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Abstract 

In response to growing global impact on ecosystems, we design 
programs for conservation and restoration to maintain and enhance 
biodiversity, productivity and ecosystem resilience. To ensure the 
greatest return for these programs, there is an implicit requirement for 
identifying and understanding the complex non-linear relationships that 
can exist between impact gradients, ecosystem structure and the 
processes that mediate the two. Ecological resilience theory has 
developed as one of the fundamental explanations of this complexity. The 
application of ecological resilience theory in a local management context, 
however, is often hampered by a disparity between the theory and what 
is practical to test empirically.  

This thesis used seagrass ecosystems in Moreton Bay, Queensland as a 
model system for the development and testing of a practical framework 
to examine the potential for incorporating measures of feedback loops 
into the empirical assessment of resilience. I focussed on the behaviour 
of feedback processes in relation to changing levels of impact with a view 
to developing a generic, testable hypothesis that could be used to assess 
ecological resilience more broadly. A Bayesian network was used to 
synthesis the known relationships between impact and seagrass 
response to identify three key feedback processes that stabilise seagrass 
ecosystems in Moreton Bay. The model showed that the feedback 
processes were important in mitigating impacts of low to mid level 
intensities, ultimately resulting in bistability of seagrass meadows. This 
approach showed the capacity of simple yet flexible models to facilitate 
understanding of non-linear dynamics for conservation and restoration 
purposes. An experimental framework was then developed from which a 
testable hypothesis was derived to enable a measure of ecological 
resilience. The framework was focused on the statistical relationship of 
three components common to all ecosystems that exhibit non-linear 
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dynamics between ecosystem regimes; impacts, feedback processes and 
ecosystem responses.  The framework was then successfully applied in a 
seagrass ecosystem in Moreton Bay following a large flood, and showed 
that the statistical relationship between impact levels and feedback 
processes can be used to determine the ultimate response of seagrass to 
the impact. Unexpectedly, the seagrass meadows that had experienced 
high flood impact persisted with no change in biomass following the 
flood. In contrast, seagrass biomass at the meadows that experienced the 
lowest flood impact decreased following the flood. This result was 
subsequently examined by measuring the physiological and 
morphological characteristics of shoots from each of the seagrass 
meadows studied. Each had different characteristics that correlated with 
the gradient of water quality in Moreton Bay resulting in those meadows 
chronically subjected to poor water quality having characteristics that 
maximise light capture, showing that photo-acclimation to poor 
conditions can enable seagrasses to withstand the effects of a flood.  

The successful conservation of ecosystems requires an understanding of 
the complex dynamics that can lead to catastrophic regime shift. By 
improving our understanding of the relationships between impacts, 
feedback processes and the subsequent response of an ecosystem, we can 
move toward developing the ability to predict such regime shifts. This 
should enable greater success in restoring degraded ecosystems.  
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Chapter 1 

Introduction to ecological resilience, regime 
shifts and feedback processes  
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Introduction to ecological resilience theory 

Ecosystems are complex, adaptive systems that are characterised by 
impacts, disturbance regimes, multiple system states and variable 
predictability (e.g. Levin 1998). Resilience theory has become one of the 
fundamental theories used to aid explanation of this complexity. It is an 
emerging area at the interface between science, management and policy 
(Folke et al. 2006). The theory was founded in ecology (e.g. Holling 1973) 
but, due to its applicability to system dynamics generally, has since 
permeated through to the conceptual frameworks of disparate research 
fields like community resilience (e.g. Christopherson et al. 2010) for 
describing the adaptability of regions to social, demographic and economic 
change; economic resilience (e.g. Rose 2004, Martin 2011) for 
understanding the reaction of economies to recession and natural disasters; 
and archaeology (e.g. Redman 2005) to understand the stability and demise 
of cultures.   

Resilience is a term that has been redefined and interpreted many times 
since its introduction (e.g. see Gibbs 2009). As a result, the lack of 
conceptual clarity and confused ecological meaning of the term has 
impeded the progress of the theory towards a more empirical basis (sensu 
Brand & Jax 2007). The definitions of resilience can be broadly categorised 
into two groupings, engineering resilience and ecological resilience 
(Gunderson 2000). Engineering resilience is the time required for a system 
to return to a point of equilibrium following disturbance (e.g. Holling 1996) 
whereas ecological resilience is the amount of disturbance that a system can 
absorb before changing to another regime, controlled by another set of 
variables and characterised by a different structure (Carpenter et al. 2001, 
Folke et al. 2004, Walker et al. 2006). To address the ambiguous use of the 
term, The Resilience Alliance, a collaborative research organisation 
exploring the dynamics of social-ecological systems, has built on the 
definition of ecological resilience and defined it in terms of system change 
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(see Resilience Alliance website). It is this definition that is used to 
underpin the body of research in this thesis.  

“Resilience is the ability of an ecosystem to absorb disturbance or 
recover from disturbance and remain in the same regime while 
retaining its basic structure, function and feedbacks (Walker & Salt 
2006).” 

Ecological resilience, regime shifts and bistability 

Resilience theory was developed to explain the response of ecosystems to 
changing conditions or an impact (e.g. Holling 1973).  With the degradation 
of ecosystems now commonplace, there have been increasing incidences of 
sudden and catastrophic changes in ecosystems (Steffen et al. 2004). 
Sudden changes in ecosystem structure and function, often termed regime 
shift, have been observed in many ecosystems including coral reefs (e.g. 
Mumby & Steneck 2008), coastal dune systems (e.g. Adema & Grootjans 
2003), global subtropical rainforests (Foley et al. 2003), coastal lagoons and 
estuaries (Viaroli et al. 2008; van der Heide et al. 2010), shallow lakes 
(Carpenter et al. 1992) and semi-arid grasslands (Rietkerk & van de Koppel 
1997). Increasing human impacts on the environment have led to an 
increased likelihood of regime shifts at local to global scales (Scheffer et al. 
2001, Scheffer & Carpenter 2003). Regime shifts are largely undesirable, 
often having considerable impacts on ecosystem services and structure 
(Christensen et al. 1996, Crowder & Norse 2008) and are typically costly or 
impossible to reverse (e.g. Suding et al. 2004, Suykerbuyk et al. 2012). The 
unpredictability and persistence of regime shifts can cause difficulties for 
management as small changes in impact levels can result in a 
disproportionately large response in ecosystem structure and function (e.g. 
Suding & Hobbs 2009). This has resulted in studies suggesting that 
ecologists focus on the causal mechanisms of regime shift (e.g. Hughes et al. 
2005, Biggs et al. 2003, Thrush et al. 2009). 
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Describing how a system changes between regimes has been represented 
conceptually as the ball-in-a-cup model (Figure 1.1) (e.g. Beisner et al. 2003, 
Folke et al. 2004). In the model, the ball is the system, defined as the 
variables that constitute the system. The system can move between two 
regime spaces, defined as a three dimensional area of all the possible 
combinations of the variables that are present (e.g. Scheffer & Carpenter 
2003). Theoretically, the system will be attracted to the bottom of the cup, 
representing the regime space where it is most stable. However both the 
system and the parameters governing the regime space are continuously 
affected by changes in environmental conditions, disturbance regimes, and 
management actions so the ball is constantly moving around the cup and 
the cup’s shape is constantly changing.  

Figure 1.1. Ball-in-a-Cup 
Model. A two-dimensional 
representation of a system 
moving between two 
regimes, each defined by 
different structures and 
functions. The ball 
represents the system, and 
the two possible regime 
spaces the ball can move 
toward are represented by 
the cups (a). The system 
can move to the alternate 
regime by either a 
disturbance (b) or a change 
in the parameters of the 
state space (c). (Adapted 
from (Folke et al. 2004).  

Ecosystem 
structure

Regime 1 Regime 2

Threshold 
between regimes

a)

Regime 1 Regime 2

External 
disturbance 

b)

Regime 1 Regime 2

Change in parameters
that define state space

c)
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When an external force is applied to the system, both the system and the 
regime space are affected. The system will move between regimes if the 
external force is strong enough (e.g. following a severe event like flood or 
cyclone) or if the changes to the regime space are suitable (e.g. through 
changes in environmental conditions) (Walker et al. 2004).  

The trajectory between regimes can take many forms and often leads to 
difficulties for conservation and restoration programs (Figure 1.2). 
Management efforts in degraded ecosystems have traditionally focussed on 
re-establishing the abiotic conditions that existed prior to the degradation, 
called successional management (e.g. Young 2000). Successional 
approaches rely on the natural return of habitats and species once the 
original, pre-degraded conditions have been restored (e.g. Young et al. 
2001) (Figure 1.2a). In many ecosystems, however, this approach to 
management often yields unexpected results (e.g. Andersen et al. 2009). 
This is due to the resistance of the degraded regime to recovery following 
the shift. This means that in the middle ranges of conditions (or impact), 
ecosystems can theoretically exist in more than one regime, a situation 
known as bistability (Figure 1.2b) (van de Koppel et al. 1997, Carr et al. 
2010). The presence of bistability in ecosystems results in the non-linear 
relationship between the abiotic conditions and the structure of the 
ecosystem, so that small increases in impact levels can cause a 
disproportionate response in ecosystem structure (e.g. Scheffer et al. 2001). 
Similarly, restoring the ecosystem structure to the original regime requires 
a substantial improvement in conditions; often well beyond those that led 
to the shift.  



Chapter 1 – Introduction   16 

Figure 1.2. The trajectory 
of ecosystems between 
regimes can vary, leading 
to difficulties for 
conservation and 
restoration programs. A) 
Linear relationship; in 
which increasingly poor 
conditions leads to a 
corresponding change in 
the ecosystem structure. 
Reversing the conditions 
results in a corresponding 
recovery in the ecosystem 
structure, often called 
successional management 
(e.g. Young et al 2000). B) 
Non-linear relationship; in 
which the ecosystem can 
resist deteriorating 
conditions without change 
in structure up to a point. 
Similarly, the degraded 
ecosystem can resist 
improvement in 
conditions, resulting in 
unexpected results if 
managed by succession.  
Figure adapted from 
Scheffer et al 2001. 

Regime shifts and feedback processes 

The non-linear trajectory between ecosystem regimes is controlled 
internally by self-regulating feedback loops often driven by interactions 
between organisms and the non-biological components of the ecosystem 
(Scheffer et al. 2001, Scheffer & Carpenter 2003, Walker et al. 2006). The 
identification of feedback processes as the key controlling mechanisms for 
regime stability began with Holling (1973), who suggested that to 
understand ecosystem resilience, two components of an ecosystem must be 
quantified, one that focuses on the frequency and amplitude of disturbances 
and one that concerns the configuration of the system caused by positive 
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and negative feedback relationships. Mathematical modelling studies built 
on that theory and showed how negative feedbacks are responsible for 
stabilising a system toward equilibrium (e.g. DeAngelis et al. 1986). Small 
deviations away from the equilibrium as a result of external disruptions are 
diminished and the system structure remains stable. Following larger 
disruptions, the stabilising effect of feedback processes is overwhelmed, 
forcing the system toward an alternative equilibrium. The role that 
feedbacks play in controlling regime stability has become a key component 
in restoration ecology theory where numerous studies have shown that 
degraded ecosystems are often controlled by an alternate set of feedback 
processes which can be resilient to traditional restoration techniques (e.g. 
Suding et al. 2004, Suykerbuyk et al. 2012, Nyström et al. 2012).  

The logical extension from these modelling developments is that 
understanding resilience of ecosystems requires an understanding of the 
behaviour of feedback processes in response to impact (sensu Thrush et al. 
2009). In their review of new concepts for marine system management, 
Hughes et al (2005) proposed the key attributes for managing resilience, 
one of which was to develop practices that measure, interpret and respond 
to ecological feedbacks. Despite the numerous reviews that have outlined 
the types of feedbacks present in a range of ecosystems and emphasised 
their role in ecological resilience (e.g. Scheffer et al. 2001, Nyström et al. 
2012, McGlathery et al. 2013), the relationship between ecosystem impacts, 
feedback process and its role in underpinning resilience is yet to be tested 
empirically.  

Challenges for predicting regime shifts and empirically 
testing resilience in the field 

Measuring resilience in real ecosystems is difficult as regime shifts are often 
considered to be difficult or near impossible to predict (e.g. deYoung et al. 
2008). In many cases, the conditions and mechanisms that lead to regime 
shifts only become clear once the shift has occurred (e.g. Beisner et al. 
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2003). To date, efforts to predict the onset of regime shift and the loss of 
ecosystems resilience have largely focussed on interpreting trends in long 
term data sets (deYoung et al. 2004, Mantua 2004, deYoung et al. 2008). 
These include detectable changes in a range of statistical measures, like 
increased variability (Carpenter & Brock 2006), changes in skewness, and 
slower recovery from disturbance (van Nes & Scheffer 2007). Long term 
data sets, however, rarely include measures of feedback processes, limiting 
forecasts of regime shifts to the data sets available (Collie et al. 2004). The 
lack of data sets containing relevant ecological indicators for measuring 
ecological resilience has been identified as the key difficulty for planning 
and implementing successful conservation or restoration projects (e.g. 
Foley et al. 2010).  

Progressing the theoretical aspects of ecological resilience towards 
empirical measurement has been the focus of a number of studies that 
outline conceptual frameworks (e.g. Cumming et al. 2005).  The frame work 
of Cumming et al. (2005) was built around the notion that resilience must 
be measured in relation to potential and specific changes to the ecosystem. 
They suggested that experiments providing insight into feedback processes 
and how they maintain ecosystem structure were the key to developing 
testable hypotheses.  Despite this framework and others like it (e.g. Scheffer 
et al. 2001, Suding et al. 2004, Thrush et al. 2009) few studies have gone on 
to develop and test hypotheses focussing on feedback processes in the field.  

Resilience in seagrass ecosystems 

Seagrass ecosystems are a good subject for field tests of ecological resilience 
as they often display non-linear trajectories between distinct regimes, 
primarily seagrass dominance, algal dominance or unvegetated substrate 
(e.g. van der Heide et al. 2007, Viaroli et al. 2008, McGlathery et al. 2013). In 
shallow coastal zones, seagrasses are a dominant habitat-forming organism 
(Larkum et al. 2006), and are effective ecosystem engineers (e.g. Siebert & 
Branch 2006, Bos et al. 2007), strongly influencing the environmental 
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conditions necessary for their persistence (e.g. de Boer 2007). They provide 
a disproportionately large range of critical ecological services, such as 
habitat provision (e.g. Heck et al. 2003), nutrient recycling (e.g. McGlathery 
et al. 2007), coastline stabilisation (e.g. de Boer 2007) and carbon 
sequestration (e.g. Duarte et al. 2005). These functions and services result 
in seagrasses providing a high economic value per unit area, previously 
calculated as twice that of salt marshes, the next most valuable coastal 
habitat (Costanza et al. 1997).  

Seagrasses are in global decline (Waycott et al. 2009) due to a range of 
impacts including declining water quality from increased coastal inputs of 
sediments and nutrients (e.g. Burkholder et al. 2007) in combination with 
destructive weather events such as cyclones and floods (e.g. Campbell & 
McKenzie 2004) and the cascading effects from the loss of top-down 
controlling processes like grazing (e.g. Orth et al. 2006a). The challenge for 
seagrass ecologists in the face of increasing impact is to prevent the further 
loss of seagrass ecosystems and to restore those that are degraded. This 
requires understanding how seagrasses respond to environmental 
conditions at a range of scales (e.g. Kendrick et al. 2005) by characterising 
the effect that feedback processes have in promoting bistability in seagrass 
habitats.  

Study location 

All of the field-based elements of this thesis were conducted in Moreton 
Bay, Queensland, Australia. Moreton Bay is a subtropical shallow coastal 
embayment that contains a mosaic of habitats (e.g. Olds et al. 2011) (Figure 
1.3a), which are impacted by multiple stressors. There is a strong water 
quality gradient across the bay with elevated nutrients and poor light 
availability in the western and southern zones adjacent to riverine 
discharge (e.g. EHMP 2010). Discharged river water runs north from the 
mouth into Bramble Bay and Deception Bay. Seagrasses ecosystems in 
Moreton Bay provide a good case study for comparing ecological response 



Chapter 1 – Introduction   20 

to changing impacts as large areas of seagrass habitat have been lost in the 
bay since 1987 (Figure 1.3b). 

Thesis scope, rationale and objectives 

In this thesis I examine the potential role for feedbacks to measure 
resilience empirically in seagrass ecosystems. Based on the arguments 
developed by others (e.g. Cumming et al. 2005, Thrush et al. 2009), I focus 
on the behaviour of feedback processes in relation to changing impact with 
a view to develop generic, testable hypotheses for the resilience of 
ecosystems. While feedback processes are widely acknowledged as key 
components of ecosystem resilience, they are yet to be measured directly as 
indicators of impending regime shift. I develop and test the general 
hypothesis that feedbacks are important factors in driving seagrass 
response to impacts in Moreton Bay.  

From this platform, the objectives of this thesis are to: 
• Identify how simple models can be used to identify non-linear

ecosystem dynamics by synthesising the existing relationships
between impacts and ecosystem response (Chapter 2)

• Develop testable hypotheses to provide empirical field assessments
by assessing the behaviour of feedback process to changing impact in
a range of ecosystems (Chapter 3)

• Apply the framework in a field based test of seagrass resilience in
Moreton Bay following a flood (Chapter 4)

• Determine how different seagrass phenotypes can promote
persistence to severe events (Chapter 5)

• Synthesise results and explore the implications of measuring
ecological resilience for the conservation and restoration of
ecosystems (Chapter 6)
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Figure 1.3. Moreton Bay, Queensland, Australia, supports a mosaic of coastal habitats A) including seagrass, coral reefs and mangroves (non-
coloured areas are unvegetated or deep-water soft-sediment habitat. B) Large areas of seagrass have been lost in the Bay between 1987-2004. 

kilometres

0 5 10 N

kilometres
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Chapter 2 

Identifying habitats at risk: simple models 
reveal complex ecosystem dynamics 

This chapter is the same as a co-authored paper that has been revised and 
resubmitted to the Journal of Environmental Management. My contribution 
involved: designing the study, developing the model, conducting the 
analysis, interpretation of the results and writing the manuscript. The 
bibliographic details of the co-authored submitted papers, including all 
authors, are: 

Maxwell PS, Pitt KA, Olds AD, Rissik D & Connolly RM (submitted) 
Identifying habitats at risk: simple models reveal complex ecosystem 
dynamics. Ecological Applications. 

