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Abstract 

Ecology, hydrology, and social interaction are domains that are strongly related, but have often 

been studied as separate concepts. Social Ecological Systems (SES) are integrated social and 

ecological systems and provide opportunities to transform development practice from multiple 

perspectives to respond to shocks and surprises, such as climate change. These practises 

include adaptive ecosystem management which requires to consider complexity, cross-

sectoral and scale dependant decision-making that narrows the gap in the science-policy 

interface. The main aim is to explore: (a) systemic tipping points, (b) cross-scale dynamics, 

and (c) transformational change and integrate these to provide management responses that are 

adequate to maintain the ecological integrity of an ecosystem. Adaptation Tipping Points 

(ATPs) define the moment when policy is ineffective to provide a resilient system due to 

threshold exceedance of a set of ecological objectives derived from management strategies or 

policy. This method supports scientist-practitioners interactions in situations when responses 

of the ecosystem are uncertain and interventions are required.  

Here I trial the ATP method on Forrestdale Lake, an urban wetland in Western Australia, 

which experienced increasingly lower water levels as a result of decreasing rainfall. The 

altered hydrology contributed to a decline in the overall ecological integrity despite wetland 

management strategies that aim to repair wetland hydrology and attenuate wetland loss. 

Decision makers lack the data needed to support complex social-environmental system 

models, making it difficult to assess the effectiveness of current or past practices. Decision-

support is required to bridge the gap with acceptable level risk to current ecosystem stressors 

and the flexibility necessary to respond to further decrease in rainfall in the future. Fragmented 

policy instruments and jurisdictions act across scales and levels resulting in barriers to 

implement effective adaption measures.  

 

In workshops with wetland managers and scientists, several adaptation measures were 

determined to provide sufficient water levels, such as limiting groundwater abstraction and 

lowering thresholds. Also, I identified barriers in existing legislation, policy, and jurisdictional 

organisation that obstruct the implementation of adaptation measures that are aimed at 

multiple spatial scales of the ecosystem. I simulated water level depths  according to two 

greenhouse gas emission scenarios from 2012-2100. Then I identified cross-jurisdictional 

decisions that help to overcome legislative and institutional barriers when adaptation measures 

are implemented.  



 

 v 

Results showed that 4 out of a total of 8 ecological objectives have already been compromised 

in the past due to frequent exceedance of minimum threshold values for water levels. Future 

modelling showed an increase to 7 compromised ecological objectives under both climate 

scenarios (wet and extreme dry) from 2016-2095. Reduction of local and regional 

groundwater abstraction (-10% and -25%) provide insufficient increase in water levels for 4 

of 8 ecological objectives in time period 2016-2025 under both climate scenarios. Only a 

combination reduced groundwater abstraction and relaxing minimum water level policy-

thresholds remove ATPs for all ecological objectives. However, this combination of measures 

does not provide the required water-levels to sustain all ecological functions of the wetland. 

With surface-and groundwater modelling results I developed conceptual eco-hydrological 

models for Forrestdale Lake. This showed maladaptation for ecosystem-based measures (e.g. 

weed control) and guided the decision-making process for each adaptation measure (e.g. 

removing bulrush) that had a positive effect on one objective (e.g. maintaining 

migratory/wading birds) and simultaneously a negative effect on another (e.g. maintaining 

waterbirds). Results show that cross-jurisdictional actors provide adaptation measures that 

better matches to ecosystem organisation. Adaptation measures requiring cross-jurisdictional 

collaboration were among the preferred interventions, whereas interventions requiring 

amendment of legislation were regarded as actions on long-term. Decisions that included 

alignment of jurisdiction (actors) and institutions (legislation) across multiple spatial scales 

provided an adequate fit to ecosystem organisation. A decision framework was developed to 

provide which legislation changes are necessary and which actor coalitions provide short-term 

interventions.  

I conclude that delineating uncertainties supports the process of research, evaluation and 

learning that avoids irreversible decisions and efficiently uses expert judgement. I consider 

ATPs an informative method to define interventions when rigorous ecological data are 

lacking, and ecosystem responses are uncertain. The effectiveness of these adaption measures 

depends on the fit of ecosystem processes and jurisdictions across multiple spatial scales. With 

the inclusion of a conceptual decision framework I adapted the ATP method that aimed to 

further narrow the important science-policy interface to overcome challenges in ecosystem 

management.
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Chapter 1 Introduction 

The purpose of this chapter is to review the resilience literature and explore ecosystem 

management in a case study area (§1.1-1.2) and the aims and contribution of this project 

(§1.3). This section also provides a literature review of the case study area with the main 

outcomes of previous research on wetlands (§1.5-1.6). The chapter concludes with a brief 

outline of the thesis (§1.7). Parts of this chapter will be submitted as a manuscript to 

Environment and Natural Resources Research co-authored by Leah Beesley, Luca Locatelli, 

Berry Gersonius, Matthew R. Hipsey, and Anas Ghadouani. 

 

1.1 Theoretical context of resilience 

The aim of environmental management (or ecosystem management) is to create and maintain 

ecological systems so that they provide benefits to humans. Ecological systems are closely 

linked to social, economic, and environmental considerations and feedbacks, defined as 

social-ecological systems (SES) changes to processes, structures, and feedbacks that are 

unwanted from an environmental management perspective (Hughes et al. 2014, Poff et al. 

2015). The resilience of social-ecological systems is related to (i) the ability of the ecosystem 

to absorb disturbances and still persist or remain in the same state defined by its processes, 

structures and feedbacks (ii) and the degree to which the system can build capacity for learning 

and adaptation (Holling 1973, Folke et al. 2002, Liao 2012). Two major resilience 

interpretations exist: (i) system resilience which refers to the amount of change a system can 

undergo and still retain the same function and structure while maintaining options to adapt 

(prescriptive, normative, and actor based) (Gersonius et al. 2012), and (ii) the ability of a 

system to remain stable, unchanged, or to have minimum fluctuations (modelling and a 

mathematical foundation) (Holling 1973, Holling 1996, Folke et al. 2004, Carpenter et al. 

2015, Scheffer et al. 2015). As ecosystems rarely operate near equilibrium and the magnitude 

of change is not predictable, system resilience aims to manage systems with flexibility rather 

than maintaining stability (Liao 2012). 
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Resilience provides a useful framework to analyse adaptation (management) processes and to 

identify appropriate policy responses. To maintain the capacity to deal with current or future 

predicted change, a decision-making process and set of actions are undertaken (adaptation). 

Most research on adaptation primarily considers an actor-centred view to respond to specific 

perturbations to reduce vulnerabilities (Nelson et al. 2007). The resilience approach is system 

orientated and enables adaptation, including social and physical elements, and the ability to 

mobilize these elements (adaptive capacity (Engle 2011)). To analyse adaptation processes 

and to identify appropriate policy responses it is useful to converge the two approaches. This 

allows to distinguish between a fundamental alteration of the nature of a system 

(transformative (Chaffin et al. 2016)) and incremental adjustments once the current ecological 

or social conditions become undesirable. 

Ecosystems are complex and characterized by historical dependency, nonlinear dynamics, 

threshold effects, and limited predictability (Hastings and Wysham 2010, Capon et al. 2015). 

Several studies have illustrated that ecosystems and the services that they generate can be 

transformed by human action (Scheffer et al. 2001, Folke et al. 2004). Ecosystems can shift 

to alternate desirable productive (stable) states or undesired states due to passing a threshold 

as a result of a driver which marks: (i) a sudden change in feedbacks in the ecosystem system 

changes direction and (ii) a sudden, sharp, and dramatic change in the responding state 

variables (e.g. shift from clear to turbid water in lake systems). Undesirable stable ecosystem 

states (USS) represent resilient but reduced ecosystem functions (abiotic and biotic processes 

of an ecosystem), whereas desirable stable ecosystem states (DSS) represent resilient 

ecosystem functions (Werner and McNamara 2007, Hastings et al. 2010, Pace et al. 2015, 

Reyers et al. 2018). Maintaining the integrity of DSS requires fewer resources than the 

management responses aimed at altering from USS to DSS through rehabilitation, 

remediation, or restoration.  
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Ecosystem management (biodiversity and alternate regimes) needs to address how external 

drivers interact with internal dynamics according to four attributes (Walker et al. 2004, Walker 

et al. 2012): (1) stability, the maximum amount the system can be changed while remaining 

in the same state; (2) resistance, the ease or difficulty of changing the system; (3) 

precariousness, how close the current trajectory of the system is to crossing a threshold and 

change into an undesirable stable state; (4) cross-scale relations, how stability, resistance, and 

precariousness are influenced by the states and cross-scale dynamics of the (sub)systems. 

Understanding cross-scale interactions are at the heart of adoption of a system-based approach 

(Zevenbergen et al. 2008). To adapt current strategies for ecosystem resilience; integration of 

adaptation measures for ecology need to include multiple spatial and temporal scales 

(robustness and flexibility to future change), ecosystem scales, and institutional and 

jurisdictional boundaries (Salinas Rodriguez et al. 2014). Cross-scale interactions in SES 

means that multiple institutions and jurisdictions (e.g. management authorities or community 

groups)  are involved in an adaptation strategy. Adaptation requires active involvement of 

multiple actors to provide transformative changes rather than only incremental adjustments 

(Holling 2001, Folke et al. 2002, Walker et al. 2004). 

 

1.2 The role of adaptation for decision-making under 

uncertainty 

The resilience framework broadens the expanse of adaptation while also providing cross-

jurisdictional connections through negotiation, decision-making and actions within actor-

based analyses for adaption (Nelson et al. 2007). Adaptation is closely linked to the dynamics 

of decisions of different actors with different stakes or aims for ecosystem management (Folke 

et al. 2005, Nelson et al. 2007, Ostrom 2009). In other words, decision-making need to be 

informed by various tools, methods and approaches that are able to interrelate external drivers, 

social factors and ecological factors (Hughes et al. 2014, Hughes et al. 2014). As different 

scenarios of ecosystem changes and adaptation measures target different spatial scales (e.g. 

local, catchment, regional scale); decision-making often occurs across multiple stakeholders 

with different jurisdictions (Brondizio et al. 2009). 
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A lack of quantitative and qualitative data makes adaptation and decision-making under high 

uncertainty challenging to prevent ecosystems to alternate between stable states (Scheffer et 

al. 2001, Scheffer et al. 2015, Schultz et al. 2015). For example, the projection of ecosystem 

responses requires sufficient ecological data which is not always available (Fidelman et al. 

2013, Hughes et al. 2017). Climate change scenarios rely on projections and data which are 

often not representative on the local scale (Lawrence and Haasnoot 2017, Radhakrishnan et 

al. 2017, Romm et al. 2018). Understanding uncertainty and reducing vulnerability supports 

using different kinds of knowledge for learning and creates opportunities for self-organization 

(Berkes 2007, Miller et al. 2010). 

The second major complexity of decision-making is scale; that is understanding the scale 

where decisions are made and the scale where problems are generated (Folke et al. 2007). 

Ideally, adaptation measures match the scale of the problem and the jurisdiction of the actor 

that is responsible for ecosystem management (Young 2002, Young 2011). In reality, data is 

often acquired from a local scale (e.g. within council), which does not match the area over 

which the problem occurs (e.g. multiple administrative regions that cover a catchment). This 

scale mismatch between ecosystem and jurisdiction results in uncertainty to at which 

appropriate jurisdictional scale an adaptation measures need to be taken (Borgström et al. 

2006, Cumming et al. 2006). Large ecosystems risk being managed by several jurisdictions 

that could cover one or multiple spatial scales (Cash et al. 2006). An example is the 

understanding of the impact of land-use changes on aquatic ecosystems, which include local 

and catchment scale effects (Allan 2004, Hughes et al. 2014). 

At last an adaptation approach depends on views and preferences of stakeholders and data 

input that support the decision-making process (Lebel et al. 2013, Dewulf et al. 2015). 

Cumulative negative effects of planning on local scale may impact conservation on a larger 

scale (landscape/regional). Limited collaboration among local and regional actors requires the 

identification of misalignment between the jurisdictional scale and the actor that holds a key 

position in decision-making (of adaptation measures). Community acceptance and 

engagement, collaboration, coordination with a range of jurisdiction and the incorporation of 

costs in decision-making are elements that are critical for the long-term success of adaptive 

ecosystem management (Brussard et al. 1998).  
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Linking qualitative and quantitative assessments with actors and experts is crucial for 

advancement of complex social-ecological interactions (Nelson et al. 2007). There is a 

significant body of literature that discusses the potential problems associated with expert 

elicitation and methods for avoiding those issues. One issue is uncertainty of results from 

quantitative assessments. This problem can be overcome by choosing several modelling 

frames that cover a range of spatial scales and by setting quantifiable objectives (Burgman et 

al. 2005, Martin et al. 2012). However, the use of modelling frames may be compromised due 

to a lack of data and the difficulty to interpret data. In general, an expert-elicitation approach 

could help to define how information will be used, what to elicit, how the elicitation is 

performed, and how these are translated into quantitative statements that can be used either in 

a model or directly for decision-making (Martin et al. 2012). The last step in an elicitation a 

process may be affected by a lack of experts. A small sample of experts makes it difficult to 

quantitatively analyse experts’ information. Research shows that choosing a participatory and 

multi-level approach with experts provides an adequate method to address a mix of problem 

scales (environmental and governance (Chaffin et al. 2016)), participation scales (vertical 

interplay (Young 2006)), and authority (decision-making actors (Newig et al. 2005, Brondizio 

et al. 2009)).  

1.3 Knowledge gaps, aims and research question 

Researchers and practitioners need to develop case studies investigating governance to test 

the limits of constraints and opportunities and to highlight the role of actors as a stabilising 

force in stable or resilient, but socially or ecologically degraded, systems. Qualitative and 

quantitative assessments and investigating cross-scale dynamics of SESs (e.g. ecosystem 

feedbacks, interplay of actors) provide a possibility to test the theory of resilience for 

transformative or adaptive governance. Specifically, analyses regarding climate change and 

interactions between climatic drivers and social variation (e.g., jurisdiction or institution) 

could provide more understanding of cross-scale dynamics. The identification of leading 

indicators (both social and ecological) and other social-ecological thresholds is necessary to 

support and further develop adaptation strategies across multiple scales and levels of SES with 

the best available science, as well as traditional knowledge and expert judgement.  
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In this thesis, I identify opportunities for advancing the measurement and characterization of 

incremental and transformative adaptation and governance by combining insights from a 

resilience framework. Furthermore, I suggest several assessment approaches that enhance the 

cross-scale and cross-level interactions of actors. I focus on analysing ecosystem, 

jurisdictional and institutional mismatches and propose adaptive management responses that 

help to foster adaptive capacity in light of recent climatic events and their impacts on an 

ecosystem. The central question of the thesis is how to systemically define thresholds and how 

to understand cross-scale dynamics better in order to support adaptive or transformational 

management responses that are adequate to maintain the ecological integrity of an ecosystem. 

The practical aims in the context of the case study (Swan Coastal Plain wetlands, Perth, 

Western Australia) include guidance for adaptation interventions for wetlands according to 

the theory of SES resilience. Precisely, the aims of the study are:  

• Defining resilience of the ecosystem within the social-ecological context by combining 

threshold analyses and incremental management. 

• Defining the adaptive capacity of the ecosystem within the social-ecological system by 

combining structural and non-structural adaptation measures that maintain the ecological 

integrity of systems function. 

• Informing and supporting decision-making to decrease vulnerability of the ecosystem by 

assessing the alignment of ecosystem adaptation interventions with the jurisdictional and 

institutional scales.   

1.4 Adaptation Tipping Points Framework 

Two useful tools for resilience-building in social-ecological systems are structured scenarios 

and active adaptive management (Olsson et al. 2006). These consider the alteration of the 

magnitude, frequency, and duration of disturbance regimes to which the system is adapted 

(Radhakrishnan et al. 2017). Due to a lack of data on the local scale I include a model 

framework that relies on regional projections. One of the resilience frameworks originates 

from risk and uncertainty assessment under climate change. This method enhances 

reproducibility and is applicable to water, land, and ecosystem management adaptation 

(Werners et al. 2015). With the Adaptation Tipping Point (ATP) framework policy and 

management actions are determined when “the magnitude of change (e.g. climate change) is 

such that the current management strategies are deemed to be inadequate to meet the social-

ecological objectives”(Kwadijk et al. 2010).  
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For example, ATP informs on whether and when water management and land-use planning 

strategies fail and how these strategies need to be adapted (Rijke et al. 2013, Werners et al. 

2013). Whilst there are advantages, challenges still remain to overcome when applying the 

ATP method to ecosystems (Table 1-1). Overcoming these challenges will help to shape 

adaptation strategies that are essential to transit to resilience climate change strategies for 

ecosystems (Poff et al. 2015). The five-step ATP methodology includes: (i) the determination 

of climate change effects on the system; followed by (ii) identifying key objectives and 

thresholds; (iii) the determination when standards were compromised in the past; (iv) 

analysing when standards will be compromised in the future; and (v) to repeat step 1–4 for 

alternative strategies (Kwadijk et al. 2010). I modified the original methodology to determine 

ATPs for different social-ecological objectives and thresholds with the assessment of 

historical hydrological time series. Step 3 was extended to interpret ATPs in conjunction with 

the hydrological response and variation; temporal scale ecosystem responses; and recovery 

rate and alternative stable state of ecological processes (Figure 1-1). 



 

 8 

Table 1-1 Summary of advantages and challenges when ATPs are applied to ecosystems. 

Advantages Challenges Source 

Appropriate to synthesise available 
information for the prioritisation of 
research and adaptation planning. 
 

Formulate hard bio-physical 
thresholds 

(Bölscher et al. 
2013, Werners et 
al. 2013, Werners 
et al. 2013) 

More policy-oriented and stakeholder 
motivated than typical impact and 
vulnerability assessments.  

Socio-economic considerations 
have the lead for ecosystem-
based measures 

(van Herk et al. 
2013, van Slobbe et 
al. 2016) 

Actors can define the stakes that are 
defining and delimiting activities and 
need to be considered in the assessment. 

Actors may be limited to their 
stakes without taking scale into 
consideration 

(Gersonius et al. 
2012, Gersonius et 
al. 2012) 

Uses scenarios to make uncertainties 
visible and provide an idea of 
developments that should be taken into 
consideration for political decision-
making, rather than predicting the future. 
 

The risk of scientific 
uncertainties that stakeholders 
consider to be too large to justify 
projections, due to a lack of data 
and well-defined absolute 
thresholds. 

(Zevenbergen et al. 
2008, Gersonius et 
al. 2012) 

Flexible in considering a range of socio- 
economic objectives.  
 

Thresholds, objectives and 
system understanding included in 
policy may not be indicative for 
ecological success. 

(Gersonius et al. 
2016) 

Encourages discussion with society 
about (un)acceptable change and 
definition of critical indicator values. 

Stakeholders interpreted 
objectives differently and focus 
on existing policies without 
consideration of new policies. 

(Haasnoot et al. 
2012) 

Inclusion of structural and non-structural 
adaptation measures such as application 
of policies, procedures and regulation. 

System understanding of climate 
related parameters on ecological 
health are partially known which 
limits forecasting the outcome of 
adaptation measures. 

(Zevenbergen et al. 
2008, Gersonius et 
al. 2012) 
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Figure 1-1 Undesirable stable ecosystem states (USS) represent resilient but reduced ecosystem 

functions, whereas desirable stable ecosystem states (DSS) represent resilient ecosystem 

functions. Ecosystem management responds to alter ecosystem states accordingly to as: 

rehabilitation, remediation, or restoration. 

   

1.5 Case study application: Wetlands of the Swan Coastal 

Plain and Forrestdale Lake 

1.5.1 Biodiversity and traditional management 

Wetlands are among the most biodiverse ecosystems and play an important interface between 

terrestrial and aquatic systems. As a result of this interface a great variety of niches are 

provided with a diverse range of specialised communities and species. The Swan Coastal Plain 

(SCP) wetlands in southwest Western Australia provide habitat for endemic flora and fauna 

and they are located within one of the international biodiversity hotspots (Myers et al. 2000). 

Forrestdale Lake is a Ramsar wetland with extensive fringing sedgeland typical of the Swan 

Coastal Plain. In a regional context, the lake is a major breeding, migration stopover and semi-

permanent drought refuge area for waterbirds and migratory birds. The lake contains open 

water and is fringed by rushes and bulrushes, behind which are belts of trees tolerant of water-

logging (CCWA 2005). Around the edge is an almost continuous belt of (introduced) Typha 

orientalis. The higher ground around the lake supports open woodland while the aquatic zone 

consists of macrophytes. The margins of the lake support a large number of terrestrial birds 

and other vertebrate species, such as the quenda (Isoodon obesulus fusciventer).  
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With the arrival of Europeans settlers in 1829 the SCP wetlands have undergone large 

transformation. Over the past century an estimated 90 % of the SCP wetlands in Perth, 

Western Australia have been drained and filled for agriculture or urban areas (Davis and 

Froend 1999). Many settlers found the wetlands alien and regarded them as a nuisance for 

development, source of mosquito breading areas, or as limited breeding grounds for wildlife 

(Webb and Giblett 1996). Flood management remained a constant challenge due to the limited 

understanding of the hydrology of the SCP wetlands. This limited and often negative view 

enabled filling and draining of wetlands while the population increased and land was used for 

farming and the construction of new dwellings (Giblett and Webb 1996). The transformation 

of the wetlands had a severe impact on the indigenous population (Nyoongar) who 

experienced a loss of their hunting and camp places. The communities were forced to search 

for undeveloped wetlands further away from the urban area, in the peri-urban areas such as 

Forrestdale Lake where they stayed until the early 1970s.   

The Nyoongar people on the Swan Coastal Plain have a close connection to earth and divide 

the seasons into six distinctive periods (Whadjuk seasons: six seasons weather-based calendar 

observed by the Nyoongar people). Different seasonal activities took place in different 

locations (Gentilli 1979). Wetlands served as important food sources and efficient land 

management techniques kept these sources in balance. The Nyoongar hunted turtles and birds 

and collected seeds from fringing wetland vegetation in summer (McComb 1990, Bourke 

1994). The altering availability of food and water made the indigenous people move 

seasonally between inland lakes and the coast (Bindon and Walley 1992, Giblett et al. 1996, 

Webb et al. 1996). 

The wetlands of the SCP are likely to experience increasing stress, as the population is 

expected to double by 2050 to 4 million inhabitants (ABS 2013, ABS 2013). The growing 

population will increase demand for (ground)water and land for development, posing risks to 

hydrological alteration that support the critical ecological processes. As a result of climate 

change studies predict decreasing rainfall for southwest Western Australia leading to an 

increase of  hydrological stress (Smith and Power 2014). The responsibility for Wetland 

management needs to respond to a drying climate so that the integrity of the wetland’s 

ecosystem functions is maintained. The responsibility for managing the wetland lies with 

different actors (e.g. governments or communities).   
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1.5.2 Geology, hydrology and system states 

The sediments of the SCP are made of wind and riverine depositions. These sediments form 

four main geomorphic units with distinctive geology, topography, drainage patterns, soil 

characteristics, and vegetation (Semeniuk 1987). Wetlands in the SCP lie in depressions 

between dunes which are located where a shallow water table permanently or seasonally 

intersects the land surface. The depressions appear to act as flow-through lakes, which capture 

groundwater on the eastern side (Darling Scarp) and discharge water westwards towards the 

Indian Ocean (Townley et al. 1993).  

The geomorphic elements of the Southern River Catchment are typical of the SCP located in 

the Perth Basin. On the eastern edge of the Perth Basin are the Bassendean Dunes which 

comprise sandy soils. Lakebed sediments comprise sand to sandy organic mud overlying soft 

marly limestone and clayey sand (McArthur et al. 1980, Davidson 1995). The Jandakot 

Groundwater Mound is situated in the managed Perth Groundwater Area, which is a region of 

elevated groundwater table beneath the SCP. Groundwater discharges from the mound into 

low lying depressions that support groundwater dependent vegetation and extensive wetland 

systems. Wetlands are surface expressions of groundwater where a shallow water table 

intersects with the ground surface (Semeniuk 1987, Hill 1996).  

Wetlands of the SCP are classified by water periodicity (permanently or seasonally inundated) 

and by landform (basin, flat, channel, slope, or highland) with damplands, sumplands and 

palusplains the most frequent occurring type of wetlands (Semeniuk 1987, Semeniuk and 

Semeniuk 1995, Hill et al. 1996). Further differentiation between wetlands of the same 

classification is possible by the use of wetland descriptors such as water quality, size, shape 

and vegetation. The wetland types found in the SCP vary in size, shape, hydrology, 

stratigraphy and vegetation. The most frequently used classification is shown in (Table 1-2). 

Wetlands can move through different hydroperiod states as a result from declining rainfall and 

increases or decrease of the groundwater table. Forrestdale Lake is a groundwater lake and 

surface run- off had little effect on its depth when it was in an undisturbed condition. 

Alternative system states have not been extensively studied and are often limited to the 

hydroperiod of a wetland (Davis et al. 2008, Davis et al. 2015). 
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Many pre-settlement wetlands have been filled and most remaining wetlands have an altered 

ecology (Halse et al. 2003). Only 15 % are considered to retain high conservation values 

(Davis et al. 1999). These ‘healthy’ wetlands are becoming increasingly important as 

urbanization increases. Regardless of their degradation, remaining SCP wetlands provide 

important ecosystem services to city dwellers such as groundwater recharge, water retention 

or storm water purification. Due to their seasonal nature, these wetlands contain high plant 

species diversity and maintain biologically valuable processes.  

Table 1-2 Classification of Swan Coastal Plain based on their morphology, hydrology, 

stratigraphy and geomorphic units. Adapted from Semeniuk (1987) and Hill (1996) and 

systems shifts interpreted from lake (red) to seasonal inundated (green) with (Davis et 

al. 2008). 

Hydroperiod Landform 

 Basin Channel Flat Slope Highland 

Permanent 
inundation 

Lake River - - - 

Seasonal 
inundation 

Sumpland Creek Floodplain - - 

Intermittent 
inundation 

Playa Wadi Barlkarra - - 

Seasonal 
waterlogging 

Dampland Trough Palusplain Paluslope Palusmont 
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1.6 Science policy interface - Data lacking vs. informed 

decision-making 

1.6.1 Stressors, impacts, ecosystem states 

Extensive research has been conducted to understand the stressors and processes that impact 

the system states of the SCP wetlands (Table 1-3). Continued stressors, such as altered 

hydrology, nutrient run-enrichment, over-exploitation of groundwater resources or 

introduction of non-native flora and fauna, are exacerbated by climate change and land-use 

change (Barron and Barr 2009, Barron et al. 2013, Barron et al. 2013, Barron et al. 2013). 

Land-use changes such as clearing of native vegetation and filling and draining of wetlands 

have decreased transpiration and interception of rainfall by vegetation consequently 

contributing to alter the hydrological regime (Balla 1993, Balla and Davis 1993, Froend et al. 

1993, Balla and Davis 1995).  

Table 1-3 Main stressors and processes of wetland loss and degradation. 

