a) September 2015 and (b) January 2017. 
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Appendix D – Model outputs 

D.1 Colour-blind friendly graphs 

D.1.1 Normative catch 

 

Figure A 4: Future catch time-series generated under OM, OB and OL 

governance; futures are classified as: green – safe and just, yellow – 

cautionary, and red – dangerous. NO governance is excluded here 

as all runs collapse (figure 6.1). 
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D.1.2 Catch predictability 

 

Figure A 5: Future catch under OM governance plotted alongside pre-2015 catch 

values (black). Whether catch is ‘safe and just’, ‘cautionary’ or 

‘dangerous’ is determined by the predictability of envelope departure 

(chapter 6.11). Time-series colours are as above.
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D.1.3 Driver pathways 

 

Figure A 6: Exploratory external trajectories under OM, OB and OL governance, 

classified as safe and just, cautionary or dangerous depending on their 

normative future from 2050-2060 (figure 6.1). Climate trajectories are 

plotted as decadal anomalies from the 1986-2005 baseline (blue dashed). 

Historical – black. Time-series colours are as above. 
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Figure A 7: Internal fishing effort trajectories under OM, OB and OL governance. 

Time-series colours are the same as above.
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Figure A 8: Internal ecohydrological trajectories classified as safe and just, 

cautionary or dangerous, depending on their respective fishery 

outcomes. Time-series colours are as above.
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D.1.4 Wider social-ecological outcomes 

 

 

Figure A 9: Time-series of five wider social-ecological outcomes under OM, OB and 

OL governance. Colours are as above.
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D.2 Mean and variability of catch pathways 

Table A 1: Summary statistics describing the catch characteristics along the safe 

and just trajectories up to 2049 and within the regional SJOS from 

2050 onwards.    

 Governance scenario 

Catch (tonnes) NO OM OB OL 

Mean pathway:  

2015-2049  
- 13,800 13,700 13,700 

Standard deviation of 

pathways: 2015-2049 
- 1,100 1,000 1,060 

Mean: 2050-2060  - 12,400 12,800 13,000 

Standard deviation:  

2050-2060  
- 1,660 1,530 1,350 



Appendices 

322 

 

D.3 Safe and just spaces correlation analysis 

Table A 2: Correlation between twelve OM drivers within the SJOS. Relationships marked as significant (*) (p < 0.05) are cross-

scale social-ecological interactions only 
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Table A 3: Correlation between twelve OB drivers within the SJOS: Relationships marked as significant (*) (p < 0.05) are cross-scale 

social-ecological interactions only. 

 

Table A 4: Correlation between twelve OB 
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D.4 Wider core spaces 

 

Figure A 10: The core SJOS trajectories of the five system drivers found to have 

indistinct sustainable and dangerous configurations (chapter 6.6). 

Colours are as per figure 6.14. 
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D.5 Autocorrelation and partial autocorrelation functions 

 

Figure A 11: The autocorrelation functions (ACF) of the first 25 randomly 

selected cautionary futures under OM (chapter 6.11.1). Blue dashed 

line represents the 95% confidence interval.  
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Figure A 12: The second 25 ACFs of the randomly selected cautionary futures 

under OM. 
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Figure A 13: The partial autocorrelation functions (PACF) of the first 25 

randomly selected cautionary futures under OM (chapter 6.11.1). Blue 

dashed line represents the 95% confidence interval. 
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Figure A 14: The second 25 PACFs of the randomly selected cautionary futures 

under OM. 
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