(Signed)_____________________________  (Countersigned)____________ 

Corresponding author: Paul Maxwell Supervisor: Rod Connolly 
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Abstract 

The relationship between ecological impact and ecosystem structure is 
often strongly non-linear, so that small increases in impact levels can cause 
a disproportionately large response in ecosystem structure. Non-linearity in 
the response of ecosystems to impacts can be difficult to predict as locally relevant 
datasets can be difficult, or impossible, to obtain.  Bayesian Networks (BN) are 
an emerging tool that can help managers to define ecosystem relationships 
using a range of data types from detailed quantitative datasets to expert 
opinion. Here we show how a simple BN can reveal non-linear dynamics in 
seagrass ecosystems using ecological relationships sourced from the 
literature. We first developed a conceptual diagram by cataloguing the 
ecological responses of seagrasses to a range of drivers and impacts. We 
used the conceptual diagram to develop a BN populated with values 
sourced from published studies. We then applied the BN to show that the 
amount of initial seagrass biomass has a mitigating effect on the level of 
impact a meadow can withstand without loss, and that meadow recovery 
can often require disproportionately large improvements in impact levels. 
This mitigating effect resulted in the middle ranges of impact levels having a 
wide likelihood of seagrass presence, a situation known as bistability. 
Finally, we applied the model in a case study to identify the risk of loss and 
the likelihood of recovery for the conservation and management of seagrass 
meadows in Moreton Bay, Queensland, Australia. We used the model to 
predict the likelihood of bistability in 23 locations in the bay. The model 
predicted bistability in seven locations, most of which have experienced 
seagrass loss in the past 25 years providing essential information for 
potential future restoration efforts. Our results demonstrate the capacity of 
simple, flexible modelling tools to facilitate collation and synthesis of 
disparate information, from quantitative datasets to expert opinion. This 
approach can be adopted in the initial stages of conservation programs 
generally as a low cost and relatively simple way to provide preliminary 
assessments of non-linear dynamics in ecosystems.  
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Introduction 

Understanding how habitats resist or recover from impact is of central 
importance to the management and conservation of resilient and 
functioning ecosystems (Thrush et al. 2009). Environmental managers 
consider habitat (e.g. Harborne et al. 2008) and species (e.g. Beger et al. 
2007) as conservation targets but collating information relevant to a local 
context can be difficult (e.g. Grech and Coles, 2010), so planning decisions 
are often required in the absence of important ecological information (e.g. 
Foley et al. 2010). This information shortage can impact upon the degree of 
success experienced with conservation and management (e.g. Syphard et al. 
2011). Therefore, the development of tools to collate information on the 
processes that promote resistance or recovery in impacted and degraded 
ecosystems has become key to improving management efficacy (Suding et 
al. 2004).  

In coastal habitats, conservation and restoration efforts have traditionally 
focused on re-establishing the abiotic conditions that existed prior to 
ecosystem degradation (e.g. Young, 2000). These successional based 
approaches rely on the natural return of habitats and species once the pre-
degradation conditions have been re-established (e.g. Young et al. 2001). In 
ecosystems that rely on habitat forming species, however, successional 
restoration is often ineffective due to the presence of strong controlling 
processes that link biotic and abiotic components (Koch et al. 2009). The 
presence of these controlling processes, called feedbacks, in ecosystems 
results in a strongly non-linear relationship between abiotic conditions and 
the structure of the ecosystem, so that small increases in impact levels can 
cause a disproportionately large response in ecosystem structure (e.g. 
Beisner et al. 2003). Non-linearities in the response of ecosystems to 
impacts suggest that, in the middle ranges of impact levels, ecosystems can 
theoretically exist in one or more regimes, a situation known as bistability 
(Carr et al. 2010; Andersen et al. 2009). 
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In shallow coastal zones, seagrasses are a dominant habitat-forming 
organism (Larkum et al. 2006) providing critical services such as habitat 
provision (Heck et al. 2003), nutrient recycling (McGlathery et al. 2007), 
coastline stabilisation (de Boer, 2007) and carbon sequestration (Duarte et 
al. 2005). Seagrass ecosystems are declining globally along with the 
significant services and productivity they provide (Waycott et al. 2009). 
They are threatened by a range of impacts from the global threats of 
increasing sea surface temperature and increased frequency of storms 
through to more localised impacts, such as declining water quality from 
increased sediment and nutrient loading (Duarte, 2002).  When combined 
with cascading effects from the loss of top-down controlling processes like 
grazing, it can be difficult to understand the effects of multiple impacts and 
therefore protect seagrass ecosystems against them (Orth et al. 2006a).  

The protection and conservation of seagrass ecosystems has generally been 
focussed on reversing the impacts that contribute to seagrass loss. These 
impacts include the reduction of nutrient and sediment loads from diffuse 
and point sources in coastal river catchments (Waycott et al. 2009). 
Management plans include actions to achieve water quality targets aimed at 
protecting and restoring seagrass ecosystems.  Such actions usually require 
considerable financial resources (Kenworthy et al. 2006).  Despite this 
investment, seagrass meadows often fail to recover following reduction of 
nutrient and sediment input. For example, in the Dutch Wadden Sea, large 
areas of eelgrass (Zostera marina) were lost in the early 1930s following 
increases in turbidity, attributed to the construction of a large dam and a 
severe incidence of wasting disease (e.g. Giesen et al. 1990). Despite several 
restoration attempts and significant investment to reduce sediment and 
nutrient loading, eelgrass meadows in the area had not returned by 2000 
(e.g. van Katwijk et al. 2000). The lack of recovery in regions like the Dutch 
Wadden Sea results from the effect of feedbacks between biotic and abiotic 
components of ecosystems (van der Heide et al. 2007).  
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The extent to which feedbacks can control seagrass bistability and 
resilience has been addressed in two recent studies which focussed on the 
importance of the seagrass/sediment resuspension relationship in 
controlling seagrass distribution (Carr et al. 2010; van der Heide et al. 
2007). This relationship can have strong effects. For example, one study 
showed that in the absence of Zostera novazelandica, current flow could be 
up to 2.5 times faster than with it present (Heiss et al. 2000). With seagrass 
present, lower current velocities result in   sediments settling out from the 
water column and reducing resuspension. Once seagrass is lost, sediments 
can be resuspended, reducing light availability and prohibiting seagrass 
recovery. As a result of this relationship, seagrasses are often considered to 
control turbidity in coastal lagoons, which in turn improves light availability 
for further seagrass growth and persistence (Lawson et al. 2007).  

The extent to which managers can characterise bistability in ecosystems 
like seagrasses is determined by the tools available to them (e.g. Suding and 
Hobbs, 2009). Characterising the feedback processes that enable 
ecosystems to resist impacts, and those feedback processes that prevent 
recovery, is essential for predicting how ecosystems will respond to 
increasing impacts (e.g. Nyström et al. 2012). Models that incorporate 
feedback processes and alternate regimes can help managers determine 
how ecosystems might react to changing levels of impact. Predicting 
complex non-linear dynamics from models, however, can be done without 
specialised modelling skills. Bayesian Networks (BN) are an emerging tool 
that can assist in the management and conservation of ecosystems 
(Holzkämper et al. 2012; Ticehurst et al. 2007). 

BNs allow for the combination of responses of an ecosystem to changes in 
impact levels and environmental conditions within a quantitative and 
probabilistic framework (e.g. Aguilera et al. 2011). They are flexible, 
enabling the practitioner to define relationships between components (or 
nodes) of the BN using a range of data types including quantitative datasets 
and expert opinion. Accordingly, BNs enable the use of literature-based data 
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in the initial stages of a conservation project without the need for local data 
sets. When additional, more relevant datasets are collected, these models 
can be easily updated to reflect the change in knowledge. Additionally, if 
certain parameters are shown to be important determinants of model 
output, new or additional data can be collected.  

Here, we show how a simple probabilistic BN can reveal non-linear 
dynamics in seagrass ecosystems using relationships between the 
important ecosystem components elucidated from data sourced from the 
literature. We then use the network in a case study to show how 
understanding bistability can help to prioritise the risk of loss, and the 
likelihood of recovery for the conservation and management of seagrass. 
We also show how, through the development of the BN, practitioners can 
identify components of the ecosystem that require more quantitative data 
sets, effectively providing a prioritising tool to better focus subsequent 
research. 

Materials and methods 

Study location 

Moreton Bay in southeast Queensland, Australia (Figure 2.1) contains a 
mosaic of coastal habitats, which have been affected by multiple impacts 
operating along multiple gradients (Olds et al. 2011; Bennett et al. 2009; 
Tibbetts et al. 1998). The bay is bordered on its eastern side by three sand 
islands that allow exchange with oceanic water through three passages. The 
bay is bordered in the west by the mainland from which four large and 
several small river estuaries drain a highly developed catchment. This has 
resulted in a strong water quality gradient across the bay, with elevated 
nutrients and poor light availability in the western and southern zones 
adjacent to riverine discharge (e.g. EHMP, 2010). In contrast, the eastern 
zones of the bay, proximal to oceanic passages, are typically nutrient limited 
with saturating light levels and low water residence times (e.g. Dennison 
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and Abal, 1999).  The Brisbane River is the largest river discharging into 
Moreton Bay (Figure 2.1) and typically contains nutrient and sediment 
levels well above local and national water quality guidelines (EHMP, 2010). 
The majority of flow from the Brisbane River runs north from the mouth 
into the western embayments impacting the seagrass meadows of 
Deception Bay to the north and Waterloo Bay to the south via a small 
channel (Figure 2.1). Seagrass in Moreton Bay has been steadily declining, 
particularly in Bramble Bay since the 1940s (Dennison and Abal 1999), and 
Deception Bay following floods in 1974 (Kirkman 1978) and 1996 (Moss 
1998). Currently, there are approximately 190 km2 of seagrass meadows in 
Moreton Bay, comprised of seven species with Zostera muelleri 
predominant and present in 70-80% of the meadows (Roelfsema et al. 
2009, 2013). Consequently, we focussed on Z. muelleri, modelling the 
relationships between environmental impacts and subsequent seagrass 
responses. This allowed us to assess the strength of feedback processes that 
enable seagrasses to mitigate impact and maximise growth potential. From 
here, when we use the term seagrass, in context with the model we are 
referring to Z. muelleri. 
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Figure 2.1. Moreton Bay. Numbers show the locations used in the case study. 
Seagrass distribution throughout the bay in 2004 is also shown.  

Model development 

A five-step approach was used to develop a BN to test ecological responses 
across gradients of the multiple impacts in seagrass ecosystems: 

1. cataloguing the current understanding of ecological responses in
seagrass ecosystems to a range of drivers and impacts,

2. using the catalogue to develop a conceptual diagram of the ecological
processes that respond to select impacts and which influence
seagrass,
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3. converting the conceptual diagram to a BN by quantifying the effects
of selected drivers and impacts on the various nodes via conditional
probabilities,

4. using the BN to predict the likelihood of starting seagrass biomass
under different combinations of impact levels, and

5. determining the effect that different levels of starting seagrass
biomass have on the likelihood of more seagrass biomass.

Using the model outputs, we investigated the utility of the model using a 
case study of a sub-tropical coastal embayment dominated by seagrass 
meadows to predict areas at risk of seagrass loss and areas that may resist 
recovery once impact levels are reduced.   

Step 1 - Cataloguing the seagrass meadow response to environmental 
impacts  

Based on an extensive literature review, we created a table of relationships 
between environmental impacts and the response of seagrass to those 
impacts (Table 2.1). We included impacts, processes and responses that 
were most likely to strongly influence the growth of Zostera muelleri, the 
focus species in the case study, outlined below. Each impact and its 
corresponding response originated from a published study. We then applied 
a ‘relevance’ category, from 1-4, to each of the studies, based on the 
relevance of the study to the case study. Where possible, studies that 
focused on Zostera muelleri (Category 1), were used in preference to 
seagrass species uncommon or absent from the bay. If those criteria were 
unable to be met, studies that focused on other Zostera species (Category 2) 
and then other subtropical species were used (Category 3). When these 
were not available, we accepted studies from non-subtropical seagrass 
species (Category 4). Assigning a simple relevance category to each of the 
components of the model allowed us to assess the limitations of the model 
and determine where further research efforts might be directed. 



Chapter 2 – Bayesian model  31 

Table 2.1. Relationships between nodes based on the conceptual diagram (Figure 2.2). WW = wet weight DW = dry weight Ind = 
Individuals. Parent nodes are those that determine the outcome of the child node. The child node values refer to the levels of the high 
and low state of the node. The % difference in child node column refers to the % difference of the child node value between the high and 
low state of the parent node.  

Child node values 

Child node Parent node High state Low state % difference in 
child node with 

high parent state 

Relevance 
category 

References 

Large predatory fish 
biomass 

Fishing effort 10 kg WW 2 ha-1 night -1 2 kg WW 2 ha-1 night -1 80% lower 2 Baden et al. (2012)

Piscine grazer abundance Fishing effort 600 Ind 25m -2 75 Ind 25m -2 72% lower 3 Alcoverro and Mariani
(2004) 

Small predatory fish 
biomass 

Large predatory fish 55 g WW m -2 5.5 g WW m -2 90% lower 2 Baden et al. (2012)

Invertebrate grazer 
abundance 

Small predatory fish 150 g leaf DW -1 36 g leaf DW -1 76% lower 3 Heck et al. (2000)

Algal grazing pressure Piscine grazer biomass 0.8 leaf DW-1 0. 28 leaf DW-1 40% higher 3 Heck et al. (2000)

Algal grazing pressure Invertebrate grazer 
biomass 

0.8 leaf DW-1 0. 28 leaf DW-1 40% higher 2, 3 Neckles et al. (1993),
Heck et al. (2000)  

Epiphytic algae biomass Algal grazing pressure 3 mg AFDW cm-2 0.5 mg AFDW cm -2 50% lower 2, 3 Neckles et al. (1993),
Hays (2005) 

More seagrass biomass Algal biomass 15.3g m-2d-1 6.3g m-2d-1 70% lower 2 Hootsman and
Vermaat (1985) 

Piscine grazer 
abundance 

Starting seagrass 
biomass 

600 Ind25m -2 75 Ind 25m -2 80% lower 1, 1 Gray et al. (1996),
Burfiend et al. (2009) 

Invertebrate grazer 
abundance 

Starting seagrass 
biomass 

5.76 Ind m-2 2.46 Ind m-2 50% lower 3, 1 Arrivillaga and Baltz
(1999), Fonseca et al. 
(2011) 
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Nutrient uptake Starting seagrass 
biomass 

75 gN m-2 yr -1 25 gN m-2 yr -1 90% higher 1, 3 Boon et al. (1986),
Thomas et al. (2000) 

Small predatory fish 
biomass 

Starting seagrass 
biomass 

55 g WW m -2 5.5 g WW m -2 85% higher 1, 1 Gray et al. (1996),
Burfiend et al. (2009) 

Light availability Sediment resuspension 15 mol photons m -2 d-1 2 mol photons m -2 d-1 74% lower 1 Longstaff et al. (1999) 

Epiphytic algae biomass Light availability 3 mg AFDW cm-2 0.5 mg AFDW cm -2 30% higher 3,3 Tomasko and Lapointe 
(1991), Lewis et al. 
(2002) 

More seagrass biomass Light availability 15 mol photons m -2 d- 2 mol photons m -2 d-1 50% higher 1 Abal et al. (1994)

More seagrass biomass Nutrient uptake 15.3g m-2d-1 6.3g m-2d-1 41% higher 4,1 Thursby and Harlin
(1984), Udy and 
Dennison (1997) 

Phytoplankton biomass Nutrient availability 3.0 mg Chl-a l-1 0.9 mg Chl-a l-1 46% higher 3 Gil et al. (2006)

Nutrient uptake Nutrient availability 75 gN m-2 yr -1 25 gN m-2 yr -1 25% higher 3,3 Stapel et al. (1996),
Apostolaki et al. 
(2011) 

Macroalgal biomass Nutrient availability 150g m-2 50 g m -2 30% higher 2 Hauxwell et al. (2001) 

Epiphytic algae biomass Nutrient availability 3 mg AFDW cm-2 0.5 mg AFDW cm -2 30% higher 3,3 Tomasko and Lapointe 
(1991), Heck et al. 
(2000) 

Sediment resuspension Sediment grain size 80 mg l-1 5 mg l-1 99% lower 1 O’Brien et al. (2012)

Sediment resuspension Water movement 80 mg l-1 5 mg l-1 72% higher 4,1,2 Ward et al. (1984),
Pattiaratchi and Harris 
(2002), Hansen and 
Reidenbach (2012) 
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Figure 2.2. Conceptual diagram based on the relationships in Table 2.1. Each box 
represents a node in the Bayesian Network. The network contains five input nodes; 
two nodes based on anthropogenic impacts (i.e. fishing effort and nutrient 
availability) and three based on the physical characteristics of the seagrass 
meadow (i.e. starting seagrass biomass, water movement and sediment grain size). 
Orange nodes represent key processes that comprise essential feedback loops in 
seagrass meadows. The feedback processes are enhanced by a higher starting 
biomass, which in turn leads to a greater likelihood of more seagrass biomass. 
These feedback processes hence act to stabilise shallow coastal areas that contain 
seagrass in the seagrass dominant state.  

Step 2 - Development of the conceptual diagram 

Based on the relationships listed in Table 2.1, we built a conceptual diagram 
comprised of individual nodes (Figure 2.2). Each node represents a key 
environmental impact or an expected ecological response with directional 
links between nodes sourced from the original study. Following the initial 
literature review, we kept the network as simple as possible by combining 
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the published examples of impacts and ecological responses together. An 
impact or response was only included as a node in the network if there 
were three or more published examples, or they described relationships 
specific to Zostera muelleri (Category 1). We validated our network by 
reviewing it with local seagrass experts and marine park managers.  

Step 3 - Building the Bayesian Network 

The conceptual diagram was used to develop a BN. BNs are based on 
conditional probabilities that combine observed data and prior information 
(Korb and Nicholson, 2003; Reckhow, 1994). Construction of the BN 
allowed the common relationships between nodes of the conceptual 
diagram to be integrated within a single statistical framework. Links 
between nodes in the conceptual diagram were assigned conditional 
probabilities based on the findings of the original studies. This then allowed 
for the estimation of the probabilities of outcomes (e.g. McCann et al. 2006) 
(Table 2.1).  

The BN was developed using the program Netica 4.16 (Norsys, 2012). The 
network contains five input nodes; two nodes based on anthropogenic 
impacts (i.e. fishing effort and nutrient availability) and three based on the 
physical characteristics of the seagrass meadow (i.e. starting seagrass 
biomass, water movement and sediment grain size). Each input node is 
linked, and therefore affects the outcome of nodes representing either the 
ecological responses to environmental inputs, or ecological processes that 
in turn link to ecological response nodes. Ultimately, the model ends in a 
solitary “finding” or output node that predicts the state of the system (in 
this case, the likelihood of more seagrass biomass).  