Stressors and 
processes 

Cause / Activities Impact Source of Studies 

Hydrologic alterations    

Land-use changes Land clearing for 
urbanisation 
    - Fragmentation 
    - Agricultural impacts 
    - Mining and quarrying 
    - Unsustainable 
recreation 

Filling or draining of 
wetlands, clearing of 
(native) vegetation, increase 
impervious surfaces and 
groundwater recharge 

(Seddon 1972, 
Gerritse et al. 1990, 
Balla 1993) 

Groundwater 
consumption 

Lowering groundwater 
table, clearing of native 
vegetation 

Altered hydrological 
regime, surface water 
connectivity, loss of 
vegetation   

(Arnold 1990, Froend 
et al. 1993, Yesertener 
2002, Barron et al. 
2013) 

Water regulation Groundwater extraction Ecological alterations, 
water level fluctuations 

(Groom et al. 2000, 
Skurray et al. 2012, 
Barron et al. 2013, 
Barron et al. 2013) 

Water infrastructure Water diversion structures 
(channels, drains, weirs, 
barriers, water sensitive 
urban design) 

Diversion of water & 
change in hydroperiods 

(Froend et al. 1993, 
Storey et al. 1993, 
Townley et al. 1993) 

Societal drivers Population growth, land-
use planning, groundwater 
abstraction 

Water use, conservation, 
education, defining priority 
species, increased 
recreation 

(Davis et al. 1999, 
Eamus and Froend 
2006, Barron et al. 
2013) 
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Pollution    

Nutrient enrichment Run-off from urban (e.g. 
wastewater, stormwater, 
sewage or septic tanks), 
agricultural and mining 
areas 

Decrease water quality, 
eutrophication, substrate 
disturbance 

(Balla and Davis 
1995, Qiu and 
McComb 2000, Qiu et 
al. 2002, Petrone 
2010) 

Heavy metals Run-off from urban, 
agricultural, and mining 
areas 

Decrease water quality, 
accumulation in sediment  

(Davis et al. 1999, 
Chessman et al. 2002, 
Davis et al. 2006) 

Litter Run-off from urban areas Decrease water quality, 
threat to wildlife 

(Qiu et al. 2002) 

Ecological alterations    

Introduction of non-
native flora and fauna 

Grazing, clearing of 
native vegetation, 
recreation 

Loss of biodiversity, habitat 
value to wildlife  

(Balla 1993, Balla et 
al. 1993, Shearer and 
Dillon 1996) 

Fragmentation Land-use changes Loss of biodiversity, 
wetland size, ratio of 
wetland to watershed size, 
habitat loss, connectivity to 
other wetlands/isolation, 
corridors 

(Balla et al. 1993, 
Crook et al. 2015) 

Species range dispersal of species across 
spatial scales 

decline of buffer zones, loss 
of flagship species 

(Davis et al. 2010, 
Davis et al. 2015) 

Climate variability Changes in local and 
regional climate 
 

Drought (extended), 
erosion, sedimentation, acid 
sulphate soils, and changes 
to fire regimes 

(Sommer and Horwitz 
2009, Sommer and 
Froend 2011, Wilson 
et al. 2012) 

 

Successive years of low rainfall in the Perth metropolitan area combined with groundwater 

abstraction for both public and private use and urbanisation have resulted in significant 

declines of groundwater and surface water levels in lakes and wetlands (Yesertener 2002, 

Zencich et al. 2002, Froend and Sommer 2010). Hydrological change on the Swan Coastal 

Plain is therefore considered as the underlying feature of wetland degradation, but the nature 

of this stress varies and is driven by several processes within the SES (Appendix A): 

1. climate variability (e.g. inter-annual variability in temperature and rainfall) 

2. patterns of land-use change (e.g. clearing for urbanisation and agriculture) 

3. patterns of water regulation (e.g. groundwater abstraction, groundwater 

allocation limits) 

4. structural design of infrastructure (e.g. collection of stormwater runoff, drainage 

network)  
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5. societal drivers (e.g. lack of adequate water pricing and sewage system)  

6. geographical location and geology   

1.6.2 Institutional and jurisdictional framework across spatial 

scales and levels 

Prior to land-use changes water levels were more reflective of rainfall patterns, but due to 

recent urbanisation many wetlands are now intensively managed. Management of wetlands is 

organised under several levels within the institution (policies or legislation) with multiple 

jurisdictions (government, private land owners, community) mandated to manage wetlands 

(Figure 1-2). There is a lack of cross-jurisdictional cooperation; integration of land-use 

planning, water resources planning and ecosystem management. Due to this fragmentation in 

both, the institutional and jurisdictional frameworks, management currently focuses on 

incremental adaptation which can be defined as: 

• ecological objectives: the protection of local and regional bushland, maintaining 
buffer zones (Figure 1-3), species protection, environmental water provisions (Table 
1-4)  

• social-political objectives: mosquito and midge prevention, flood protection, 
groundwater abstraction 

• institutional objectives: providing guidance to which jurisdiction coordinates 
wetland management 

 
Figure 1-2 Conceptual overview of the regulation and impacts of the wetland system. Regulation 

of activities: a) water authority, b) planning council, c) municipal, state and national department 

of conservation. Impact on physical wetland system: 1) dehydration, 2) disturbance, 3) 

fragmentation, 4) eutrophication, 5) nature restoration. 
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As wetlands of the SCP are often linear expressions in the landscape, adaptive management 

focuses on the integration of water resources and ecosystem management. Therefore, the 

wetland buffer zone guidelines and ecological water requirements are explained with the 

available literature that draws on the theories of resilience and ecology. The objective to 

maintain a wetland buffer zone defined in scientific literature depends on radial areas 

measured from the furthermost extent of wetland vegetation and depending on the width of 

the zone to protect the integrity of the wetland (Castelle et al. 1994). However, wetland buffer 

policy must also consider decision-making which requires incremental measures to mitigate 

disturbances (Figure 1-3). These depend on social-ecological considerations and often there 

is not enough data to support a linkage between actors and decision-making.  

For better management buffer zones need to include multiple benefits such as provision for 

habitat, corridors and reducing disturbance (Weston et al. 2009). Movement improves 

probability of survival and persistence. Patches of wetlands on a landscape scale form a 

mosaic that vary individually on local scale in quality and over time according to four main 

landscape components (Ignatieva et al. 2010): patch quality (habitat value for species), 

boundary effects (the surroundings of a patch that influence movement of species), patch 

context (the spatial location of a patch) and connectivity (movements of species between 

patches). To enhance species to move between different wetlands depends on the availability 

of a nearby wetland (spatial distribution of wetlands) or a wildlife corridor (riparian zones and 

urban water streams). These corridors could be either in the form of stepping stones (e.g. 

swales) or natural and manmade linear hydrological corridors.  

Many ecological processes operate across multiple scales. Therefore, multi-scale studies and 

analysis need to understand disturbances with various degrees of impact across scales. Some 

local processes have consequences that are observable only on larger scales due to cumulative 

effects. For example, small patch clear cuts of wetland buffers may affect trivial amount of 

habitat to impact species locally while cumulatively populations may be threatened in the 

managed catchment area due to conversion and fragmentation of the remaining wetlands 

(Seitz et al. 2011, Westbrook and Noble 2013). Also, local scale improvement of a wetland 

that supports rich biodiversity may still not improve populations of threatened species in 

fragmented habitats within the same watershed.  
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Figure 1-3 Range of buffer widths for providing specific buffer function from literature 

and minimum (red, 50 m), optimum (yellow, 65 m), and best management (green, 100 

m) from wetland buffer zone policy (Western Australian Planning Commission 2005). 

Adapted from Castelle et. al. (1994). ([1] Josselyn et al. 1990, [2] Storey et al. 1993, [3] 

Castelle et al. 1994, [4] Burke and Gibbons 1995, [5] Dodd and Cade 1998, [6] Semlitsch 

and Bodie 1998, [7] Bodie 2001, [8] Sliva and Williams 2001, [9] Rodgers and Schwikert 

2002, [10] Semlitsch and Bodie 2003, [11] Willson and Dorcas 2003, [12] Bried and Ervin 

2006, [13] Crawford and Semlitsch 2007, [14] Roe and Georges 2007, [15] Weston et al. 

2009, [16] McKinney et al. 2011, [17] Howitt et al. 2014). 

 

In existing urban areas space may be limited, making it difficult to establish corridors.  

Wetlands may be too isolated to provide the necessary linkage through stepping stone habitats. 

In these cases, to support ecosystem functions patches/habitats must be large enough to 

support viable populations of endangered species and to support complicated food webs. 

Planning (spatial and temporal) of these wetland ecosystem services must be coordinated by 

different jurisdictions under different institutions (Noble et al. 2011, Schleupner and 

Schneider 2013). This could lead to conflicting management strategies on a local and regional 

level due to the different objectives of jurisdictions. A major challenge is to process and 

present scientific data that is useful across multiple spatial scales. Effective planning, 

regulation and policy requires water management planning and accepting uncertainty of data 

sets or scenarios. Involvement of all stakeholders of the water management system is crucial 

to deliver adaptive strategies and to overcome barriers by science informed planning (MacKay 

2006).  
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Table 1-4 Ecological water requirements (EWRs) are the water regimes necessary to 

maintain a low level of risk to the ecological values which is based on the Jandakot 

Mound water requirements policy (EPA 1992). The proposed EWRs reflect changes to 

environmental conditions (Froend et al. 2004, Western Australian Planning Commission 

2014). 

Current adaptation measures Proposed adaptation measures / EWRs 

maintain the existing areas of fringing sedge 
vegetation and reduce invasive weeds 

A groundwater level end of autumn minimum of 
21.1 mAHD is required to support groundwater 
dependent vegetation and limit the spread of weeds 

maintain deep, permanent water as a bird 
habitat and drought refuge and to protect 
aquatic invertebrates and fish dependent on 
permanent water 

To support sediment processes (to prevent oxidation 
of ASS) minimum groundwater levels must not drop 
below 21.1 mAHD. 

maintain the existing extent of native sedge 
fringe between native bulrush stands and 
fringing woodland 

Lake levels of 22.0/22.5 mAHD are required for 1 
month of the year in at least four out of six years to 
support macro-invertebrates/ waterbirds. 

provide some area of wading bird habitat at the 
end of summer with removal of weeds in 
wading bird habitat zone 

Remove weeds and maintain groundwater at a 
minimum of 21.1 mAHD 

maintain the areas of fringing woodland on the 
shore. 

Implement wetland buffer guidelines and integrated 
planning 

 

1.6.3 Bridging the science policy interface for adaptive 

management 

The ability to adapt is a function of system characteristics, which are captured by the concept 

of resilience. Adaptation development is characterised by the historical evolutions in 

trajectories. These unknown points of undesirable system change have historically occurred 

under past climate conditions. The focus hereby lies on (re)defining critical thresholds and 

boundaries for wetland and groundwater flood management and day-to-day challenges 

including water stress, ecology, and water availability. Management responds to low water 

levels; it does not identify the adaptive capacity of wetlands to prevent undesirable system 

states. Adaptive management relies on structural design standards of drains and water 

sensitive urban design in spatial planning, while ecosystem-based adaptation measures are 

barely considered and not mandatory. Water resources management requires attention to 

groundwater flood management, private and public groundwater abstraction and incremental 

adjustments to adapt to decreased rainfall and catchment urbanisation. 
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A comprehensive framework that shows interacting processes of stakeholders/management 

authorities across spatial scales and jurisdictional levels with existing legislation and policies 

for wetland protection does not exist. This complicates actions to inform existing policies and 

guidelines in the political system that constrain adaptive management of biological systems. 

The responses of ecological systems and social systems trigger management on different time 

scales. Within the social system the role of actors (jurisdictional scale) act on different levels, 

while the ecological responses do not match the jurisdiction. This mismatch across scales and 

level limits the feedback of institutional changes (legislation and policies for wetland 

management) required to align land use planning, water management planning, and ecosystem 

management. 

The inclusion of actor perspective and the system perspective show a close relation to specific 

historical evolutions (e.g. water and land-use management) in trajectories in different 

disciplines (land, water, ecology) and from application in different contexts (e.g. adaptation). 

Adaptation depends on system requirements across jurisdictional and spatial scales. The 

characteristics of adaptation depend on several processes and outcomes. These relationships 

depend on actor’s perspectives rather than definitive meanings for adaptive management. The 

three components -system characteristics, adaptation processes and outcomes have the ability 

to scope actor-based strategies. Trade-offs between adeptness and resilience have significant 

implications for management decisions and decision-making processes. 

 

1.7 Outline of this thesis 

Chapter 1 provides a background chapter and literature review about resilience, adaptive 

management, system states theory, and the context of the case study area; finishing with the 

knowledge gaps and research questions. Chapter 2 explains the identification of objectives 

within urban wetland management strategies under historical climate and land-use changes 

within resilience literature. Adaptive strategies to maintain desirable ecosystem functions 

under future climate change are provided in Chapter 3. Based on the theory of adaptive 

management, decision-making under high uncertainty, and drawing from results of 

stakeholder workshops, Chapter 4 provides a decision framework for resilience-focused 

adaptation which integrates urban planning, policy and wetland conservation to further narrow 

the science-policy gap. Chapter 5 provides a general conclusion that answers the main research 

questions and concludes with a general discussion.   
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The body of this thesis (Chapter 2, Chapter 3 and Chapter 4) consists of three papers that will 

be submitted or have already appeared in peer-reviewed journals. Chapter 1 with the literature 

review will be submitted as a separate manuscript to a journal. Each paper of the main body 

is individually presented and to be understood separately. Therefore, some overlap in content 

between the various chapters exists. Figure 1-4 provides an overview of the connectivity 

among the thesis chapters. 

  
Figure 1-4 Thesis overview.
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Chapter 2 Adaptation Tipping Points of a 

Wetland under a Drying Climate 

This chapter combines acceptable level of risk analyses with stakeholders and provides 

adaptation strategies for ecosystem management when quantitative boundaries, clear risk 

thresholds, and flexible decision support are lacking. 

 
Key Points 
• A modified Adaptation Tipping Point framework is presented to assess the suitability of 

ecosystem management when rigorous ecological data are lacking. 

• Quantitative boundaries or thresholds to define acceptable ecological change can be 

overcome by inclusion of pre-existing thresholds based on available information from 

policy, legislation, and involvement of management authorities. 

• The extent of legislation, policies, and management authorities across different scales and 

levels of governance, need to be understood to adapt ecosystem management strategies. 

 

Parts of this chapter appear as journal article in Water co-authored by Leah Beesley, Luca 

Locatelli, Berry Gersonius, Matthew R. Hipsey, and Anas Ghadouani; with the following 

citation: 

Nanda, A. V. V., Beesley, L., Locatelli, L., Gersonius, B., Hipsey, M. R., & Ghadouani, A. 

(2018). Adaptation Tipping Points of a Wetland under a Drying Climate. Water, 

10(32), 234. 
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2.1 Abstract  

Wetlands experience considerable alteration to their hydrology, which typically contributes to 

a decline in their overall ecological integrity. Wetland management strategies aim to repair 

wetland hydrology and attenuate wetland loss that is associated with climate change. 

However, decision makers often lack the data needed to support complex social environmental 

systems models, making it difficult to assess the effectiveness of current or past practices. 

Adaptation Tipping Points (ATPs) is a policy-oriented method that can be useful in these 

situations. Here, a modified ATP framework is presented to assess the suitability of ecosystem 

management when rigorous ecological data are lacking. I define the effectiveness of the 

wetland management strategy by its ability to maintain sustainable minimum water levels that 

are required to support ecological processes. These minimum water requirements are defined 

in water management and environmental policy of the wetland. Here, I trial the method on 

Forrestdale Lake, a wetland in a region experiencing a markedly drying climate. ATPs were 

defined by linking key ecological objectives identified by policy documents to threshold 

values for water depth. I then used long-term hydrologic data (1978–2012) to assess if and 

when thresholds were breached. I found that from the mid-1990s, declining wetland water 

depth breached ATPs for the majority of the wetland objectives. I conclude that the wetland 

management strategy has been ineffective from the mid-1990s, when the region’s climate 

dried markedly. The extent of legislation, policies, and management authorities across 

different scales and levels of governance need to be understood to adapt ecosystem 

management strategies. Empirical verification of the ATP assessment is required to validate 

the suitability of the method. However, in general I consider ATPs to be a useful desktop 

method to assess the suitability of management when rigorous ecological data are lacking. 

Key words: ecosystem; wetland; adaptation tipping points; climate change; management strategy   
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2.2 Introduction  

Ecological systems with high resilience are able to cope with frequent disturbance and remain 

relatively stable over time, whereas systems with low resilience are likely to transition to 

altered states, often with reduced function in the wake of disturbance (Holling 1973). Systems 

with low resilience can shift between alternative stable states by an incremental change of 

conditions that induce a catastrophic (reversible) shift or by perturbations that are large enough 

to move the system to a lower alternative state with reduced functions (Scheffer et al. 2001, 

Folke et al. 2004). Social-ecological systems (SES) have interacting components (e.g., 

political, social, or ecological) and have many functions that depend on feedback mechanisms 

between processes that take place at multiple scales (Sivapalan et al. 2012, Elshafei et al. 

2014). 

Ecosystems are managed to maintain their beneficial ecological functions, but can be 

vulnerable to altered external processes (e.g., climate change); such processes can shift 

ecosystems to reduced ecological functions (Dudgeon et al. 2006). These complex 

ecosystems, under the influence of drivers of ecological and social processes, can change and 

then often display nonlinear behavior with prolonged periods of stability alternating with 

sudden changes or critical transitions of the social-ecological system (Scheffer et al. 2001, 

Walker and Meyers 2004)). These sudden changes are often not foreseen by management 

practices due to the nature of changes; these approaches are commonly defined by law-

enforced threshold levels along environmental gradients (Walker et al. 2004). Interventions to 

inform policy or management are therefore ineffective or not timely enough to maintain 

ecosystems with multiple social-ecological functions in a state of prolonged stability.  
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Thresholds and tipping points are important focal points for adaptive management (Folke et 

al. 2005, Rijke et al. 2012, Haasnoot et al. 2013, Werners et al. 2013), but often lack data to 

define exact biophysical thresholds to model the complicated interactions in SES models 

(Schlueter et al. 2012). However, several ecological indicators (Niemi and McDonald 2004) 

and policy-based approaches do exist to determine when the limits of a system are reached, 

and when future change will become critical for the system. Examples include flood mitigation 

through adapting infrastructure (Lavery and Donovan 2005, Kwadijk et al. 2010, Reeder and 

Ranger 2011, Gersonius et al. 2012), adapting water resources management with decision 

frameworks (Brown et al. 2011, Poff et al. 2015), and institutional adaptation, through the 

inclusion of capacity building by government agencies (Lawrence et al. 2013, Fünfgeld 2015). 

Despite the considerable body of the literature, there has been limited focus on: 1) defining 

thresholds for ecosystem processes, 2) how to inform policies that environmental change has 

become critical (Hanger et al. 2013), and 3) when interventions are needed to address different 

key ecosystem processes. 

A policy-based approach that defines when and which objectives of a current strategy are 

being met, is a starting point to adapt existing strategies and formulate new ones, is referred 

to as the Adaptation Tipping Point (ATP) method (Kwadijk et al. 2010). An adaptation tipping 

point is the moment when the magnitude of change is such that a current management strategy 

can no longer meet its objectives. As a result, adaptive management is needed to prevent or 

postpone these ATPs. This method has previously been applied to river restoration and a 

species re-introduction programme (Bölscher et al. 2013, Werners et al. 2013, van Slobbe et 

al. 2016); unfortunately, the approach fails to address whether or not current management 

strategies are sustainable when system behaviour is poorly understood, and when there are 

time lags that are involved for different subsystems in a larger SES (Werners et al. 2013). 

However, the ATP approach confronts the lack of quantitative and qualitative ecological data 

sets to infer acceptability of management (Wardekker et al. 2010, Haasnoot et al. 2012, 

Haasnoot et al. 2013) by using stakeholder engagement to determine unknown/ill-defined 

thresholds, and thereby prevents a focus on only existing management strategies (Wardekker 

et al. 2010, Bölscher et al. 2013). To prevent confusion with definitions of tipping points in 

other fields (e.g., climate sciences, ecology), I will use the term ”adaptation tipping point” in 

this study. 
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A management strategy needs to be informed about when an ecosystem could shift into an 

alternate state that will have low resilience when the system is exposed to stressors induced 

by climate change. Wetlands are ecosystems that are particularly vulnerable to decreased 

ecological resilience due to factors such as, altered hydrology, invasive species, nutrient 

loading, and fire regimes, that can cause wetlands to shift from a “clear-water” to “turbid-

water” stable state, or from a permanent to a seasonal hydro-regime that inadequately supports 

ecological processes (Scheffer et al. 2001, Folke et al. 2004). In light of current management 

strategies and shortcomings, I am interested in how much hydrological variation an ecosystem 

can cope with before the durability of a strategy to conserve the ecosystem expires, and when 

this will occur. The overall aim of this study is to provide a modified ATP framework to 

identify the effectiveness of ecosystem management strategies; this will be applied by using a 

case study. The effectiveness of the ecosystem management strategy is defined using three 

ecosystem functions: 

1. hydrological response and variation; 

2. temporal scale ecosystem responses; and, 

3. recovery rate or alternative stable state of ecological processes. 

 

2.3 Method 

The original five-step ATP methodology includes (Figure 2-1): (i) the determination of 

climate change effects on the system; (ii) followed by identifying key objectives and 

thresholds; (iii) the determination when standards were compromised in the past; (iv) 

analysing when standards were compromised in the future; and, (v) to repeat step 1–4 for 

alternative strategies. Further details about the original methodology can be found in (Kwadijk 

et al. 2010). I modified the original methodology to determine ATPs for different social-

ecological objectives and thresholds with the assessment of historical hydrological time series. 

I expanded step 3 to interpreted ATPs in conjunction with the hydrological response and 

variation; temporal scale ecosystem responses; and, recovery rate and alternative stable state 

of ecological processes (Figure 2-1). 
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Figure 2-1 The complete Adaptation Tipping Point (ATP) methodology with an overview of the 

steps undertaken in this study (indicated with grey boxes), along with the data collection and 

analyses conducted in this study (Adapted from: (Kwadijk et al. 2010)).  

2.3.1 Case Study Area 

The wetland in our case study area, Forrestdale Lake (Figure 2-2), is located in the biodiverse 

region in south-west Western Australia (Myers et al. 2000), and has been noticeably impacted 

by anthropogenic factors (Bekle 1981, Bekle and Gentilli 1993). The wetland supports many 

waterbirds and its surrounding riparian vegetation supports terrestrial birds, significant 

reptiles, mammals, and other vertebrate species (Balla 1993). The lakes’ high biodiversity 

makes it an important regional conservation area (CCWA 2005). An estimated 85% of the 

Swan Coastal Plain (SCP) wetlands have been lost since colonial settlement and are likely to 

experience increasing hydrological stress due to further decreasing rainfall (Balla 1993, Balla 

et al. 1995, Davis et al. 1999) and catchment urbanisation (Barron et al. 2013). The wetland 

experiences a Mediterranean climate with a mean annual rainfall of 852 mm in the period 

1980–2014. Approximately 80% of the annual precipitation occurs in winter between May 

and September, with groundwater recharge occurring from June to September (DoW 2008). 
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Figure 2-2 Location of Forrestdale Lake (32° 09’ 30” S, 115° 56’ 16” E) within its groundwater 

catchment, showing the increasing urbanisation in the catchment, the multiple management 

authorities, and protection policies (Map projection: GDA94).  

© OpenStreetMap (and) contributors, CC-BY-SA
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Climate change, via its impact on rainfall and groundwater recharge, is an important regional 

driver of wetland hydrology and ecological functions (Eamus et al. 2006, Barron et al. 2013). 

Since the 1970s, this region has experienced a 10–20% decrease in average annual rainfall 

that resulted in a mean annual rainfall of 775 mm in the period 2004–2014 (Charles et al. 

2010, Petrone et al. 2010, Smith et al. 2014). There is evidence that climate change has been 

impacting the hydrology of the unconfined aquifer since the 1970s (Froend et al. 1993, Froend 

et al. 2010, Ali et al. 2012), leading to less surface water availability (Sommer et al. 2009, 

Sommer and Froend 2011). Local-scale hydrologic changes associated with land-use change 

and groundwater abstraction may also impact water levels of wetlands. Although, these 

changes are considered minimal when compared to region-wide changes in rainfall and 

consequently recharge of the aquifer (Townley et al. 1993, McFarlane 2012). A growing 

population and greater demand for groundwater (Figure 2-3) is expected to put more stress on 

the already over-allocated groundwater resources. 

 
Figure 2-3 Population growth in Perth between 1910 and 2015 (ABS 2014)  shown against the 

annual rainfall data over the same period, where available (BoM 2016). The decreasing annual 

rainfall results in reduced water availability. 
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When considering that the case study area is under multiple stressors, it is expected that current 

management policies are already inadequate, and that management authorities have the desire 

to understand past effects of climate change on maintaining individual social-ecological 

objectives. With the high likelihood of a management plan that needs to be updated according 

to new research findings, multi-scale policies requiring review, and limited availability of 

ecological and hydrological data, the ATP methodology is suitable to apply to this wetland. 

2.3.2 Data Collection and Analyses 

Data were collected, and thresholds defined through a literature review and interviews. 

Hydrological time series data for each social-ecological objective from the management 

strategy (Froend et al. 2004, Eamus et al. 2006), and minimum and maximum water level 

thresholds were compared with mandated management objectives and policies, respectively 

(EPA 1992). 

2.3.2.1 Step 1: Legislative Framework and Impacts of Climate 

Change–Literature Review 

The legislative framework consists of gradually introduced laws and policies first aimed to 

protect the rights to use groundwater resources, and more recently, to protect the natural 

resources. In Figure 2-4, I present a timeline of the legislation framework for Forrestdale Lake 

and its groundwater catchment area, with key social and environmental events that have 

occurred. During the time period from colonial settlement until the mid-20th century the 

wetlands suffered due to negative perceptions of mosquitos, and through degradation due to 

land use changes. As the degradation of the environmental resources progressed, new 

knowledge about the ecosystem helped to shift legislation to protect species and ecosystems. 

Prior to the 1950s, the wetland was classified as a ‘groundwater through flow lake’, but is 

now, depending on rainfall and groundwater, considered a ‘permanently inundated and 

perched lake’ (Semeniuk 1987, Hill et al. 1996, Dawes et al. 2009). However, even more 

recently a combination of disconnection from groundwater and decreasing annual rainfall has 

resulted in the lake only being seasonally inundated (CCWA 2005); the trend of the drying 

climate is likely to continue during the 21st century (Charles et al. 2010, Smith et al. 2014). I 

reviewed all of the policies and legislation that have been introduced to protect the wetlands, 

including policies that are aimed to protect groundwater resources, species, and connectivity 

of green zones within urban areas. Legislation and policies have been introduced on both state 

and national levels; on the local level, statutory documents are produced that provide detailed 

environmental objectives and an overview of the responsible managing authorities. 
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Figure 2-4 A historical representation of time and scale the traditional human-nature system and 

water resources system of Forrestdale Lake with indicated key events of the four subsystems: 

Natural resources, infrastructure, socio-economics and institution. 

 
2.3.2.2 Step 2: Select Objectives and Quantify Threshold 

Values–Literature Review 

In the second step, I reviewed the current wetland management strategy for policy objectives, 

indicators, and threshold values of the wetland ecological processes. These functions represent 

the critical objectives of the wetland management strategy. Certain water depths are needed 

within a wetland to sustain a variety of ecological processes (Froend et al. 2004, Eamus et al. 