Each node contains only two states, high and low, except the starting 
seagrass biomass node, which also contains “absent” as an additional state. 
Conditional Probability Tables (CPTs) were populated for all states for all 
nodes using the relationships outlined in Table 2.1. To show how the 



Chapter 2 – Bayesian model  35 

relationships between nodes were used to populate the CPTs, the following 
example outlines how the nodes, nutrient availability and starting seagrass 

biomass ultimately affect the outcome node, more seagrass biomass. When 
nutrient concentrations were high, Stapel et al. (1996) found that nutrient 

uptake was 25% higher than when nutrient availability was low. 
Additionally, Boon et al. (1986) found that nutrient uptake was 90% higher 
when seagrass was present than absent. Both findings are used to populate 
the CPT for the nutrient uptake node. In turn, Thursby and Harlin (1984) 
showed that there was 41% more seagrass biomass when nutrient uptake 
was high. This finding, along with the findings from the nodes light 

availability and algal biomass, are used to populate the CPT for the more 

seagrass biomass node. 

The BN was compiled following the completion of the CPTs, which allowed 
the uncertainty of each state (its probability of occurrence) within each 
node to propagate through the links of the model. Once compiled, we 
assessed the relative and expected importance of each node on the output 
node (more seagrass biomass) using an entropy reduction sensitivity 
analysis (e.g. Marcot et al. 2006). This assesses the outcomes of the BN by 
ranking the effect that each node has on the output node. Nodes with 
greater entropy reduction values have a greater influence on the output 
node (Marcot et al. 2006).  

Step 4 - Determining the effect of different impact levels on starting 
seagrass biomass. 

We first used the model to predict the likelihood of starting seagrass 

biomass (by summing the probability of high or low biomass) under 
different combinations of input conditions. We manipulated four of the data 
input nodes (e.g. fishing effort, sediment grain size, water movement, and 

nutrient availability) by starting with each node at a likelihood of 0% of the 
“high” state (i.e. the best case scenario). We then increased the likelihood of 
the “high” state for each input node by increments of 25% in different 
combinations until 100% high state for all input nodes (i.e. worst case 
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scenario) was reached (Table S2.1, Appendix S2.1). A total of 46 input 
combinations were used. For each input combination, we recorded the % 
likelihood of starting seagrass biomass by adding the % likelihood of the 
high and low states in the starting seagrass biomass node. We then fitted 
linear and non-linear models to the results to describe the nature of the 
relationship between impact levels and the likelihood of seagrass biomass. 

Step 5 - Determining the effect of starting seagrass biomass on the 
likelihood of more seagrass biomass.  

To determine the effect that starting seagrass biomass has on the likelihood 
of more seagrass biomass, we used the 46 input combinations described in 
Table S2.1 (Appendix S2.1). For each input combination, we recorded the % 
likelihood of the high state of the more seagrass biomass node for each state 
of the starting seagrass biomass node (high, low and absent).  

Case Study- Predicting regions of bistability in Moreton Bay 

We first used the model to determine the likelihood of seagrass presence at 
twenty-three locations in Moreton Bay (Figure 2.1, Table S2.1, Appendix 
S2.2). These locations were chosen because they either have seagrass 
present, previously had seagrass present (Locations 3-6), or were of a depth 
and substrate type that supports seagrass elsewhere in the bay (e.g. 
Location 22). Data were drawn from a range of sources to populate each of 
the input nodes for each location. For each input node, we calculated the % 
likelihood of the high state. Nutrient availability data were taken from a 
local monitoring program, the Ecosystem Health Monitoring Program 
(EHMP). The program collects nutrient data at 72 sites monthly in the bay. 
We calculated the median monthly total nitrogen concentration from the 
closest (<100m) monitoring sites to each location using the most recent 
data for the year 2009-10 (EHMP, 2010). Nodes were populated by the total 
nitrogen in each region as the proportion of the highest monthly median 
value recorded in the bay for the year 2009-10 (e.g. % likelihood of high 
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nutrient availability = Median monthly TN value for the region / highest 
monthly median value recorded in Moreton Bay).  

Data measuring fishing effort was unavailable for different locations of 
Moreton Bay so the fishing effort node was defined using marine park zones 
(DERM, 2008). In regions with no fishing restrictions (General Use Zones), 
fishing effort was defined as 100% likelihood of high fishing effort. For 
regions where restrictions on trawling and net fishing apply (Conservation 
Park), fishing effort was defined as 50%. For regions where all fishing is 
prohibited (Marine National Park Zones), fishing effort was defined as 0%.  

The sediment grain size node was populated using sediment grain size data 
collected from 56 sites across Moreton Bay (unpublished data, but see 
Grinham et al. (2011) for data from a selection of sites). Data from the 
closest sites to the model locations (<200m) were used. The percentage of 
sand fraction (i.e. > 0.063-2mm) from each site was used to calculate the % 
likelihood of the high state, so that muddier sites have lower % likelihoods 
than sandier sites.  

Data for the water movement node were calculated from wind-wave height 
and tidal flow modelling. Wind-waves (as distinct from ocean swells, which 
do not occur in Moreton Bay due to the protection provided by the three 
sand islands in the Eastern Bay) are generated by the local wind patterns. 
These waves cease once local wind patterns change. Wind-wave height was 
calculated for each region using average wind speed, wind fetch length, and 
water depth data for each region (BOM, 2012).  Average tidal flow data was 
calculated from hydrodynamic modelling results (CSIRO, 2012). To get a 
percentage value to enter into the water movement node, we calculated the 
wind-wave height in each region as the proportion of the highest wind-
wave height recorded for all regions in Moreton Bay (e.g. % likelihood of 
high water movement = wind-wave height / highest wind-wave height 
recorded in Moreton Bay).  
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Data for all nodes were entered into the BN and the seagrass growing 
conditions (% likelihood of high state) and the average impact levels were 
calculated and recorded for each region.  

Results 

Model sensitivity 

The nodes that link directly to the output node (i.e. algal biomass, light 
availability and nutrient uptake) and algal grazing pressure had the greatest 
effect on the output node (Table 2.2). Each of these nodes had similar 
entropy reduction values suggesting that they had similar effect on the 
outcomes of the output node. Of the five input nodes, seagrass starting 

biomass had the greatest effect on the output node (Table 2.2). The 
remaining four input nodes (fishing effort, nutrient availability, sediment 

grain size and water movement) had low entropy reduction values 
suggesting that they had less effect on the BN outcome than starting 

seagrass biomass. Starting seagrass biomass is linked to five child nodes, 
thereby affecting all of the pathways that lead to the output node. In 
contrast, the four remaining input nodes are only linked to one or two child 
nodes and therefore affect only one or two of the BN pathways. Following 
starting seagrass biomass, fishing effort had the most effect on the output 
node followed by nutrient availability and sediment grain size.  

Table 2.2. Sensitivity of the output node (more seagrass biomass) to the values of 
the remaining nodes. Nodes are ranked by sensitivity.  

Sensitivity of the output node 
(more seagrass biomass) 

Entropy reduction 
value 

Algal biomass 0.04509 
Light availability 0.04323 
Algal grazing pressure 0.03671 
Nutrient uptake 0.03522 
Starting seagrass biomass 0.03357 
Sediment resuspension 0.02991 
Piscine grazer biomass 0.02381 
Macroalgal biomass 0.02226 
Epiphytic algal biomass 0.01107 
Phytoplankton biomass 0.01056 
Invertebrate grazer abundance 0.00367 
Large predatory fish biomass 0.00367 
Fishing effort 0.00367 
Nutrient availability 0.0021 
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Sediment grain size 0.00203 
Water movement 0.00036 
Small predatory fish biomass 0.00001 

Effect of changing impact on the likelihood of seagrass biomass 

The predicted likelihood of seagrass biomass for each input combination 
ranged from 100% to 30% (likelihood of seagrass biomass = % likelihood of 
high biomass state + low biomass state). The effect of increasing impact 
levels on the presence of seagrass biomass was not simply linear (R2=0.64, 
p=0.001) (Figure 2.3a), with the relationship equally well explained by 
cubic polynomial (R2=0.64, p=0.001) and exponential (R2=0.66, p=0.001) 
functions. Three of the possible functions that significantly described 
variation in the relationship between impact and seagrass biomass have 
been included on Figure 2.3a. This results from the large variability in 
predictions for seagrass biomass in the middle range of impact levels (e.g. 
between 25% -70%), but narrowing at both high and low impact averages. 
The variability in the likelihood of starting seagrass being present or absent 
at the same impact levels in this range is an indication of bistability.  

The effect of starting seagrass biomass on the likelihood of more 
seagrass biomass 

Seagrass presence has a strong positive effect on the likelihood of more 
biomass at all impact levels. For each combination of input values (Table 
S2.1, Appendix S2.1), the predicted likelihood of more seagrass biomass 
when high starting seagrass biomass was present was greater than that for 
both low starting seagrass biomass and absent starting seagrass biomass 

(Figure 2.3b). The predicted likelihood of more seagrass biomass for each of 
the starting biomass categories (high, low and absent) decreased with 
increasing impact. The likelihood of high starting seagrass biomass was 
more variable at lower impact levels, suggesting that high starting biomass 
results in a better chance of more biomass at a larger range of impact levels 
than low starting biomass.  
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In order to determine the likelihood of bistability at each location in the 
Case Study, we had to define bistability in terms of the BN’s output node, 
more seagrass biomass.  Bistability was therefore defined as the range 
where the likelihood of more biomass when starting seagrass biomass was 
present (e.g. High starting biomass + Low starting biomass) overlapped 
with the likelihood when starting seagrass biomass was absent. Based on 
the model, when the likelihood is between 19% and 40% (Figure 2.3b) it is 
possible that starting seagrass biomass could be present or absent. This 
range was used to determine the likelihood of bistability in the Case Study.  
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Figure 2.3. Output of the Bayesian Network. a) The likelihood of starting seagrass biomass at different impact levels (see Step 4) and b) the 
effect of starting seagrass biomass on the likelihood of more seagrass biomass (see Step 5). 
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Case Study: Predicted locations of bistability in Moreton Bay 

Bistability was assigned to regions in Moreton Bay based on two criteria. 
Firstly, the impact levels for bistable regions had to fall between 25 and 
70% (based on Figure 2.3a), and secondly the likelihood of more seagrass 
biomass had to fall between 20% and 40% (based on Figure 2.3b). Of the 
twenty three locations modelled, only southern Bramble Bay (Location 6 in 
Figure 2.1) experienced impact levels resulting in the likelihood of more 
biomass below 20%, leading to the predicted absence of seagrass in that 
location (Figure 2.4a). This agrees with the measured patterns of seagrass 
extent which show that seagrass has been absent without recovery in 
Bramble Bay since the 1940s. The model did not predict seagrass absence in 
any of the case study locations where seagrass has been observed. Seven 
locations experienced combined impact levels and likelihood of more 
biomass that resulted in model predictions of bistability (locations 4, 5, 7, 9, 
12, 22 and 23). All of those locations, with the exception of the Northern 
Banks, were adjacent to the mainland. The model predicted bistability in 
many of the areas that have experienced seagrass loss since 1987 (based on 
Hyland et al. 1989) (Figure 2.4b), most notably southern Deception Bay 
(Location 4) and parts of the Southern Bay channels (Locations 9 and 12). 
The remaining locations experienced impact levels resulting in the 
likelihood of more seagrass biomass above 40%, and thus had a high 
likelihood of seagrass presence (location 1-3, 8, 10, 11, 13-21). All of these 
locations (with the exception of Location 3 in northern Deception Bay have 
persistent seagrass meadows present since at least 1987.  
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Figure 2.4. a) Regions of 
Moreton Bay that are 
predicted for seagrass 
presence, bistability and 
seagrass absence based on 
the impact levels at each. 
The regions are based on 
data from a single location 
within each and are 
extrapolated only to 
illustrate how the 
approach can be used to 
prioritise larger regions of 
meadows for conservation 
or protection. b) The 
distribution of seagrass in 
Moreton Bay as measured 
in 2004. The map also 
shows areas of seagrass 
lost since 1987 (black 
polygons) and areas that 
have been devoid of 
seagrass since 1940 
(Bramble Bay, thick 
hatched outline) and areas 
predicted to be bistable but 
have never supported 
seagrass (Northern Banks, 
thin hatched outline) 
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Discussion 

Effective conservation and management of ecosystems requires an 
understanding of complex non-linear relationships that may exist between 
impact gradients, ecosystem structure and the processes that mediate the 
two (e.g. Suding and Hobbs, 2009). Timely collation of such information can 
be difficult, given the urgency with which conservation and restoration 
goals need to be met (e.g. Holzkämper et al. 2012), and practitioners are 
often unable to wait for rigorous testing of non-linear ecosystem dynamics. 
Our results demonstrate the capacity for simple modelling tools to facilitate 
collation and synthesis of disparate information, and provide for 
preliminary assessments of non-linear dynamics in ecosystems like 
seagrasses. This approach can be adopted to support the development of 
programs for ecosystem conservation, restoration and management (e.g. 
Renken and Mumby, 2009) and to direct any data collection activities 
needed to underpin management decisions. 

Non-linear ecosystem dynamics, like the bistability we describe here, are 
notoriously difficult to predict and identify (deYoung et al. 2008). The 
apparent irreversibility of shifts in ecosystem structure and function is of 
increasing concern as intensifying human impacts shift the dynamics of 
ecosystems from being regulated by local to global scale stressors (e.g. 
Thrush et al. 2009). Bistable ecosystems exhibit high variability in response 
to impact and therefore, may fluctuate abruptly between regimes 
(Gunderson, 2000). This means that relatively small increases in impact 
levels may result in disproportionately large changes to the structure and 
functioning of bistable ecosystems. Once these ecosystems shift regimes, 
disproportionately large decreases in impact levels may be required to 
reverse such changes (e.g. Figure 2.5) (e.g. Beisner et al. 2003). These non-
linear ecosystem dynamics can dramatically reduce the likelihood of 
success with succession-based approaches to management and 
conservation.  
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Figure 2.5. a) Idealised trajectories of seagrass meadows with changes in impacts 
based on the Bayesian Network output. Both the loss and recovery trajectory 
exhibit considerable lag in their response to changes in conditions. b) When impact 
levels are low and the likelihood of more seagrass biomass is high, there is a high 
likelihood of seagrass presence (e.g. Eastern Banks). c) When impact levels are in 
the middle range the likelihood of seagrass biomass is variable, which in turn can 
lead to temporal fluctuations in seagrass biomass (e.g. Deception Bay). d) At high 
levels of impact, the likelihood of seagrass biomass is low (e.g. Bramble Bay). 

In soft-sediment coastal habitats, shifts in ecosystems are often associated 
with changes in the cover of habitat forming species, which influence 
sediment stability and positively affect water quality (Lohrer et al. 2004; 
van Nes et al. 2007). The results of our study demonstrate that seagrasses 
have a significant positive effect on their growing conditions, which leads to 
bistability across a range of impact levels. As in other recent studies (Carr et 
al. 2010; 2012; van der Heide et al. 2011), bistability in our model results 
from the coupling of feedback loops between starting seagrass biomass and 
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the enhancement of conditions required for the addition of seagrass 
biomass.  

Through the process of developing the conceptual diagram, we identified 
three feedback loops that occur in seagrass ecosystems. Firstly, seagrass 
meadows, and the bacterial and microbial communities associated with 
them, sequester nutrients from the water column. This limits the nutrients 
available for micro and macro algal growth and prevents them from 
reducing light penetration through the water column. The sequestration of 
nutrients from the water column has been shown to maintain the 
dominance of seagrasses and other macrophytes under low to medium 
levels of nutrients, however can lead to phytoplankton dominance once the 
key biogeochemical processes break down with high levels of nutrients (e.g. 
Webster and Harris, 2004). Secondly, seagrasses trap and bind sediment, 
limiting resuspension and increasing light availability. Sediment 
resuspension has been the focus of various studies of bistability in seagrass 
ecosystems (e.g. Carr et al. 2010; van der Heide et al. 2007) and a review (de 
Boer, 2007), and has been suggested as the factor primarily limiting 
seagrass occurrence and recovery.  Thirdly, denser seagrass canopies 
provide habitat for algal grazers, which reduce the negative effects of algal 
overgrowth and improve light availability. Seagrass-herbivore interactions 
exert considerable influence on a meadow’s morphology and algal control, 
triggering the recruitment of new shoots and an increased number of leaves 
(e.g. Heck and Valentine, 2006), thus affecting the photosynthetic capacity 
and subsequent growth rates of plants.  

The bistability that appears to exist in some Moreton Bay seagrass 
meadows is likely to result from the mitigating effects of the three feedback 
processes at medium and lower levels of impact. As a result, it is possible 
that the trajectory for seagrass loss may exhibit a substantial delayed 
response to increases in impact levels (Figure 2.5a). When impacts breach 
some threshold level, the feedback processes break down, leading to a 
potentially rapid loss of seagrass biomass as suggested by previous studies 
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(e.g. Viaroli et al. 2008). Once unvegetated, sediments are more easily 
resuspended, light availability is reduced (e.g. Carr et al. 2010), nutrient 
loads increase in the water column (e.g. Boon, 1986) and grazing rates 
decrease (e.g. Gray et al. 1996). These processes facilitate perpetuation of 
the unvegetated state even after substantial reductions in impact levels. 
While each of the three feedback processes have been previously modelled 
or studied in isolation, this is the first attempt at modelling their combined 
effects on seagrass ecosystem dynamics.  

The results from our case study show that the model was able to predict 
how different impact levels affected the likelihood of seagrass presence at 
different locations in Moreton Bay. In areas where impact levels are low, we 
found a high likelihood of seagrass presence only (e.g. Eastern Banks, Figure 
2.4b & 2.5b). In these regions, loss of seagrass is unlikely to reduce growth 
conditions to levels that would result in long-term seagrass absence. In 
areas of the bay where impact levels are in the middle ranges, seagrass loss 
would significantly reduce growth conditions and thereby lower the 
likelihood of seagrass recovery. This has already occurred in some of the 
predicted bistable locations, for example seagrasses were lost from 
southern Deception Bay in 1996 following flooding of the Caboolture River 
(Moss, 1998). Up to 2004 there had been no seagrass recovery in the region 
(Figure 2.4b & 2.5c), despite improvements in water quality since 1996 
(unpublished data). We suspect that this is due to the resuspension of the 
fine sediments in the region that prevents seagrass recolonisation. In 
regions of the bay with high impact levels, conditions are not conducive to 
seagrass growth so seagrass has been lost and not recovered (e.g. Bramble 
Bay, Figure 2.4b & 2.5d). Once seagrass is lost from bistable regions of 
Moreton Bay, recovery would require significant improvements to impact 
levels to ultimately improve conditions for seagrass recolonisation. 
Seagrass recovery in bistable regions, therefore, requires the suppression of 
the feedbacks responsible for the stability of unvegetated regimes (e.g. the 
stabilisation of sediments to prevent resuspension). Sediment stabilisation 
using shell armouring (van Katwijk and Hermus, 2000; Suykerbuyk et al. 
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2012) and mussel beds (Bos and van Katwijk, 2007) has been shown to 
favour seagrass transplant survival. This approach has also been widely 
discussed as the key to restoring degraded ecosystems generally (see 
examples in Suding et al. 2004).  

Our results suggest that the current catchment management efforts 
underway in southeast Queensland are unlikely to have a short-term 
positive effect on seagrass recovery in bistable regions of Moreton Bay, 
even though these actions are, in part, aimed at aiding the recovery of 
significant marine habitats (e.g. Abal et al. 2006). Reducing sediment and 
nutrient loads from diffuse and point sources in the catchment, particularly 
in the western and southern regions, will have little immediate effect on the 
level of sediment resuspension, nutrient uptake and grazing rates and, as a 
result, seagrass recovery. The restoration of coastal habitats generally has 
traditionally focussed on reversing the impacts that lead to the initial 
degradation (e.g. Young, 2000). While we strongly support catchment 
management and restoration efforts to reduce sediment and nutrients and 
limit further seagrass loss, we recommended that additional measures 
included to enhance the likelihood of seagrass recovery. These are based on 
our results, guidelines for seagrass restoration (e.g. van Katwijk et al. 2009) 
and the suggestion of restoration ecologists generally (e.g. Suykerbuyk et al. 
2012; Suding et al. 2004). 

We recommend the additional actions focus on enhancing the biomass of 
existing seagrass meadows, particularly in bistable areas, and reducing the 
direct negative effects of sediments and nutrients. Seagrass transplantation 
is one possibility, but this can be costly with limited and variable success 
(e.g. van Katwijk et al. 2009). We recommend that seagrass restoration and 
management plans include management actions that enhance feedback 
processes that promote resistance to impact, and actions that breakdown 
the feedback processes that prevent recovery. For example, managing to 
enhance grazing rates, through the protection of herbivores or designation 
of no-take areas that prohibit fishing for herbivores, is likely to limit algae 
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loads and improve seagrass growth and abundance (Hays, 2005; Valentine 
and Heck, 1999). Actions could include sediment stabilisation strategies in 
unvegetated areas to improve the success of restoration efforts (e.g. van 
Katwijk et al. 2009 and the references therein). Seagrass monitoring 
programs should include measures of feedback processes in order to better 
understand the relationship between changing impact and seagrass 
response. For example, measuring algal grazing rates can help to better 
understand how the temporal and spatial variation in grazing rates affects 
algal production and ultimately seagrass resilience. Monitoring should 
include measures of sediment resuspension and nutrient uptake rates, to 
improve understanding how these processes might mitigate changing levels 
of impact.  

Our study has shown that Bayesian networks are a useful tool for combining 
disparate data sets to measure ecological responses to changing impact 
gradients (Pollino et al. 2007). The utility of the BN enabled us to 
conceptualise an ecosystem within a quantitative and probabilistic 
framework and define the relationship between changing impacts and 
ecological function. We combined information from multiple sources, 
integrating locally relevant studies with those from farther afield, to fully 
populate the network. While these types of models provide managers with 
the flexibility to incorporate a range of data types, including quantified 
datasets and expert opinion (e.g. Stewart-Koster et al. 2010), the ecosystem 
knowledge gained through their development is also invaluable for 
enhancing management outcomes. The initial step of developing a 
conceptual diagram of the ecosystem, and seeking relevant local 
information to populate it, helps highlight the deficiencies in local 
knowledge and can be used to better focus further research. For example, 
while the sensitivity analysis (Table 2.2) showed the algal grazing to be 
important, the uncertainties outlined in Table 2.1 highlighted the lack of 
local knowledge about the role it plays in enhancing seagrass resilience. 
Accordingly, the need to better quantify this relationship should provide a 
focus for future research. This step is vitally important to the relevance of 
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such models to local ecosystem management. Locally relevant information 
is often unavailable in the initial planning stages of conservation or 
restoration projects, which can detract from the forecasting capacity of 
reliant models (e.g. Syphard et al. 2011). Local relevance and additional 
precision can be incorporated in models such as ours as further information 
comes to hand.  

Conclusion 
Managing dynamic and complex ecosystems that exhibit non-linear 
dynamics, such as seagrasses, is difficult (Suding and Hobbs, 2009). By 
developing simple predictive models, such as ours, practitioners can begin 
to understand how changing impact gradients affect the risk of habitat loss. 
They can then be utilized to identify key feedback processes that might help 
prevent further habitat degradation. We used the model to identify multiple 
feedback loops in seagrass ecosystems, highlight their role in enhancing 
seagrass resistance to multiple impacts, and ultimately to improve the 
understanding of where local seagrasses are at risk.  
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Appendix S2.1 

Table S2.1. The combinations used for each of the input nodes to predict the 
likelihood of starting seagrass biomass at different impact levels (Step 4) and to 
determine the effect of starting seagrass biomass on the likelihood of more 
seagrass biomass (Step 5). 

Probability (%) of input node high state 

Scenario 
Nutrient 

availability 
Sediment 
grain size 

Water 
movement 

Fishing 
effort 

1 0 0 0 0 
2 0 0 0 25 
3 0 0 0 50 
4 0 0 0 75 
5 0 0 0 100 
6 0 25 25 0 
7 0 50 50 0 
8 0 75 75 0 
9 0 100 100 0 

10 25 0 0 0 
11 50 0 0 0 
12 75 0 0 0 
13 100 0 0 0 
14 0 25 25 25 
15 0 50 50 50 
16 0 75 75 75 
17 0 100 100 100 
18 25 0 0 25 
19 50 0 0 50 
20 75 0 0 75 
21 100 0 0 100 
22 25 25 25 0 
23 50 50 50 0 
24 75 75 75 0 
25 100 100 100 0 
26 25 25 25 25 
27 50 50 50 50 
28 75 75 75 75 
29 100 100 100 100 
30 50 25 25 25 
31 50 50 50 50 
32 50 75 75 75 
33 50 100 100 100 
34 50 50 25 25 
35 50 50 50 50 
36 50 50 75 75 
37 75 100 100 100 
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38 100 75 100 100 
39 100 100 75 100 
40 100 100 100 75 
41 75 75 100 100 
42 100 75 75 100 
43 100 100 75 75 
44 100 75 75 75 
45 75 75 75 100 
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Appendix S2.2 

Table S2.2. The regions and data used for assessing bistability in Moreton Bay 

Region Nutrients 
Fishing 
effort 

Sed grain 
size 

Water 
movement 

Wind 
speed 

Wind 
Fetch 

Water 
depth 

Tide 
flow 

Wave 
height 

Conc 
(mg/L) 

% 
High % High %High % High m/s km m m/s m 

Deception Bay 
-MPA (1) 0.18 60 0 92 89 6.44 39 1.5 0.3 0.294 
-Sandstone Pt (2) 0.15 50 50 68 30 6.44 1 1.5 0.3 0.1 
-Beachmere (3) 0.18 60 100 100 89 6.44 39 1.5 0.3 0.294 
- South (4) 0.25 83 100 100 79 6.44 13 1.5 0.3 0.26 

Bramble Bay 
- North (5) 0.21 70 100 27 82 5.88 36 1.5 0.3 0.27 
- South (6) 0.21 70 100 4 82 5.88 36 1.5 0.3 0.27 

Waterloo Bay 
-North (7) 0.15 50 100 51 58 5.88 5.8 1.5 0.3 0.19 
-South (8) 0.14 47 100 30 39 5.88 2 1.5 0.3 0.13 

Southern Bay 
-Redland Bay  (9) 0.14 47 100 4 50 5.88 3 1.5 1 0.155 
-Pannikan Is MPA (10) 0.15 50 0 4 40 2.833 1 1.5 0.8 0.04 
-Main Channel (11) 0.16 53 100 1 80 2.833 2 1.5 1.2 0.055 
-Jacobs Well (12) 0.16 53 100 4 50 2.833 1 1.5 1 0.04 
-Canaipa Passage (13) 0.14 47 50 81 60 2.833 1 1.5 1.2 0.04 

Eastern Bay 
-Eastern Banks MPA (14) 0.11 37 0 95 70 6.44 8 1.5 0.8 0.23 
-Eastern Banks (15) 0.11 37 100 95 70 6.44 8 1.5 0.8 0.23 
-Pelican Banks (16) 0.14 47 100 91.8 64 5.88 7.5 1.5 0.3 0.21 
-Blakelsey's Anchorage 
MPA (17) 0.12 40 0 60 40 5.88 0.1 1.5 0.8 0.03 
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-Blakelsey's Anchorage 
(18) 0.12 40 100 92 40 5.88 0.1 1.5 0.8 0.03 
-Myora North (19) 0.1 33 100 92 40 6.44 0.3 1.5 0.8 0.06 
-Myora North MPA (20) 0.1 33 0 92 40 6.44 0.3 1.5 0.8 0.06 

Horseshoe Bay (21) 0.12 40 50 90 64 5.88 8 1.5 0.3 0.21 
Northern Banks (22) 0.1 33 100 100 100 7.44 100 1.5 2 0.33 
Southern Pumicestone Passage 
(23) 0.15 50 50 81 50 2.833 1 1.5 1 0.04 
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Chapter 3 

Toward measurement of ecological resilience: 
a framework for using feedback processes to 
provide empirical field assessments 
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Abstract 
Feedback loops are essential components that control the shift of 
ecosystems between regimes. Most regimes shifts are considered 
undesirable so developing tools to predict them has become a focus in 
ecology. Regime shifts are difficult to predict because of the disparity 
between the theory and what is testable. We have developed a practical 
framework focused on the measurement of feedback processes that 
provides a test of regime resilience. The framework is based on predictable 
relationships between key components that are inherent in all regimes: 
impacts, feedback processes and regime response variables. The three 
components are interrelated, and impacts ultimately affect response 
variables. Feedback processes mitigate that effect. Variations in response 
variables alter the strength of feedback processes, altering their mitigating 
effect on impacts. Incorporating measurements of feedback processes into 
monitoring strategies is therefore important for the successful management 
of impacts on ecosystems.  
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Introduction 

Resilience theory is based on the understanding that ecosystems are 
complex, adaptive and controlled by internal stabilising mechanisms 
(Lewontin 1969; Holling 1973). Central to the concept of resilience is that 
systems can exist in one or more regimes, with the resilience of those 
regimes depending on their ability to resist impact without changing 
structure or function (Beisner et al. 2003). The transition between regimes 
can occur abruptly (Scheffer et al. 2001), often catching resource managers 
by surprise.   

Feedback loops are key components controlling the resilience of regimes 
(Holling 1973). While the theory behind resilience is becoming increasingly 
refined, there are few practical methods for applying it and measuring it in 
the field (Scheffer & Carpenter 2003). As such, regime shifts are difficult to 
predict because of the disparity between the theory and what is practically 
testable (deYoung et al. 2008). Measuring the strength of feedbacks in 
response to impact as a prospective measure of resilience has not been 
trialled. As calls are being made to include resilience theory in the 
conceptual foundation for ecosystem management (Suding et al. 2004; 
deYoung et al. 2008; Hughes et al. 2010), a practical application for 
understanding how feedback processes enable regimes to mitigate impact 
and remain resilient is required.  

In this paper, we focus on feedbacks as the controlling mechanisms for 
regime resilience and examine their potential to provide a prospective 
measure of resilience. We develop a practical framework for experimentally 
testing the resilience of regimes, based firstly on measuring the strengths of 
feedback processes, and secondly on quantifying the relationship of 
feedbacks with the impacts on a system and how that relationship affects 
system structure.  
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The role of feedbacks in regime shifts 

Regime shifts have been reported from a wide range of ecosystems and, 
with increased human impacts on the environment, there is concern that 
regime shifts will become more frequent (Steffen et al. 2004). Most regime 
shifts are regarded as undesirable (Scheffer et al. 2001), and the need to 
understand the causal mechanisms has prompted recent reviews suggesting 
that to develop a practical test we should focus on the mechanisms that 
stabilize a regime (e.g. Thrush et al. 2009).  

To understand the mechanisms of resilience, feedback relationships 
fundamental to the configuration of the system, must be quantified (Holling 
1973). De Angelis et al. (1986) showed mathematically that feedbacks are 
the components responsible for stabilising a system toward a particular 
equilibrium; they dampen the effects of external disruptions and allow the 
system to gravitate back toward its equilibrium.  

Reviews of ecological resilience have almost universally included the role of 
feedbacks as a key conceptual element (e.g. Carpenter et al. 1992; Scheffer 
et al. 2001; Hughes et al. 2010). The conceptual role of feedbacks is 
exemplified by the ‘ball-in-a-basin’ model (e.g. Beisner et al. 2003). The 
system (the ball) can exist in one of two regimes (Figure 3.1a). A threshold 
of an impact separates the two regimes, so that once the threshold is 
breached, the system moves to its alternate regime. The steepness of the 
basin walls depicts the strengths of stabilising feedbacks that define the 
resilience of that regime to its impacts. Strong stabilising feedbacks deepen 
the basin of attraction (Figure 3.1b), so it takes a greater impact to breach 
the threshold. Weak feedbacks result in a reduced capacity to resist the 
impact (Figure 3.1c), increasing the likelihood of shifting between regimes.  
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Figure 3.1. The ball-in-a-
basin model showing the 
importance of feedback 
loops in controlling the 
trajectory of systems 
between alternate regimes. 
The system is represented 
by the ball, which can exist 
in one of two regimes (the 
basins) separated by a 
threshold (a). Feedbacks 
control the trajectory of the 
system between regimes 
with strong stabilising 
feedbacks (b) providing 
greater resilience for each 
regime requiring a larger 
impact to breach the 
threshold than a system 
governed by weaker 
feedbacks (c) [adapted from 
Beisner et al. 2003]. 

Depending on the strength of the feedbacks and the position of the system 
relative to the threshold, a small increase in impact can cause the regime to 
shift because the stabilising effects of the feedback processes are overcome 
(Scheffer et al. 2001). The new regime is defined by a different set of 
feedbacks, which leads to changes in system structure and function so that 
recovery back to the original regime cannot occur by a reversal of the 
responsible impacts. Instead, recovery requires an understanding of the 
new set of relationships between its feedbacks and the structure of the 
regime (e.g. Suding et al. 2004). 

Since the identification of feedbacks as key regulators of resilience, many 
studies have identified feedbacks in a wide range of systems including the 
examples provided in more detail below. But direct experimental 
manipulations of feedback processes have not yet been applied to 
predicting regime shifts or to the empirical field assessment of ecological 
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resilience. Instead, recent research has focused on predicting regime shifts 
using statistical cues in large datasets (e.g. Scheffer et al. 2009), such as 
rising variance (Carpenter & Brock 2006) and changing skewness (Guttal & 
Jayaprakash 2008). However, the data sets available for these types of 
predictions rarely include variables that measure the mechanisms driving 
regime shifts (Collie et al. 2004), so predicting the risk of regime shift 
depends on the relevance of the variables available (Thrush et al. 2009). 

The need to understand feedbacks to forecast regime shifts has been 
suggested by studies outlining experimental frameworks for measuring 
system resilience (e.g. Cumming et al. 2005; deYoung et al. 2008; Thrush et 
al. 2009). These frameworks suggest that testing the relationships between 
system components like impacts and ecosystem structure is key to 
measuring system resilience.  

Implementing those frameworks and adopting an experimental approach to 
measuring resilience using real ecosystems has proven to be extremely 
difficult (e.g. Thrush et al. 2009). However, early warning signals of regime 
shift were evident in experimentally manipulated food webs in lakes 
following the introduction of top predators (Carpenter et al. 2011) and in 
two cyanobacterial populations where the recovery from a perturbation 
slowed as the system came close to a tipping point (Veraart et al. 2011) 
(Table 3.1). Of the studies that have adopted an experimental approach to 
measuring resilience, few have tested the efficiency of feedback loops in 
maintaining system structure and function as suggested by the exploratory 
frameworks. One exception is the role that feedbacks play between plants 
and soil organisms in driving community composition and ecosystem 
function, where researchers have used experimental manipulations to show 
how plants alter the abiotic and biotic properties of the soil that, in turn, 
influences plant development and productivity (e.g. Ehrenfeld et al. 2005). 
Generally however, manipulative experimental studies that emphasise the 
importance of the role feedbacks play in enhancing resilience are lacking. 
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Table 3.1. Current methods for predicting or measuring resilience. 

Method Description Example 

Statistical signals 
Rising variance Increases in variability of ecosystems of lake-water 

phosphorus was discernible prior to regime shift to 
eutrophic conditions 

Carpenter & Brock 
(2006) 

Changing 
skewness 

Changes in asymmetry in the distribution of time series 
monitoring data provided a reliable early warning signal of 
regime shift tested on historical climate data from the 
Sahara. 

Guttal & 
Jayaprakash 
(2008) 

Mathematical 
methods 

Provides a review of the mathematical methods to detect 
shifts in time series data including shifts in; the mean, the 
variance, the frequency structure and the system  

Rodionov (2005) 

Regime shift 
analysis 

Uses extensive time series data from both biotic and abiotic 
indicators, to detect shifts in the North Pacific in 1977 and 
1989 

Hare & Mantua 
(2000), Weijerman 
et al. (2005) 

Step change 
detection 

Detection of step changes in the mean level of time series 
data using parametric or non-parametric methods. 
Commonly used with climate data 

Reviewed in 
Andersen et al. 
(2009) 

Conditional 
heteroscedasticity 

Using ecological models with and without transitions 
present showed that all time series approaching regime 
shifts contained conditional heteroscedasticity.   

Seekell et al. 
(2011) 

Iterative method Analysed interventions and structural breaks in marine 
and fish catch time series data to detect shifts 

Groger et al. (2011) 

Experimental 
tests 
Whole of system Experimentally induces a lake food web towards regimes 

shift through the addition of top predators and comparing 
the results with reference lakes.  

Carpenter et al. 
(2011) 

Recovery rates 
(critical slowing 
down) 

Provides experimental evidence that recovery rates 
approach zero in living systems using cyanobacterial 
populations in microcosms. 

Veraat et al. (2011) 

Experimentally showed that populations crossing
transition points following perturbation show statistical 
signatures of critical slowing down when compared with 
unperturbed populations  

Drake & Griffin 
(2010) 

Patch size 
distribution 

Showed using field data and modelling that vegetation 
patch size distribution changes with different grazing 
pressures and following analysis, proposed that patch size 
distributions may be an early warning signal for 
desertification 

Kefi et al. (2007) 

Functional group 
assessment 

Community resilience in grassland birds showed that 
systems with a full complement of species can sustain 
considerable species losses without affecting the 
distribution of functions 

Sundstrom et al. 
(2012) 

Response 
diversity 

Response diversity within functional groups is critical for 
resilience (e.g. in arid rangelands) 

Chillo et al. (2011) 

Quantifying plant-
soil feedbacks for 
community  

Plant-soil feedbacks quantified as driving soil community 
composition, vegetation diversity and ecosystem 
functioning.  