2006, Canham 2011, Barron et al. 2013), therefore I used water depth as a proxy to link 

ecological objectives to mandated policy thresholds (EPA 1992), shown in Table 2-1. I 

identified two pathways within the SES via which water depth may impact on wetland 

ecological objectives:  

i. Water depth may reach levels that are too low to: 

• maintain sediment processes; 
• provide habitat needed by waterbirds, frogs, freshwater turtles, and macro-

invertebrates for survival and reproduction; 
• inhibit the growth of mosquitoes and midges. 

ii. Water depth may reach levels that are too low or too high, such that they lead to: 
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• Filling & draining nearby
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• Mosquito born diseases
• Hunting and gathering
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Flood control
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• the death of phreatophytic (i.e., groundwater dependent) and fringing vegetation; 
• the compromise of the habitat needed for terrestrial birds and mammals; and, 
• increased weed invasion and compromise the habitat needed for wading birds. 

 

Table 2-1 Threshold values for the ecological objectives to determine ATPs for surface 

water (SW) and groundwater (GW) levels in (non)-consecutive months derived from the 

state water policy. 21.6 m AHD (mean water level in Australian Height Datum in meters) 

is the height of the lake bed, which I here denote as zero; all thresholds are defined as 

water depth with respect to the lake bed. 

Ecological Objectives Water Level 
(m) 

Threshold 
Definition Source 

1. protect vegetation and 
mammals; definition of 

drought 
SW < 0 3 consecutive 

months; 1 in 5 years 

(EPA 1992, Froend et al. 
2004, CCWA 2005)  

2. prevent mosquitoes SW < 0 1 month per year; 1 in 
1 year 

(CCWA 2005) 

3. protect waterbirds SW < 0 6 consecutive 
months; 1 in 5 years 

(Storey et al. 1993, Froend 
et al. 2004, CCWA 2005) 

4. protect frogs SW < 0 8 months; 1 in 5 years (Froend et al. 2004, 
CCWA 2005) 

5. protect tortoises SW < 0 3 months; 1 in 5 years (Froend et al. 2004, 
CCWA 2005) 

6. protect macro-invertebrates SW < 0.4 3 consecutive 
months; 1 in 5 years 

(Froend et al. 2004, 
CCWA 2005) 

7. prevent exposure of Acid 
Sulphate Soils GW < −0.5 3 consecutive 

months; 1 in 5 years 
(Froend et al. 2004) 

8. maintain sediment processes GW < −0.5 3 consecutive 
months; 1 in 5 years 

(Froend et al. 2004) 

 



 

 32 

From the aforementioned pathways, I derived eight critical ecological objectives, as shown in 

Table 2-1. The objectives were taken from the Forrestdale Lake wetland management strategy 

(CCWA 2005); the Ministerial Water Requirements (EPA 1992), and from discussion with 

two experts from different management authorities (the Department of Parks and Wildlife and 

the Department of Water; since 2017 the Department of Biodiversity, Conservation and 

Attractions and the Department of Water and Environmental Regulation resp.). For each 

ecological objective, minimum water depth requirements were obtained (i.e., threshold) using 

the Ministerial water requirements (Table 2-1). 21.6 m AHD is the height of the lake bed, 

which I here denote as zero; all of the thresholds are defined as water depth with respect to 

the lake bed. The appraisal of the ecological objectives in Table 2-1 reveals an inundated lake 

is needed to support the social-ecological objectives. The minimum water level (depth) for 

vegetation, mammals, and terrestrial birds is >0 m.; and 0.4 m. to maintain waterbirds, 

freshwater turtles, frogs, and macro-invertebrates (Table 2-1). In cases where water level 

thresholds were not informed by the Ministerial water requirements, I relied on peer-reviewed 

literature (See ‘Source’ column, Table 2-1). A detailed description of each ecological 

objective were obtained from previous research (Balla 1993, Storey et al. 1993, Townley et 

al. 1993, Balla et al. 1995, Froend et al. 2004, Dale and Knight 2008, DEC 2011). In addition, 

two expert interviews were conducted to determine both the accepted exceedance frequency, 

and to define threshold definitions not previously included in policy or the literature. I also 

included experts from other government department and actors that are involved in the 

management of the wetland to discuss the threshold definitions and determine the consensus 

for using these threshold values. These actors are listed below with their role and tasks: 

• the local government, City of Armadale (COA) (city council, responsible for land division 

and drainage); 

• the State Department of Parks and Wildlife (DPaW) (conservation authority); 

• the Department of Water (DOW) (water regulator, responsible for ground- and surface 

water allocation and monitoring); and, 

• community and local conservation groups, Friends of Forrestdale (FOF), Urbaqua (URB) 

(community, involved in monitoring birds, revegetation and rehabilitation of the wetland 

buffer zone). 

 



 

 33 

2.3.2.3 Step 3: Determine ATPs - statistical analyses. 

Time series datasets of surface and groundwater depths (DoW 2015) were sourced from the 

Department of Water’s water information database. The data were divided into two time 

periods, 1978–1995 and 1996–2012, so that each period reflects a sufficient amount of time 

for policy implementation and linked to the downward trend in rainfall. To evaluate the 

ecological resilience of the wetland, I assessed when and for how long the water level in 

Forrestdale Lake crossed the thresholds. In order to estimate the frequencies of occurrence of 

threshold exceedance (see thresholds, Table 2-1) by annual minimum series, I used the 

observed historical time series of water levels and the following equation proposed by 

(Jenkinson 1955): 

G(x) = 1 − (1 − k*x − x+α -.
/
0 	for	k ≠ 0		  

Equation 2-1 

where G(x) is the distribution of the magnitude of events (x) smaller than a threshold (x0) over 

a (non)-consecutive duration over a period of years (T). Here, α and k are constants derived 

from the average highest and lowest values in sets of T annual minima, and the minimum 

value to be expected once in T years. Arrival rate (λ) = the average number of minimum values 

(x0) per year. Constant α = (2 × 10.88) − λ1 = −0.05; Lower bound (ξ) = λ − (0.5572 − α) × 

0.5572 = constant; Probability value (p) = (1 − (1/T); Expected water levels = ξ − (α × LN(−1 

× LN(p))). To interpret the occurrence of ATPs in context with the ecological tipping points; 

I extended our analyses by comparing the drought frequency, duration, and start month for 

both the pre- and post-1995 water-level time series. A drought was defined by experts as a dry 

period when the water depth was zero m. for three consecutive months. I compared the water 

levels with the available historical ecological data to make an estimation of the trajectories 

over time. 
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2.4 Results 

2.4.1 Legislative Framework across Scales 

The scope of the assessment for Forrestdale Lake was defined as stipulated in existing 

legislation. In Western Australia, the Environmental Protection Act (1986) (EPA 1986) is the 

legislative act that underpins the environmental protection of wetlands. According to the 

Environmental Protection Act, the Ministerial water requirements for the Gnangara Mound 

and Jandakot wetlands (1992) (EPA 1992) mandates ecological water requirements that 

consist of upper and lower thresholds to maintain ecological processes; the State water 

regulator holds the responsibility to maintain these water requirements. Protection of 

biodiversity or conservation values, such as maintaining biodiversity, is included in the 

Conservation and Land Management Act (1984) and the Wildlife Conservation Act (1950) 

(Wildlife Conservation Act 1950, Conservation and Land Management Act 1984). Large 

regional wetlands have also been listed under the Ramsar Convention (e.g., Forrestdale Lake) 

to protect waterbirds (Ramsar 1994) (Ramsar 2014), as well as to protect migratory birds 

under several international agreements (JAMBA 1981; CAMBA 1988; ROKAMBA 2006) 

(JAMBA 1981, CAMBA 1988, ROKAMBA 2006). However, the protection of nationally and 

internationally important flora, fauna, and ecological communities is arranged by the 

Commonwealth of Australia under the Environment Protection and Biodiversity Conservation 

Act (EPBC 1999) (EPBC 1999). The above-mentioned Acts and Agreements provide the 

statutory base to formulate wetland management plans. In contrast to international 

conventions and Commonwealth legislation, the State government departments and local 

governments cooperate to maintain the ecological functions, as described in the wetland 

management plan. A previous wetland management plan from 1993 for Forrestdale Lake was 

updated in 2005; this now includes the ecological values of the wetland, proposes management 

actions to control invasive species, and mentions the risks of declining water levels (CCWA 

2005). However, the plan fails to address how to cope with declining water levels.  
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The literature review revealed that the protection of the regionally important Forrestdale Lake 

wetland is provided by legislation and policies on different levels and scales (Figure 2-5 

Ecosystem and legislative organisation: across spatial levels of ecosystem organisation 

stressors are accumulated and trigger a response for system controls in the legislative 

organisation. Due to fragmented legislative organisation responses are inadequate to maintain 

ecological resilience.). The management of the lake is therefore organised on different levels 

of government departments that have their own scale of operation (e.g., local council vs. state-

wide department). Due to the different institutions and their operational levels, the execution 

of the wetland management strategy is a shared responsibility of all of the stakeholders. 

However, the co-ordination of this strategy is the responsibility of a government department 

with state-wide legislative powers (Department of Parks and Wildlife). System controls (e.g., 

policy and legislation) are mandated on larger spatial scales, whereas accumulated stressors 

(e.g., reduced rainfall or lowering groundwater table) have larger impacts on lower spatial 

scales, such as on the whole ecosystem scale or only on part of it. Drying of the lake and 

ecological degradation are translated by threshold exceedance of ecological processes. Also, 

the separation/disconnect of water and ecological policy increases the risk of mismanagement. 

For example, the Department of Water is responsible for groundwater abstraction and the 

reporting of threshold exceedance to the environmental regulator (the Environmental 

Protection Authority). While the State government needs to ensure that the ecological 

functions of the lake are maintained, the Department of Parks and Wildlife is responsible for 

the ecological state and not for water related management. 
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Figure 2-5 Ecosystem and legislative organisation: across spatial levels of ecosystem organisation 

stressors are accumulated and trigger a response for system controls in the legislative 

organisation. Due to fragmented legislative organisation responses are inadequate to maintain 

ecological resilience.  
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From the extensive variety of policies and legislation in place to protect the ecological values 

of the wetland, I were able to derive the important social-ecological objectives for the wetland. 

For each objective, I determined the critical water requirement thresholds. However, the water 

requirement policies did not provide maximum exceedance frequencies (return period) for 

each objective in our analyses. Where return periods for certain objectives in the management 

strategy were lacking, stakeholders were able to provide expert knowledge to determine 

threshold definitions, such as for drought duration, water availability for birds, and exposure 

of acid sulphate soils.  

The findings from the interviews with experts showed that the legislation and policy aims are 

a good starting point for discussion with stakeholders that operate on a state-wide scale. The 

experts interviewed represent management authorities that are responsible for the 

implementation of larger scale (top-down) policies and legislation, and their roles are to build 

consensus with other governing institutions that contribute to the wetland management plan.  

A combination of a review of peer-reviewed literature and government reports provided a 

comprehensive overview of ecological studies that were undertaken in Forrestdale Lake. Data 

are predominantly available in government reports rather than in peer-reviewed media. This 

included data on bird counts, macro-invertebrate species composition, and vegetation 

transects. Ecological data is often patchy and only available for certain time frames in the 

1990s and 2000s for Forrestdale Lake. Bird counts for the lake have been discontinued since 

2009 (DoW 2012) and vegetation transects are not conducted on regular basis as mandated in 

policy. Groundwater level data was only available from 1997, while surface water levels were 

recorded from 1952. In addition, surface water level observations from 1952–1978 contained 

too many data gaps to adequately perform ATP analyses, as consecutive observations up to 

six months are not available. 

2.4.2 ATPs and Ecological Resilience 

ATPs were determined by calculating the re-occurring water level depth using the values from 

Table 2-1 with Equation 2-1. The time series analysis employed here suggests that a drying 

climate has compromised four ecological objectives of Forrestdale Lake (Table 2-2). ATPs 

occurred after 1995 and threshold crossings occurred for vegetation and mammals, waterbirds, 

turtles, and macro-invertebrates. Water levels for the remaining objectives are close to 

exceeding thresholds, such as the capacity of the lake to deliver sediment processes and 

limiting the risk of oxidation of acid sulphate soils in the lake bed. 
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Table 2-2 Adaptation tipping points calculated with eq. 2-1 for each ecological function 

of Forrestdale Lake. Bold values indicate that the water level is below the threshold value 

and consequently result in an ATP. The two time periods reflect the timeframe for policy 

adaption. SW = surface water; GW = groundwater. 

Ecological Objective 
Water Level (m) 

Threshold 1978–1995 1996–2012 
1. protect vegetation and mammals SW < 0 0.06 −0.21 
2. prevent mosquitoes SW > 0 −0.27 −0.19 
3. protect waterbirds SW < 0 0.24 −0.16 
4. protect frogs SW < 0 0.42 0.01 
5. protect tortoises SW < 0 0.06 −0.21 
6. protect macro-invertebrates SW < 0.4 0.06 −0.21 
7. prevent exposure of Acid Sulphate Soils  GW < −0.5 0.06 −0.21 
8. maintain sediment processes GW < −0.5 0.06 -0.21 

 

Figure 2-6 shows that Forrestdale Lake dried more frequently than the recommended return 

period of one in five years, and that each dry period exceeded the maximum duration of three 

consecutive months. Drying is most frequent in summer (December, January, and February) 

which is in line with regulation that drying of the lake should not occur before April/May, in 

order to ensure a waterlogged lake bed throughout the year. When the drought frequency and 

duration are compared for both periods, pre-, and post-1995, no droughts according to the 

policy definition occur. However, the lake did dry completely for shorter durations during 

summer. In contrast to the regulation, it is completely logical that drying is more likely to 

occur over summer, with longer periods per year of limited water availability for species. 
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Figure 2-6 Comparison of the onset and duration of drought during the period 1978–2012 at 

Forrestdale Lake, shown pre and post 1995. The policy definition of a dry period is ≥3 consecutive 

dry months which must not start prior to April/May. Each bar represents a dry period and 

respective start month. Drying of the lake prior to 1995 is added as a reference, as the lake dried 

in the period, but, according to the policy definition, was not considered as drought. 

 

Although there was not enough data to conduct trend analyses, the frequency of droughts and 

the duration of each drought has markedly increased since 1995. When I combine the results 

from our ATP analyses (Table 2-2) with the drought analyses (Figure 2-6), I observe a regime 

shift in the ecosystem from a permanently to seasonally inundated wetland. The effect of this 

hydrological shift translates into failing to meet the defined threshold level that is enforced in 

policy and leading to an ATP. In Figure 2-7 I graphically present the minimum thresholds for 

all of the objectives, the water levels from 1978–2012 as compared to the initiation of 

groundwater abstraction, and the implementation of the water policy requirements.  
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Frequent water level and drought exceedance for objectives only occur in the period after the 

water policy was implemented in 1992. Between the 1970s and the implementation period of 

the water policy in 1992, no significant research was conducted on the gradual decline of water 

levels in the Swan Coastal Plain wetlands. With available quantitative ecological data on 

ecological responses I base our representation on stylised lines to explain individual ecological 

responses when compared to declining water levels from the 1970s (Figure 2-7). This 

representation is a combination of historical data from previous research and information from 

the expert interviews (Appendix B). The decline of the ecological processes coincides with 

the increased duration and frequency of dry periods during the 1990s. After the mid-1990s, I 

observe that the management of the lake did not respond to maintain declining water levels 

on the mandated threshold levels; indeed, the minimum water requirements for the wetland 

were not updated during the period 1992–2005. However, new water level requirements were 

proposed in 2005 to reflect the current hydrological regime of the wetland. 

 
Figure 2-7 Ecosystem regime shift on the onset of dry periods with declining water levels (WL) 

and the change of conditions of ecological processes over time. Incremental management and 

policy compared to non-linear ecosystem responses over time are ineffective when sudden 

changes occur. 
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2.4.3 ATP Assessment and Alternate System States 

A major gap in the science-policy interface and socio-hydrologic systems literature is here 

defined as: (i) the identification of inadequate policy to inform managers or policy makers 

about the durability of an ecosystem management strategy; or, (ii) the performance of 

assessments of hydrological variables when data is lacking. With the ATP methodology 

presented, where possible, I have tried to close the gaps in the literature. The methodology 

presented assessed whether an existing baseline ecosystem management strategy was 

sufficient to sustain the ecological resilience of the ecosystem. With the ATP framework, I 

assessed resilience of the hydrological system across spatial and temporal scales by the: (i) 

magnitude of the reaction of the ecosystem; (ii) temporal scale and ecosystem responses to 

increased perturbations; and, (iii) recovery rate or shift from a desirable stable state to an 

alternate/undesirable stable state with limited ecological processes (Zevenbergen et al. 2008). 

I linked eight critical social-ecological objectives to explain subsystem changes and the 

implications for decision-making to reach mandated policy thresholds, which was considered 

a literature gap for ATP assessments (Werners et al. 2013). 

2.5 Discussion 

2.5.1 Temporal and Spatial Hydrological Responses in ATP 

Analyses Applied to Ecosystems 

The observed climatic shift evident in the late 1960s/early 1970s in south-west Western 

Australia (Verdon-Kidd et al. 2014) follows the stepwise decreasing rainfall trend in our 

hydrological time series. With shorter periods of inundation in the 1990s a hydrological 

response is evident, and ATPs occur simultaneously in the same time period. The hydrological 

shift from permanent to intermittent water availability in the lake due decreased surface water 

availability from lower rainfall is explained in previous studies (Eamus et al. 2006, Davis et 

al. 2008, Dawes et al. 2009, Maher and Davis 2009). The observations of consistent reductions 

of water levels result in more frequent, prolonged dry periods, and studies confirm that a 

significant reduction in water levels for consecutive years could threaten the regional function 

of wetlands to sustain multiple ecological functions (Froend et al. 2004, Davis et al. 2008, 

Maher et al. 2009).  
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The analysis points to an ineffective water requirements policy, as water levels requirements 

are not met for four of the eight ecological functions; thresholds were crossed in the 1990s, 

which occurred concurrently with the observed hydrological response. The main ecological 

processes of the lake depend on waterlogged soils during low water availability, however are 

at increasing risk when the lake bed dries completely over summer. Early drying of the lake 

implies a lack of surface water availability for species that have a limited action radius to 

alternative habitats, such as macrophytes, freshwater tortoises, frogs, and macro-invertebrates. 

Our study did not include the investigation of ecological responses, however, the hydrological 

change and ATPs are followed by declining trends in the ecology. Previous studies on this 

wetland have shown: 

• increasing weed invasion and exotic species establishing in the understory, along with 

deterioration of fringing vegetation (Froend et al. 2004, Davis et al. 2008);  

• a gradual declining trend in the species numbers and composition of macro-invertebrates; 

in particular, a reduced number of families was observed (down from 40 in 1987 to 34 in 

2009) due a loss of some species (Balla et al. 1995, Maher et al. 2009, Sommer et al. 

2009); and, 

• decreasing numbers of birds from over 20.000 birds in the 1980s to just over 10.000 birds 

in 2009 (Bamford et al. 2010).  

The responses of ecosystems after perturbations, and the shifts that could occur from a 

desirable higher stable state into an undesirable lower stable state with higher resilience and 

reduced ecological processes are described in the literature (Scheffer et al. 2001, Folke et al. 

2004, Folke et al. 2005). However, a lack of data makes it difficult to determine shifts between 

multiple or alternate stable states (Capon et al. 2015). From our results, I see that a gradual 

transition of the boundary condition (reduced rainfall) failed to trigger management 

interventions to maintain the rapid responses in an ecosystem. Management responses are also 

absent when, for example, rapid hydrological processes and the slow response of ecological 

processes, such as vegetation shifts (Sivapalan and Blöschl 2015), are not detected when 

monitored at different spatial scales (Elshafei et al. 2016). This mismatch is magnified when 

different government departments are responsible for monitoring and management responses. 
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To draw attention to the different responses of ecological processes I started a discussion 

among management authorities to consider management objectives and threshold values. The 

management objectives are derived from different sources such as the State-scale water level 

criteria; the national (Commonwealth) ecological objectives that are linked to the Ramsar 

guidelines; and, the key social-ecological objectives from the local management plan. 

Currently, Ramsar criteria, such as the number of (water)birds is infrequently monitored, and 

objectives from the local management plan are only partly monitored (vegetation and macro-

invertebrates). The ATP analysis and the discussion among the different actors for wetland 

management showed that the jurisdiction of the government departments in question does not 

cover the spatial scale of certain ecological processes. Some ecological processes rely on 

factors which are managed by different institutions. For example, the decline of vegetation 

quality depends on regional groundwater availability, which is regulated by the water 

regulator; whereas, protecting flora in the buffer zones is the responsibility of the conservation 

authority. Despite the strong indication of declining ecological values, national and state level 

policies are only partly informed by the policies determined at the local scale. Research 

confirms the need to incorporate all the relevant institutions to achieve institutional-ecosystem 

function fit (Ekstrom and Young 2009), while the identification of underlying gaps in multi-

sector governance as described, will form the basis to negotiate closing the gaps in 

governance. 
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2.5.2 Informing Ecosystem Management 

The ATPs that are presented in this case study area are intended as guiding principles (early-

stage) to existing ineffective ecosystem management strategies. The ineffectiveness of other 

policies has been shown in: Flood risk studies (Lavery et al. 2005, Reeder et al. 2011), flood 

mitigation under climate change (Gersonius et al. 2012), river restoration (Bölscher et al. 

2013), and the impact of the hydrological regime of a river on salmon re-introduction, and 

shipping (van Slobbe et al. 2016). Central in these studies is to determine when and how much 

action is needed to determine alternative management strategies (Sivapalan et al. 2015), but 

for a SES, when to take action is far more complicated. Due to the jurisdiction of decision 

makers or managing authorities, ATPs are used as a starting point to explore if and when 

adaptation measures need to be taken to adequately resolve the critical adaptation tipping point 

of different ecological processes (Hanger et al. 2013). When, such as in our case, quantitative 

data is not readily available to support a complex model, with predicted feedback mechanism, 

in the socio-environmental system (Sivapalan et al. 2012, Di Baldassarre et al. 2013, Elshafei 

et al. 2014, Di Baldassarre et al. 2015), the outcomes of an ATP analyses provide a better 

understanding of the role of individual processes before making more complex models 

(Hipsey et al. 2015); highlighting the potential dynamics of scale of legislation and policy, 

and the interaction of management authorities in the hydrological system. As described 

previously, management interventions can be considered by different institutions that will 

provide the appropriate outcome for each ecological process. This requires understanding the 

scale and level of policy and legislation in the analysis prior to embarking on a process to 

deliver adaptation measures for the different social-ecological objectives, such as those that I 

included in our analysis. 
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In order to adequately improve existing management practices, I should first consider the 

whole set of clearly stated objectives in a management strategy without prioritising or 

aggregating them. As a result, I may then provide the alternate states of ecological processes 

within the spatial and temporal scales of processes and governance systems (Niemi et al. 

2004). Introducing multiple management aims overcomes a focus on separate ecological 

objectives, which may lead to a lack of quantitative boundaries or thresholds for acceptable 

ecological change (Hallegatte 2009, Kwadijk et al. 2010, Haasnoot et al. 2012, Werners et al. 

2013). Studies have shown that when law or policy enforced threshold levels along an 

environmental gradient are passed (Walker et al. 2004), that not all ecological processes will 

show a direct decline of species or shift in species composition, thus making it more difficult 

to reverse different conditions of the ecosystem (Scheffer et al. 2001). Therefore, informing 

decision-makers at an early stage prevents costly measures to reverse undesirable changes to 

the system. 

In the absence of clearly defined thresholds, our framework provides active involvement of 

the management authorities (Haasnoot et al. 2012, Haasnoot et al. 2013) from a multi-purpose 

perspective (van Slobbe et al. 2016). The ATP analyses stimulate stakeholders to look at the 

resilience of their approach (Kwadijk et al. 2010). Continuous improvement in the processes 

of adaptive management is an ongoing challenge, but studies have demonstrated successful 

frameworks for collaborative research in the science-policy interface across several scales 

(Mitchell and Hollick 1993, Davis et al. 2015). When management practices need to be 

updated, the threshold definitions for management approaches should reflect the ideas of 

multiple management authorities that are involved. In the absence of a combined eco-

hydrological and social model, I were able to distinguish the trade-offs between vulnerability 

(performance) of the ecosystem as compared to thresholds of subsystem processes that were 

defined by policies and legislation across spatial scales. 
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2.5.3 Adapting Management Strategies 

For effective governance, developing a better understanding of climate and hydrological 

impacts is required (Davis et al. 2015). With the involvement of stakeholders in our 

assessment, I can account for the exploration of future hydrological events and provide 

decision-makers the information on under which conditions the current policies will expire; 

however, the exact timing of expiry remains problematic due to different timescale of system 

responses. I aimed to overcome this by including threshold values (only partly available) that 

represent ecosystem processes across scales. Although the ATP assessment includes some 

options to identify measures for adequate governance decisions; further exploration for how 

long these are sufficient under future climate scenarios needs to be investigated (Haasnoot et 

al. 2013). This could include: 1) physical/engineered measures, 2) adoption of new or 

amended policy instruments, 3) adoption of policy strategies (combination of options 1 and 

2), or 4) implementation of an adaptation strategy (Folke et al. 2005, Nelson et al. 2007, 

Kwadijk et al. 2010). Successful adaptation requires a critical understanding of the scale and 

level of implementation of existing policies, legislation, or management strategies, as these 

are often barriers to local scale adaptation. 

Despite the exceedance of critical thresholds, management has not adequately responded to 

changing hydrological variation in the ecosystem. I assumed climate change to be the main 

external driver for the ecosystem regime shift, although this does not assume a non-adaptive 

management strategy. The ATP application is adequate for ecosystems when a clear external 

driver of change can be determined (e.g., climate change), stakeholders agree on setting 

thresholds, and expand individual management objectives to objectives across several levels 

of policies. However, the study of systems becomes complicated when multiple stressors are 

responsible for subsystem change and stakeholders do not include objectives or thresholds 

defined by different or new policies. The limitations of system study include the effects of 

multiple stressors on the system, a limited focus on new strategies, and including objectives 

or thresholds that change over time due to socio-economic changes. In this paper I have 

addressed the difficulties to determine ATPs for an ecosystem with respect to existing policies 

and management objectives. Further collection of ecological data and monitoring ecological 

responses will be helpful to determine alternative strategies with stakeholders to postpone or 

eliminate existing ATPs, according to the steps of the original ATP methodology. The 

dynamic adaptive policy pathways approach could be a useful tool to guide this process 

(Haasnoot et al. 2013). 
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2.6 Conclusion 

The extended ATP method presented in this paper provides a combination of a qualitative and 

quantitative analysis of datasets of a wetland ecosystem. I applied the concept of ‘adaptation 

tipping points’ to identify when management responses became inadequate to prevent decline 

in ecological integrity. Through a combination of conceptual and visual representation of the 

ecological processes, I were able to identify major trends and transitions in the system, in the 

presence of strong drivers of change and variable hydrological conditions. This approach was 

useful to determine the effectiveness of an ecosystem management strategy when data 

availability was limited, and where social-ecological dynamic models to fully assess the 

tipping point and potential points for interventions were absent. This study showed that a lack 

of data, quantitative boundaries, or thresholds to define acceptable ecological change can be 

overcome by the inclusion of pre-existing thresholds based on available information about 

shifts of the wetland’s hydrological regime. This information included the importance of 

reviewing a range of policies to enable discussion among stakeholders to determine existing 

and new management objectives/thresholds. Through stakeholder discussions, I found 

unacceptable adverse ecological changes to the unique set of identifiers, and then used the 

input of expert knowledge to determine the critical wetland objectives and thresholds for 

wetland management. I showed that informing stakeholders about the effectiveness of existing 

wetland policy can be used to adapt or accept objectives and thresholds, both seen here in 

context with ATPs and undesirable ecological changes. ATPs could be established a proxy 

indicator for lag-responses in the ecology to adapt ecosystem management in a timely manner 

before ecological processes deteriorate to unaccepted levels. 
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Chapter 3 Adaptation strategies to maintain 

ecological resilience of urban 

wetlands under climate change 

This chapter presents a methodology to assess the suitability of ecosystem management when 

rigorous ecological data are lacking; and shows how a policy-aimed analysis includes 

management authorities to overcome uncertainty. 