Ehrenfeld et al. 
(2005), Pernilla-
Brinkman et al. 
(2010) 
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Examples of feedbacks in ecosystems 

To provide a framework for the development of testable hypotheses that 
includes feedbacks as key components of resilience, we present the 
following four examples from ecosystems central to the development of 
resilience theory. We provide a short synopsis of each, based on key 
reviews, to highlight how feedbacks confer resilience.  

Coral Reefs 

Degraded coral reef systems move between two regimes, coral and 
macroalgae dominated (e.g. Hughes et al. 2010). In the coral dominated 
regime, grazing and the lack of nutrients limit algal growth and biomass. 
These conditions promote the production and recruitment of juvenile corals 
which perpetuates coral dominance. When grazers are removed or the 
system becomes eutrophic, resulting macroalgal growth prevents coral 
recruitment by shading, outcompeting them for space, destabilising 
microbial communities and promoting disease (e.g. Elmqvist et al. 2003). 
This further enhances macroalgal dominance and regime resilience. 

Coastal Lagoons 

Some coastal lagoons can exist in two regimes; oligotrophic lagoons 
dominated by meadows of seagrasses and modified systems dominated by 
phytoplankton and macroalgae (e.g. Viaroli et al. 2008). In the pristine 
regime, seagrasses maintain clear water by stabilising sediments and 
moderating water column nutrients, which serve to improve the light 
conditions for further seagrass growth. Eutrophication favours faster 
growing macroalgae and phytoplankton that outcompete seagrass for space 
and light, perpetuating algal dominance (Figure 3.2a). 

Shallow lakes 

In shallow lakes, feedbacks loops control at least two regimes, clear water 
and turbid water dominated, each stabilised by a different set of feedbacks 
(e.g. Carpenter et al. 1992). The clear water regime is characterised by 
extensive beds of macrophytes that limit the release of phosphorus into the 
water column from the sediment, restricting growth of phytoplankton and 
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maintaining water clarity. In the turbid regime, external inputs of 
phosphorus reduce the efficiency of that feedback loop, providing a nutrient 
source for phytoplankton growth and reducing light available for 
macrophyte growth. Eutrophication increases food sources for bottom 
feeding fish, which damage macrophytes and resuspend sediments, further 
reducing light availability. The reduction in macrophytes perpetuates the 
turbid regime through the resuspension of sediments and ongoing release 
of phosphorus, regardless of further external inputs.  

Semi-arid grasslands 

In semi-arid grassland habitats, plant-soil feedback loops control the 
stability of three regimes 1) grass-dominated, 2) bare soil (e.g. Rietkerk & 
van de Koppel 1997) or 3) woody vegetation dominated regimes (e.g. 
Walker et al. 1981). When dominated by grass, water more easily infiltrates 
the soil, leading to retention of soil nutrients and a perpetuation of grass 
growth. If plant cover declines, through overgrazing or removal, less water 
is retained, and soil nutrients are depleted via water and wind erosion. The 
reduction in water and nutrients decreases grass cover. In the woody 
vegetation dominated regime, woody vegetation competes for water in the 
surface layers of the soil with grass, but has additional access to deeper 
water sources. As soil permeability is reduced following removal, grasses 
cannot recolonize and woody vegetation begins to dominate, further 
excluding grass species.  

Defining key components of ecosystems regulated by 
feedbacks 
There are three components common to each of the example ecosystems. 
These are: impacts, feedback processes and regime response variables 
(sensu Holling 1973). Table 3.2 defines the ecosystem components of the 
four examples given above. Impacts threaten the structure or functionality 
of the regime. They can be acute, for example large and destructive storms 
that affect regime stability immediately, or gradual, operating over decades 
or longer (Beisner et al. 2003). Regime response variables are the indicators 
used to describe the status of the regime. These variables are often used to 
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describe the health of a system for management purposes and typically 
include indicators like habitat cover, abundance or biomass (e.g. for coral 
reefs Hughes et al. 2010). Feedbacks control the impact to either lessen or 
enhance its effect on the regime response variable, providing the 
mechanisms underlying the regime’s resilience (Figure 3.2b).  
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Table 3.2. Examples of feedbacks in five ecosystems. Each example is broken up into three general regime components: impacts, feedback 
processes and regime response variables. Traditional monitoring programs generally measure impacts and response variables.  

Coral Reefsa Coastal lagoonsb Shallow lakesc Semi-arid grasslandsd 

Impact Eutrophication, removal of 
grazers 

Eutrophication Phosphorus inputs Grazing, grass removal 

Feedback 
processes 

Grazing rates, coral 
recruitment, algal growth 
rates 

Sedimentation rates, 
sediment sulphate 
reduction, phytoplankton 
growth rates 

Phytoplankton growth, 
benthic feeding rates 

Water retention and soil 
nutrient uptake 

Regime 
response 

Coral cover, macroalgal cover Seagrass biomass, algal 
cover 

Macrophyte cover Grass cover 

a Hughes et al. 2010, b Viaroli et al. 2008, c Carpenter et al. 1992, d Rietkerk and van de Koppel 1997, Walker et al. 1981 
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Figure 3.2. In coastal lagoon systems, seagrasses mitigate eutrophication by 
reducing sediment and nutrients in the water column and outcompeting algae for 
space. As eutrophication increases, those processes are overwhelmed, accelerating 
algal growth (a). There are predictable relationships between impacts, feedback 
processes and response variables (b). When an impact is below threshold levels, 
feedback processes have a positive effect on the regime response variable 
(represented by green (positive) and red (negative) arrows), which in turn has a 
positive effect on the feedback processes. When the impact exceeds the threshold, it 
has a negative effect on feedback process levels, which leads to further decreases in 
the regime response.  
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Each of the three components of resilience is related and impacts can 
ultimately affect the response variable. Variations in the response variable 
will alter the strength of feedback processes, changing their mitigating effect 
on the impact. Despite the connection between the three components, the 
relationships are difficult to predict without the simultaneous understanding 
of all three. We propose that regimes have predictable relationships among 
these components that can be used to develop testable hypotheses to 
measure the resilience of the regime.  

Developing testable hypotheses using general system 
components 
The response of the three components following increasing impact is 
outlined in Figure 3.3. Resilient regimes (Figure 3.3 a-f) have strong feedback 
processes that enable the regime to resist impact and maintain structure. As 
impact levels increase (Figure 3.3a & d), rates of the mitigating feedback 
processes also increase (Figure 3.3b) buffering the regime structure from 
that impact and resulting in little change to the response variables (Figure 
3.3c). Because the system remains in the initial regime and is resilient to 
impact, the feedback process rates that drive the alternate regime will not be 
present or will be minimal (Figure 3.3e). Similarly, the regime response 
variable that characterises the alternate regime will not be present or will be 
minimal (Figure 3.3f).  

If levels of impact exceed the threshold value and the system shifts towards 
its alternate regime (Figure 3.3g-l), then the relationships between the three 
system components will change. As impact levels increase (Figure 3.3g & j), 
feedback process rates will not increase in Regime 1 (Figure 3.3h) resulting 
in the response variable decreasing (Figure 3.3i). As the regime continues to 
shift, the feedbacks become less efficient, further accelerating the decrease in 
the response variable. At the same time, the feedback processes (Figure 3.3k) 
and the response variables (Figure 3.3l) that define the alternate regime will 
increase.  
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Figure 3.3. Hypotheses about resilience to impacts can be tested by focusing on the 
three key components of a system. By measuring the levels of stabilising feedback 
processes and regime response variables concurrently in response to increasing 
impacts, the system can be defined as resilient (a-f) or non-resilient (g-l) regimes. In 
resilient systems, feedbacks processes will increase to mitigate the effect of the 
impact, in non-resilient systems, they won’t. The relationships depicted between 
components are examples and may take other shapes.  

a)

b)

c)

d)

e)

f)

Time

Time Time

Initial
regime

Alternate
regime

Resilient systems

Non-resilient systems

Impact
levels

Feedback
process
levels

Regime
response
variable

Impact
levels

Feedback
process
levels

Regime
response
variable

Time

g)

h)

i)

j)

k)

l)



Chapter 3- Resilience framework      69 

To explain this in the context of the coastal lagoon example (Table 3.2), the 
seagrass dominated regime is impacted by eutrophication (Viaroli et al 
2008). As the system becomes eutrophied (e.g. Figure 3.3a) and 
phytoplankton biomass increases, seagrasses act as traps, enhancing the 
feedback process levels by increasing sedimentation rates, increasing organic 
content, and thereby improving the condition of the sediments (e.g. Figure 
3.3b) that support the persistence of seagrass biomass (e.g. Figure 3.3c). 
Macroalgae cannot compete for space or nutrients, thus showing no change 
(e.g. Figure 3.3f).  

If the system becomes too eutrophied, the system begins to move towards 
the alternate regime dominated by macroalgae. Particles in the water column 
exceed that which can be effectively trapped by the seagrass so 
sedimentation rates are maximized and therefore do not increase (e.g. Figure 
3.3h). The light available to the seagrass diminishes which, in turn, causes 
seagrass biomass to decrease (e.g. Figure 3.3i).  As biomass decreases, 
resuspension of sediments increases (e.g. Figure 3.3k), accelerating loss of 
seagrass and increasing macroalgal growth (e.g. Figure 3.3l).  

Measuring the three components of each regime concurrently allows the 
relationships between each to be analysed statistically (Figure 3.4). As a 
result of the relationships presented in Figure 3.3, in resilient systems the 
impact and feedback process levels will be correlated (Figure 3.4a). As there 
is no change to the regime response variable resulting from the stabilising 
effect of the feedback processes, there is no correlation between the response 
variable and impact levels (Figure 3.4b). Because the system remains in its 
original regime, there is no correlation between feedback processes and 
impact levels (Figure 3.4c) or between the response variables and impacts 
levels (Figure 3.4d) of the alternate regime components. In non-resilient 
systems, there is no correlation between impact levels and levels of feedback 
processes (Figure 3.4e) because the impact levels overwhelm the capacity of 
feedback processes to mitigate the impact. The regime response variable 
decreases along with the feedback rates and will therefore be correlated 
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(Figure 3.4f). As the system shifts between regimes, the feedback processes 
that stabilise the alternate regime increase with the both the impact (Figure 
3.4g) and regime response variables and are therefore correlated (Figure 
3.4h). 

Figure 3.4. Measuring the three components concurrently allows the relationships 
between each component to be analysed statistically. In resilient systems (a-d), 
stabilising feedback process levels are correlated with impact (a). In non-resilient 
systems (e-h), feedback processes cannot mitigate impact so are not correlated (e). 
Instead the feedback processes are correlated with the subsequent decrease in the 
regime response variable (f).  
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Measured over time, the relationship among these variables can help to 
determine where on the trajectory between regimes a system lies. We 
present the correlations between components in Figure 3.4 as linear 
relationships but the shape of the relationship could take other forms 
depending on the nature of the impact. Singular impacts might elicit a linear 
response like that shown in Figure 3.4 (Beisner et al. 2003). However 
multiple, interacting impacts or impacts acting at different scales might 
change the nature of the relationship (Peters 2004), highlighting the 
importance of a conceptual understanding of the system or a more 
manipulative experimental approach to explore the relationships between 
system components in more detail.  

The regime response variable may exhibit a time lag following an increase in 
impact levels, requiring more complex analysis than the correlations 
between regime components shown in Figure 3.4. Various statistical tools, 
like time lag analysis, are available to compensate for this (Collins et al. 
2000). The overall expectation nevertheless remains that the rates of the 
feedback processes will correlate in some manner with changes in impact 
levels.  

Measuring the response of feedbacks to impact to interpret the risk of regime 
shift requires the system to be sufficiently impacted. Experimentally inducing 
a system into a regime shift is difficult and likely or impractical for large scale 
systems but we suggest two possible options. Firstly, monitoring the system 
using our framework over a temporal scale that spans a range of impact 
levels from low to high. This could then be combined with a quantitative 
ecosystem modelling framework to extend the component relationships 
toward regime shift (e.g. Marzloff et al. 2011). Secondly, if replicate systems 
are present (e.g. multiple shallow lakes or lagoons) where the system exists 
in its alternate regime, then monitoring the components of each regime 
concurrently provides a benchmark of component levels which spans the 
best and worst cases. Combined with regular monitoring over different 
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impact levels this approach provides an additional assessment of system 
resilience.  

Conclusions 

Resilience theory is becoming increasingly refined (Bennett et al. 2005). 
However, measuring resilience has proven difficult, as testable components 
of systems that confer resilience have been difficult to determine (Carpenter 
et al. 2005). Our framework provides a testable hypothesis to apply in 
experimental tests of resilience in real ecosystems.  

To apply the framework, three system components need to be defined and 
measured. This will be easier in systems that are better understood. Although 
identifying feedback processes in poorly studied systems will be difficult, in 
these cases, our framework will help to highlight where to focus further 
investigation to enable measurement of resilience. Dividing ecosystems into 
the components that determine resilience highlights the importance of the 
linkages between impacts, system processes and regime response as 
suggested by multiple studies (e.g. Bennett et al. 2005; Carpenter et al. 2005; 
deYoung et al. 2008). Our framework takes this a step further and suggests a 
commonality between ecosystems in the expected relationships between 
components. We therefore expect this framework to be useful for the 
application of resilience theories to monitoring and management strategies.  

With increasing anthropogenic pressures on the environment, and increasing 
risk of regime shift (Steffen et al. 2004), managing ecosystems to enhance 
their resilience is becoming more important. Traditional ecological 
monitoring strategies typically focus on ecosystem condition assessment (e.g. 
Barbour et al. 1999; ANZECC 2000; Strobel & Heitmuller 2001), which uses 
parameters akin to our regime response variables (e.g. habitat cover) and 
measures impact but does not provide an indication of a system’s resilience 
(Hughes et al. 2010). For example, a system recovering to its original regime 
can have substantially lower levels of response variables than one on a 
trajectory toward the alternate regime.   
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Defining the structure of the system, the type and extent of impacts and the 
feedback processes that confer resilience is, therefore, key for managing 
ecosystems for resilience (Beisner et al. 2003, de Young et al. 2008). 
Traditional approaches to system restoration have focused on reversing the 
impacts that led to the initial regime shift, which in turn has often led to 
inconsistent and unexpected recovery trajectories (Suding et al. 2004). 
Incorporating an understanding of how feedback processes vary with the 
transition between regimes into monitoring programs will help in the 
management of impacts to ecosystems.  
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Chapter 4 

Empirical measurement of the critical 
relationships between impact and feedback 
processes for ecological resilience 

This chapter includes a co-authored paper that has been submitted. My 
contribution involved: designing the study, conducting the fieldwork and the 
analysis, interpretation of the results and writing the manuscript. The 
bibliographic details of the co-authored submitted paper, including all 
authors, is: 

Maxwell PS, Olds AD, Pitt KA, Burfeind DD & Connolly RM (submitted) 
Empirical measurement of the critical relationships between impact and 
feedback processes for ecological resilience.  
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Abstract 

The theoretical understanding of trajectories between ecosystem regimes 
emphasises that the relationship between disturbances and ecosystem 
response is regulated by reinforcing feedback processes that can mitigate the 
negative effect of the impact. We used seagrass dominated ecosystems as a 
model to test how the relationship between feedback processes and changing 
impact can be used to indicate the decline or persistence of ecosystem 
response variables following a major flood. We defined a resilient seagrass 
meadow as one where seagrass biomass did not change following the flood. 
We showed that for meadows where seagrass biomass did not decline, there 
was a strong correlation between feedback process levels and impact levels. 
In contrast, at meadows where biomass did decline, there was no 
relationship between feedback process levels and impact levels. 
Interestingly, it was the seagrass meadows most highly impacted by the flood 
that were shown to be more resilient. Our results show that the relationship 
between ecosystem components can be used to test the resilience of 
seagrasses in response to changing impact which has implications for 
measuring resilience in ecosystems generally.  
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Introduction 
Ecological resilience is the capacity of an ecosystem to resist or recover from 
impact without changing structure or function (Walker et al. 2004). 
Ecosystems often lose this capacity abruptly (Scheffer et al. 2001), resulting 
in shifts to alternate regimes. Our understanding of the causal mechanisms of 
the trajectories between alternative regimes is hindered by the complex and 
adaptive relationships between the key components of ecosystems, which are 
characterised by impacts, multiple regimes and internal reinforcing 
mechanisms called feedbacks (e.g. Holling 1973; May 1977). This complexity 
has led to a disparity between resilience theory and the development of 
testable hypotheses that can allow us to test and measure resilience 
empirically (e.g. deYoung et al. 2008). 

To progress resilience research toward testable hypotheses, recent studies 
have suggested using a combination of modelling and empirical tests to 
develop a practical framework, which focuses on the stabilizing processes 
that enhance ecological resilience (Thrush et al. 2009). In ecosystems that 
exhibit non-linear trajectories between regimes, feedback loops are 
considered key components that control regime resistance by mitigating 
some of the negative effects of impacts (e.g. Carpenter et al. 1992; Scheffer et 
al. 2001; Hughes et al. 2010). Whilst recent reviews have discussed the types 
of feedbacks present in ecosystems and emphasised their role in ecological 
resilience (e.g. Nyström et al. 2012), the mechanism by which feedback 
processes underpin ecological resilience is yet to be tested empirically.  

In ecosystems that rely on habitat forming species which exert a strong 
positive influence on the environment, feedbacks are driven by interactions 
between organisms and the non-biological components of an ecosystem 
(Scheffer et al. 2001). If these feedbacks are overwhelmed and the habitat 
forming species begins to decline, environmental conditions can become 
increasingly unsuitable and may ultimately result in a new regime, often with 
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an alternate set of reinforcing feedbacks that prevents recovery to the 
original regime (e.g. van de Koppel et al. 1997). 