 
Key Points 
• Combining acceptable level of risk analyses and adaptation strategies for ecosystem 

management when quantitative boundaries or clear risk thresholds are lacking. 

• Applying a methodology to support interactions between scientists and policy-makers to 

bridge the gap between acceptable level of risk to current ecosystem stressors and flexible 

decision support that is required when acceptable ecological change is uncertain. 

 

Parts of this chapter appear in a manuscript submitted to the journal Hydrology and Earth 

System Sciences co-authored by Luca Locatelli, Stanley Ochieng, Leah Beesley, Berry 

Gersonius, Matthew R. Hipsey, and Anas Ghadouani; with the following citation: 

Nanda, A. V. V., Locatelli, L., Ochieng, S. K., Beesley, L., Gersonius, B., Hipsey, M. R., and 

Ghadouani, A. (to be submitted 2018). " Adaptation strategies to maintain ecological 

resilience of urban wetlands under climate change." Hydrology and Earth System 

Sciences. 
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3.1 Abstract 

Urban wetlands experience considerable alteration to their hydrology, which contributes to a 

decline in their ecological integrity. Management typically aims to repair wetland hydrology; 

however, decision-makers often lack strategies to adapt ecosystem management in the face of 

climate uncertainty. Adaptation Tipping Points (ATPs) are a decision support method that can 

be useful in such situations. This policy-oriented approach uses threshold exceedance of 

ecological objectives to inform decision makers about the effectiveness of their management 

strategy. Here I trial the ATP method on an urban wetland experiencing a markedly drying 

climate. I used policy-oriented discussions among wetland managers and scientists to 

determine the actions that could maintain sufficient water levels in the wetland. I investigated 

the efficacy of different adaptation measures (actions) with a hydrological model that 

predicted wetland surface water depth and water table depth. The models were run for two 

different greenhouse gas emission (climate change) scenarios over a long time frame (2016-

2100). All scenarios showed declining and insufficient water levels in the study area of interest 

(Forrestdale Lake) for all ecological objectives; even when groundwater abstraction was 

limited. I present two conceptual eco-hydrological models that identify trade-offs among 

ecological processes and support flexible decision making. I recommend a reduction in 

groundwater abstraction coupled with the removal of weeds and planting of native vegetation 

to support the ecological functions Forrestdale Lake. Urban stormwater runoff could be 

another source of water when the surrounding catchment of the wetland urbanises. In cases 

when rigorous ecological data are lacking, and ecosystem responses are uncertain, conceptual 

eco-hydrological models that arise from a collaboration between scientists and policy makers 

can improve decision-making. 

 
Key words: ecosystem management; adaptive management; wetland hydrology; adaptation 

tipping points; climate change, conceptual models, decision support   
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3.2 Introduction 

Wetland ecosystems are highly vulnerable to hydrological change, habitat loss, fragmentation, 

pollution, and altered fire regimes (Laurance et al. 2011). Hydrological change is particularly 

marked in Mediterranean regions, which are experiencing rapid drying associated with 

anthropogenic climate change (DoW 2008). Environmental managers in Mediterranean 

regions must overcome numerous challenges if they are to successfully protect wetland 

ecosystems (Nanda et al. 2018, Nanda et al. 2018). Two key obstacles include the lack of 

quantitative or qualitative ecological data, and a limited understanding of how climate change 

is likely to affect local (i.e., wetland) hydrology. Decision makers operating in a data-limited 

space imbued with climate uncertainty need strategies to help them determine the most 

efficacious management actions and their likely success over the long-term (Carpenter et al. 

2015, Scheffer et al. 2015).       

Adaptive management can improve decision making and ecological outcomes. Resilience 

provides a useful framework to analyze adaptation processes and to identify appropriate policy 

responses from an actor-centered view in social-ecological systems (SES) (Nelson et al. 2006, 

Smit and Wandel 2006, Nelson et al. 2007). These policy responses aim to maintain an 

ecosystem’s ability to recover from disturbance and cope with existing and future stresses 

(Holling 1973, Walker et al. 2004, Walker et al. 2004, Folke et al. 2005). Several studies have 

stressed the importance of the biophysical system in adaptation assessments (Bölscher et al. 

2013, Werners et al. 2013) and the development of clear management strategies as a critical 

step in pursuing adaptive ecosystem management and protecting wetland water supplies (Smit 

et al. 2006, Downard et al. 2014). However, in data limited situations uncertainty increases 

and (mathematical) models need to be combined with active involvement of multiple actors 

to provide transformative changes rather than only incremental adjustments (Holling 2001, 

Folke et al. 2002, Folke et al. 2004, Walker et al. 2004). Norms (Stafford Smith et al. 2011), 

thresholds and targets for natural systems (van Slobbe et al. 2016), are more complicated and 

less attempted in policy (Werners et al. 2015). An approach that considers scientific 

uncertainties in adaptation responses need to consider these in future projections.   
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Here I apply the concept of ‘adaptation tipping points’ (ATPs) to protect a wetland ecosystem 

sitting within an urban landscape. I define an ATP as the point when the current ecosystem 

management strategy can no longer meet its ecological objectives (Kwadijk et al. 2010). Once 

an ATP is reached an adaptive measure, i.e. the implementation of different intervention 

measure, is needed to prevent unwanted ecosystem change (Lavery et al. 2005, Gersonius et 

al. 2012, Gersonius et al. 2012, Bölscher et al. 2013, Werners et al. 2013). For any given 

ecological asset (e.g. wetland), an ATP assessment forces us to be explicit about the important 

ecological values I gain from the asset. It also forces us to be explicit about what 

(un)acceptable change looks like (e.g. the loss of certain species), which can guide us in our 

choice of critical indicators. An ATP assessment requires expert judgement and knowledge 

sharing, and incorporates diverse public values across departmental sectors (Downard et al. 

2014). The collaboration between scientists and practitioners enables the application of 

adaptive management from once-off small adjustments into that of dynamically changing 

objectives in the context of social sciences (Gallopín 2006, Cosens and Williams 2012).  

Adaptation is closely linked to the dynamics of decisions of different actors with different 

stakes or aims for ecosystem management (Folke et al. 2005, Nelson et al. 2007, Ostrom 

2009). Decisions depend on understanding various tools, methods and approaches that are 

able to combine external drivers, social factors, and ecological factors with short- and long-

term negative or positive effects on ecological functions (Ostrom 2007, Offermans et al. 

2011). While ATPs based on stakeholder-defined thresholds clearly communicate uncertain 

outcomes in terms that are relevant to stakeholders and decision makers (Jones and McInnes 

2004, Karjalainen et al. 2013); a balance must be negotiated between adaptive capacity and 

flexibility (Nelson et al. 2007, Werners et al. 2015). Including different views and preferences 

of stakeholders in combination with data input supports the decision-making (e.g., social or 

environmental considerations (van Slobbe et al. 2016)). This process enables reversible and 

flexible decisions and avoid ‘lock-ins’ in the decision-making process (Haasnoot et al. 2012).  
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Adaptation to climate change is an important goal of wetland managers in Perth, an Australian 

city with a Mediterranean climate that is experiencing a marked decline in rainfall. In this city 

the increased duration and frequency of dry spells is driving undesirable ecological responses 

and the loss of ecological values (Balla 1993, Froend et al. 1993, Davis et al. 1999, Sommer 

et al. 2011, Barron et al. 2013). A recent case study of an urban wetland in Perth revealed that 

a decline in precipitation and groundwater inputs has caused numerous ecological adaptation 

tipping points to be crossed (Nanda et al. 2018). Here, I build on this research by 

communicating the ATP results with local stakeholders to negotiate local adaptation measures 

that improve ecosystem protection (desirable ecosystem states, protect vulnerable ecological 

functions) within social-ecological considerations (community acceptance). I used previous 

water level data (1978-2012), along with modelled future water levels (2016-2100) generated 

by different climate scenarios to inform stakeholders whether adaptation measures were 

sufficient to maintain water at a sufficient level to meet wetland ecological requirements. I 

present a conceptual ecological model that identifies and links ecosystem components, 

stressors and processes across spatial scales by combining existing biophysical data and 

synthesizing important hydrological interactions and concepts which can be applied to 

adaptive management. 

Finally, I were interested in whether the adaptive capacity of the SES can include reactions of 

the system that modify its sensitivity to perturbations, and its exposure to them when clear 

feedbacks in the SES are largely unknown. This section of the study had three aims: 

• To identify ecosystem-based adaptation measures that make ecosystems robust 

and/or responsive to external shocks or internal perturbations according to future 

scenarios. 

• To determine adaptive capacity including incremental short- or long-term 

adaptation to prevent undesirable system states. 

• To disseminate preferred adaptation measures, based on social-ecological 

considerations, among stakeholders. 
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3.3 Method  

3.3.1 Case study area 

The geomorphic elements of our case study wetland, Forrestdale Lake, are typical of the Swan 

Coastal Plain (Figure 3-1 and Figure 3-2). It is located in the Perth Basin, on the eastern edge 

of the Bassendean Dunes, which are composed of sandy soils. The lakebed sediments are 

comprised of sand to sandy organic mud overlying soft marly limestone and clayey sand 

(McArthur et al. 1980, Davidson 1995). Forrestdale Lake is situated on the eastern margin of 

the Jandakot Groundwater Mound where the mound intersects the Perth Groundwater Area. 

The mound is a region of elevated groundwater table beneath the Swan Coastal Plain. 

Groundwater discharges from the mound into low lying depressions that support groundwater 

dependent vegetation and extensive wetland systems. Forrestdale Lake is a shallow wetland 

(water depth up to 2 meters) highly connected to the uppermost aquifer with an area of open 

water covering approximately 221 ha (Semeniuk 1987, Hill 1996, Dawes et al. 2009).  

The ability of the lake to support many ecological functions depends on the presence and 

quality of water, both of which are directly affected by climate, surrounding land use practices 

and groundwater management, such as groundwater abstraction. In order to protect the 

wetland ecosystem and its ecological character, the wetland is protected by several 

environmental acts such as the ‘Ministerial water requirements for Gnangara Mound and 

Jandakot wetlands’ (EPA 1992) and the Forrestdale Lake Management Plan (CCWA 2005). 

Water requirements consist of upper and lower thresholds for water availability to maintain 

its biodiversity or conservation values (Table 3-1).  
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Table 3-1 Threshold values for the ecological objectives to determine ATPs for surface 

water (SW) and groundwater (GW) levels in (non)-consecutive months derived from the 

state water policy. I denote the lake bed as zero; all thresholds are defined as water depth 

with respect to the lake bed (Nanda et al. 2018). 

Ecological Objective Water Level (m) Threshold Definition Source 

1. protect vegetation and 
mammals; definition of drought 

SW < 0 3 consecutive months; 1 
in 5 years 

(EPA 1992, Froend et 
al. 2004, CCWA 
2005)  

2. prevent mosquitoes SW < 0 1 month per year; 1 in 1 
year 

(CCWA 2005) 

3. protect waterbirds SW < 0 6 consecutive months; 1 
in 5 years 

(Storey et al. 1993, 
Froend et al. 2004, 
CCWA 2005) 

4. protect frogs SW < 0 8 months; 1 in 5 years (Froend et al. 2004, 
CCWA 2005) 

5. protect tortoises SW < 0 3 months; 1 in 5 years (Froend et al. 2004, 
CCWA 2005) 

6. protect macro-invertebrates SW < 0.4 3 consecutive months; 1 
in 5 years 

(Froend et al. 2004, 
CCWA 2005) 

7. prevent exposure of Acid 
Sulphate Soils 

GW < −0.5 3 consecutive months; 1 
in 5 years 

(Froend et al. 2004) 

8. maintain sediment processes GW < −0.5 3 consecutive months; 1 
in 5 years 

(Froend et al. 2004) 

 

The Swan Coastal Plain experiences a Mediterranean climate of warm, dry summers and cool, 

wet winters, with most of the plain receiving 800–900 mm of annual precipitation (Gibson et 

al. 2005). 80% of the annual precipitation occurs in winter between May and September with 

groundwater recharge occurring from June to September (DoW 2008). Similar to other 

Mediterranean regions in the world, the southwest of Western Australia experiences a 

continual trend of decreasing winter and spring rainfall while time spent in drought is expected 

to increase over the course of the 21st century due to longer dry periods between rainfall 

events. Since the 1970s this region has experienced a 10-20 % decrease in average annual 

rainfall and the mean annual rainfall was 775 mm in the period 2004-2014 (Charles et al. 2010, 

Smith et al. 2014, Verdon-Kidd et al. 2014). Projections indicate increases in extreme rainfall, 

but the magnitude of the increases are uncertain. 

The biggest challenge facing managers of the wetland is how to adapt to a drier regime when 

climate change impacts (e.g. reduced rainfall, falling water table) are uncertain, as are the 

ecological response to reduced water (Nanda et al. 2018). Other challenges facing Forrestdale 

Lake include: 
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• Increasing number of invasive species and exotics establishing in the understory 

and deterioration of fringing vegetation. 

• Declining macroinvertebrate species richness and altered assemblage 

composition. 

• Decreasing number of waterbirds and migratory bird species. 

• Introduced animals (such as foxes, dogs, rabbits, black rats, house mice). 

• Disease caused by pathogens such as the root rot fungi Phytopthera cinnamomi. 

• Bush fires that pose a risk to visitors, nearby properties and wildlife. 
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Figure 3-1 Location of Forrestdale Lake (32° 09’ 30” S, 115° 56’ 16” E) with the groundwater 

model boundary of the superficial aquifer, the minimum and maximum groundwater contours 

of the superficial aquifer, groundwater management areas in the catchment (subareas), and the 

various local governments (Map projection: GDA94). 
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Figure 3-2 Location of Forrestdale Lake (32° 09’ 30” S, 115° 56’ 16” E) within its groundwater 

catchment and the model boundary (Map projection: GDA94). 
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3.3.2 Research design 

In Perth, management authorities review management plans every 10 years. Aligning an ATP 

process with management plan renewal provides the best opportunity to embed the concept 

into the management process. The original ATP methodology (2010) consisted of the 

following five steps:  1. scope of the assessment; 2. objectives and thresholds; 3. historical 

ATPs; 4. future ATPs; and 5. adaptation measures (Figure 3-3). I built on a previous study 

(Nanda et al. 2018) which determined ATPs for social-ecological objectives (Table 3-1) under 

declining rainfall during 1978-2015 according to steps 1-3. Here, I advance the methodology 

by performing steps 4A-4D to determine alternative strategies to postpone existing ATPs. 

 
Figure 3-3 The complete Adaptation Tipping Point methodology with an overview of the steps 1-

3 undertaken in a previous study and the according data collection and analyses in this study. 

Adapted from (Kwadijk et al. 2010). 
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management plan (CCWA 2005); and minimum and maximum water 

requirements (i.e. ecological objectives, threshold values, exceedance frequency 

- see Table 3-1) as described in peer-reviewed literature (Froend et al. 2004). 

• Step 3: the ATPs that were crossed for the ecological objectives in Table 3-1. 

 

3.3.3 Data collection and analyses 

3.3.3.1 Step 4A: Understand ecosystem patterns/processes  

To understand ecosystem patterns in the wetland I reviewed the scientific literature 

(Forrestadale Lake and Swan Coastal Plain wetlands) for the factors that influence hydrology: 

including rainfall and evapotranspiration, (un)confined aquifers, geological layers, 

groundwater abstraction, groundwater flow, and seasonal changes of surface- and 

groundwater in the wetland. I also searched the literature (including local/public reports) for 

known stressors, ecological patterns and feedbacks in wetlands (Davis et al. 2008, Davis et al. 

2010). Ecological patterns included, but were not limited to, invasive species, species-

composition changes, and the seasonality of migratory species presence. Interviews from a 

previous study (Nanda et al. 2018) were used to add ecosystem processes/patterns caused by 

alterations to the hydrological system as a result of decreased rainfall. In addition, I analyzed 

the seasonal surface- and groundwater levels of Forrestdale Lake to create a conceptual 

hydrological model that highlights the seasonal processes of the wetland (Figure 3-4) (science 

communication tools (Integration and Application Network 2007)). To illustrate the 

ecological implications of lower surface water levels I collected information about 

management implications (from stakeholders) of the deep water and shallow water zones and 

the wetland buffer zone. 
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Figure 3-4 Conceptual hydrological model of	Forrestdale Lake with a cross section of the aquifer 

layers represented in the model. 

 

3.3.3.2 Step 4B: Explore alternative management strategies 

(i.e., adaptation measures) 

Stakeholders provided alternative on-ground actions that could support ecosystem objectives, 

and potentially postpone threshold exceedances (Figure 3-5). The details of the workshops are 

provided in two previous publications and their supplementary materials (Nanda et al. 2018, 

Nanda et al. 2018) and in Appendix G. 
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Figure 3-5 An overview of the steps 4A-4D/5 undertaken in this study with the construction of 

eco-hydrological conceptual models, hydrological modelling, and determination of alternative 

strategies with stakeholders. 

 

3.3.3.3 Step 4C - Test alternative management strategies under 

climate change 

From the proposed adaptation measures presented in step 4B I developed hydrological model 

scenarios to test their ability to provide sufficient water levels that eliminate or postpone an 

ATP (See model framework in §3.3.4). Each model scenario consisted of a greenhouse gas 

emission scenario, i.e. Representative Concentration Pathways (RCP) and precipitation and 

evapotranspiration data sets accordingly (Table 3-2). 

Table 3-2 The mean percentage (%) change in precipitation (PR) and 

evapotranspiration (ET) relative to baseline data (1986-2005) for two climate change 

scenarios simulated with a coupled surface-groundwater hydrologic model for time 

periods ranging from 2016-2095. Four different scenarios were simulated (RCP4.5, 

RCP8.5, decrease of groundwater abstraction -10% and -25%). 

 2016-2035 2036-2055 2056-2075 2076-2095 

Model scenario Emission 
scenario  

PR ET PR ET PR ET PR ET 
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Wet (W) RCP4.5 -2.1 2.3 -1.4 2.9 -10.3 3.4 -9.1 6.2 

Extreme dry (ED) RCP8.5 -9.0 2.2 -9.1 3.4 -21.9 7.5 -24.9 10.5 
Regional GW-10% W/ED -2.1/-

9.0 
2.3/2.2 - - - - - - 

Regional GW-25% W/ED -2.1/-
9.0 

2.3/2.2 - - - - - - 

 

Observed evapotranspiration (ET) and precipitation (PR) time series from 1994-2014 were 

obtained from the Bureau of Meteorology weather station 9072 (BoM 2016). Downscaled ET 

and PR time series for periods 2016-2035, 2036-2055 and 2056-2075 for the Southern and 

Southwestern Flatlands were acquired with the CSIROs climate futures tool (CSIRO 2016). 

Projections involved subtracting a future 20-year averaged value as simulated by the selected 

climate model from the 20-year averaged baseline (1986-2005). The mean percentage of 

increase/decrease of ET and RF were estimated from selected RCPs and time periods. For 

each time period, I selected the mid and high Representative Concentration Pathway (RCP4.5 

and 8.5), since the RCP2.5 and 4.5 follow a similar trajectory until 2040. I refer to the RCP4.5 

and 8.5 as Wet (W) and Extreme Dry (ED) scenario respectively (Table 3-2).  

The simulated water levels from our selected climate scenarios were compared to the baseline 

water levels in 1986-2005. Climate projections include precipitation and evapotranspiration 

amounts for wet and extreme dry scenarios, for each 20-year period (Appendix C). This range 

includes uncertainty of climate change projections in the assessment and the significant water 

level shift in historical observations, while minimising the number of model runs needed in 

our analyses. I refer to previous research that explains the conceptual basis and use of 

representative climate scenarios for impact and adaptation assessment (Clarke et al. 2011, 

Whetton et al. 2012), and climate projections for southwest Western Australia (Hope 2015).  
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To better understand the spatio-temporal impact of management intervention on the surface-

and groundwater levels in the wetland, I simulated climate change scenario with various 

groundwater abstraction (GWA) rates. Groundwater (GW) abstraction on local and regional 

scale was varied (-10%, -25%). I also simulated combinations of climate scenarios with 

variable GWA rates (+10, -5% and -25%) and calculated threshold exceedance with different 

threshold definitions that were proposed by stakeholders in Step 4B. Note that the positive 

GWA rate describes a potential increase in groundwater abstraction from the shallow aquifer 

associated with adjusted regional abstraction wells that are currently below the maximum 

limits. Simulated water levels were compared to the baseline 1986-2005. In addition, I 

determined the impact of policy changes (e.g., changing threshold definitions) to sustain 

adequate water levels (from Step 4B). These included minimum threshold level changes (e.g. 

from -0.5m and -0.7m) for each simulated climate scenario in each time period compared to 

the baseline threshold level (0 m). These new minimum levels reflect the consistent low water 

levels of the altered ecosystem. 

3.3.3.4 Step 4D/5: Modify ecosystem management 

I complemented our conceptual eco-hydrological model of the wetland with the identification 

of positive and negative impacts of each proposed adaptation measure on the individual social-

ecological objectives from Table 3-1. Measures resulting in a positive impact for one 

objective, but a negative on another objective were considered to be maladaptive. I use the 

developed conceptual eco-hydrological models and the processes to inform decision-making. 

I discussed preferred adaptation options with stakeholders to determine decision-making. 

These discussions included, the potential for collaboration among different groups of 

stakeholders; and the type of adaptation measure, such as ecosystem-based adaptation, 

engineered solutions and policy solutions. 
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3.3.4 Hydrological model 

The hydrological model (2017) was used to quantify the impact of future climate on the 

hydrology of the lake. The model is a physically-based distributed hydrological model that 

consist of a three dimensionally coupled surface-groundwater interface built with the software 

MIKE-SHE-MIKE URBAN (DHI 2012, DHI 2013). This model was originally developed to 

simulate the impact of urban stormwater infiltration on the unconfined superficial aquifer (See 

model boundary in (Figure 3-2). The model also reproduces the main hydrological processes 

related to the Forrestdale Lake which include: evapotranspiration, interaction with the shallow 

unconfined aquifer, surface runoff from urban and rural areas nearby the lake, and lake 

outflow to Forrestdale Drain. The technical details about the hydrological model calibration, 

validation and application were given in Locatelli et al. (2017). 

I used this model and varied evapotranspiration and rainfall time series input that represent 

the changing boundary conditions of the hydrological system. Scenarios were based on a 

constant land-use scenario with 37% of the catchment area urbanised (data from 2012). To 

keep land use constant, rainfall input was equal for land-use categories ‘urban residential’ and 

‘dense urban/commercial’, since no urbanisation is expected in the south of the catchment 

area. An overview of the model parameters is shown in Appendix D. Scenarios were computed 

on daily time step and a grid size of 70 x 70 m2. The surface and groundwater level projections 

were aggregated from daily to average monthly water level time series to enhance the 

interpretation of water levels over 20-year time periods (Figure 3-6). I determined the 

performance of the hydrological model by comparing surface and groundwater simulations 

with observations during 1994-2014 (Appendix E).  
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Figure 3-6 Overview of the statistical method of surface water levels (SWL) according to four 

model accuracy metrics: the Nash-Sutcliffe efficiency (NSE), the ratio of the root mean squared 

error observations to standard deviation (RSR), per cent bias (PBIAS) and the coefficient of 

determination (R2). 

 

Then ATPs with observed and simulated water levels were used to estimate the frequencies 

and number of threshold exceedance (see threshold definitions in Table 3-1) by annual 

minimum series analyses (Chow et al. 1988, Maidment 1992). This is a general approach for 

(annual) hydrological time series analyses (Appendix F). Using an annual minimum (or 

maximum) series, one considers the smallest (or largest) event in each year. In the partial 

duration series, the analysis includes all peaks under a threshold level. Annual minimum series 

employs the smallest event in each year, regardless of whether the second smallest event in a 

year exceeds the smallest events of other years. By considering all independent lowest (or 

peaks) which exceed a specific threshold it is possible to estimate annual exceedance 

probabilities from the analysis.  

I used the simulated and aggregated (from daily to monthly) 20-year time series of water levels 

and the following equation (proposed by (Jenkinson 1955)) to determine threshold 

exceedance: 

7(8) = 1 − (1 − 9 *8 − 8+: -.
/
; 	for	9 ≠ 0 
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Equation 3-1 

G(x) is the distribution of the magnitude of events (x) smaller than a threshold (x0) over a 

(non)-consecutive duration over a period of years (T). Here, α and k are constants derived from 

the average highest and lowest values in sets of T annual minima, and the minimum value to 

be expected once in T years. Arrival rate (λ) = the average number of minimum values (x0) 

per year. Constant α = (2 × 10.88) − λ1 = −0.05; Lower bound (ξ) = λ − (0.5572 − α) × 0.5572 

= constant; Probability value (p) = (1 − (1/T); Expected water levels = ξ − (α × LN(−1 × 

LN(p))). 

3.4 Results 

3.4.1 Step 4A/B: Understanding ecosystem processes and 

identification of alternative strategies 

I used information from expert interviews, the literature review and the seasonal hydrological 

information from the model to conceptualise ecosystem processes in the Lake and the stressors 

and feedbacks affecting them. Firstly, precipitation and evapotranspiration are here considered 

as the main responsible (no land use changes, no water use and infrastructure changes) of 

future surface- and groundwater availability in the lake’s ecosystem (Figure 3-7). The lake 

experiences extensive droughts over spring and summer when little rainfall and high 

evapotranspiration rates decrease water storages. Groundwater is replenished during winter 

rainfall. During dry periods, the groundwater table of the superficial unconfined aquifer 

remains within 0.5 m depth below the lake bed and this can provide some water to the surface 

through capillary rise. When I consider groundwater abstraction for irrigation only in dry 

periods (November to April), precipitation predominantly in winter, and evapotranspiration 

as constant over time; I observe the seasonal drying of the lake with a saturated lake bed in 

summer.  
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The lake can be represented in three spatial zones (Figure 3-8): 1) A dry buffer zone with 

vegetation that extend their roots to the deeper groundwater aquifer and does not depend on 

the availability of surface water or high groundwater table; 2) A shallow water zone (<0.5) 

that depends on surface- and groundwater availability and seasonally dries; and 3) a deep-

water zone (<1.5-2.0 m.)with permanent water year-round that depends on surface water and 

high groundwater table. The shallow and deep surface water zone provide habitat for 

migratory bird species, wading birds, aquatic invertebrates, macrophytes, and tortoises. 