Seagrasses are a dominant habitat forming species in soft sediment shallow 
coastal waters (e.g. Larkum et al. 2006). They are a good subject for field tests 
of ecological resilience as they often display non-linear trajectories between 
distinct regimes, primarily seagrass dominance, algal dominance or 
unvegetated substrate (e.g. van der Heide et al. 2007; Viaroli et al. 2008). 
Seagrasses are in global decline (Waycott et al. 2009) due to a range of 
impacts including deteriorating water quality (e.g. Burkholder et al. 2007) 
and severe weather events such as hurricanes and flooding (Orth et al. 
2006b). One of the central paradigms in seagrass ecology is that seagrasses 
provide high value ecological services in shallow coastal areas by controlling 
the environmental conditions required for persistent growth (e.g. Siebert & 
Branch 2006; Bos et al. 2007). Three of the most frequently cited examples of 
this effect represent feedback loops that improve environmental conditions 
and perpetuate seagrass growth. First, seagrasses stabilise benthic sediments 
and baffle particles suspended in the water column (e.g. de Boer 2007), 
limiting resuspension and increasing light availability. Second, seagrass 
meadows and their microbial communities sequester nutrients from the 
water column (e.g. McGlathery et al. 2007). This limits the amount of 
nutrients available for phytoplankton and epiphytic macroalgae and thus 
increases light available for seagrass growth. Nutrient sequestration 
maintains the dominance of seagrasses under low to medium nutrient 
loading which can shift to algal domination at high nutrient levels once 
biogeochemical processes breakdown (e.g. Viaroli et al. 2008). Third, 
seagrass provides habitat for algal grazers (e.g. Heck & Valentine 2006), 
which reduce the negative effects of algal overgrowth and increase the area 
of leaf available for photosynthesis (Whalen et al. 2012).  

In this paper, we test how the relationship between reinforcing feedback 
processes and environmental conditions can be used to indicate either 
seagrass decline (non-resilient meadows) or persistence (resilient meadows) 
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following perturbation. We determined how the three key feedback 
processes (i.e. sediment resuspension, nutrient uptake and grazing rates) 
vary in response to severe flooding, which devastated eastern Australia in Jan 
2011 and specifically affected subtropical seagrass.  This was examined by 
quantifying the rates of feedback processes in meadows that experienced 
different levels of flood impact and supported different levels of initial 
seagrass biomass. Higher seagrass biomass has a significant positive 
influence on sediment trapping (Bos et al. 2007), nutrient filtration (e.g. 
Thomas et al. 2000) and herbivore abundance (e.g. Fonseca & Kenworthy 
1987) at the meadow scale. Therefore, we hypothesised that meadows with a 
higher starting biomass would have higher rates of the three feedback 
processes. We then assessed the nature of the relationships between the 
three ecosystem components (i.e. the feedback processes, environmental 
impact and the response of seagrass biomass) at each meadow following the 
flood. We hypothesised that, a) at the meadows where seagrass biomass did 
not change following the flood (i.e. resilient meadows), the feedback 
processes would cope with the level of disturbance and, therefore, correlate 
with the level of impact. Conversely, it was hypothesised that, b) at the 
meadows where biomass decreased following the flood (i.e. non-resilient 
meadows), the feedback processes would be overwhelmed and therefore not 
correlate with impact levels. Consequently, it was also anticipated that the 
decline in seagrass biomass would correlate with the level of impact 
following the flood. We expected that seagrass biomass would decline at 
meadows with lower starting biomass that were highly impacted by the 
flood, thereby exhibiting the set of relationships outlined in hypothesis (b). 

Methods 

Study area and timing 

Moreton Bay in southeast Queensland (-27.250, 153.250)(Figure 4.1) is a 
subtropical shallow coastal embayment that contains a mosaic of habitats 
(e.g. Olds et al. 2012a), which are impacted by multiple stressors. There is a 
strong water quality gradient across the bay with elevated nutrients and 
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poor light availability in the western and southern zones adjacent to riverine 
discharge (EHMP 2010). In contrast, the bay’s eastern zone is well flushed by 
oceanic water and is typically nutrient limited with saturating light levels and 
low water residence times.  The Brisbane River is the largest river that 
discharges into Moreton Bay (Figure 4.1) and typically contains nutrient and 
sediment levels well above local and national water quality guidelines (EHMP 
2010). Discharged river water runs north from the mouth into Bramble and 
Deception Bays.  

Figure 4.1. Map of Moreton Bay showing sample locations following the 2011 
Brisbane River flood (Roelfsema et al. 2009). The flood plum heavily impacted 
meadows in Deception Bay and Waterloo Bay.  
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The 2011 flood in Moreton Bay was the largest flood in 37 years (van den 
Honert & McAneney 2011). Following the flood, we measured three groups of 
variables to test our hypotheses: water quality (as a key indicator of impact), 
the three feedback processes (nutrient sequestration, sediment baffling and 
grazing) and seagrass biomass (as an indicator of regime response to 
impact). Each parameter was measured from fifteen locations in Moreton Bay 
(Figure 4.1).  The locations were grouped into five meadow types with three 
replicate locations in each: meadows with high flood impact with high (1) 
and low (2) biomass, meadows with lower flood impact with high (3) and low 
(4) biomass, and unvegetated areas (5).  

Seagrass locations were categorised as either high or low biomass on the 
basis of biomass data collected in Feb 2011. Locations in the high biomass 
category contained an average total biomass of 208 g DW m-2, the low 
category 87 g DW m-2. Locations were allocated as high or low impact by 
ranking each meadow according to the water quality conditions in the week 
following the rainfall that caused the flood in Jan 2011. The rank was based 
on the Principal Components Analysis (PCA) score calculated from three 
water quality parameters (salinity, secchi disc depth and total nitrogen) for 
each meadow in Jan 2011 (see Appendix S4.1 in Supporting Information). 
The six meadows with the poorest water quality were allocated to the “high 
flood impact” category.  

Seagrass meadows were dominated by the eelgrass, Zostera muelleri, Irmish 
ex Aschers, the most common species in the bay (Roelfsema et al. 2013). All 
locations were sampled at a depth of 0.5 - 1.0 m below lowest astronomical 
tide and at least 10 m from the edge of meadows. As the tidal range in 
Moreton Bay is approximately 1.5 – 2.0 m, maximum submergence of 
seagrasses at the highest astronomical tide was approximately 2.5 – 3 m.  
Locations were sampled four times throughout 2011 (Feb, May, Aug, Dec) 
during neap tides, following the flood in Jan 2011.  
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Water quality sampling to determine the impact of the flood 

Water quality data were collected to assess the level of impact following the 
flood (Appendix S4.1 & S4.2). Water quality variables were measured 
adjacent to each meadow by a local monitoring program (e.g. EHMP 2010), 
which collects monthly water quality samples in Moreton Bay. To quantify 
the level of flood impact, we used a combination of benthic salinity, secchi 
disc depth and total nitrogen (TN). These indicators represented freshwater 
inflow (benthic salinity), water clarity and hence light penetration (secchi 
disc depth) and nutrient load (TN). Poor water quality was defined as lower 
benthic salinity and secchi disc depth and higher TN.  

Feedback process measurements 
We quantified three processes that form feedback loops in seagrass meadows 
at each of the locations; 1) nutrient uptake from the water column, 2) 
sediment resuspension and 3) grazing on algae. Further information is 
available in Appendix S4.4). Briefly, to measure nutrient uptake, three 
replicate transparent Perspex domes (diameter = 29.5 cm, height = 20 cm 
above the sediment interface) were deployed at each location for five hours 
between 8:30am and 2:30pm. Water samples for nutrient analyses were 
collected at the start and the end of the five hour incubations. Sediment 
resuspension was estimated using light attenuation measured at two depths, 
0.2 m (approximate height of the highest seagrass canopy) and 0.8m at each 
location using photosynthetic irradiance (PAR) loggers. Grazing potential at 
each location was estimated by measuring the consumption of a common 
species of red alga, Catenella nipae, which grows on the pneumatophores of 
the mangroves Avicennia marina. Twelve pneumatophores with epiphytic 
algae (algal units) were weighed before and after being deployed at each 
location for 72 hours.  The weight of each pneumatophore (i.e. devoid of 
algae) was subsequently subtracted from the total weight of each algal unit 
so that the percentage of algae consumed could be calculated. 
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Seagrass biomass measurements 

In each sampling period, 15 cores (13.5 cm diameter) of Z. muelleri were 
collected haphazardly from each meadow, rinsed clean of sediment, and 
stored frozen. Above ground tissue was separated from below ground tissue 
in six cores from each meadow. Epiphytes were carefully scraped from each 
leaf. Leaf length and width was measured before the sample was dried at 600 

C for 48 hours and weighed to get an estimate of total biomass. Epiphyte 
biomass was intended to be included in the analysis, however the amount 
removed from all meadows was too small to permit analysis. To determine 
whether any differences in feedback rates between meadow categories could 
be explained by the characteristics of the meadow, we quantified variation in 
four indicators: 1) leaf height; 2) leaf width; 3) total leaf chlorophyll; and 4) 
sediment chlorophyll-a (as an indicator of benthic microalgae) (Grinham et 
al. 2007) (Appendix S5.5).  

Statistical analysis 

We used a multivariate approach to determine if water quality and feedback 
process rates differed among the five meadow categories over time following 
the flood. Each group of indicators (i.e. water quality impact indicators and 
feedback processes) were compared among meadows and sampling periods 
with a two-way PERMANOVA with month and meadow category as fixed 
factors. For significant factors, pairwise tests were performed to identify 
which treatments differed. All multivariate analyses were based on Euclidean 
(log x +1) similarity measures, which include joint absences and are 
therefore appropriate for examining environmental data (Anderson et al. 
2011), and conducted in PRIMER. Two-way ANOVA was used to determine if 
total seagrass biomass differed among the treatments, with month and 
meadow category set as fixed factors. For significant factors, pairwise tests 
were performed to identify which treatments differed. To examine whether 
the relationship between water quality and feedback process rates could 
predict variation in seagrass biomass following the flood, we ran correlations 
between the three groups of variables (i.e. impact, feedback process and 
regime response) for each meadow category using RELATE analyses. RELATE 



Chapter 4- Measuring resilience  83 

tests for correlation in the structure of different multivariate resemblance 
matrices on the basis of spearman correlation tests (Anderson et al. 2008). 
To test if variation in feedback processes among meadow categories over 
time was correlated with location characteristics, we also ran correlations 
between the feedback processes and location characteristics using RELATE 
analyses.  

Results 
Effect of the flood on water quality 

The Jan 2011 flood had a significant negative effect on water quality in 
Moreton Bay, which was the poorest recorded in the bay since 2002 
(Appendix S4.1; Figure S4.1, Table S4.1 & S4.2). Water quality following the 
flood varied significantly with meadow category and between sampling 
periods (Appendix S4.2; Figure S4.2, Table S4.3 & S4.4).  

Variation in total seagrass biomass post-flood and between meadow 

categories  

The pattern of variation in seagrass biomass over time, but this differed 
between meadow categories, depicted by a significant interaction between 
meadow category and month (F= 2.94, p=0.003) (Appendix S4.3; Figure S4.3, 
Table S4.5). Biomass did not decrease significantly over time at high impact 
meadows with either high or low biomass (Table S4.6). Biomass decreased 
significantly over time at locations with lower impact and high biomass, with 
the values significantly different between the Feb sampling period and all 
other sampling periods (Figure S4.3, Table S4.6).  

The effect of seagrass biomass and level of impact on feedback 

processes following flood 

Feedback process rates were influenced by meadow category (F = 3.91, 
p=0.001) (Figure 4.2a, Appendix S4.4; Table S4.7). Surprisingly, high biomass 
meadows with high flood impact had significantly higher process rates than 
meadows with low impact, regardless of biomass (Appendix S4.4; Table 
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S4.8). Process rates did not differ between high and low biomass meadows at 
either level of impact (Figure 4.2b-d, Appendix S4.4; Table S4.8). Process 
rates in unvegetated areas were significantly lower from those in all seagrass 
meadows (Appendix S4.4; Table S4.8).  

Feedback process rates changed over the four sampling periods (F=6.67, 
p=0.001) (Figure 4.2e). Process rates were significantly higher immediately 
after the flood (February 2011) than the rest of the year (Figure 4.2f-h, 
Appendix S4.4; Table S4.8). Process rates decreased through May and July, 
and increased again in December (Appendix S4.4; Table S4.8).  
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Figure 4.2. Variation in the three feedback processes following the Jan 2011 flood 
including a-b) Canonical Analysis of Principal coordinates (CAP) centroid score for 
each meadow category and month to illustrate the results of the PERMANOVA 
(Table S4.3 and S4.4); c-d) grazing rates; e-f) light attenuation (greater negative 
values indicates less light available); g-h) nutrient (DIN) uptake. Left hand panels 
show the mean (±SE) of the three locations per category for all months sampled, 
different letters indicate significantly different means in pairwise tests. Right side 
panels show mean (±SE) of all meadows for each month sampled.  
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Relationships between ecosystem components 

The test of the second hypothesis (Figure 4.3a) showed that feedback process 
rates were correlated with impact levels at high biomass meadows with high 
flood impact (RELATE R=0.63, p=0.003) (Figure 4.3b). Feedback process 
rates were also correlated with impact levels at low biomass meadows with 
high impact (RELATE R=0.55, p=0.001). Seagrass biomass was not correlated 
with impact levels at either meadow type with high impact (High BM RELATE 
R=0.08, p>0.05; Low BM RELATE R=0.01, p>0.05) and remained consistent 
throughout the sampling period.  

Feedback rates at meadows with low flood impact were not correlated with 
impact levels (High biomass, RELATE R=0.31, p>0.05; Low biomass RELATE 
R=0.16, p>0.05). At high biomass meadows with low impact, biomass 
decreased throughout the year (Figure S4.3) and correlated with impact 
levels (RELATE R=0.34, p=0.033). At low biomass meadows with low impact, 
biomass was not correlated with impact levels (RELATE R=-0.17, p>0.05). 

Relationship between feedback rates and the morphological and 

sediment characteristics of the meadow 

Variation in feedback process rates among meadow types was correlated 
with variation in leaf area, leaf chlorophyll content and sediment chlorophyll 
among treatments (RELATE R=0.28, p=0.001). Leaf area was typically 
greater, and sediment chlorophyll and leaf chlorophyll content higher at 
meadows in the high impact category (F=2.70, p=0.019). 
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Figure 4.3. Measuring ecological resilience, a) the hypothetical relationship between 
the three ecosystem components (i.e. environmental conditions, feedback process 
rates and seagrass biomass), and b) the measured relationship over the four 
sampling periods for each of the meadow categories. Each graph illustrates 
correlations between the ecosystems components using the RELATE routine in 
PRIMER. Lower environmental condition CAP scores denote good conditions. 
Trendlines, Rho and p values are only supplied for significant relationships. When 
significant, trendlines are included for each of the locations in the meadow category. 
Each point represents the Canonical Analysis of Principal co-ordinates (CAP) score 
for each location on each month (n=4). Points that are shaded differently represent 
results from the three locations in each meadow category.  
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Discussion 
The conservation and management of ecosystems are typically focussed on 
understanding how component species withstand or recover from impacts, 
with the central aim of maintaining resilient and functioning ecosystems (e.g. 
Thrush et al. 2009). While maintaining or increasing ecological resilience is 
often a core objective for management (e.g. Groffman et al. 2006), this can be 
difficult for complex ecosystems that exhibit non-linear relationships 
between impact and ecosystem response (Suding et al. 2004; Nyström et al. 
2012). Our results show that measuring the relationships between 
reinforcing feedback processes and environmental conditions in seagrass 
ecosystems can be used to measure ecological resilience. In resilient seagrass 
meadows where biomass did not decline, rates of feedback processes 
increased concurrently with the level of impact, which maintained conditions 
conducive to seagrass survival throughout the flood. In non-resilient 
meadows, however, feedback processes failed to increase as the magnitude of 
the impact increased. This resulted in conditions unsuitable for survival of 
seagrass and the biomass of seagrass declined. Consequently we suggest that 
determining whether feedback processes and levels of impact are correlated 
provides an empirical measure of resilience and could improve our ability to 
forecast the onset of regime shift.  

Field-based measurements of resilience are difficult and environmental 
managers usually have few empirical tools available to predict the likelihood 
of impending regime shifts (although see Carpenter et al. 2011). Recent 
research has identified several statistical signals that can precede regime 
shifts, for example: increasing variance (Carpenter & Brock 2006), changes in 
skewness (Guttal & Jayaprakash 2008) and rising autocorrelation (Scheffer et 
al. 2009). To provide an effective forecast, however, statistical analysis of key 
signals requires the availability of long term data sets comprised of variables 
relevant to the ensuing shift. Our results show that the response of key 
feedback processes to changes in impact levels can explain variation in 
regime response variables and thus provide a measure of system resilience.  
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Feedbacks are fundamental components of many ecosystems (e.g. Holling 
1973). The degradation or breaking down of these feedbacks can lead to 
regime shifts in many ecosystems, including: lakes (Carpenter et al. 1992), 
coral reefs (Mumby & Steneck 2008), coastal pelagic food webs (e.g. Collie et 
al. 2004), kelp forests (Steneck et al. 2002) and seagrasses (e.g. van der Heide 
et al. 2007).  The generally accepted paradigm in resilience research is that 
when the reinforcing feedbacks are broken following an impact, ecosystems 
are pushed across a threshold into an alternate regime, often characterised 
by a new set of feedbacks reinforcing the new regime (e.g. Scheffer et al. 
2001; Nyström et al. 2012). As such, the restoration to the initial regime is 
often not as simple as reversing the abiotic conditions that led to their initial 
degradation (e.g. Suding et al. 2004). Considering that many ecosystems are 
degraded or threatened, understanding the behaviour of reinforcing 
feedbacks that promote resistance by absorbing impact is critical for 
incorporating concepts of ecological resilience into environmental 
management. As is determining how to break the feedbacks that prevent 
successful restoration. We suggest that measuring the relationships between 
ecosystem components as we have done here can be used to build that 
understanding.  

The effect of seagrass biomass on the rates of feedback process in our study 
appears to be less important than the level of impact experienced by the 
meadow. This is a surprise considering the large body of the work showing 
how biomass positively supports each of the feedback processes we 
measured. For example Fonseca and Kenworthy (1987) showed that the high 
biomass slowed water currents. Reduction in water current correlates to the 
height of the plants which in turn is correlated with the amount of trapped 
particles (e.g. de Boer 2007). Seagrass biomass has a positive effect on 
nutrient uptake (e.g. Thomas et al. 2000) although it is possible that a 
significant proportion of the nutrient uptake in seagrass meadows occurs via 
alternate benthic organisms such as diatom biofilms (McGlathery et al. 2007). 
Similarly, seagrass biomass is positively correlated with the abundance of 
algal grazers in many locations (e.g. Fonseca et al. 2011). Given this evidence, 
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we surmise that the similarity in feedback process rates between high and 
low biomass categories might result from a combination of natural variation 
and the low number of meadows available in each category. This relationship 
should, therefore, be investigated further before being discounted.  