Waterbirds species decrease when permanent water is unavailable while migratory and 

wading birds benefit from muddy shorelines in the intermediate zone. Combined with lower 

water table in spring and summer over consecutive years groundwater drops below the 

stratigraphic layer. There are locations of downward flux and locations with upward fluxes 

due to local head gradients which provide muddy areas. A dry lake bed increases the likelihood 

of invasive flora that limits feeding grounds for wading birds. Waterbirds in contrary benefit 

from these conditions as vegetation provides resting and nesting habitat. Early summer drying 

results in a smaller deep-water zone (habitat for waterbirds, tortoises; aquatic vertebrates) and 

larger intermediate zone increasingly invaded by weeds. 
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Figure 3-7 A conceptual, seasonal representation of the hydrology of Forrestdale Lake in a cross-

sectional form. The superficial groundwater head level provides limited connectivity to surface 

water level due to a clay layer of the lake bed. This limits groundwater fed surface water in 

summer but provides a saturated lake bed during summer to support critical ecological functions. 
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Figure 3-8 Seasonal representation of the shallow (<0.5 m.) and deep surface water zones (< 1.5 

m.) of the lake. Prolonged droughts impact on wading birds due to an increase of invasive flora 

in the shallow water zone. Reduced habitat for waterbirds occur when the surface area of the 

deep-water zone decreases and becomes shallower after prolonged dry periods. Wading birds 

and migratory birds decline due to the loss of muddy shorelines and increase of invasive flora 

species in the shallow water zone. 

 

All adaptation measures include a decision-process among the stakeholders on how to 

implement this through cross-sectoral collaboration and are informed by surface-groundwater 

modelling and the seasonal representation of ecosystem processes. Due to a lack of data in the 

study area and absence of an existing ecological model stakeholders focused on the measures 

that can be assessed with an existing surface-groundwater model. Reduction of groundwater 

abstraction under future climate scenarios was agreed to inform the decision-process on 

surface or groundwater related adaptation measures. Based on these measures, stakeholders 

proposed the introduction of new groundwater abstraction limits and surface water suppletion 

to the wetland from stormwater of an increased urban area in the local catchment. 
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With the developed conceptual eco-hydrological models, stakeholders were able to identify 

which proposed adaptation measures could be assessed directly and which are not possible to 

address as a result of a lack of data. For example, minimum water levels to support waterbirds 

(criteria from the Ramsar Convention) and a review of limits of acceptable ecological change 

(criteria from the Commonwealth) were perceived as measures that must be taken in relation 

with the future water levels from model data.  

The main focus of stakeholders is to improve surface water levels directly since the lake is 

now detached from the regional groundwater aquifer. With a little impact of groundwater 

abstraction in the local catchment; the local council and environmental department opt for 

stormwater collection from an increased urbanization in the local wetland catchment. Water 

suppletion is considered to be the most effective short-term measure to increase surface water 

levels, although the source of water remains a challenge. Building infrastructure for water 

suppletion was considered to be expensive and execution of these measures would involve 

amending legislation to reduce groundwater abstraction. Another problem with water 

suppletion is the compulsory treatment of stormwater before entering wetlands which 

increases the costs for water suppletion. Infrastructural measures are often linked to the 

improvement of water quality in the wetland, which currently is not a priority in the adaptation 

strategies. Stakeholders agreed that untreated water is preferred as these offsets the 

disadvantages for a complete lack of surface water.   

3.4.2 Step 4C - Test alternative strategies under past & future 

scenarios 

From the calculated model accuracy metrics results I find that the model performance was 

unsatisfactory according to all calibration metrics. These are the results when I compare the 

entire model boundary to one specific data point (ground water bore 12781400) located on 

Forrestdale Lake. The mean error value compares to the mean error between 0 and 0.5 

calibrated and validated specifically for the groundwater bore of Forrestdale Lake (Appendix 

E). 
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The statistical analyses of each simulated scenario were compared to the one of the base line 

scenario 1994-2013 (Appendix H). The results of each simulated scenario show small 

differences among the simulated water levels for 20-year averages of one data point (ground 

water bore) at Forrestdale Lake. Both scenarios, 2056-2075 and 2076-2095, produce lower 

water levels than periods 2016-2035 and 2036-2055 and indicate a continuing drying climate. 

Simulated water levels are higher than simulations with observed data in the baseline scenario. 

This was due to the average height of the lake bed in the model which was set at -0.2 m. The 

water level results produced overestimations of the lower values for both the wet (Table 3-3) 

and extreme dry scenario (Table 3-4). 

Simulated water levels are overestimated compared to the observed water levels. The trend is 

that drying occurs less frequently in the simulated data and that the duration of drought 

occurrences is underestimated. After the application of the bias correction, the simulated data 

provided a similar number of drying events of the lake, however, each consecutive period is 

shorter than in the observed data.  

Table 3-3 Average simulated surface water levels (in meters) for each ecological 

objective to determine ATPs in the lake under a wet scenario. All thresholds are defined 

as water depth with respect to the lake bed. Bold values indicate threshold exceedance.  

 Simulated 20-year time periods 
Objective 2016-2035 2036-2056 2056-2075 2076-2095 
1. vegetation, mammals, and 
decrease fire risk 0.2 0.2 0.2 0.1 
2. prevent mosquitoes 0.3 0 0 0 
3. protect waterbirds 0.3 0.3 0.3 0.1 
4. protect frogs -1.1 -1.1 -1.1 -1.2 
5. protect tortoises -1.1 -1.1 -1.1 -1.2 
6. protect macro-invertebrates 0.2 0.2 0.2 0.1 
7. prevent exposure of Acid 
Sulphate Soils 0.2 0.2 0.2 0.1 
8. maintain sediment processes 
and water quality 0.2 0.2 0.2 0.1 

 

Table 3-4 Average simulated surface water levels (in meters) for each ecological 

objective to determine ATPs in the lake under an extreme dry scenario. All thresholds 

are defined as water depth with respect to the lake bed. Bold values indicate threshold 

exceedance.  

 Simulated 20-year time periods 
Objective 2016-2035 2036-2056 2056-2075 2076-2095 
1. vegetation, mammals, and 
decrease fire risk 0.2 0.1 0.1 0 
2. prevent mosquitoes 0 0 0 0 
3. protect waterbirds 0.3 0.3 0.3 0.1 
4. protect frogs -1.1 -1.1 -1.1 -1.2 
5. protect tortoises -1.1 -1.1 -1.1 -1.2 
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6. protect macro-invertebrates 0.2 0.1 0.1 0 
7. prevent exposure of Acid 
Sulphate Soils 0.1 0.1 0.1 0 
8. maintain sediment processes 
and water quality 0.1 0.1 0.1 0 

 

When the driest scenario is compared to the wettest scenario, observations concerning the 

seasonality of the simulated water levels are obtained with thresholds exceeded for the 

majority of the ecological objectives. Under -10% and -25% groundwater abstraction scenario 

over the whole catchment area in time period 2016-2035 no significant changes on the lake’s 

water levels were observed. The lake’s current isolation from the shallow aquifer compares to 

the expected low impact of groundwater reduction on surface water levels of Forrestdale Lake. 

Figure 3-9 presents the outcome of the ATP (threshold) analyses for the wet and extreme dry 

scenarios and groundwater abstraction scenarios (-10%, -25%) according to a corrected lake 

bed at 21.6m in the simulation results. ATPs occur for objectives concerning the protection of 

frogs, vegetation, macro-invertebrates, turtles, and waterbirds under all scenarios. Under an 

extreme dry scenario ATPs also occur for maintaining soil processes and prevention of acid 

sulphate soils. The frequent threshold exceedance for waterbirds, frogs and turtles when 

thresholds are lowered to -0.1 m and -0.3 m respectively are strongly linked to their strict 

threshold definition (Figure 3-10 and Figure 3-11). These definitions include consecutive 

months of providing sufficient water levels that do not occur under future climate scenarios. 

The deepest point (-0.3 m) of the lake would still remain wet, however, with a smaller surface 

area. The impact of a policy change (i.e. threshold change) has a larger impact to remove 

ATPs, rather than the reduction of groundwater at regional scale.  
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Figure 3-9 Threshold analysis to calculate ATPs occurring for the ecological objectives according 

to a Wet (W) and Extreme Dry (ED) scenario with reduced groundwater abstraction (-10%, -

25%) during time period 2016-2035 compared to the baseline (1994-2013). Threshold level zero 

m. 

 
Figure 3-10 Threshold analysis to calculate ATPs occurring for the ecological objectives 

according to a Wet (W) and Extreme Dry (ED) scenario with reduced groundwater abstraction 

(-10%, -25%) during time period 2016-2035 compared to the baseline (1994-2013). Threshold 

level is -0.1 m. 
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Figure 3-11 Threshold analysis to calculate ATPs occurring for the ecological objectives 

according to a Wet (W) and Extreme Dry (ED) scenario with reduced groundwater abstraction 

(-10%, -25%) during time period 2016-2035 compared to the baseline (1994-2013). Threshold 

level is -0.3 m. 

 

3.4.3 Step 4D/5 - Modify ecosystem management and formulate 

adaptation options 

The combined results of the ecosystem feedbacks and hydrological modelling resulted in the 

consolidation of a conceptual eco-hydrological model. The conceptual eco-hydrological 

control model of Lake Forrestdale represents the seasonal deep-water and shallow water 

phases and inter-annual variability of the surface water of Lake Forrestdale (Figure 3-12). 

Ecological character identifiers are included that serve as an early warning sign of potential 

negative ecological effects and are explained for each hydrological phase. Groundwater levels 

remain too low to provide a saturated lake bed for aestivating tortoises and to limit the spread 

of weeds in the deep-water zone. The lake bed has become more densely vegetated due to an 

increase of Typha orientalis on the fringes of the shallow water zone as a result of less surface 

water availability. The duration, timing and rate of seasonal droughts are important to the 

ecology of the wetland. When there are consecutive years of low rainfall and lower 

groundwater table, the lake bed becomes unsaturated. This impacts aquatic plants such as 

macrophytes and impacts tortoises that depend on muddy soils to aestivate during summer 

time. 
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Stakeholders perceived the developed conceptual eco-hydrological models as an adequate 

starting point to understand the ecosystem responses (i.e. contradicting social-ecological 

objectives) support decision-making as a maladaptation can be determined for all social-

ecological objectives of the wetland. The conceptual models aided the ongoing discussions to 

set priorities and categorise the adaptation measures, so that combined actions were clearly 

represented.  

Measures to restore water levels are categorised as: 1) physical/engineered based; 2) 

ecosystem based; 3) policy-based; and 4) policy strategies (combination of option 1 or 2 and 

3). The combined groundwater abstraction regimes with threshold changes were mentioned 

as adaptation strategies. Stakeholder representatives agreed that there is not one measure that 

could be effective rather, multiple actions with cross-sectoral collaboration are needed to 

improve water quantity in the lake. Stakeholders agreed on that adaptation options that have 

no direct effect on altering the hydrology of the lake still need to be considered as these provide 

more resilience to the ecosystem. 

Our results also indicate that for both, engineered and ecosystem-based measures, 

maladaptation occurs. Groundwater table lowering, and limitation of drainage infrastructure 

negatively impact the ecology through increased risks of acid sulphate soils and sediment 

processes. The removal of invasive weeds and native vegetation increases the risk of acid 

sulphate soils and reduced sediment processes due to soil disturbance. Spraying weeds 

becomes increasingly difficult when water levels are more frequently below 0.1 m (minimum 

water depth required according to the Lake Management Plan). This provides a major 

challenge, as weeds are a major problem and considered as a priority within current and future 

management of the wetland. At the same time, spraying becomes increasingly difficult when 

surface water levels remain below 0.1 m. Due to maladaptation stakeholders could not agree 

on which species groups or social-ecological objectives needed to be prioritized. Initially there 

was a strong focus on technical solutions in the discussions, but ecosystem-based solutions 

were considered as trade-offs for each measure were visualised (Figure 3-12).   
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Figure 3-12 Conceptual eco-hydrological control model of Lake Forrestdale representing the 

seasonal deep-water and shallow water phases and inter-annual variability. Ecological character 

identifiers that serve as an early warning sign of potential negative ecological effects are explained 

for each phase. 
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Facing the challenge of climate change stakeholders had to deal with an unknown context of 

planning, since actors, institution, boundary conditions, such as climate, and ecosystem 

responses are involved and none of these are known. Considering the uncertainties of climate 

change effects and the high variety of ecosystem responses and changes to the institutional 

system, also adaptive management is unknown and changing. Policy-based measure require 

substantial change of policy or legislation across government levels (local, state, national). 

The majority of actors perceive policy changes as critical, while endorsing that they do not 

directly improve water levels in the wetland. Rather, policy was seen as support to implement 

ecosystem or engineered adaptation measures. Actors endorsed policy changes and had a 

preference to change the description of ecological requirements and water level thresholds to 

reflect the current ecosystem state of the wetland.  

Policy changes are effective to postpone ATPs, but do not provide the necessary water to 

sustain the ecological functions. Therefore, stakeholders prefer to take policy changes 

simultaneously with measures such as reduction of groundwater abstraction. This means that 

the adaptation strategies are all considered, despite the minimal effect of groundwater 

abstraction on water levels in the wetland. The main reason to minimise regional groundwater 

abstraction is the legislation change necessary to also reduce local abstraction licenses near 

the lake.  

As additional alternative actions, two extra indicators were proposed that included the extent 

of weed encroachment and permanent water availability to inform decision-making in the 

future. Due to the large uncertainty of the timing of ecosystem responses in the conceptual 

models, stakeholders proposed to alter the thresholds definitions for vegetation; tortoises; and 

macro-invertebrates. Three indicators for adequate water levels were proposed in the wetland 

management policy: 

1. a peak water depth of 1.4 m. with a frequency of 1:6 years  

2. lake drying needs to occur by April/May in wet years; by February/March in medium 

years; and by January in dry years 

3. a threshold level of -0.3 m. or -0.1 m. that reflects the current hydrological regime and 

still would support a small shallow pool of permanent water (0.1 m.) in wet or medium 

dry years 
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The conceptual representation of the system and its boundary conditions includes the known 

and changing adaptive management (Figure 3-13). The integration of physical/engineered and 

ecosystem-based solutions provides reciprocal collaboration between a set of actors and a set 

of fixed aims or objectives within the system. The integration of ecosystem, land-use, and 

water management planning are considered in the light of an integrated planning approach, in 

which both the system and adaptive management evolve according to the process of climate 

adaptation. From the discussions with actors the organization in processes is relevant to 

changing boundary conditions and for the need of flexible climate adaptation strategies that 

maintain the resilience of an ecosystem. 

 
Figure 3-13 Planning approaches according to different degrees of uncertainty related to the 

boundary conditions of a system and adaptive management. 
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3.5 Discussion 

3.5.1 Climate uncertainty and ecosystem responses 

Downscaled evapotranspiration and precipitation change for South West Australia of the 

RCP4.5 (Wet) and RCP8.5 (Extreme Dry) climate change scenarios project that there will be 

further decline in precipitation and more evapotranspiration in this study area. This is expected 

with lower precipitation and higher evapotranspiration for periods 2056-2075 and 2076-2095 

and in accordance with the climate data that shows a continuation of dry conditions. Simulated 

water levels of Forrestdale Lake under these two climate change scenarios show a major 

decline compared to the baseline scenario of 1994-2013. The difference between water levels 

simulated under reduced groundwater abstraction (-10%, -25%) show minimal impact on the 

wetlands’ water levels. In contrast to reduced groundwater abstraction, policy measures have 

an impact on the elimination of ATPs during 2016-2035 but fail to actually provide sufficient 

water levels across the whole wetland (depths of 0.1-0.2 m in the deep-water zone). This 

would be insufficient to sustain all ecological processes but reflect better the current 

ecosystem regime. The simulation results from the MIKE-model are satisfactory, however, 

modelling was constrained due to data limitations that influenced the reliability of the results. 

The existing model was not specifically calibrated and validated to reproduce the hydrological 

behavior of Forrestdale Lake but for a much larger area. Model accuracy metrics confirmed 

replication of similar errors and uncertainties from the previous study (Locatelli et al. 2017). 

The limitations of hydrological models is known (Graham and Butts 2005, Barron et al. 2013, 

Barron et al. 2013, House et al. 2016) and for this assessment previously described (Locatelli 

et al. 2014, Locatelli et al. 2015, Locatelli et al. 2015, Locatelli et al. 2017) which include: (1) 

limited vertical conductivity in the clay layer under the wetland which results in 

underestimation of the upward groundwater gradients to the superficial aquifer; (2) a root 

depth varying 2-8 meters, which does not differentiate flora species; (3) low estimation of 

infiltration. The underestimation of surface water levels was also found in other studies 

(Barron et al. 2009, Barron et al. 2012), but the declining trends of water levels correspond 

with observations with a 0.5m error. The model was designed to capture annual trends over 

decades-long time period, from literature (Zencich et al. 2002, Froend and Drake 2006) I can 

also assume that the impact of vegetation (root depth range 3-5 m) does not affect water levels. 

As groundwater table lowers groundwater depending vegetation in the wetland buffer zone 

(root depth range 5-10 m) are less vulnerable than flora species that depend on shallow 

groundwater table due to low adaptive capacity of their roots to reach groundwater (Froend et 

al. 2010, Sommer et al. 2011, Canham et al. 2013, Sommer and Froend 2014). 



 

 80 

As lower rainfall is considered as main driver for lower water levels on regional scale; the 

large outflow drain to the wetland may have little impact on lower surface water levels since 

this drain has only carried water during extreme flooding. The vicinity of abstraction wells 

could lead to local drawdown, but the model does not capture localised events. Recognition 

of other hydrological variables important to the ecology of the system (duration, timing and 

rate of seasonal flooding/drying) enabled us to understand the lower estimated surface water 

levels. The current location of the GW bore observations does not accurately reflect surface 

water levels in wetlands (Froend et al. 1993), due to its location which has underestimated 

surface water level readings. 

Social uncertainty and uncertainty about how climate change unfolds, limits our 

understanding of Earth system feedbacks which eventually results in imperfect modelling 

(Hallegatte 2009, Stafford Smith et al. 2011). I reduce uncertainty by including a quantitative 

and qualitative approach. Two representative carbon pathways and two climate models 

provided a band width to how much and when these become critical in managing adequate 

water levels. With stakeholders, I discussed the likelihood that non-structural adaptation also 

leads to alternative ecosystem processes that are undesired. For example, lower water levels 

lead to an increase of the spread of invasive Typha orientalis which compromises wading bird 

habitat. Habitat can be sustained by removing invasive vegetation and simultaneously 

addressing the risks to the exposure of acid sulphate soils related to vegetation removal 

(maladaptation). The inclusion of trade-offs needs to be aligned with the public perception 

and decision makers to accept this degree of uncertainty on the individual ecosystem 

processes.  

Temporal changes in hydro regimes and aquatic invertebrate diversity (based on species 

presence/absence) may not cause a change of invertebrate communities (Sim et al. 2013). 

Although long-term effects of prolonged periods of drought could already have led to a decline 

of species (richness). The proximity of other seasonal wetlands to support mobile invertebrate 

and vertebrate species (e.g. birds) are critical in a drying climate and therefore conserving a 

mosaic of wetland types and their various hydro regimes becomes important. That requires 

landscape-level management to be on local and regional scales to preserve the diversity of 

seasonal wetland communities. 
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3.5.2 Understanding ecosystem processes, stressors, and 

feedbacks across scales 

Our methodology provides opportunities to adequately provide new management strategies or 

policies across scales in wider context of land-use planning, hydrology, and ecology. Studies 

showed that resilience and adaptive potential to inform stakeholders of future climate, need to 

focus on (i) urban wetland distribution on landscape scale (Semlitsch et al. 1998, Schleupner 

et al. 2013); (ii) stormwater capacity of drains and wetlands (Davis et al. 2015); (iii) 

geomorphological properties (Werner et al. 2007); (iv) water quality / quantity guidelines and 

(v) planning or policy constraints (Glasbergen and Klijn 1991, MacKay 2006). I facilitated 

the collection and the exchange of local information of the ecosystem through modelling 

scenarios and active stakeholder participation. This enabled us to address wildlife habitat as a 

metric to establish a link between wetland ecological water needs and of water rights 

negotiation. The latter was flagged as important by stakeholders, since the adaptive potential 

of an ecosystem (Zedler and Leach 1998, Ehrenfeld 2000) to maintain wetland resilience 

increases when preparing for drought through forecasting and impoundment of water. Our 

results support the responsibility the jurisdictions have to secure public support through 

knowledge sharing (Ogden et al. 2005, Maltby et al. 2013, Myers et al. 2013) and incorporate 

public values with participatory planning (Opdam et al. 2008, Schleupner et al. 2013, McInnes 

2014). 

Our policy orientated and flexible appraisal method was regarded by stakeholders as (i) 

relatively simple and transparent by using scenarios to delineate uncertainties in the 

ecosystem; (ii) a starting point to encourage discussion about (un)acceptable change and 

definition of critical ecological indicators; (iii) an opportunity to use stakeholders’ expert 

judgement on local knowledge for an improved conceptual model for ecosystem processes; 

and (iv) an opportunity to establish cross departmental cooperation when implementing local 

adaptation measures. These findings conform to previous studies with uncertainty in global 

climate change data (Stafford Smith et al. 2011, Fidelman et al. 2013, Poff et al. 2015); 

objective robust decision making for managing an ecosystem with uncertain threshold 

response (Bölscher et al. 2013, Hettiarachchi et al. 2014, Singh et al. 2015); and to maintain 

flexibility in the decision process with flexible and reversible adaptation responses (Kwadijk 

et al. 2010, Rijke et al. 2012, Werners et al. 2013, van Slobbe et al. 2016). However, I found 

a clear need to include a strategy on how to implement adaptation measures considering i) 

scale of operation of agencies and ii) scale and implementation level of policy instruments. 
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The agreement of stakeholders on a clearly defined problem statement (van Herk et al. 2011, 

van Herk et al. 2013) shows that a common perspective map and interpretation of results 

between different stakeholders could be very helpful in reaching agreements for a given 

strategy or increase the willingness of cross departmental co-operation. Similar results were 

found in other studies (Offermans et al. 2011, Haasnoot et al. 2012), but discussing questions 

on how to reach these agreements shows in our results that non-structural options with high 

uncertainty were included as well as the possibility to re-prioritise or (re)define (new) 

objectives. I found that stakeholders are aware that a (policy) threshold can help reduce the 

likelihood of crossing into an alternative ecosystem state but define the decision space 

differently due to their institutional responsibility. This finding does not entirely correspond 

to a similar defined social-political context in which stakeholders  agree on setting thresholds 

(Hanger et al. 2013, Werners et al. 2013). A possible explanation is that technical breaches of 

environmental conditions with obvious ecological impact, reconfirms the importance of using 

water requirement thresholds to identify the requirements of the ecology (Froend et al. 2004). 

As aggregation or prioritisation of objectives in resilience assessments need to be avoided 

(Zevenbergen et al. 2008, van Herk et al. 2011), this conflicts with separate ecological 

objectives that I considered to determine maladaptation.   

The presence of drainage infrastructure was considered as limiting resident time of rain water 

in lakes and wetlands (Davis et al. 2010); water suppletion  was considered  despite a previous 

study that indicated these options were cost prohibitive (Barron et al. 2010) and limiting 

groundwater abstraction from the Gnangara Mound was proposed in case an ongoing water 

savings campaign failed. Adaptation measures for improving wetland ecosystem functions 

were identified in previous studies (Barron et al. 2009, Barron et al. 2010, Barron et al. 2010, 

Barron et al. 2012, Barron et al. 2013) but did not attempt to combine structural and non-

structural measures. The flexibility of management increased when these trade-offs in ecology 

were made visible to stakeholders and enabled them to decide to implement new policies for 

ecological recovery and natural development, such as considering water suppletion on the 

short term. Similar findings regarding flexibility were demonstrated in a socio-hydrological 

context (Offermans et al. 2011, Di Baldassarre et al. 2013). 
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Our assumption was that adaptation increases ecosystem resilience with non-climate related 

policy measures, such as: limit habitat fragmentation; maintain buffer zones, create 

linkage/stepping stones/corridors; or integrate planning and environmental policies is 

supported in international literature (Burke et al. 1995, Bodie 2001, Ignatieva et al. 2010). A 

requirement for adaptive ecosystem management in our study relies on: water quantity 

management (when/frequency of quantity exceedance); maintaining hydrological dynamics 

(capacity of drains and inflow); determination of priority species (focus on species 

conservation); and priority habitats (support of underlying ecosystem processes) used as 

guidance to develop adaptive management strategies. However, our final discussion with 

stakeholders also showed multiple scale and governmental barriers to implement high level 

policies necessary to successfully support these non-climate related policies.  

 

3.5.3 Bridging the science-policy interface for adaptive 

management 

Continuous improvement in the processes of adaptive management is an ongoing challenge 

for stakeholders due to different time and spatial scales of ecosystem processes. Stakeholders 

indicated that a scenario neutral approach similar to previous studies (Lavery et al. 2005, 

Reeder et al. 2011) is ineffective when ATPs have already occurred in an ecosystem. Adaptive 

measures may be limited due to laws or policies that conflict with the required actions. An 

example of this is the right to abstract water from local garden bores which are located in an 

environmentally sensitive within the wetland catchment area (Nanda et al. 2018). I suggest 

incorporating surface-groundwater assessments in social ecological models to adequately 

reflect these ecological responses. Scenarios need not predict the future ecosystem state, rather 

they need to include robust, flexible and reversible measures with a range of strategies that 

stakeholders deem to be acceptable over time. 

I recommend to further explore a framework of scale dependent policy processes to link 

wetland conservation and jurisdictions to key challenges for adaptive management. A review 

of existing and fragmented land-use, environmental protection, and water management 

policies in the context of the role of governance to achieve resilient urban wetlands enables 

the determination of alternative management strategies for the different authorities. 

Remaining key questions are: 

1. How do temporal scale challenges inform existing policies and guidelines in the 

fragmented jurisdictional and institutional system? 
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2. What is the role of jurisdictions across scales and levels to adapt legislation and policies 

for wetland management? 

3.6 Conclusion 

The extended adaptive management approach presented in this chapter is a valuable addition 

to inform complex SES models. This method determined adaptation measures within a SES 

when its sensitivity to perturbations, and feedbacks or alternative ecosystem states are largely 

unknown. I provided policy based management responses through ATP analysis in a case 

when (i) quantitative boundaries and clear risk thresholds are lacking and are discussed with 

stakeholders; (ii) flexible decision support is required by different institutions that operate on 

multiple scales; (iii) communication to stakeholders is provided when acceptable ecological 

change is uncertain or there are (in)direct links to climate change; and (iv) formulating 

ecosystem based and structural adaption measures that consider different jurisdictions which 

have different social-ecological considerations in the management of the ecosystem.  

I provided a combination of (non)-structural design standards and policy strategies in the 

wider context of urban planning, ecology, and governance. Stakeholders preferred ecosystem-

based adaptation measures that are responsive to external shocks or internal perturbations 

according to future climate scenarios. The policy-oriented approach supports a focus on 

existing and new management objectives, inclusion of unknown impacts and new challenges; 

and dissemination of uncertainty and adaptation options at an early stage. To enhance local 

scale adaptation, I suggest investigating policy or legislation barriers across spatial scales and 

across the sectoral management authorities. The policy-oriented discussions supported by 

scientists could further increase cross-agency cooperation and narrow this gap in the science-

policy interfac
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Chapter 4 Matching ecosystem functions with 

adaptive ecosystem management: 

decision pathways to overcome 

institutional barriers 

This chapter presents an iterative framework for strategic decision-making to implement 

adaptation measures across jurisdictional and institutional scales. 

Key Points 
• Ecological assets in urban landscapes are often not effectively protected by management 

plans because of ecological and institutional mismatches. 

• I determine how decisions are taken at different institutional levels for different ecosystem 

scales. 

• Identify which institutional barriers prevent suitable adaptation measures from being 

implemented at appropriate ecosystem scales.  