The most impacted seagrass meadows in our study resisted the flood impact 
and showed no change in biomass over the course of the next year, reflecting 
the relationship between environmental conditions and feedback process 
rates following the flood. We attribute the variation in feedback processes at 
these meadows to their difference in physiology and morphology from other 
meadows (e.g. Maxwell et al. 2014). The capacity of ecosystems to adapt to, 
or absorb, the effects of events like floods depends on the severity and 
longevity of the event (e.g. Barrett et al. 2008) and the tolerance range of the 
species present (Beierkuhnlein et al. 2011). Seagrass meadows across 
Moreton Bay exhibit significant physiological and morphological 
characteristics that vary along the chronic, west to east water quality 
gradient present in the bay (Maxwell et al. 2014). Meadows closest to river 
mouths exhibit characteristics consistent with those that maximise 
photosynthetic capacity and light capture (e.g. elevated chlorophyll content, 
greater leaf height and width), and enable plants to withstand prolonged 
periods of light deprivation (e.g. elevated non-structural carbohydrate 
reserves). Longer leaves in the most impacted meadows add structural 
complexity to the meadows, which most likely contributed to the elevated 
grazing rates (by providing shelter for grazers) and lower sediment 
resuspension (by baffling) in those meadows. Additionally, the elevated 
sediment chlorophyll concentrations, a good indicator of benthic microbial 
communities (Grinham et al. 2007), likely also contributed to the greater rate 
of nutrient uptake at those meadows. The ability of habitat forming species to 
acclimate to chronically poor conditions is, therefore, likely to improve their 
capacity to withstand severe events (e.g. Beierkuhnlein et al. 2011). This has 
important repercussions for the management of phenotypically plastic 
species like seagrasses. It shows that understanding the variable capacity of 
different ecosystems to resist impacts is vital for accurate predictions of 
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habitat response to the future predicted changes to the frequency and 
severity of severe events.   

The patterns we recorded between meadow categories suggest that 
feedbacks play a key role in mitigating impact. This finding is strengthened 
by the results from the unvegetated locations, which were included to 
represent an alternate regime to seagrass dominance.  The feedback 
processes at the three unvegetated locations were the poorest recorded 
across all locations and were not correlated with impact levels. Benthic light 
attenuation was consistently higher, suggesting greater sediment 
resuspension, grazing rates were lower and nutrient uptake was either very 
low or negative, consistent with the finding of previous observations of 
differences between seagrass and adjacent unvegetated areas (e.g. 
McGlathery et al. 2007). 

Ecosystem monitoring programs have traditionally focussed solely on 
measuring indicators that represent the structure or extent of the ecosystem 
(e.g. Hughes et al. 2010). In ecosystems containing species that strongly 
influence the prevailing environmental conditions, however, the often non-
linear relationship between impact levels and ecosystem response means 
that monitoring these types of variables may cause the onset of a regime shift 
to be overlooked. Our results show that measuring the relationships between 
reinforcing feedback processes concurrently with impact levels and regime 
response variables can improve our understanding of how ecosystems 
respond to impact, and can lead to better empirical measurements of 
ecological resilience (e.g. Thrush et al. 2009). Based on our results, we 
suggest that current protection and restoration measures, like the 
implementation of marine reserves and improvements to catchment 
sediment and nutrient loads, should be complemented by measures targeted 
at enhancing the feedback processes that confer resilience on ecosystems. 
For example, managing to enhance algal grazing rates through the protection 
of herbivores is likely to limit algal loads and improve conditions for seagrass 
growth and abundance (e.g. Whalen et al. 2012).  
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Empirical studies of ecological resilience have lagged developments in the 
theory, often relying on the interpretation of trends in historical datasets (e.g. 
Mantua 2004) or studying the drivers of regime shift after the shift has 
occurred (e.g. deYoung et al. 2008). Our study has shown that measuring the 
relationships between ecosystem components can be used as an important 
step in the practical application of resilience theory.  

Supporting Information 
Appendix S4.1- Comparison of post-flood water quality to longer-term water 
quality conditions (Table S4.1, S4.2, Fig. S4.1) 
Appendix S4.2 – Variation in water quality conditions post-flood and 
between meadow categories (Table S4.3, S4.4, Fig. S4.2) 
Appendix S4.3 – Variation in total seagrass biomass post-flood and between 
meadow categories (Table S4.5, S4.6, Fig. S4.3) 
Appendix S4.4 – The effect of biomass and proximity to impact on feedback 
processes following flood (Table S4.7, S4.8) 
Appendix S4.5 – Location characteristics 
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Appendix S4.1- Comparison of post-flood water quality to 

longer-term water quality conditions
To illustrate the magnitude of the 2011 flood relative to background water 
quality conditions, the three water quality parameters (benthic salinity, 
secchi depth and TN) averaged over three month (Jan, Feb and Mar) were 
compared for each year from 2002 to 2011, and meadow category with 
permutational multivariate analysis of variance (PERMANOVA). Year and 
meadow category were fixed factors. The results were illustrated using 
canonical analysis of principal components (CAP). This method maximises 
the separation between significant factors of interest (Anderson & Willis 
2003). 

Multivariate analysis demonstrated that water quality in the three months 
following the flood in 2011 was significantly poorer than water quality in the 
same three months for every other year since 2002 (F=13.13, p=0.001; 
Figure S4.1, Table S4.1&S4.2). Long-term water quality was significantly 
different between meadow categories (F=9.76, p=0.001; Figure S4.1, Table 
S4.1) and was poorer at the meadows that were close to the flood impact 
(Table S4.2).   

Table S4.1. Summary of permutational multivariate analyses of variance 
(PERMANOVA) examining patterns in water quality since 2002 between meadow 
categories. df, degrees of freedom, NS, non-significant 

Source of 
variation 

df F P 

Meadow category 3 9.76 0.001 
Year 10 13.13 0.001 
MC x Yr 30 0.97 NS 

Table S4.2. Summary of pair-wise tests following PERMANOVA to examine variation 
in water quality between treatments and months. A dash indicates a non-significant 
comparison. 

t P 
By meadow category 

High Imp/High BM x High Imp/Low BM 2.79 0.001 
High Imp/High BM x Low Imp/High BM 3.08 0.001 
High Imp/High BM x Low Imp/Low BM 1.69 0.044 
High Imp/Low BM x Low Imp/High BM 4.88 0.001 
High Imp/Low BM x Low Imp/Low BM 1.09 - 
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Low Imp/High BM x Low Imp/Low BM 3.99 0.001 
By year 

2011,2002 7.34 0.001 
2011,2003 7.18 0.001 
2011,2004 6.39 0.001 
2011,2005 8.35 0.001 
2011,2006 6.66 0.001 
2011,2007 7.76 0.001 
2011,2008 3.24 0.001 
2011,2009 6.48 0.001 
2011,2010 2.56 0.002 
2011,2012 2.07 0.008 
2002,2003 2.68 0.008 
2002,2004 1.85 0.047 
2002,2005 2.58 0.005 
2002,2006 1.95 0.038 
2002,2007 1.18 - 
2002,2008 3.65 0.001 
2002,2009 1.36 - 
2002,2010 3.41 0.001 
2002,2012 3.63 0.001 
2003,2004 1.18 - 
2003,2005 1.49 - 
2003,2006 2.19 0.025 
2003,2007 2.37 0.013 
2003,2008 3.69 0.001 
2003,2009 1.35 - 
2003,2010 3.28 0.001 
2003,2012 3.38 0.001 
2004,2005 1.99 0.041 
2004,2006 0.96 - 
2004,2007 2.16 0.019 
2004,2008 2.84 0.001 
2004,2009 0.96 - 
2004,2010 2.93 0.001 
2004,2012 2.87 0.001 
2005,2006 2.80 0.001 
2005,2007 1.67 - 
2005,2008 4.52 0.001 
2005,2009 1.81 - 
2005,2010 3.92 0.001 
2005,2012 4.11 0.001 
2006,2007 2.51 0.002 
2006,2008 2.76 0.001 
2006,2009 1.66 - 
2006,2010 3.19 0.001 
2006,2012 2.95 0.001 
2007,2008 4.22 0.001 
2007,2009 1.55 - 
2007,2010 3.75 0.001 
2007,2012 4.07 0.001 
2008,2009 3.21 0.002 
2008,2010 2.10 0.017 
2008,2012 1.03 - 
2009,2010 2.86 0.001 
2009,2012 3.14 0.001 
2010,2012 1.45 - 
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Figure S4.1. Summer water quality variation amongst a) years since 2002 and b) meadow categories in Moreton Bay. Points are centroid values 
based on three water quality parameters; salinity, secchi depth (indicating water clarity) and total nitrogen collected once a month from Jan, Feb and 
Mar each year. The centroid value is calculated using Canonical Analysis of Principal co-ordinates (CAP). High CAP centroid values denote poorer 
water quality.  
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Appendix S4.2. Variation in water quality conditions post-
flood and between meadow categories  

Water quality varied significantly with meadow category (F=2.45, p=0.022) 
(Table S4.3). Meadows closest to the flood plume had significantly poorer 
water quality than meadows further away (t=1.98, p=0.020) (Figure S4.2, 
Table S4.4). Water quality also varied between sampling periods (F=28.46, 
p=0.001) with the most elevated levels immediately following the flood, 
decreasing through May and August (i.e. Feb-May t=4.82, p=0.001; May-Aug 
t=2.34, p=0.024) and increasing again in December (Aug-Dec t=3.36, 
p=0.003).  

Table S4.3. Summary of permutational multivariate analyses of variance 
(PERMANOVA) examining spatial and temporal variation in water quality 
following the flood. df, degrees of freedom, NS, non-significant 
Source of variation df F P 
Meadow category 4 2.45 0.022 
Month 3 20.24 0.001 
MC x Mo 12 0.55 NS 

Table S4.4. Summary of pair-wise tests following PERMANOVA to examine 
variation in water quality between treatments and months following the flood. A 
dash indicates a non-significant comparison. 

t P 
By meadow category 

Unveg x Close High 0.65 - 
Unveg x Close Low 0.87 - 
Unveg x Far High 1.68 - 
Unveg x Far Low 0.78 - 
High Imp/High BM x High Imp/Low BM 1.16 - 
High Imp/High BM x Low Imp/High BM 1.98 0.020 
High Imp/High BM x Low Imp/Low BM 1.20 - 
High Imp/Low BM x Low Imp/High BM 2.54 0.009 
High Imp/Low BM x Low Imp/Low BM 1.06 - 
Low Imp/High BM x Low Imp/Low BM 1.19 - 

By month 
Feb x May 4.82 0.001 
Feb x Aug 5.67 0.001 
Feb x Dec 5.11 0.001 
May x Aug 2.34 0.024 
May x Dec 3.31 0.002 
Aug x Dec 3.36 0.003 
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Figure S4.2. Variation in water quality following the Jan 2011 flood including a-b) 
CAP centroid score (higher scores denote poorer water quality) for each meadow 
category and month to illustrate the results of the PERMANOVA (Table S4.3 and 
S4.4); c-d) salinity; e-f) secchi disc depth; g-h) total nitrogen. Left hand panels 
show the mean (±SE) of the three locations per category for all months sampled, 
different letters indicate significantly different means in pairwise tests. Right side 
panels show mean of all meadows for each month sampled.  
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Appendix S4.3. Variation in total seagrass biomass post-
flood and between meadow categories

Table S4.5. Summary of permutational multivariate analyses of variance 
(PERMANOVA) examining spatial and temporal variation in seagrass biomass 
following the flood. df, degrees of freedom, NS, non-significant. Note: As the 
unvegetated locations did not contain seagrass, they were not included in this 
analysis.  
Source of variation df F P 
Meadow category 3 28.87 0.001 
Month 3 5.18 0.002 
MC x Mo 9 2.94 0.003 

Table S4.6. Summary of pair-wise tests for the interaction between meadow 
category and sampling month following PERMANOVA to examine variation in the 
seagrass biomass within the meadow categories over time. A dash indicates non-
significant.   
        t P
High impact, high biomass 

Feb x May 0.84 - 
Feb x Aug 1.02 - 
Feb x Dec 1.30 - 
May x Aug 0.09 - 
May x Dec 1.58 - 
Aug x Dec 1.59 - 

High impact, low biomass 
Feb x May 1.13 - 
Feb x Aug 0.72 - 
Feb x Dec 0.87 - 
May x Aug 0.82 - 
May x Dec 1.88 - 
Aug x Dec 1.97 - 

Low impact, high biomass
Feb x May 6.63 0.03 
Feb x Aug 6.74 0.03 
Feb x Dec 7.46 0.03 
May x Aug 0.81 - 
May x Dec 0.38 - 
Aug x Dec 1.27 - 

Low impact, low biomass 
Feb x May 0.79 - 
Feb x Aug 1.61 - 
Feb x Dec 2.36 - 
May x Aug 2.12 - 
May x Dec 2.64 0.05 
Aug x Dec 1.40 - 
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Figure S4.3. Variation in the total biomass at each of the meadow categories 
following the Jan 2011 flood. Seagrass biomass varied over time differently 
between the meadow categories, depicted by a significant interaction between 
meadow category and month (F= 2.29, p=0.003; Table S4.5&S4.6). 
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Appendix S4.4. The effect of biomass and proximity to 
impact on feedback processes following flood

We quantified three processes that form feedback loops in seagrass 
meadows at each of the locations; 1) nutrient uptake from the water 
column, 2) sediment resuspension and 3) grazing on algae. To measure 
nutrient uptake, three replicate transparent Perspex domes (diameter = 
29.5 cm, height = 20 cm above the sediment interface) were deployed at 
each location for a five hour period between 8:30am and 2:30pm. 

The domes were slowly pushed 10 cm into the sediment, taking care not to 
disrupt the sediment by allowing water out through two stop cocks 
mounted on the domes. The domes were left for 20 minutes to settle prior 
to sampling. Water samples for nutrient analyses were collected at the start 
and the end of the five hour incubations, through one of the stop cocks using 
a 60 mL, Terumo brand, sterile syringe and filtered into sterile, high density 
polyethylene (HDPE) tubes using 0.45 uM (26 mm diameter) Minisart brand 
cellulose acetate filters. Sample bottles were kept on ice and then frozen in a 
clean freezer at -200 C. Throughout the incubation, the water inside the 
domes was stirred at approximately 45 rpm with a 50 mm magnetic stirring 
rod driven by a motor mounted on top of the dome. Water samples were 
analysed for species of dissolved nitrogen (ammonium, nitrate and nitrite) 
using an automated LACHAT 8000QC flow injection analyser.  

Sediment resuspension was estimated using light attenuation measured at 
two depths, 0.2 m (approximately the height of the highest seagrass canopy) 
and 0.8m at each location using Odyssey brand photosynthetic irradiance 
loggers. The loggers were calibrated against a calibration certified LiCor 
brand PAR sensor. Light was recorded at ten-minute intervals for seven 
days and loggers were cleaned after 3 days. At locations where sediment 
resuspension is higher, the light attenuation will also be greater. Light 
attenuation (Kd) in m-1 was calculated using the formula: 
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Kd = Ln (PAR at depth 1) – Ln (PAR at depth 2) / difference in depth 

As light attenuation coefficients are typically overestimated using light 
loggers at low solar angles (i.e. early and late in the day), we only used PAR 
samples logged within two hours either side of solar noon.  

Grazing potential at each location was estimated by the deployment of a 
common species of red alga, Catenella nipae, which grows on the 
pneumatophores of the mangroves Avicennia marina. The algae and 
associated pneumatophore was cut from the mangrove root on the morning 
of deployment and kept in seawater. Prior to deployment, excess water was 
removed in the field using a salad spinner and the algae and 
pneumatophore was weighed using a Pesola brand 10 or 20 g maximum 
weight mechanical spring scale. Twelve algal units were deployed at each 
location for three days and nights and then the algal units were reweighed 
using the same protocol. The pneumatophore was then weighed separately 
after removing all of the remaining algae, with the weight then subtracted 
from both the total pre- and post-deployment weights.  

Caged controls to account for algal growth over the three days were 
established at all locations for the Feb sampling period, however as no 
significant change in algal weight was detected over the deployment period, 
they were not used for the remainder of the study and won’t be discussed 
further. A procedural control was also established during the Feb sampling 
period using partial cages at one location for each of the five treatments but 
once again, as no significant change was detected, they were not used for 
the remainder of the study. 

Table S4.7 Summary of PERMANOVA examining spatial and temporal variation in 
the feedback processes. df, degrees of freedom, NS, non-significant 

Source of 
variation 

df F P 

Meadow category 4 3.91 0.001 
Month 3 6.67 0.001 
MC x Mo 12 0.81 NS 
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Table S4.8 Summary of pair-wise tests following PERMANOVA to examine 
variation in feedback processes between meadow categories and months following 
the flood. A dash indicates a non-significant comparison. 

t P 
By meadow category 

Unveg x High Imp/High BM 3.43 0.001 
Unveg x High Imp/Low BM 2.65 0.003 
Unveg x Low Imp/High BM 2.61 0.005 
Unveg x Low Imp/Low BM 1.83 0.039 
High Imp/High BM x High Imp/Low BM 1.08 - 
High Imp/High BM x Low Imp/High BM 2.02 0.013 
High Imp/High BM x Low Imp/Low BM 2.01 0.022 
High Imp/Low BM x Low Imp/High BM 1.15 - 
High Imp/Low BM x Low Imp/Low BM 1.31 - 
Low Imp/High BM x Low Imp/Low BM 0.47 - 

By month 
Feb x May 2.37 0.004 
Feb x Aug 3.39 0.001 
Feb x Dec 2.15 0.008 
May x Aug 1.66 0.039 
May x Dec 2.59 0.001 
Aug x Dec 2.82 0.001 
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Appendix S4.5. Location characteristics 

Chlorophyll a and b was extracted from two of the leaves in six of the 
remaining cores. Epiphytes were scraped from the second youngest leaf 
from two shoots in the core. A 1 cm2 section was cut, measured and ground 
in a mortar and pestle in 10 mL of 90% acetone (after Abal et al. 1994). The 
sample was left for 24 hours in the dark at 40 C and then centrifuged for 20 
minutes at 3600 rpm. The absorbance of the supernatant was measured by 
a spectrophotometer at 725, 663, and 645 nm and the concentrations of 
chlorophyll a and b calculated (Dennison 1990).   

Chlorophyll-a was extracted from benthic sediment samples taken 
randomly from each location. Three replicates were taken with samples 
collected from the top 10mm of the sediment using a 60 mL cut off syringe 
(Grinham et al. 2007). Samples were immediately put on ice in the dark and 
then stored at -200 C.  
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Chapter 5 

Phenotypic plasticity promotes persistence 
following severe events: physiological and 
morphological responses of seagrass to 
flooding 
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Abstract 

1. Severe events like floods or cyclones can have large ecological effects
on the structure and functioning of ecosystems. The capacity of an
ecosystem to adapt to, or absorb, the effects of a severe event
depends on the severity and longevity of the event and the tolerance
of the species present.