• I present decision pathways based around flexible arrangements across institutional levels 

that can overcome barriers to adaptive ecosystem management. 

 

Parts of this chapter appear as journal article in Water co-authored by Jeroen Rijke, Leah 

Beesley, Berry Gersonius, Matthew R. Hipsey, and Anas Ghadouani; with the following 

citation: 

Nanda, A. V. V., Beesley, L., Locatelli, L., Gersonius, B., Hipsey, M. R., & Ghadouani, A. 

(2018). Matching Ecosystem Functions with Adaptive Ecosystem Management: 

Decision Pathways to Overcome Institutional Barriers. Water, 10(6), 672. 
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4.1 Abstract  

Environmental management strategies aim to protect or repair ecological assets (ecosystems, 

species) so that their ecological and social values can be preserved. However, creating an 

effective strategy is difficult because multiple government departments are involved and 

because water and land use legislation and policy instruments are often fragmented. A key 

obstacle that is often overlooked is the spatial mismatch between ecological processes and 

institutional organisation (i.e., legislative framework and government departments). 

Successful management depends on the ability to cultivate resilient ecosystems through 

institutional reforms that take into account the complexity of ecosystems while supporting 

cross-sectoral and scale-dependent decision-making within the science-policy interface. Here 

I use a case study approach to illustrate how collective strategic decisions can be made to 

manage a valued ecosystem situated within an urban matrix. I used a three-step framework to 

guide our approach, and commenced by identifying a range of adaptation measures (i.e. 

management interventions) and the actors responsible. For each adaptation measure, I then 

investigated: (i) mismatches among ecosystem and institution scales and levels (ii) 

institutional barriers, and (iii) the role of actors in decision making. I use this information to 

identify ‘decision pathways’ – i.e. a flexible decision-making platform that assists 

stakeholders to make strategic short- and long-term decisions. Key insights included the 

discussion of policy and practical experiences for ecosystem management at different levels 

and the necessary conditions to provide better alignment between jurisdictional an ecosystem 

scale to guide decision makers accordingly. I detail the institutional and jurisdictional changes 

that must be implemented across all levels of governance to protect and support the resilience 

of environmental assets. ‘Short-term’ decision pathways were preferred among actors and 

cross-level cooperation at jurisdictional level provided an adequate fit with the ecosystem 

scale. ‘Long-term’ decisions require substantial change of the institutional framework to 

enable the implementation of adaptive management. Although challenges at institutional and 

jurisdictional scale remain, decision pathways promote adaptive ecosystem management 

through a better fit of jurisdictional and institutional roles/policy and ecosystem-scale 

processes. 

Key words: ecosystem resilience; wetlands; collective decision-making; trans-disciplinary 

cooperation; scale; level; cross-scale dynamics
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4.2 Introduction  

Ecosystems are naturally complex and considerable uncertainty exists about their ability to 

maintain natural function while exposed to anthropogenic stress (Holling 1973, Folke et al. 

2005). Ecosystem management plans aim to prevent the gradual degradation of essential 

functions or the rapid transition from a ‘healthy state’ to an ‘unhealthy state’ (Scheffer et 

al. 2001, Folke et al. 2004, Carpenter et al. 2015). Management is particularly complicated 

where the natural system is embedded within a human or social system, i.e. social 

ecological systems (SES), because the anthropogenic setting also experiences its own 

changes and feedbacks on the ecosystem (Szaro et al. 1998, Opdam and Wascher 2004, 

Zevenbergen et al. 2008, Sivapalan et al. 2015). This is especially the case when the social 

system consists of a set of societal drivers (e.g. institutional controls, population, 

technology, etc.) and a complicated institutional organisation that protects the ecosystem 

(Sousa Júnior et al. 2016).  
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Given the complexity of SES’s it is not surprising that most governance and legislative 

frameworks struggle to protect them. Factors contributing to the poor success rate of 

management plans include the institutional fragmentation of environmental policies (e.g. 

separation of land use from water planning) and their enforcement by different 

organisations. Another key obstacle is the poor alignment of the decision-making process 

within the institutional domain and the influential ecological and social processes (Folke et 

al. 2002, Cosens 2010). For example, while ecosystems are organised in a hierarchy of 

spatial scales (e.g. patch, catchment, basin, region), the management of ecosystems 

typically operates at a single organisational level that is driven by compliance with often 

rigid legislative frameworks (Suchman 1995, Cosens 2013). Furthermore, it is common for 

jurisdictional boundaries to be poorly aligned with ecologically meaningful delineations, 

such as a catchment boundary (Borgström et al. 2006, Young 2011). A common situation 

is an urban ecosystem that encompasses multiple local councils or water regulators. In 

instances where management does occur at multiple spatial levels (e.g. site, landscape), 

successful management is contingent on the timely transfer of information among spatial 

levels and requires cooperation of management authorities that operate at different spatial 

scales (Cash et al. 2006). Another unexpected, but potentially important problem is the 

ability for national or state level mandated policies to negatively impact on local-level 

decision-making (e.g. climate adaptation (Stafford Smith et al. 2011); governance (Schultz 

et al. 2015)). Lastly, mismatches often exist between the compliance of organisations to 

mandated legislation and the resources needed to support the successful implementation of 

on-ground management actions – this is particularly an issue for local scale ecosystem 

management departments (Boyd and Folke 2011) or departments with conflicting interests 

(Abel et al. 2006). 
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Solutions to improve our ability to protect ecosystem functions in SES’s include knowledge 

co-creation and collaborative governance that facilitate the sharing and integration of 

diverse sources and types of knowledge (Medema et al. 2017). The management-as-

learning approaches include the dynamics in a transition due to both internal and contextual 

factors (Pahl-Wostl 2009, Huntjens et al. 2011, Ferguson et al. 2013, van Buuren et al. 

2013, van Buuren et al. 2016) while fit-for-purpose governance strategies focus on dynamic 

perspectives and strategies (Rijke et al. 2012, Rijke et al. 2013, Seijger et al. 2016)). 

Stakeholders that operate at multiple spatial scales are able to link ecological and social 

conditions with the institutional framework. To be successful, such a framework needs to 

contain clear linkages between management triggers associated with critical and 

undesirable ecosystem changes (e.g. loss of species, change in water depth) and legitimate 

actions for ecosystem rehabilitation or adaptation (Stafford Smith et al. 2011, Cosens et al. 

2012, Adelle and Russel 2013). Knowledge co-creation and collaborative governance to 

achieve adequate adaptive management (flexible management decisions while recognising 

uncertainty) is not only challenged by the degree of institutional flexibility and uncertainty 

of ecosystem responses (Gersonius et al. 2012, Bölscher et al. 2013, Werners et al. 2013, 

Werners et al. 2015), but also by fragmented departmental arrangements with complex 

water and land use policies which lead to a lack of necessary cross-departmental 

cooperation (van Buuren et al. 2013, van der Brugge and Roosjen 2015). If practical 

limitations (barriers) to the implementation of adaptive management are recognised and 

institutional constraints better understood across various spatial scales (both legislative 

framework and organisations responsible for ecosystem management) ecosystem outcomes 

can be improved (Sabatier 1986, Stringer et al. 2006, Reed 2008). 
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Timely and targeted management intervention is also critical to successfully manage and 

protect SESs. Typically, management is characterised by small, incremental steps with 

protracted time lags occurring between the condition of an ecosystem (function) and 

management intervention (Berman et al. 2012, Williams and Brown 2016). Far too often, 

the timing of on-ground actions is determined by institutional and political constraints 

rather than scientific evidence, which leads to sub-optimal environmental outcomes (Hartig 

et al. 1998, Reed 2008, Sánchez and Morrison-Saunders 2011). Ideally, the decision-

making space within the institutional domain should be flexible enough to respond to the 

dynamic nature of complex ecosystems and socioeconomic systems (Pace et al. 2015). 

Moreover, these decisions need to provide mechanisms to achieve the targets of the 

environmental protection policy, such as the EU Water Framework Directive and the 

Environmental Protection Acts in the USA and Australia (Newig et al. 2005, Green et al. 

2013, Dewulf et al. 2015). Determining optimal decisions among stakeholders across 

spatial scales of ecosystem management and jurisdictional boundaries could optimise the 

decision-making process of stakeholders.  

This study shares policy and practical experiences on ecosystem governance at different 

levels and discusses the necessary conditions for results-oriented stakeholder engagement, 

and to guide decision makers accordingly. I focus on how to improve management of SESs 

by investigating how collective strategic decision-making can be used to identify scale 

mismatches and barriers that prevent the implementation of adaptive ecosystem 

management. The merit of the pathways approach minimizes regret and enhances 

flexibility for decision-making and has been widely applied (Haasnoot et al. 2013, Bloemen 

et al. 2017). I adapt a three-step framework to guide the process, and illustrate our method 

using a groundwater-dependent wetland in an urban matrix that is threatened by a drying 

climate. I start by identifying a range of adaptation measures (i.e. management 

interventions) and the actors responsible. I then use this information to investigate three 

research questions:  

1. What mismatches exist across jurisdictional and ecosystem scales, and which actors 

must be involved in the processes of identifying institutional constraints when adaptive 

ecosystem management needs to be implemented? 

2. What barriers exist between jurisdictional and institutional scales that prevent the 

implementation of adaptive management to support ecosystem function? 

3. What time frames for decision pathways are considered and how do actors collaborate 

to implement each flexible arrangement? 
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Our decision pathways create a flexible decision-making platform that assists stakeholders 

to make strategic short- and long-term decisions that anticipate future disturbances to the 

ecosystem and institutional domain. 

4.3 Methods 

4.3.1 Clarification of terms 

Within a SES many interactions take place at different scales. I define “scale” as the spatial 

or temporal dimension used to measure and study the interactions of our case study area 

and “level” to the specific unit/domain within a scale (Young 2006). I present the following 

definitions for human-environment interactions at different scales and the different levels 

of each scale: 

• Ecosystem scale: biophysical phenomena that take place in different areas (region, 

landscape, patch (Poiani et al. 2000)) 

• Jurisdictional scale: administrations or actors that are involved in managing the 

ecosystem and where decisions are made (national, state, localities) 

• Institutional scale/framework: policies, legislation and regulation for the conservation 

of the ecosystem and the division of jurisdictions 

• Temporal scale: decisions taken by administrations or actors that follow the political 

and policy cycle with outcomes of environmental management decisions (<5 years, 

short time scale) or outcomes that follow ecosystem processes (>10 years, long time 

scale) (MacMynowski 2007) 

• Cross-level: interactions among levels within a scale, for example, between local and 

state actors with the jurisdiction scale 

• Mismatch: the problem of fit involving jurisdiction and institutions that do not map 

coherently on to the bio-geophysical phenomena of the ecosystem, either in space or 

time (Gibson et al. 2000) 

• Governance: the ways and means employed by actors to make collective decisions, 

choose collective goals, and take action to achieve those goals 

• Decision pathway: cross level interaction within the jurisdictional domain to allow the 

implementation of adaptation measures that match the biophysical levels of the 

ecosystem. I make two distinctions on the temporal scale of decisions: those that only 

depend on cross-level jurisdictional cooperation on local level are identified as ‘short-

term’ decisions, whereas ‘long-term’ decisions require across-level collaboration of 

jurisdictions. 
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4.3.2 Case study description and the actors involved in 

conservation 

Our case study was Forrestdale Lake, a wetland in Perth, Western Australia (See Figure 

4-1) that has undergone a marked reduction in water depth through time associated with 

climate change and urban development (Dawes et al. 2009). The wetland has lost some key 

ecosystem functions (e.g. breeding habitat for migratory bird species) and a previous 

analysis showed that the institutional framework (environmental policy, legislation, and 

management plans) is inadequate to mitigate declining water levels in the lake (Nanda et 

al. 2018). Various actors (Table 4-1) are involved in the conservation of the wetland and 

their tasks are set according to the legislative framework aimed to maintain individual 

biophysical processes . Decision-making takes place by different administrations at the 

jurisdiction scale and therefore have the power to change the institutional framework 

accordingly (Nanda et al. 2018).  

Table 4-1 Overview of the actors (stakeholders) involved in the conservation of the 

wetland. 

Actor Administration Task Jurisdiction 

Armadale local 
government 

City council Land division, drainage, and 
irrigation 

Local 

Department of Parks and 
Wildlife 

Conservation 
authority 

Conservation of biodiversity, 
wetland buffer zone, fire 
management, and public access 

Local and 
Sate 

Department of Water Water regulator Ground- and surface water 
allocation and monitoring 

Local and 
State 

Water Corporation Water utility Groundwater abstraction for 
drinking water, maintains large 
drains 

Local and 
State 

Urbaqua Research institute Groundwater modelling research 
in local catchment area  

Local 

Friends of Forrestdale Community and local 
conservation group 

Monitoring birds, revegetation  
and rehabilitation of the wetland 
buffer zone 

Local 

Commonwealth 
Government 

Federal environmental 
department 

Responsible for species 
protection according to  
Environmental Protection and 
Biodiversity Act 

National 
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Figure 4-1 Location of Forrestdale Lake (32° 09’ 30” S, 115° 56’ 16” E) with multiple 

management authorities responsible for the conservation different aspects of the ecosystem 

(Map projection: GDA94). Groundwater is regulated by the Department of Water; Wetlands, 

Bush Forever, and Ramsar Sites are managed by the Department of Parks and Wildlife; 

Urban development is regulated by Local Government Area the City of Armadale; and 

Forrestdale Lake is supported by community group Friends of Forrestdale.  

© OpenStreetMap (and) contributors, CC-BY-SA
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4.3.3 Research design and data collection 

As the dynamics of cross-scale and cross-level interactions are affected by the interplay 

between institutions at multiple levels and scales, I used a method that included knowledge 

co-production, collaboration, and negotiation across scale-related jurisdictions and 

institutions to facilitate the complex decision-making process in the management of the 

ecosystem. I adapted a framework created for strategic delta planning (Seijger et al. 2016) 

that was applied for the implementation of adaptation pathways in the Netherlands and the 

United Kingdom (Bloemen et al. 2017). The framework is characterised by a funnel-shaped 

decision process in which stakeholders and the decision space is gradually reduced with a 

widening scope through three steps: agenda setting, plan formulation, and implementation 

(Figure 4-2). Central to this approach are the dynamics of stakeholders who have clear 

tasks that can be investigated in a case study situation. The three-step approach also 

provided a structure that enabled us to investigate our three research questions. The analytic 

techniques included document analysis of environmental history; a literature review of key 

environmental planning documents, three semi structured workshops each 2.5-3 hours in 

length with 5-6 actors (two representatives specific to their jurisdiction or personal 

expertise); and analysis in a systematic qualitative framework to determine scale 

mismatches, barriers to implementation, and decision-making. 
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Figure 4-2 A stylised framework for strategic decision-making and ecosystem management 

across scales and levels (adapted from (Seijger et al. 2016)). Step 1 Agenda setting: determines 

the adaptation measures, i.e. the on-ground actions that can protect or repair the ecosystem, 

based on previous research. Step 2 Plan formulation: identifies scale mismatches and barriers 

to the implementation of adaptation measures. Step 3 Implementation: identifies the decision-

making pathways to improve ecosystem scale fit. Actor coalitions, participatory tools and 

innovations across scales are shown. 

 

Step 1 Agenda setting. The analytic techniques included document analysis of 

environmental history and the qualitative analysis of the workshop field notes and 

transcripts (Nanda et al. 2018). I gathered together relevant stakeholder groups, social-

ecological objectives of the wetland and proposed adaption measures to cope with 

declining water levels and deterioration of the ecosystem’s biophysical processes. To 

determine the institutional framework of Forrestdale Lake I conducted a literature review 

of key planning documents and relevant scientific literature.  

Step 2 Plan formulation. Our first aim was to provide an overview of mismatches among 

the jurisdictional, ecosystem; and institutional scales as part of the plan formulation stage. 

For this I extended the matrix with adaptation measures and asked stakeholders (Appendix 

I):  

a. which actor(s) is/are responsible for the execution of each adaptation measure at 

the jurisdictional scale; 

Plan formulation

Implementation

Agenda setting Adaptation measures

Scale mismatches

Barriers to implementation

Decision-making pathways

+

Legend

Innovations for cross-scale and cross-level interactions

Convergence and divergence of ecosystem management strategies
Actor coalitions

Participatory tools 
Trajectories for negotiating consent  

Data analyses3-Step Analytical framework
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b. at which ecosystem level an adaptation measure has the largest impact at the 

ecosystem scale; 

c. which policy or legislation needs amendment and at which level such decision 

takes place; and 

d. which limitations/barriers arise when adaptive measures are implemented 

Interview transcripts and field notes were qualitatively analysed in five steps and identified 

for each adaptation measure: 1) the actor and its level within jurisdictional scale; 2) the 

biophysical process it targets and at what level within the ecosystem this has effect; 3) the 

main policy/law that needs amendment and at what level this operates within institutional 

scale; 4) the interaction among actors and institutional arrangements; and 5) the barriers 

that arise for the implementation of each adaptation option according to a theoretical 

framework (van Buuren et al. 2015, van Buuren et al. 2016). I distinguished barriers 

(research question two) from an interaction perspective which is characterised by content, 

structure of how actors are organised; and from a legal perspective that is characterised by 

the flexibility to adapt legislation (Table 4-2). 

Table 4-2 Overview of characteristics of flexible arrangements and the barriers from 

an interaction and legal perspective; adapted from (van Buuren et al. 2015).  

Interaction perspective (i.e. among actors)  

Characteristics Barriers 

flexibility of content conflicting time frames and interests 

flexibility of the process obscure distribution of responsibilities between actors 

flexibility of the structure unclear distribution of costs and future benefits 

 lack of trust between participants 

Legal perspective (i.e. legislation, policy)  

Characteristics Barriers 

flexibility of content the perceived need for legal certainty 

flexibility to adjust arrangements the need to protect individual rights 

 procedural guarantees and rights 
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Step 3 Implementation. To determine how actors differentiate the temporal scale in the 

decision-making process (research question three) I identified which actors took decisions 

to implement adaptation measures with occurring scale mismatches or provided other 

actors (not involved in the workshop) required for decision-making to implement each 

adaptation measure. Then I analysed the actor coalitions of all three workshops at three 

stages: Agenda setting; Plan formulation; and Implementation in the decision-making 

process. I present these multiscale decisions as decision-pathways and make two 

distinctions on a temporal scale: short-term and long-term decisions. Adaptation measures 

that show a mismatch with the institutional scale are identified as ‘long-term’ decisions as 

legislation or policy changes require time beyond the political cycle (5-10 years). Decisions 

that only depend on cross-level jurisdictional cooperation are identified as ‘short-term’ 

decisions and can be realised within the political cycle (<5 years).  

4.4 Results 

4.4.1 Jurisdictional, Ecosystem, and Institutional Mismatches 

Our first aim was to provide an overview of mismatches among the jurisdictional, 

ecosystem; and institutional scales as part of the plan formulation stage (Appendix J and 

Appendix K).  

From our analyses I find that mismatches occur across all three scales (Figure 4-3). Firstly, 

jurisdictional scale mismatches lead to different actors that are concerned with the 

wetland’s conservation and a lack of a coordinating actor that can align decisions over 

multiple jurisdictional levels. An example from our workshop is the State Conservation 

Authority that is responsible for meeting the ecological requirements, while the Water 

Authority complies to groundwater abstraction limits that the Conservation Authority 

cannot amend when these are over allocated. The jurisdictional organization across levels 

is a direct result of the institutional framework. For each institutional category there is a 

jurisdiction and an appointed decision-making jurisdiction (e.g. national/state parliaments, 

state planning institute). This range is diverse and includes: land-use, water regulation (e.g. 

abstraction and allocation limits), water resource planning, regional biodiversity and 

corridors; wetlands).   
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The close interaction of jurisdictional and institutional scale is not always a limiting factor 

for the conservation of the wetland ecosystem. As the health of the wetland is determined 

by hydrological and ecological processes within the lake, immediately surrounding the lake 

(e.g. riparian buffer) as well as further afield (e.g. regional aquifer) there is a need for close 

cooperation across all jurisdictional bodies responsible for land and water management. In 

our case, the State Conservation Authority considers taking this role to ensure that plan 

formulation simultaneously takes place at multiple jurisdictional levels. This ensures that 

the interests of local level actors (local council and community) are aligned with their 

jurisdiction. These actors depend on the plan formulation to align their interests that are the 

responsibility of actors on state level. An example is the application of ecological criteria 

that involves protection of the wetland buffer zone. The local council, community, and 

State Conservation Authority collaborate to limit weeds, rehabilitate vegetation, and 

remove waste that decreases the fire risk.  

Jurisdictional fragmentation also leads to a mismatch with the ecosystem scale and its 

individual biophysical processes that are supported through adaptive management. For 

example, protecting flora species is in the interest of local government and community 

while this is the jurisdiction of the State Conservation Authority. Although, local 

government; community; and the State Conservation Authority collaborate to remove 

weeds and limit access to the wetland and thus enable cross-level matches with the 

biophysical processes at ecosystem scale, in the case for flora species conservation. 

 
Figure 4-3 Mismatches across three different scales and the main causes or effects. 
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The third finding focuses on mismatches between jurisdictional and ecosystem scale that 

are often a result of institutional fragmentation originating from the institutional scale. 

National or state level policies at the institutional scale often mismatch with the ecosystem 

scale and its biophysical processes. For example, the reduction of groundwater abstraction 

could improve water levels in the wetland but requires amendment of state level legislation 

to reduce allocation limits. When an actor pumps water to supply surface water into a 

wetland (local action), the major hydrologic process controlling water level in the lake 

relate to the regional aquifer (large spatial scale). This means that local scale action does 

not repair the low water levels, which are impacted at a large spatial scale. 

4.4.2 Adaptive management and its barriers across scales 

Our second research question involved an analysis of barriers that exist for flexible adaptive 

management across jurisdictional, institutional and ecosystem scales. I list these barriers 

from an interaction and a legal perspective that were obtained from the stakeholder 

workshops (Appendix J). From an interaction perspective, cross-level collaboration within 

jurisdictional scale is aimed to minimise mismatches between jurisdictional and ecosystem 

scale (Figure 4-4). The focus of actors is on cross-level cooperation. While all actors 

mentioned that cross-level collaboration does not remove the institutional and jurisdictional 

scale mismatches, each actor complies with the institutional framework that aims to 

regulate specific resources such as: land resources, water resources, groundwater 

abstraction, public open spaces or species conservation. 
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Figure 4-4 Mismatches across three different scales and perspectives: with the main barriers 

for each scale mismatch and overlapping areas that indicate the perspectives to match between 

two or (in the centre among) all three scales. 

 

From a legal perspective, cross-level collaboration within jurisdictional scale is limited due 

to the institutional framework that mandates the role of each actor. The hierarchy of 

institutional levels (from local management plans, state land-use and water policies, and 

national biodiversity law prevent cross-level collaboration among actors. There are two 

reasons for minimised cross-scale interactions:  

a. The institutional framework includes the protection of individual rights of people, 

but also common right to conservation of ecosystems. This leads to conflicting 

interests when adaption measures are implemented.  
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b. Local level actors are prevented from implementing adaptive management due to 

their jurisdiction that is determined by state level institutions. This means that 

actions to improve ecosystem conservation by a local government are limited as 

result of state planning and water policies. For example, a local government cannot 

demand restrictions of groundwater use by individuals (arranged in state 

groundwater policy), despite this action supports adequate water levels in the 

wetland.  

In Figure 4-5 I conceptualise the institutional barriers and the process stakeholders 

followed to explain the flexible arrangements in the case study area, which ends with 

decision-making as a main obstacle to change the institutional framework.   

 
Figure 4-5 The process from identifying institutional barriers to decision-making which 

resulted from stakeholder interactions. 
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4.4.3 Actor roles and decision pathways for ecosystem 

management 

To answer the third research question, I identified which actors took decisions to implement 

adaptation measures with occurring scale mismatches. I found that agenda setting, plan 

formulation and implementation take place across all jurisdictional levels (Figure 4-6). In 

cases when the decision-making actor is unclear, cross-level cooperation at the jurisdictional 

scale leads to emerging discussions about who is responsible for taking decisions to implement 

an adaptation measure. In general, these actor coalitions support cross-level cooperation at the 

jurisdictional scale. A state level actor (water utility) that was included to promote cross-level 

and cross-scale interactions for adaptation measures such as, water regulation, water savings 

and drainage infrastructure (Figure 4-7). Actors regard institutional changes as political 

dependent events that require complex decisions with national and state level actors (e.g. water 

department and water utilities). Currently, compliance to the existing institutional scale 

prevents the implementation of adaption measures by local actors. 

 
Figure 4-6 Actors form different coalitions for each adaptation measure that enhances 

jurisdictional and ecosystem fit. Local and regional level jurisdictions provide plan formulation 

to integrate their different policies. 

 
Figure 4-7 The inclusion of a new actor in an actor coalition provides discussions about 

institutional integration for increased ecosystem fit of adaptive actions. 
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Cross-level interactions within the jurisdictional domain allows the implementation of 

adaptation measures with ecosystem fit across biophysical levels. Stakeholders preferred to 

implement adaptation measures that required no change to the institutional framework at 

national or state level; rather, actors matched the jurisdictional level of an actor with an 

adaptation measure, so that a single actor could decide (Figure 4-8). Actors may group 

together during plan formulation to create a dynamic cross-level decision-making process, 

without considering the mismatch with biophysical processes at the ecosystem scale. 

 
Figure 4-8 The hierarchical structure for the selection of adaptation measures, which depends on 

the preference of working with the current institutional framework. 

 
The last finding of from the analyses of our workshops fills the gap of consolidating on the 

consensus and plan formulation with a clear indication of making decisions. In Figure 4-9 I 

conceptualise the cross-level and cross-scale interactions to provide ecosystem fit and the time 

scale for decisions. I refer to these as decision pathways and build on the previous results of 

actor coalitions, the barriers, and flexible arrangements. The concept shows how actors can 

collaborate and when decisions require institutional changes or when improved collaboration 

across the jurisdictional scale is sufficient. The five decision pathways are represented for the 

implementation of adaptation measures: 

1. local level actors in a shared jurisdiction implement adaptation measures according to 

agreed objectives (Example in section 4.4.1). 

2. local level actors that negotiate plan formulation with actors that operate at a single 

level to support the implementation on local level (Example in Figure 4-6). 

3. local level actors that negotiate plan formulation with actors that operate multiple 

levels to support the implementation on local level (Example in Figure 4-7). 

4. local level actors reach consensus for agenda setting on both individual rights and 

adaptation measures to improve ecosystem conservation and propose a plan for 

institutional amendments (Explained in Figure 4-8) 
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5. Pathway 5 includes a ‘new’ actor in a actor coalition to increase jurisdictional and 

ecosystem fit. This includes more flexibility in the contents, interaction, structure and 

process of decision-making at national or state level. (Explained in Figure 4-9) 

 
Figure 4-9 A conceptualisation of decision-making across spatio-temporal scales that follows five 

different decision pathways to implement adaptive ecosystem management. Agenda setting, plan 

formulation and implementation take place across both jurisdictional and ecosystem scales, and 

decisions pathways are either short-term (zone A) or long-term (zone B). 

 

4.5 Discussion 

4.5.1 Temporal and spatial arrangements applied to ecosystem 

conservation 

A key issue limiting the effective implementation of adaptive measures for our case study 

wetland was jurisdictional and institutional fragmentation and the mismatch between 

ecosystem scale biophysical processes and institutions. Mismatches were discussed with 

participating actors across the jurisdictional/institutional scales and were followed with cross-

level interaction within the jurisdictional scale. Cross-level collaboration among jurisdictional 

levels that takes into account hierarchy, different sectors, government, and academia was 

recommended in previous research (Goddard et al. 2010, Maltby et al. 2013, Radhakrishnan 

et al. 2017).  
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Actors at jurisdictional scale often face conflicting institutional barriers (Cosens et al. 2012) 

and in our case study area I found that cross-sectoral collaboration is challenged due to 

compliance of complex policy and legislation (van Buuren et al. 2013, Eshuis and van Buuren 

2014, Howes et al. 2014). As in our case, adaptive environmental management depends on 

decisions that are taken across multiple levels at jurisdictional scale. Our results show that 

multiple levels of actors have distinct jurisdiction and therefore have to comply to different 

sets of policy or law. Compliance occurs at different institutional levels and include: water 

resources planning, land-use planning, and ecosystem conservation. To reach agreement for 

collaboration by different actors, compliance to the institutional framework must be taken into 

account. Although, compliance to the institutional framework does not necessarily mean that 

the actor’s adaptation measures match with the appropriate biophysical level of the ecosystem. 

Often institutional scale limits the actions by actors to meet compliance with ecological targets 

at landscape scale (Opdam et al. 2004, Opdam et al. 2008). Therefore, actors focused on 

integrating diverse levels of the institutional framework that enables better cross-scale 

(ecosystem and jurisdiction) to implement adaptive ecosystem conservation across multiple 

ecosystem scales (Glasbergen et al. 1991, Poiani et al. 1998, Turner 2005). 

The relationship of analytical levels of human choice and geographic domains is a well-

described phenomenon (Gibson et al. 2000, Medema et al. 2017). In our case study area, 

ecosystem management requires actors to negotiate to apply ecological criteria. These criteria 

depend for example on the protection of the buffer zone that will deliver multiple benefits to 

the wetland such as provision of habitat, and corridors to assist the movement of wildlife and 

reduce disturbance (Burke et al. 1995, Weston et al. 2009); however, this action is currently 

not being implemented due to a fragmented institutional framework. Local level actors require 

state or national level endorsement when jurisdictional and institutional mismatches occur 

(Kiparsky et al. 2017). Actors in our case study area improved their management plan by 

getting around barriers (flexibility in the content, cross-level collaboration). Recent studies 

show that water policies (e.g. groundwater abstraction limits) depend on higher level 

institutional level policies, but also require choices among local level actors to provide 

adaptation measures that benefit the ecosystem (Fünfgeld 2015, Moloney and Fünfgeld 2015, 

Hughes et al. 2017). 
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4.5.2 From adaptive governance to decision-making for adaptive 

ecosystem management 

Adaptive management moves from a focus on efficiency and lack of overlap across actors at 

jurisdictional scale to a focus on diversity, redundancy, and multiple levels of jurisdiction that 

include local knowledge and local action (Hanna 2008). I determined the barriers that exist 

across multiple levels of jurisdiction and compared this with the levels of ecosystem scale, 

following previous research (van Buuren et al. 2013, van Buuren et al. 2015, van Buuren et 

al. 2016). In contrast to the findings of other studies, I found that barriers mainly arise from a 

fundamental question on who is responsible for an ecosystem and who needs to take a 

decision. This becomes more relevant when actors focus on biophysical processes of the 

ecosystem that may not match with their jurisdiction. Simply, the actor lacks the jurisdiction 

to decide on adaptive management to support a biophysical process. For example, when a 

local council seeks to remove weeds to provide habitat for migratory birds, their lack of 

jurisdiction limits their ability to take the actions necessary at regional (or larger) spatial scales 

(e.g. illegal hunting) to protect populations of migratory bird species. Caution must be taken 

regarding the broad-scale applicability of our results, since institutional frameworks may 

differ from country or among case study locations. Four criteria for adaptive governance are 

explained (Huitema et al. 2009) and I recommend including public participation, an 

experimental approach to resource management, and management at the ecosystem scale to 

overcome barriers in decision-making. 

Numerous decisions must be made throughout agenda setting, plan formulation and 

implementation phases of any ecosystem management plan. A clear overview of necessary 

cross-level collaboration has been illustrated by our conceptual representation of decision 

making. Despite, the well described cross-level and cross-scale interactions in the literature 

(Cash et al. 2006), the dynamics of multiple actors are highly complex. The interplay of 

jurisdictions could lead to improved decision making due to the interplay of multiple 

disciplines and perspectives. Our study revealed that decision-making takes a similar approach 

during all stages of a management plan (i.e., consensus, plan formulation, and 

implementation) and is a non-linear process that takes place simultaneously at multiple levels 

of governance (jurisdictional scale). Other studies also highlight that the interactions among 

actors are influential in determining how adaptation processes will occur. The identification 

of existing and new feedback processes is critical to effective decision-making within the 

jurisdictional-institutional landscape (Berkhout et al. 2006, Moser and Ekstrom 2010). 
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Decision pathways offer alternative ways to improve collaboration and the implementation of 

an ecosystem management plan. Also, they reflect debates or disagreement about 

environmental governance. The debate in our case study focused on the competing rights of 

individuals (e.g., people) and a common resource that needed protection (e.g., the wetland). 

Decisions are taken at different levels of governance (van Herk et al. 2011, Chaffin et al. 2016, 

Seijger et al. 2016), although, each actor faces different challenges (van de Ven et al. 2016). 

Regulatory actors usually have only jurisdiction for a portion of the resources in the wetland 

ecosystem and often the institutional mandates are conflicting (e.g., groundwater use vs. water 

availability in the wetland). A final consideration relates to political land administrative 

collaboration since the wetlands are shared by two or more administrations or land owners 

(e.g. the riparian vegetation). In our case study, actors were challenged with trade-off 

situations that could arise during decision-making, such as legal consequences (e.g. individual 

rights to abstract groundwater upheld by courts) and inadequately protecting common 

resources, such as groundwater for ecosystems (Glasbergen et al. 1991, Cohen-Shacham et al. 

2011, Myers et al. 2013). The environmental preferences of the involved actors determined 

the environmental outputs of the decision-making process. I found that multi-level governance 

comprising many cross-level actors yields higher environmental outcomes (e.g. management 

interventions) compared to monocentric governance (Newig and Fritsch 2009). Unless 

political and administrative cooperation (jurisdictional scale) can be achieved the rich array 

of ecosystem resources and ecological processes will continue to be exploited. I consider that 

the concept of decision pathways can clarify the decision-making space and improve the fit 

between policy delivery (adaptive management), jurisdiction and the ecosystem being 

managed. 
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From a broad perspective of resilience literature, institutional frameworks are often 

incremental and non-flexible whereas ecosystems can change abruptly (Scheffer et al. 2001, 

Cosens et al. 2012, Cosens 2013, Lenton 2013). I found that the political time scale to take 

decisions is generally much shorter than the biological timescale which constrains adaptive 

management, since the institutional and jurisdictional systems are viewed as a boundary 

condition (Ekstrom et al. 2009). By focusing research on those boundaries and how to move 

them, greater implementation of emerging approaches to adaptive ecosystem management and 

resilience may be achieved as pointed out in previous research (Lebel et al. 2006, Olsson et 

al. 2006, Nelson et al. 2007, Crook et al. 2015). Adaptive management provides a way to 

manage uncertainty with adaptation pathways and jurisdictional or institutional organisation 

(van der Brugge et al. 2015, Hermans et al. 2017, Lawrence et al. 2017). The difficulties 

involved in negotiating these issues place significant importance on management abilities and 

the role of governance and institutions to provide resilient ecosystems. Decision pathways 

provide a tool to facilitate the inclusion of ecosystem organisation with institutional 

organisation through different decision pathways. 

4.6 Conclusion 

I aimed to clarify the decision-making pathways, with policy delivery (adaptive management) 

and jurisdictional fit to the ecosystem. I developed the concept of decision pathways to 

promote adaptive ecosystem management through a better fit of jurisdictional, institutional 

and ecosystem scales. Consensus, plan formulation and negotiation across institutional levels 

is required to ensure that adaptation (intervention) measures match ecosystem organisation. 

The identification of barriers is a starting point for involved actors to determine which 

adaptation measures can be implemented within the current institutional framework. The 

decision pathways show two different temporal scales that depend on jurisdictional and 

institutional fit to the ecosystem. Short-term decisions require no substantial changes to the 

institutional framework and depend on multi-level collaboration to fit jurisdiction scale with 

ecosystem scale. Long-term decision pathways require institutional changes and multi-level 

collaboration. In this interactive spectrum scientists need to responsibly navigate science-

policy interactions, so that optimal solutions are translated to normative choices within the 

political spectrum. Challenges remain to identify temporal scale effects for decision-making 

as a result of a complex human-nature system that depends on financial resources, the political 

climate, or other trade-off situations with individual or common rights. Attempts to create 

adaptive management procedures that are a better fit with biophysical processes could 

overcome slowly institutional changes that are often limited by narrow political and 

bureaucratic goals. 
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Chapter 5 Conclusions and discussion 

This chapter starts with the main conclusions derived from applying the ‘adaptation tipping 

points’ method for adaptive ecosystem management and governance (§5.1). Then followed 

by a discussion and recommendations for further research and practitioners (§5.2). 

5.1  Conclusions 

The main aim of this review was to explore ecosystem management by understanding the 

(un)desired ecosystem states (hydrology and ecology); contradictory or outdated legislation 

and policies (institutional framework); and an analysis of collaboration of different agencies 

responsible for wetland management (jurisdictional framework). Underlying causes for 

wetland loss and deterioration have been extensively studied, but there is a lack of knowledge 

on how to use scientific information to guide decision-makers to prevent undesired ecosystem 

states and to take decisions for adaptive management within the current institutional and 

jurisdictional frameworks. Cross-jurisdictional collaboration of different agencies responsible 

for wetland management is necessary to overcome the fragmented space of sectors and 

legislation. The development of models depicting gradual ecological change and types of 

regime shifts (thresholds, hysteresis and irreversible changes) need to include current and 

future management practises, so that trade-offs of adaptive management within the SES are 

clear for decision-makers. Exceedance of thresholds under climate change compromises short-

term and long-term ecological processes. I suggest a system-based approach to determine the 

adaptive capacity of ecosystems which includes data collection from interactions with 

scientists and management authorities. These interactions could support decisions by 

providing information on (i) quantitative boundaries and clear risk thresholds; (ii) longevity 

of flexible decision support to future change; (iii) a definition for acceptable ecological 

change; (iv) the impact of adaptation measures on social-ecological aims across system scales 

which is explained by conceptual models; and (v) fragmentated institution and jurisdiction 

across multiple scales. 
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5.2 Discussion and recommendations for future research 

5.2.1 System change and constraints for adaptive management 

The ideal situation for adaptive ecosystem management is to take timely decisions that 

maintain systems in desirable stable states that provide the necessary ecosystem services such 

as biodiversity and to keep this system for the future (Folke et al. 2005, Schultz et al. 2015). 

This is consistent to systems behaviour, which after perturbation, can shift systems in 

alternative and often undesirable states with few ecosystem services (Scheffer et al. 2001, 

Folke et al. 2004, Carpenter et al. 2015). The uncertainty about systems behaviour and 

perturbations are major challenges for ecosystem management (Berkes 2007). Different 

system states are difficult to determine and often are evaluated from limited data and 

qualitative assessments to distinguish important ecosystem processes. Once ecosystems have 

changed; it is often challenging to revert, restore, or remediate them (Folke et al. 2004).  

The behaviour of an ecosystem depends on many feedback processes that interact with the 

social system (Holling 2001). As studies often focus on single drivers of system change, such 

as climate change (Lavery et al. 2005, Kwadijk et al. 2010, Bölscher et al. 2013), other drivers 

may be overlooked. Ecosystem resilience is addressed by known system characteristics 

(Chapter 1) but becomes very complex when more drivers for change are identified. The 

interpretation of results requires careful consideration of other external drivers that are 

responsible for ecosystem behaviour and possible positive or negative responses (trade-off) 

within a SES (Cohen-Shacham et al. 2011, van Oudenhoven 2011, van Slobbe et al. 2016). In 

this study, I have not included possible internal drivers that are important to biophysical 

processes, such as diseases known to decrease plant resilience (internal) and future land-use 

change (external). Despite previous research which has pointed to climate change as the 

current main external driver for change, land use changes need to be considered in the context 

of adaptation strategies. Land-use changes (e.g. urbanisation and stormwater collection) could 

be a source of water and thus could support the ecosystem processes, although, under the event 

of extreme drying these adaptation measures may not be sufficient (Chapter 3). 
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Resilience of ecosystems is problematic to assess when past or future conditions cannot be 

compared to baseline ecosystem states (Chapter 2). This follows from the definition of 

ecological resilience which states that ecosystems are not in an equilibrium but rather move 

from one to another stable state (Folke et al. 2004). This is contrary to management that 

follows a one-direction and incremental approach (Olsson et al. 2006). However, this does not 

take into account that individual processes within a system can increase resilience beyond that 

single ecosystem (Reyers et al. 2018). For example, migratory bird species may find suitable 

habitat in other wetlands if the original wetland lost the ability to retain them (Chapter 2 and 

Chapter 3). From a management perspective, this does not immediately lead to a response for 

restoring this ecosystem service, since sociological or economic considerations are also 

involved in the process of decision-making (Schultz et al. 2015). Stakeholders need to 

prioritize their resources and select certain ecological objectives that they are willing to 

support (Chapter 2). Individual processes need to be assessed regarding the likelihood that 

they can be sustained under extreme conditions (Hughes et al. 2017), so that management 

authorities can better prioritise their resources (Ostrom 2009). 

The principle of management for resilience depends on spatial and temporal scales, both for 

institutional and ecosystem processes (Young 2002, Huitema et al. 2009). Especially, when 

these two processes are not similarly organised, assessments for ecosystem resilience must 

consider multiple spatial scales (Chapter 2 and Chapter 3). Since the adaptive capacity of an 

ecosystem also depends on the decision-making process (Chapter 3); institutional organisation 

over spatial scales and levels of governance must also be analysed (Brooks et al. 2005, Pahl-

Wostl 2009). Quick wins and long-term solutions emerge from multi-scale analyses (Chapter 

3). Implementation of adaptation measures on local level without the need for higher level 

interventions requires consensus. Higher level legislative changes require more negotiation at 

institutional levels and may take longer for implementation. I have only applied decision-

making with limited number of stakeholders (Chapter 2, Chapter 3 and Chapter 4), future 

research needs to consider the decision pathways for different organisational structures. These 

may be different and require other agencies to implement strategic decisions to create a 

decision space (Carpenter et al. 2015, Hermans et al. 2017). 
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5.2.2 Informed decision-making through resilience and adaptive 

capacity of SES 

Resilience and adaptive capacity provide information about the vulnerability of SES and 

closely link social and ecological interactions (Smit et al. 2006, Berkes 2007); even if clear 

feedbacks are not known (Chapter 2). Feedbacks with actors provide implementation of 

adaptation measures on the ground which also need to distinguish slow and fast responses to 

changing systems when thresholds are exceeded (Walker et al. 2012). Despite the fact that 

thresholds are not ‘fixed’ for biophysical processes; exceedance of thresholds can be 

interpreted with the available ecological data and ATPs to assess individual management 

objectives (Chapter 3). In our case study area thresholds had already exceeded before 

ecosystem processes responded, however, for future scenarios ATPs could inform 

management timely to prevent exceedance of individual objectives (Chapter 2). More data 

and knowledge was collected from stakeholders through interviews to identify critical 

information gaps to understand ecosystem functions and feedbacks (Chapter 2, Chapter 3 and 

Chapter 4).  

Current thresholds and objectives give an indication of the ecological success of the 

ecosystem; however, the advanced conceptual understanding of the ecosystem was more 

effective to guide the process on effective (structural and non-structural) adaptation measures. 

Adaptation was managed through cross-scale interactions to avoid a decrease of resilience 

(Holling 1996, Holling 2001). In addition, actors distinguished (i) moving thresholds closer 

to the current state of the system by altering latitude (water suppletion) and (ii) making the 

threshold easier to reach by lowering these (Walker et al. 2004). Increased system 

understanding was helpful to identify the impact of climate change on eco-hydrological 

processes, but there is still a challenge to identify when other parameters (e.g. water quality) 

become more relevant when a system may shift to alternate states. Social-economic concerns 

were not considered, but research shows this is an important link (Biggs et al. 2012, Reyers et 

al. 2018). In our study environmental and citizen groups have limited influence on the socio-

economic considerations of government actors as citizen groups often depend on the funding 

from government for ecosystem-based measures (e.g. removing weeds, revegetation).  
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Stakeholders represented multiple jurisdictions across scales and therefore were not limited to 

their own jurisdictions and stakes (Chapter 4) and these cross-scale interactions enhance the 

connectivity of multi-level SESs (Brondizio et al. 2009, Biggs et al. 2012, Reyers et al. 2018). 

I showed that the cross-jurisdictional collaboration lead to ecosystem-based considerations 

aimed to match with ecosystem organization. The workshops encouraged discussions between 

government representatives, researcher, and environmental and citizen groups about 

(un)acceptable change and definition of critical indicator values. Despite slightly different 

interpretations of expected ecological effects, the set of ecological objectives were agreed on. 

The focus shifted from discussing only existing policies to consideration of new policies. 

Projections in different time periods in the future enabled to provide the level of uncertainty 

for existing policy and supported new adaptation responses (Chapter 3).  

Without an integrated and coupled SES model I am not able to predict the future decisions 

and ecosystem responses. Much more data is required, but a coupling between the social and 

ecological domains can be realised by engaging stakeholders (Chapter 2, Chapter 3 and 

Chapter 4). Resilience approaches deal with uncertainty and data gaps due to simplification 

of understanding of SES functions that were applied in our conceptual models and 

hydrological model (Chapter 2). The intensification of policy oriented and bottom up 

processes, could further increase cross-jurisdictional collaboration and further support the 

science-policy interface for adaptive ecosystem management.  

Natural climate variability, patterns of land-use change, patterns of water regulation, structural 

design of infrastructure and distal societal drivers are just some of many elaborated processes 

that influence SESs. With drivers (e.g. climate) increasingly leading to changes of complex 

ecosystem processes, there is a risk that ecosystem management becomes increasingly 

misaligned with legal, social, ecological, and economic considerations. In the past 

anthropogenic factors have already caused the complete collapse of ecosystems (Jackson et 

al. 2001). This makes the political and public support for protecting remaining ecosystems 

important to prevent them from becoming lost entirely. 
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Appendix A Stresses and processes conceptual model 
 

Figure A-1 Conceptual model of the water system of the Swan Coastal Plain wetlands with the processes, 

structures, and feedbacks for wetland ecosystems. (Davis et al. 1993, McComb and Davis 1993, Davis and Brock 

2008, Davis et al. 2010, Barron et al. 2013) 
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Appendix B Stakeholder workshop template 1 

Exercise 1 

Problem statement: 

Objectives: 

Driver: 

Performance metrics: 

 

Exercise 2 

Potential actions and their tipping point: 

Table B-1 Potential actions and their tipping point. 

Action Tipping point 
Current system  
  
  
  
  
  
Combined actions Tipping point 
  
  
  

 

Potential constraints (policy, legislations): 

Critical objectives for wetland management: 

Interest that stakeholders have in wetland management: 
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Appendix C Projected precipitation and 
evapotranspiration under climate 
scenarios 

 
Figure C-1 Projected evapotranspiration for wet (RCP4.5) and extreme dry conditions 

(RCP8.5) for the whole groundwater model catchment area over a 20-year time period.  
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Figure C-2 Projected precipitation for wet (RCP4.5) and extreme dry conditions 

(RCP8.5) for the whole groundwater model catchment area over a 20-year time period.  

 
Figure C-3 Projected precipitation and evapotranspiration for wet (RCP4.5) and 

extreme dry conditions (RCP8.5) for the whole groundwater model catchment area over 

a 20-year time period. 
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Appendix D Model parameters  

Table D-1 Model parameters of the MIKE-SHE MIKE URBAN coupled model 

Parameter Value Unit Description 

Calibrated 

Kh2 4.3E−4 m/s Horizontal hydraulic conductivity of Layer 2 

Kh4 3.8E−4 m/s Horizontal hydraulic conductivity of Layer 4 
Sy1 sand 0.28 – Specific yield of the sand in Layer 1 

SS2 3.0E−5 – Specific storage of Layer 2 

SS3 1.2E−4 – Specific storage of Layer 3 
Sy1 clay 99 – Specific yield of the clay in Layer 1 

SS4 4.0E−5 – Specific storage of Layer 4 

KV2 Kh2/10 m/s Vertical hydraulic conductivity of Layer 2 

KV4 Kh4/10 m/s Vertical hydraulic conductivity of Layer 4 
Sy2 Sy1 

sand 
– Specific yield of Layer 2 

SS1 sand Ss2 – Specific storage of the sand in Layer 1 

Fixed 

Kh1 Sand 5.0E−4 m/s Horizontal hydraulic conductivity of the sand in Layer 1 

KV1 Sand 5.0E−5 m/s Vertical hydraulic conductivity of the sand in Layer 1 

Kh1 Clay 5.0E−5 m/s Horizontal hydraulic conductivity of the clay in Layer 1 

KV1 Clay 5.0E−6 m/s Vertical hydraulic conductivity of the clay in Layer 1 

Kh3 1.0E−5 m/s Horizontal hydraulic conductivity Layer 3 
KV3 1.0E−6 m/s Vertical hydraulic conductivity of Layer 3 

ManningN 6–100 m1/
3/s 

Spatially distributed Manning Number for overland flow 

Detention_storage 2 mm Detention storage for overland flow 

Leakage 1E-04 m/s Leakage coefficient of stream beds 

Capillary_fringe 0.3 m Depth of the capillary fringe (spatially uniform) 

Land use 
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 Unirrigated area 0.2–1.0 – LAI 

0.3–0.7 m Root Depth 

0.5–0.9 – Kc 

 Irrigated area 0.7–1.0 – LAI 
0.3–0.7 m Root Depth 

0.5–0.9 – Kc 

 Roads 0.1 – LAI 
0 m Root Depth 

0.1 – Kc 

 Dense 
urban/commercial 

0.2–0.7 – LAI 
0.3–0.5 m Root Depth 

0.4–0.5 – Kc 

 Urban residential 0.2–0.7 – LAI 
0.3–0.5 m Root Depth 

0.4–0.5 – Kc 

 Wetlands 0.2–1.0 – LAI 

0.3–0.7 m Root Depth 

0.5–0.9 – Kc 
 Trees/shrubs 1.2 – LAI 

2.0 m Root Depth 
0.8 – Kc 

 Lake Forrestdale 0 – LAI 

0 m Root Depth 

0.9 – Kc 

Unsaturated soil properties 

 Clay water content 0.45; 
0.33; 
0.15 

–; –; 
– 

Saturation; field capacity; wilting point 

 Sand water content 0.38; 
0.16; 
0.03 

–; –; 
– 

Saturation; field capacity; wilting point 

 Clay 6.0E−5 m/s Saturated hydraulic conductivity of superficial clay 

 Sand 6.0E−4 m/s Saturated hydraulic conductivity of superficial sand 



 

145 

Appendix E Model performance and validation 

E.1.1 Validation of simulated results 

In comparing the observed surface water levels to the simulated, four main model accuracy 

metrics were used: the Nash-Sutcliffe efficiency (NSE), the ratio of the root mean squared 

error observations to standard deviation (RSR), per cent bias (PBIAS) and the coefficient of 

determination (R2). The simulated and observed water levels of the lake from 1993 to 2013 

were used to validate the results. The lake bed was set at 21.6 m AHD and observed water 

levels were available from one specific point at the lake (ground water 12781400). Simulated 

water levels underestimated the observed water levels and the duration of drought is shorter 

in simulated results. Extreme wet or dry events were not defined in the model and data 

concerning groundwater abstraction in the years 1993-2013 were averaged, since groundwater 

was considered a constant over time. Water flowing into Forrestdale Lake from drains in 

nearby areas were nor incorporated due to lack of streamflow data. 
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Equation E-1 the coefficient of determination. 
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Equation E-2 PBIAS. 
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Equation E-3 Nash-Sutcliffe Efficiency (NSE) 
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Equation E-4 Root mean squared error (RSR). 

Table E-1 shows the model performance according to four calibration metrics. Despite a low 

performance rating the mean error values compare to the previous validation results of the 

model. Performance of the model is only shown for one data point at the lake and compared 

instead of the entire model (ground water 12781400).  

Table E-1 Performance ratings criteria of the model accuracy metrics with results 

marked in red are unsatisfactory according to the rating classes. 

 Model 
accuracy 
metric 

Performance ratings  

 Result Very good Good Satisfactory Unsatisfactory 
NSE 0.75 < NSE ≤1.00 0.65 < NSE ≤ 0.75 0.50 < NSE ≤ 0.65 NSE ≤ 0.50 -1.12 
R2    R2 ≥ 0.50   0.35 
RSR 0.00 ≤ RSR ≤ 0.50 0.50 ≤ RSR ≤ 0.60 0.60 ≤ RSR ≤ 0.70 RSR > 0.70 1.38 
PBIAS (%) PBIAS < ±10 ±10 ≤ PBIAS < ±15 ±15 ≤ PBIAS < ±25 PBIAS ≥ ±25 1.00 

 
 

E.1.2 Error analysis 

To perform threshold exceedance analysis an error analysis of the simulated and observed 

water levels was performed Figure E-1. Firstly, the threshold (lake bed level 21.6 mAHD) was 

set. The errors between the observed and simulated water levels were sampled and then 

randomly distributed to the simulated water levels for 1000 times. A new error between the 

simulated and observed water levels was then calculated. The simulated water levels were 

then adjusted using these errors (Figure E-2). 
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Figure E-1 Simulated and observed water levels (mAHD = mean Annual Height Datum 

in meters) of Forrestdale Lake with a lake bed at 21.6 mAHD. Values greater than 21.6 

represent an inundated lake. 

 
Figure E-2 Simulated and observed water levels (mADH) of Forrestdale Lake including 

the randomly distributed error. 
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Appendix F Threshold calculation 

The ATP methodology was used to calculate threshold exceedance of water level requirements 

set for specific ecological objectives. The ATP analysis conducted in this study used the partial 

duration series (PDS) analysis. Partial duration series (PDS) and annual maximum series 

(AMS) are general approaches available for (annual) hydrological time series analyses. Using 

an annual minimum (or maximum) series, one considers the smallest (or largest) event in each 

year. In the partial duration series, the analysis includes all peaks under a threshold level. 

Annual minimum series employs only the smallest event in each year, regardless of whether 

the second smallest event in a year exceeds the smallest events of other years. Partial duration 

series analyses avoid such problems by considering all independent lowest (or peaks) which 

exceed a specific threshold. However, it is possible to estimate annual exceedance 

probabilities from the analysis of PDS with Equation F-1.  Equation F-1 describes the 

distribution G(x) of the magnitude of events x smaller than a threshold x0 over a (non)-

consecutive period of time over a period of years T. Here α and k are constants derived from 

the average highest and lowest in sets of T annual minima and the minimum value to be 

expected once in T years.  

Z([) = 1 − <1 − \ ][ − [^_ `=
9
a 	for	\ ≠ 0 

Equation F-1  

 

An example of a threshold exceedance analysis is shown in Table F-1, which shows threshold 

exceedance analysis under an extreme dry scenario (2016-2035) for objective 1 (protecting 

vegetation and animals). The minimum water level for each year in the simulation period was 

calculated from the aggregated water levels based on the duration of months required to meet 

each ecological objective of the lake. The minimum water levels were then ranked from largest 

to smallest to calculate the plotting position of each minimum water level. Expected water 

levels for different return periods were then calculated after first calculating the probability 

value and other variables (Table F-2). An ATP for the protecting of vegetation and mammals 

occurs when water levels are lower or equal to 21.6 m AHD, with a return period of 1 in every 

5 years ( 

 

Table F-3). From  
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Table F-3 I observe that no ATP occurs with a return period of 1 in every 5 years, since water 

levels reach 21.76 m AHD. 

Table F-1 Simulated minimum water levels (2016-2034) on the left and water levels in 

descending order and after to calculate the plotting position on the right. 

 

Table F-2 The arrival rate (λ), constant (α) and lower bound (ξ) 

λ α ξ 
21.81 -0.05 21.8 

 

 
Year 

Minimum 
water levels Year 

Minimum water 
levels Rank Plotting position 

2016 21.79 2023 21.65 1 1.08 

2017 21.82 2019 21.69 2 1.03 

2018 21.81 2024 21.69 3 0.97 

2019 21.69 2034 21.71 4 0.91 

2020 21.76 2020 21.76 5 0.86 

2021 21.85 2022 21.76 6 0.80 

2022 21.76 2016 21.79 7 0.75 

2023 21.65 2029 21.80 8 0.69 

2024 21.69 2018 21.81 9 0.63 

2025 21.97 2033 21.81 10 0.57 

2026 21.81 2026 21.81 11 0.52 

2027 21.93 2017 21.82 12 0.46 

2028 21.91 2030 21.82 13 0.40 

2029 21.80 2021 21.85 14 0.34 

2030 21.82 2035 21.86 15 0.29 

2031 21.92 2028 21.91 16 0.23 

2032 21.93 2031 21.92 17 0.17 

2033 21.81 2032 21.93 18 0.12 

2034 21.71 2027 21.93 19 0.06 

- - 2025 21.97 20 0.00 
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Table F-3 Return period (T), probability value and calculated expected surface water 

levels (SWL) in meters (mAHD). 

Return Period (T) 
in  years 2 5 10 20 50 75 100 

Probability value 0.5 0.8 0.9 0.95 0.98 0.98 0.99 

Expected  SWL 
 (m AHD) 21.82 21.76 21.72 21.68 21.64 21.62 21.60 

Arrival rate (λ )=the average number of  minimum values (x0) per year 

Constant α= (2*10.88)-λ1  = -0.05 

Lower bound (ξ)= λ-(0.5572-α)  *0.5572 =constant  

Probability value (p) = (1-(1/T)  

Expected water levels = ξ-(α*LN(-1*LN(p)))
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Appendix G Results from stakeholder workshop 1 

Legend 

Abbreviation Institute / explanatory 

RES Researcher 

FOF Friends of Forrestdale 

DOW City (council) of Armadale 

DOW Department of Water 

DPAW Department of Parks and Wildlife 

 positive statement 

 negative statement 

 similar statement as other agency 

 no positive or negative statement 

 no comment 

 

G.1 Exercise 1 – Problem statement, objectives, drivers and performance metrics  

Table G-1 All problem statements that are mentioned by the different management authorities which they commonly agree on (green); 

disagree (red); and not mentioned by the representative institution, or no indication of agree/disagree, neutral statement (grey). 

Objective FOF COA DOW DPAW 
Increase water levels     
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Have water for longer periods in the lake     
Higher spring peaks     
Try to follow criteria set in Ramsar (wading bird habitat values) such as control of weed invasion     
Maintenance of ecological character according to descriptions in Bush Forever 345     
Implementing deep sewerage (closed system) to substitute septic tanks in the township of 

Forrestdale 
    

 

Table G-2 All problem objectives that are mentioned by the different management authorities which they commonly agree on (green); 

disagree (red); and not mentioned by the representative institution, or no indication of agree/disagree, neutral statement (grey). 

Objective FOF COA DOW DPAW 
Increase water levels     
Have water for longer periods in the lake     
Higher spring peaks     
Try to follow criteria set in Ramsar (wading bird habitat values) such as control of weed invasion     
Maintenance of ecological character according to descriptions in Bush Forever 345     
Implementing deep sewerage (closed system) to substitute septic tanks in the township of 

Forrestdale 
    

 

Table G-3 All drivers of change to the wetland system that were proposed by all institutions which they agree on (green). 

Driver FOF COA DOW DPAW 
Climate change (leading to decrease rainfall and recharge)     
Change in hydrology in broader catchment by: land-use change, abstraction of water, drainage, 

borefield on Taylor Rd (Jandakot borefield; abstraction conditions breaching in Forrestdale 

Townsite), private backyard bores 
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Table G-4 All performance metrics for wetland management or ecological change that are proposed by the different management authorities 

which they commonly agree on (green); disagree (red); and not mentioned by the representative institution, or no indication of agree/disagree, 

neutral statement (grey). 

Driver FOF COA DOW DPAW 
weed invasion     
weed encroachment (extend from lake edge to water perimeter)     
wading bird numbers / breeding numbers (now suits swans)     
constant spread of Typha orientalis     
water quality / nutrient loading of phosphorus and nitrogen     
amount of bore licenses and bore use     
estimate the exempt use of groundwater     
estimates of use around Lake Forrestdale     
the risk of increased use (difference between actual use and allocation limit)     
number of macro-invertebrates     
condition of wetland vegetation     
 

Table G-5 Proposed performance metrics for wetland management or ecological change with changes indicated in red. 

Ecological objectives Water level 
(mAHD) 

Threshold definition Remarks 

1. protect vegetation and 

mammals; 
definition of drought 

SW < 21.5 3 consecutive months; 1 in 5 years surface water available at 

depth of >21.5 

2. prevent mosquitoes SW < 21.5 SW  

>  21.7 

 

1 month per year; 1 in 1 year Spraying of wetland between 

21.5-21.7 

3. protect waterbirds SW < 21.6 6 consecutive months; 1 in 5 years  
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4. protect frogs SW < 21.6 8 months; 1 in 5 years  

5. protect tortoises SW < 21.6 6 months; 1 in 5 years tortoises aestivate when 

depth is <21.5 in summer 

6. protect macro-invertebrates SW < 21.6 6 consecutive months; 1 in 5 years macro-invertebrates sustain 

surface water depth of >21.6 

7. prevent exposure of Acid 

Sulphate Soils 

GW < 21.1 3 consecutive months; 1 in 5 years  

8. maintain sediment processes GW < 21.1 3 consecutive months; 1 in 5 years  

 

G.2 Exercise 2 - Identify measures to postpone ATPs  

Table G-6 Potential actions and indicated tipping points that already have occurred. 

ALL ACTIONS ATP 
Recoup unused entitlements (especially in groundwater capture zone of wetland) No 

Restrict exempt use (especially in groundwater capture zone of wetland) No 

Improve metering of licenses around the lake No 

Recover licenses through land-use change No 

Reduce Leederville aquifer abstraction  Yes 

Implementing WSUD to redirect stormwater to lake from new developments around the lake No 

Sewer system to replace septic tanks No 

Get local community support to change the negative perception of management authorities Yes 

DPaW to manage the lake by reducing the threat of fires and water draw downs Yes 

Ramsar criteria should be applied and ecological water requirements implemented as when originally studied Yes 

Monitor water quality from surrounding land-use and include as a condition of subdivision of lots.  No 

Work closely with DPaW and DoW to achieve measurable outcomes of management Yes 

Reporting to Commonwealth of possible change in ecological character could result in an intra-agency committee 

with the community 
Yes 
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Response plan: work with development proponents in drainage design; review limits of acceptable change as 

preliminary assessment; work with CoA to direct drainage through James Drain 
No 

Review the limits of acceptable hydrological change No 

 





 

157 

Appendix H Simulated water levels under 
climate scenarios and reduction of 
groundwater abstraction 

 

  

 

 
 

 

 
 

 

 

 
 

 

 
 

 

Figure H-1 20-year averages of aggregated simulated water levels of the saturated 

zone of Forrestdale Lake under a wet climate scenario. 
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Table H-1 Analysis results of simulated water levels in mAHD under wet and extreme 

dry scenarios; standard deviation (SD). 

Scenario Period Minimum Maximum Range Mean Median SD 

WET 2016-2035 21.54 22.42 0.88 21.85 21.83 0.17 

WET 2036-2055 21.54 22.42 0.88 21.85 21.83 0.17 

WET 2056-2075 21.54 22.41 0.88 21.84 21.83 0.17 

WET 2076-2095 21.53 22.41 0.88 21.84 21.82 0.17 

Extreme Dry 2016-2035 21.54 22.42 0.88 21.85 21.83 0.17 

Extreme Dry 2036-2055 21.54 22.41 0.88 21.84 21.83 0.17 

Extreme Dry 2056-2075 21.53 22.40 0.88 21.83 21.82 0.17 

Extreme Dry 2076-2095 21.52 22.40 0.88 21.82 21.81 0.17 

 

Figure H-2 20-year averages of aggregated simulated water levels of the saturated 

zone of Forrestdale Lake in an extreme dry climate scenario. 
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Table H-2 Results of simulated water levels in mAHD under wet and extreme dry 

scenario with groundwater abstraction reduction (-10%, -25%). 

Scenario Period Min Max Rang
e 

Mean Media
n 

SD 

WET 2016-2035 21.54 22.42 0.88 21.85 21.85 0.17 
WET (GWA -10% 
) 

2016-2035 21.54 22.42 0.88 21.85 21.85 0.17 

WET (GWA -
25%) 

2016-2035 21.54 22.42 0.88 21.85 21.85 0.17 

ED 2016-2035 21.54 22.42 0.88 21.85 21.85 0.17 
ED (GWA -10%) 2016-2036 21.54 22.42 0.88 21.85 21.85 0.17 
ED (GWA -25%) 2016-2037 21.54 22.42 0.88 21.85 21.85 0.17 
ED 2076-2095 21.52 22.40 0.88 21.83 21.83 0.17 
ED (GWA -10% ) 2076-2095 21.52 22.40 0.88 21.83 21.83 0.17 
ED (GWA -25% ) 2076-2095 21.52 22.39 0.88 21.83 21.83 0.17 

 

 
 

 

  

Figure H-3 Simulated water levels under extreme dry and wet climate scenarios compared to 

the baseline. 
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Appendix I Stakeholder workshop template 2 

 
Figure I-1 Critical objectives with prioritisation. 
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Table I-1 Potential constraints in policy and legislation and scale of implementation. 

Adaptation measure Authority Scale 
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Limit groundwater use      

Restrict exempt use of groundwater      

Improve metering of licenses around the lake      

Recover licenses through land-use change      

Reduce Leederville aquifer abstraction       

Implementing WSUD to redirect stormwater to lake 
from new developments around the lake 

     

Sewer system to replace septic tanks      

Get local community support to change the negative 
perception of management authorities 

     

DPaW to manage the lake by reducing the threat of 
fires and water draw downs 

     

Monitor water quality from surrounding land-use 
and include as a condition of subdivision of lots.  

     

Work closely with DPaW and DoW to achieve 
measurable outcomes of management 

     

Reporting to Commonwealth of possible change in 
ecological character could result in an intra-agency 
committee with the community 

     

Response plan: work with development proponents 
in drainage design; review limits of acceptable 
change as preliminary assessment; work with local 
government to direct drainage through James Drain 

     

Review the limits of acceptable hydrological change      

Biodiversity strengthening      

Water quality improvement      

Soil improvement / acid sulphate soils      
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Table I-2 Interest that stakeholders with all actions that are proposed by the different 

management authorities with an indication of the action radius of the proposed measure 

(scale, level, focus, other). 

ALL ACTIONS Scale Level Focus Other 

Recoup unused entitlements (especially in groundwater 
capture zone of wetland) 

    

Restrict exempt use (especially in groundwater capture zone 
of wetland) 

    

Improve metering of licenses around the lake     

Recover licenses through land-use change     

Reduce Leederville aquifer abstraction      

Implementing WSUD to redirect stormwater to lake from 
new developments around the lake 
 

    

Sewer system to replace septic tanks     

Get local community support to change the negative 
perception of management authorities 

    

DPaW to manage the lake by reducing the threat of fires 
and water draw downs 

    

Monitor water quality from surrounding land-use and 
include as a condition of subdivision of lots.  

    

Work closely with DPaW and DoW to achieve measurable 
outcomes of management 

    

Reporting to Commonwealth of possible change in 
ecological character could result in an intra-agency 
committee with the community 

    

Response plan: work with development proponents in 
drainage design; review limits of acceptable change as 
preliminary assessment; work with CoA to direct drainage 
through James Drain 

    

Review the limits of acceptable hydrological change     
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Appendix J Results from stakeholder workshop 2 

 

Legend 

Abbreviation  Institute / explanatory 

RES  Researcher 

FOF  Friends of Forrestdale 

DOW  City (council) of Armadale 

DOW  Department of Water 

DPAW  Department of Parks and Wildlife 

URB  Urbaqua 

  positive statement 

  negative statement 

  similar statement as other agency 

  no positive or negative statement 

  no comment 
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J.1 Exercise 1 - Identify measures to postpone ATPs across scales and institutional levels 

Table J-1 All actions that are proposed by the different management authorities (pink); actions agreed by other management authorities 

(green); and not mentioned by the representative institution, or no indication of agree/disagree, neutral statement (grey). 

ALL ACTIONS FOF COA DOW DPAW 
Recoup unused entitlements (especially in groundwater capture zone of wetland)     
Restrict exempt use (especially in groundwater capture zone of wetland)     
Improve metering of licenses around the lake     
Recover licenses through land-use change     
Reduce Leederville aquifer abstraction      
Implementing WSUD to redirect stormwater to lake from new developments around the lake     
Sewer system to replace septic tanks     
Get local community support to change the negative perception of management authorities     
DPaW to manage the lake by reducing the threat of fires and water draw downs     
Ramsar criteria should be applied and ecological water requirements implemented as when 

originally studied 
    

Monitor water quality from surrounding land-use and include as a condition of subdivision 

of lots.  
    

Work closely with DPaW and DoW to achieve measurable outcomes of management     
Reporting to Commonwealth of possible change in ecological character could result in an 

intra-agency committee with the community 
    

Response plan: work with development proponents in drainage design; review limits of 

acceptable change as preliminary assessment; work with CoA to direct drainage through 
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James Drain 
Review the limits of acceptable hydrological change     
 

Table J-2 All actions that are proposed by the different management authorities are classified in the following: 1) physical/engineered 

measures; 2) adoption of new or amended policy instruments; 3) adoption of policy strategies (combination of options 1 and 2). 

ALL ACTIONS Physical/E
ngineered 

Policy Policy 
strategy 

Other 

Recoup unused entitlements (especially in groundwater capture zone of wetland)     
Restrict exempt use (especially in groundwater capture zone of wetland)     
Improve metering of licenses around the lake     
Recover licenses through land-use change     
Reduce Leederville aquifer abstraction      
Implementing WSUD to redirect stormwater from new developments to the lake     
Sewer system to replace septic tanks     
Get local community support to change the negative perception of management authorities     
DPaW to manage the lake by reducing the threat of fires and water draw downs     
Monitor water quality from surrounding land-use and include as a condition of subdivision 

of lots.  
    

Work closely with DPaW and DoW to achieve measurable outcomes of management     
Reporting to Commonwealth of possible change in ecological character could result in an 

intra-agency committee with the community 
    

Response plan: work with development proponents in drainage design; review limits of 

acceptable change as preliminary assessment; work with CoA to direct drainage through 

James Drain 

    

Review the limits of acceptable hydrological change     
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Table J-3 All actions that are proposed by the different management authorities with an indication of the action radius of the proposed 

measure. 

ALL ACTIONS Scale Level Focus Other 
Recoup unused entitlements (especially in groundwater capture zone of wetland) local state policy groundwater individual 

rights 
Restrict exempt use (especially in groundwater capture zone of wetland) local state policy groundwater individual 

rights 
Improve metering of licenses around the lake local local/state 

policy 
water use  

Recover licenses through land-use change local local/state 

policy 
groundwater urban 

zoning 
Reduce Leederville aquifer abstraction  regional state policy groundwater individual 

rights 
Implementing WSUD at developments around the lake to redirect stormwater into lake regional state policy land-use  
Sewer system to replace septic tanks local local policy water quality  
Get local community support to change the negative perception of management authorities regional local policy management communit

y 
DPaW to manage the lake by reducing the threat of fires and water draw downs local local policy land-use communit

y 
Monitor water quality from surrounding land-use and include as a condition of subdivision 

of lots.  
local-

regional 
state policy water quality urban 

zoning 
Work closely with DPaW and DoW to achieve measurable outcomes of management regional local policy management  
Reporting to Commonwealth of possible change in ecological character could result in an 

intra-agency committee with the community 
national federal 

policy 
management  

Response plan: work with development proponents in drainage design; review limits of 

acceptable change as preliminary assessment; work with CoA to direct drainage through 

James Drain 

regional local/state 

policy 
management, 

surface- and 

groundwater 

urban 

zoning 

Review the limits of acceptable hydrological change state state policy surface water  
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J.2 Exercise 2 – Potential constraints in policy and legislation for each measure across scales and 

institutional levels 

Table J-4 Limitations proposed by each representing management authority (pink); limitations agreed by other management authorities 

(green); and not mentioned by the representative institution, or no indication of agree/disagree, neutral statement (grey). 

ALL LIMITATIONS FOF COA DOW DPAW 
Review allocations with PRAMS incorporating drying climate and land-use     
Difficulty in recovering private licensing under the Rights in Water and Irrigation Act 

(RiWi 1914) 
    

State Government should enforce DoW to prevent consistently breaching of bore water 

levels 
    

The EPA needs to enforce the rules     
Local government works under State policy and legislation. Takes direction from expert 

Sate departments 

 

    

No direct referral to the EPA/Commonwealth for environmental protection     
DPaW no decision making authority but only provides advise     
Scope in water policy and legislation to look into cumulative impacts     
Intra-agency cooperation, but lack of coordinating group for management     
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Table J-5 All critical objectives for wetland management that are proposed by the management authorities (pink) and agreed by other 

management authorities (green). Critical objectives agreed by all institutions are indicated with light green. 

ALL CRITICAL OBJECTIVES FOF COA DOW DPAW 
Improve ground- and surface water levels and water quality to meet current criteria 

 
    

Maintaining the hydrological ground- and surface water levels and water quality to 
meet current criteria (primary objective) 

    

Improve water quality (secondary objective)     
Maintaining the ecological, hydrological, and social functions of the nature reserve     
Manage land-use to surrounding area to be compatible and complementary to Forrestdale 

Nature Reserve 
    

Manage water quality, ground- and surface water     
Maintaining ecological character and limits of acceptable change (LACs) 
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Table J-6 All interests that the management authorities have indicated (pink); interest mentioned or agreed by other management authorities 

(green); interest disagreed by other management authorities (red); not mentioned by the representative institution or no statement to 

agree/disagree (grey). 

ALL INTERESTS (responsible agencies indicated) FOF COA DOW DPAW URB 
Midge management (local government)      
Ramsar commitments (DoE, DPaW, DoW, local government)      
Superficial water levels under statement 688 (DoW reports annually to EPA)      
Drainage (Water Corporation, local government)      
Management plans (DPaW)      
Community concerns related to a lack of water and fire risk      
Increased ferocity due to weed invasion      
Spread of Typha orientalis      
Public appreciates better appearance of the lake (aesthetic value)      
Midge explosions cause nuisance among local population      
Maintaining surrounding land-use (i.e urban, industrial development)      
Management of midges for urban development (local government)      
Management to reduce fire risk to surrounding development      
Interface of Forrestdale Lake and Forrestdale Golf Course      
Manage water quality from surrounding development by WSUD implementation      
Maintaining water resources and ecological function (DoW)      
Environmental values protection and recreation (Community)      
Prevent flooding of Forrestdale townsite (drainage) and groundwater abstraction 

(Water Corporation) 
     

Manage rate payers expectation and drainage system (local government)      
Meet functions and values of the nature reserve; influence other stakeholders in 

wider catchment; weed control; fire management; and recreational facilities 

(DPaW) 
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Table J-7 An overview of institutions and management authorities represented in the stakeholder workshop with the scales of operation and 

the level of governance compared to the proposed alternative hydrological strategies for Lake Forrestdale and their preferences for the 

proposed responsible authority to execute the measure, indicated with green = intra-agency, red = legislation barrier, grey = no preference 

Institutions: Department of Water (DoW); Department of Parks and Wildlife (DPaW); CoA (City of Armadale); Friends of Forrestdale 

Community Group (FoF); Urbaqua (URB). 

  Executing management authority  
ALL ACTIONS Implementati

on scale FOF COA DOW DPAW URB 

Recoup unused entitlements (especially in groundwater capture zone 

of wetland) 
local      

Restrict exempt use (especially in groundwater capture zone of 

wetland) 
local      

Improve metering of licenses around the lake local      
Recover licenses through land-use change local      
Reduce Leederville aquifer abstraction  regional      
Implementing WSUD to redirect stormwater to lake from new 

developments around the lake 
regional      

Sewer system to replace septic tanks local      
Get local community support to change the negative perception of 

management authorities 
regional      

DPaW to manage the lake by reducing the threat of fires and water 

draw downs 
local      

Monitor water quality from surrounding land-use and include as a 

condition of subdivision of lots.  
local-regional      

Work closely with DPaW and DoW to achieve measurable outcomes 

of management 
regional      

Reporting to Commonwealth of possible change in ecological 

character could result in an intra-agency committee with the 

community 

national      

Response plan: work with development proponents in drainage design; regional      
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review limits of acceptable change as preliminary assessment; work 

with CoA to direct drainage through James Drain 
Review the limits of acceptable hydrological change state      
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Table J-8 An overview of adaptation measures and their expected impact on the different social-ecological objectives; their expiry date; the 

costs for implementation; the agency responsible for execution of the measure; and the constraints for implementation indicated with an 

adaptation measure with: high priority (1); medium priority (2); and low priority (3)�impact that is: positive (+); negative (-); nor positive or 

negative (0)�adaptation measure with: high costs ($$$); medium costs ($$); low costs ($). 

  Impact 
Adaptation measure Implementation scale Priority Impact Sell by 

date 
Costs 

Recoup unused entitlements (especially in GW capture zone of wetland) local 2 + 2025 $ 
Restrict exempt use (especially in GW capture zone of wetland) local 1 + 2025 $ 
Improve metering of licenses around the lake local 3 0 2025 $$$ 
Recover licenses through land-use change local 3 0 2025 $ 
Reduce Leederville aquifer abstraction  regional 1 + 2025 $ 
Implementing WSUD to redirect stormwater to lake from new developments 

around the lake 
regional 2 + 2025 $$$ 

Sewer system to replace septic tanks local 3 + 2030 $$$ 
Get local community support to change the negative perception of 

management authorities 
regional 2 + 2015 $ 

DPaW to manage the lake by reducing the threat of fires and water draw 

downs 
local 1 + 2020 $$ 

Monitor water quality from surrounding land-use and include as a condition 

of subdivision of lots.  
local-regional 1 0 2020 $ 

Work closely with DPaW and DoW to achieve measurable outcomes of 

management 
regional 2 + 2020 $ 

Reporting to Commonwealth of possible change in ecological character could 

result in an intra-agency committee with the community 
national 2 0 2015 $ 

Response plan: work with development proponents in drainage design; review 

limits of acceptable change as preliminary assessment; work with CoA to 

direct drainage through James Drain 

regional 3 + 2015 $$ 

Review the limits of acceptable hydrological change state 1 + 2015 $ 
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Appendix K Overview legislation framework 

Table K-1 Overview of legislation across different levels that are part of wetland management.  

International Agreements/Treaties 
Ramsar Convention 

(1971) 

The Convention on Wetlands of International Importance; intergovernmental treaty for the protection and wise use of 

wetlands.  

Bonn Convention 

(1979) 

The Convention on the Conservation of Migratory Species of Wild Animals; aims to conserve avian, marine and 

terrestrial migratory species. For Australian purposes, many of these species are migratory birds. The species listed in 

the Convention are of a matter of national environmental importance under the Environment Protection and 

Biodiversity Conservation Act assessment and approval provisions 

JAMBA (1974) Japan-Australia Migratory Bird Agreement; cooperation to protect migratory birds 

CAMBA (1986) China-Australia Migratory Bird Agreement; cooperation to protect migratory birds 

ROKAMBA (2006) Republic of Korea-Australia Migratory Bird Agreement; cooperation to protect migratory birds 

National Legislation and Policy 
Environment Protection 

and Biodiversity 

Conservation Act 

(1999) 

Establishes a legislative framework for biodiversity conservation and environmental protection, including species and 

Ramras site listing, management plans, recovery plans, assessment and approvals of proposed actions. Establishes 

standards for the management of Ramsar sites through the Australian Ramsar Management Principles.   

Native Title Act (1993) The act requires that when a management plan is being prepared or important public works are taking place on a 

conservation estate, representative bodies and native title claimants ought to be advised.  

Wetlands Policy of the 

Commonwealth 

Government of 

Australia (1997) 

Provides strategies to ensure that the activities of the Australian Government promote the conservation, ecologically 

sustainable use and where possible, enhancement of wetland functions, keeping in mind aims of the Ramsar 

Convention. 

Western Australia State Legislation and Policy 
Wildlife Conservation 

Act (1950) 

Principal Western Australia legislation directly concerned with biodiversity conservation being administered by the 

Department of Environment and Conservation (DEC) of Western Australia. Administers the approvals needed to take 

declared rare flora and threatened fauna. It also provides for the protection and conservation of wildlife, including rare/ 

threatened flora and fauna.  
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Conservation and Land 

Management Act 

(1984) 

Another Act also being administered by Department of Environment and Conservation.  It sets the framework for the 

creation and management of terrestrial and marine parks, management and reserve areas in Western Australia. Deals 

with the protection of flora and fauna within reserve systems. DEC is required to prepare management plans for these 

areas in accordance with the legislative specifications of this Act. The specified objectives of these plans are to 

maintain and restore the natural environment and to protect, care for, and promote the study of indigenous flora and 

fauna, and to preserve any feature of archaeological, historic or scientific interest. 

Environmental 

Protection Act (1986) 

Provides for the creation of the Environmental Protection Authority, which was established as an independent authority 

with the broad objective of protecting Western Australia's environment. Provides for the prevention, control and 

abatement of pollution, and for the conservation, preservation, protection, enhancement and management of the 

environment. Provides authorisation to activities (such as mining, draining, discharging effluent) that could impact 

wetlands. 

Aboriginal Heritage 

Act (1972) 

All registered sites within Forrestdale Lake and Thomson’s Lake Nature Reserves are protected under this Act. Ensures 

the protection of places and objects customarily used by or traditional to, the original inhabitants of Australia. A 

Register of Aboriginal Sites is maintained under the Act, as a record of places and objects of significance to which the 

Act applies. The presence of an Aboriginal site places restrictions on what can be done to the land. Anyone who wants 

to use land for research, development or any other cause, must investigate whether there is an Aboriginal heritage site 

on the land. 

Wetlands Conservation 

Policy for Western 

Australia (1997) 

Outlines the Government’s commitment to identify, maintain and manage the State’s wetland resources and values on 

long term. Provides broad objectives for wetlands, waterways, estuaries and shallow marine areas. Provides an 

implementation strategy specifically for the management of wetlands in Western Australia. Identifies the agencies 

involved and their responsibilities. 

 