2. Seagrasses exhibit phenotypic plasticity at the plant to meadow scale
through a variety of physiological and morphological acclimations to
light stress in order to enhance photosynthetic capacity. These
acclimations provide early warning of the possible risk of larger
scale seagrass loss and can, therefore, be used in predicting how
ecosystems might respond to severe events.

3. The physiological and morphological responses of 12 seagrass
(Zostera muelleri) meadows to a severe flood were examined to test
2 main hypotheses: (1) that the physiological and morphological
characteristics of seagrass would differ between meadows along the
established chronic water quality gradient, in a pattern consistent
with prior acclimations which have been shown to enhance
photosynthetic capacity, and (2) that physiological and
morphological responses to the flood would differ among meadows
in a manner consistent with their position along the water quality
gradient.

4. Meadows had different physiological and morphological
characteristics across the water quality gradient, with meadows
subject to chronically poorer water quality exhibiting characteristics
consistent with those that maximise photosynthetic capacity. Despite
a large discrepancy in impact among meadows, all meadows
sampled responded consistently to the flood, exhibiting only
physiological changes with no significant reduction in biomass. This
suggests that photo acclimation to chronically poor conditions can
enable seagrasses to withstand the effects of severe events, like
floods.
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5. Synthesis. Phenotypic plasticity in habitat forming species can result
in a large variation in their responses to severe events, like floods or
cyclones. Acclimation to prior poor environmental conditions can
promote persistence in habitat forming species, like seagrasses,
following severe events. The measurement of phenotypic
characteristics along an impact gradient can therefore provide an
indication of the response of habitat forming species to severe
events.
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Introduction 

Severe events like floods and cyclones have the potential to have large 
ecological effects from the organism to ecosystem scale, posing significant 
threats to ecosystem structure, function and ultimately the provision of 
ecosystem services (Jentsch & Beierkuhnlein 2008). The global human 
impact on coastal environments has contributed to calls for greater 
protection and conservation of marine ecosystems (e.g. Gell & Roberts 
2003).  While initiatives such as pollution minimisation and marine 
reserves are the focus for the majority of conservation strategies, 
understanding the capacity of ecosystems to absorb and adapt to severe 
events and retain necessary structures, functions and services has more 
recently become a key objective of conservation (e.g. Suding & Hobbs 2009). 

Coastal habitats generally experience multiple types of impacts from 
chronic disturbances, such as ongoing coastal eutrophication or 
sedimentation runoff (e.g. Turner et al. 2003), but also large scale, severe 
episodic floods or cyclones (Gallopín 2006). Severe events are usually of 
short duration but can have long-lasting effects on marine ecosystems, and 
thus ultimately affect how they can be best managed (Carpenter et al. 2012). 
They are considered to play a disproportionately large role in determining 
ecosystem structure and function (Jentsch & Beierkuhnlein 2008), so with 
forecast increases in the frequency and magnitude of such events (Coumou 
& Rahmstorf 2012), there is a pressing need to better understand the effects 
they have on ecosystems (Smith 2011).   

The capacity of an ecosystem to adapt to or absorb the effects of a severe 
event depends on the severity and longevity of the event (Barrett et al. 
2008) and the tolerance range of the species present (Beierkuhnlein et al. 
2011). Once the capacity to absorb impact is exhausted, severe events can 
have sudden and long lasting effects, often pushing ecosystems over 
thresholds towards other regimes (Allen & Breshears 1998) where 
recovery may be prolonged or not possible (e.g. Beisner et al. 2003). To 
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predict how ecosystems might respond to severe events, it is critical that we 
understand the processes that promote adaptation. Understanding these 
processes is particularly important in dominant, habitat forming species 
that provide the basis for whole ecosystems (Arnone et al. 2011). 

In soft sediment coastal areas, seagrasses are common habitat forming 
species (Larkum et al. 2006). One of the central paradigms in seagrass 
ecology is that they provide high value ecological services (Costanza et al. 
1997), so with global seagrass loss accelerating (Waycott et al. 2009), an 
understanding of how seagrass ecosystems will respond to the increasing 
incidence of severe events has become more important (Orth et al. 2006a). 
Seagrasses are effective indicators of ecological stress as they integrate 
environmental impacts over different timescales (Longstaff et al. 1999), are 
found in both tropical and temperate regions (Short et al. 2007), and inhabit 
those coastal zones closest to anthropogenic and natural impacts (Orth et al. 
2006a). Seagrasses are phenotypically plastic and exhibit high intraspecific 
variability in morphology (Abal et al. 1994; Udy & Dennison 1997) and 
physiology (e.g. Collier et al. 2008; Hughes et al. 2009) in response to light 
deprivation, so that their ability to withstand severe events is likely to vary 
across impact gradients.  

This study examined the physiological and morphological responses of 
Zostera muelleri Irmisch ex Aschers, a widespread seagrass species, to the 
largest flood in 37 years (van den Honert & McAneney 2011), experienced 
by Moreton Bay, eastern Australia in January 2011. Previous floods in 
Moreton Bay in 1974 (Kirkman 1978) and in nearby Hervey Bay in 1992 
(Preen et al.1995) and 1999 (Campbell & McKenzie 2004) preceded the loss 
of extensive areas of seagrass in these regions so developing an 
understanding of the biological stress indicators is useful for detecting 
negative effects before losses occur. Morphological and physiological 
parameters are useful early warning indicators for detecting the effect of 
impacts (e.g. Longstaff & Dennison 1999; Collier et al. 2008; 2009). This is 
based on the understanding that seagrasses respond to stress initially with 
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physiological changes prior to morphological changes and, after prolonged 
light deprivation, eventual mortality (Waycott et al. 2005). The potential for 
seagrass mortality following a severe event is a function of the duration of 
the event and the ability of the species to survive light deprivation through 
changes in physiology and morphology (Longstaff & Dennison 1999). When 
light deprived, changes in photosynthetic efficiency improves light capture 
(Dennison & Alberte 1985; Abal et al. 1994) so the ability to acclimate 
physiologically to variable light conditions is an advantage for near-shore 
coastal species like seagrass. The ability to survive a severe event, therefore, 
may also be a function of the physiological and morphological 
characteristics that have resulted from the long-term chronic water quality 
conditions present prior to the event.  

The physiological responses to light deprivation that have been reported for 
seagrass are common to many seagrass species and include: increased total 
chlorophyll content to maximise light capture (Dennison & Alberte 1985; 
Abal et al. 1994), decreased ratio of chlorophyll a to b to improve light 
absorbance efficiency (Longstaff et al. 1999), reduced δ13C signature of 
leaves due to preferential uptake of the lighter 12 C (Grice et al. 1996), 
storage of carbohydrate in rhizomes to sustain growth and respiration 
(Burke et al. 1996) and increased maximum quantum yield that indicates an 
increase in photosynthetic efficiency (Beer et al. 2001).  

Following physiological changes, morphological responses to light 
deprivation can maximise the exposure of the photosynthetic apparatus to 
light while minimising respiratory demands (Lee & Dunton 1997). 
Morphological responses of seagrass to sub-lethal light deprivation include 
increased leaf height (Bulthuis 1983) and leaf width (Lee & Dunton 1997) 
and decreased leaf (Ruiz & Romero 2003) and shoot density (Abal et al. 
1994). 

In this study we examined the physiological and morphological responses of 
12 Z. muelleri meadows to a severe flood to test two main hypotheses: (i) 
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that the physiological and morphological characteristics of seagrass would 
differ between meadows along the established chronic water quality 
gradient, in a pattern consistent with prior acclimations which have been 
shown to enhance photosynthetic efficiency, and (ii) that physiological and 
morphological responses to the 2011 flood would differ among meadows in 
a manner consistent with their position along the water quality gradient. 

Materials and methods 

Study area and timing 

Moreton Bay in southeast Queensland, Australia, is a subtropical shallow 
coastal embayment that contains a mosaic of coastal habitats (Olds et al 
2012a). It is impacted by multiple stressors that operate along multiple 
gradients (Tibbetts et al. 1998; Bennett et al. 2009). The bay is bordered on 
its eastern side by three sand islands that allow exchange with oceanic 
water through three passages (Figure 5.1). In the west, the bay is bordered 
by the mainland from which four main river estuaries discharge. There is a 
strong water quality gradient across the bay with elevated nutrients and 
poor light availability in the western and southern zones adjacent to 
riverine discharge (EHMP 2010). In contrast, the eastern zones of the bay 
that are proximal to the oceanic passages are typically nutrient limited with 
saturating light levels and low water residence times. The Brisbane River is 
the largest river discharging into Moreton Bay (Figure 5.1) and typically 
contains nutrient and sediment levels well above local and national water 
quality guidelines (EHMP 2010). The majority of flow from the Brisbane 
River runs north from the mouth into the western embayments. The river 
impacts seagrass meadows in Deception Bay to the north and Waterloo Bay 
to the south of the river mouth via a small channel (Dennison & Abal 1999). 
All sampling was conducted in meadows of eelgrass, Z. muelleri, the 
dominant species in the bay (Roelfsema et al. 2009). Sampling was 
standardised to a depth of 0.5-1.0 m below lowest astronomical tide and 
conducted in the middle of individual meadows at least 10 m from meadow 
edges. As the tidal range in Moreton Bay is approximately 1.5 – 2.0 m, 
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maximum submergence of seagrasses at the highest astronomical tide is 
approximately 2.5 – 3 m. Surveys were conducted four times throughout 
2011 (Feb, May, Aug, Dec), in periods of neap tides, following the major 
Brisbane River flood in Jan 2011. Twelve meadows were sampled, chosen to 
encompass the pre-existing gradient of water quality in Moreton Bay 
(EHMP 2010) (Figure 5.1), with the intent of also capturing a range of 
exposures to flood waters. The most flood-affected meadows in our study 
were proximal to river estuaries and were, therefore, also exposed to 
chronically poor water quality (EHMP 2010). These meadows, however, 
were not subjected to the main flow from the river mouth and therefore did 
not suffer any visible effects from scouring. 
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Figure 5.1 Map of Moreton Bay showing locations of Zostera muelleri meadows 
sampled following the 2011 Brisbane River flood. The flood plume heavily 
impacted meadows in Deception and Waterloo Bays. Numbers adjacent to site 
markers denote their flood impact rank, calculated using water quality data 
immediately post-flood (Jan 2011) and combined into one score using Principal 
Components Analysis (PCA).  

Water quality sampling to determine level of flood impact 

Water quality data were collected adjacent to each meadow sampled in the 
study to assess the level of flood impact. The data were sourced from a local 
monitoring program (e.g. see program website EHMP) which collects 
monthly water quality samples in Moreton Bay. To quantify the level of 
flood impact, we used a combination of benthic salinity, secchi disc depth, 
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and total nitrogen (TN). These indicators were chosen as representative of 
freshwater inflow (benthic salinity), water clarity and hence light 
penetration (secchi disc depth) and nutrient load (TN). Poor water quality 
was defined as lower benthic salinity and secchi disc depth, and higher TN. 
The Jan 2011 water samples that are referred to in the results were taken 
the week following the storm event that led to the flood.  

Physiological characteristics 

In each sampling period, 15 cores (13.5 cm diameter) of Z. muelleri were 
collected haphazardly from each meadow, rinsed clean of sediment, and 
stored frozen. In the laboratory, several indicators of physiological status 
were measured: non-structural rhizome carbohydrates (sugar and starch), 
leaf carbon stable isotope ratios, leaf chlorophyll concentration (a+b) 
content, ratio of chlorophyll-a to b and maximum quantum yield.  

Non-structural carbohydrates were extracted from six cores from each 
meadow. Approximately 15 cm of rhizome material was separated from 
roots and leaves and dried at 600 C for 96 h then ground to a powder. 
Twenty mg of the powder from each core was analysed for soluble sugar 
following the method of Dubois et al. (1956). Briefly, sugars were removed 
from the ground tissue, with 2 sequential 20 minute extractions in 80% 
ethanol at 600 C. Sugar content of the extract was determined by the phenol-
sulphuric acid colorimetric method using sucrose as a standard.  Following 
extraction of the soluble sugars, the starch content of the remaining 
material was extracted using perchloric acid according to Quarmby & Allen 
(1989).  

Stable isotope ratios were analysed in two leaves from each of four cores 
from each meadow. Epiphytes were carefully scraped from the second 
youngest leaf from two shoots from each core. Samples were dried, ground 
and analysed with an Isoprime isotope ratio mass spectrometer. The ratio 
of 13C/12C was expressed as the relative per mill (‰) difference between 
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the samples and international standard (PeeDee belemnite limestone 
carbonate equivalent).  

Maximum quantum yield was measured in situ using a diving Pulse 
Amplitude Modulated (PAM) fluorometer (Walz, Germany). Measurements 
were made on the youngest mature leaf on 6 shoots per meadow, 1 – 2 cm 
from the top of the leaf sheath (lower-mid section). All epiphytic tissue was 
removed, and the leaf was dark adapted for 5 minutes (Beer et al. 2001) and 
held 5 mm from the tip of the fibre-optic cable in a dark-adaptation clip to 
measure the maximum quantum yield (MQY). The 5 minute dark-adaptation 
period was selected following a trial comparison with leaves dark adapted 
for 10 min. No significant difference was found between the two treatment 
times (t-test; n=6, t=2.22, P=0.43). MQY was calculated for photosystem II 
by measuring background fluorescence (FO) and maximum fluorescence 
(Fm) after providing a 0.8 s saturating pulse and using the formula MQY = 
(Fm – FO)/Fm.  

Chlorophyll a and b were extracted from two leaves from each of six cores 
at each meadow. Epiphytes were carefully scraped from the second 
youngest leaf from two shoots from each core.  A 1 cm2 section from each 
leaf was cut, measured and ground in a mortar and pestle in 10 mL of 90% 
acetone (after Abal et al. 1994). The sample was left for 24 hours in the dark 
at 40 C and then centrifuged for 20 minutes at 3600 rpm. The absorbance of 
the supernatant was measured by a spectrophotometer at 750, 663, and 
645 nm and the concentrations of chlorophyll a and b calculated (Dennison 
1990). 

Morphological characteristics 
Above-ground tissue was separated from below-ground tissue in six cores 
from each meadow. The number of leaves and shoots were counted and the 
average leaf height and width per core was recorded. Epiphytes were 
carefully scraped from each leaf. Samples were then dried at 600 C for 48 
hours and weighed to get above and below-ground biomass. Epiphyte 
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biomass was intended to be included in the analysis, however the amount 
removed was very small for all meadows so the analysis was terminated 
after the first two sample periods.  

Statistical analysis 

Three types of analyses were done on water quality data: (i) To illustrate 
the magnitude of the 2011 flood relative to background water quality 
conditions, the three water quality parameters (benthic salinity, secchi 
depth, TN) averaged over three months (Jan, Feb and Mar) were compared 
for each year (fixed) from 2002 to 2011, and meadow (fixed), with 
permutational multivariate analysis of variance (PERMANOVA) (Anderson 
et al. 2008). The results were illustrated using canonical analysis of 
principal components (CAP). This method maximises the separation 
between significant factors of interest (Anderson & Willis 2003). (ii) To 
determine the exposure of the 12 meadows to flood waters, each meadow 
was ranked according to the water quality conditions in the week following 
the rainfall that caused the flood in Jan 2011. The rank was based on the 
Principal Components Analysis (PCA) score calculated from the three water 
quality parameters in Jan 2011. (iii) To determine how water quality 
differed among meadows over time following the flood, the three water 
quality parameters were compared among meadows and sampling periods 
with a two-way PERMANOVA with month (fixed) and meadow (fixed) as 
factors.  

Physiological and morphological characteristics were analysed separately, 
but using the same methods. Each group of characteristics were analysed 
together to examine temporal variation using PERMANOVA. Month was the 
factor (fixed) and water quality (collected in Jan 2011 post flood) was a 
covariate to test for correlation with each group of seagrass characteristics 
and to examine how they interacted with temporal variation. To do this, a 
Principal Component Analysis (PCA) score was calculated for each meadow 
and sampling month, based on Euclidean (log x+1) similarity measures. If 
the Month factor in the PERMANOVA was significant, Tukeys post hoc tests 
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were performed to identify differences between months. BEST analyses 
(Clarke et al. 2008) were used to identify the parameters primarily 
responsible for causing differences over time.  All multivariate analyses 
were based on Euclidean (log x+1) similarity measures, which include joint 
absences and are therefore appropriate for examining environmental 
impacts (Anderson et al. 2011). Additionally, for each parameter, the mean 
of all months for each meadow was correlated (Pearson) with Jan 2011 
water quality (right hand panels in Figure. 5.6 and 5.7) and one-way ANOVA 
conducted to assess differences between months (left hand panels in Figure. 
5.6 and 5.7).  

Results 

Comparison of post-flood water quality to longer-term water quality 
conditions 

The Jan 2011 flood had a significant negative effect on water quality in 
Moreton Bay. Multivariate analysis demonstrated that water quality in the 
three months following the flood in 2011 was significantly poorer than 
water quality in the same three months for every other year since 2002 (F= 
16.84, P=0.001; Figure 5.2, see Table S5.1&S5.2 in Appendix S5.1). Long-
term water quality was significantly different between meadows (F=11.34, 
P=0.001, Table S1) with water quality poorer at meadows closest to the 
Brisbane River than at meadows further away (Figure 5.3 and Table S5.2).  
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Figure 5.2. Summer water quality variation amongst years since 2002 in Moreton 
Bay. Data were collected from sites adjacent to each of the 12 seagrass meadows. 
Points are centroid values for each year based on three water quality parameters: 
salinity, secchi depth (indicating water clarity) and total nitrogen collected once a 
month from Jan, Feb and Mar each year. The centroid value is calculated using 
Canonical Analysis of Principal coordinates (CAP) (Table S5.2).  
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Figure 5.3 Water quality 
data collected from sites 
adjacent to each meadow. 
Data shown are the mean of 
the data collected in Jan, Feb 
and Mar for each year since 
2002 for 4 of the 12 
meadows (showing the most 
flood impacted meadow, the 
4 and 8 most impacted and 
least flood impacted 
meadow on rankings based 
on Jan 2011 data)(Table 
S5.2). 
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Variation in water quality conditions post-flood 

Water quality varied among the 12 meadows following the flood (F=6.12, 
P=0.047; Figure 5.4, Table S5.3). Water quality was poorest at meadows in 
northern Waterloo Bay, immediately adjacent to the Brisbane River mouth, 
and in northern Deception Bay (for site rankings based on Jan 2011 water 
quality see Fig. 1). Meadows further from the river mouth in the 
southeastern bay had the best water quality (Table S5.4). Water quality 
differed significantly between sampling months (F=32.51, P=0.004; Table 
S5.3), with water quality the poorest following the flood, improving 
throughout winter (May and Aug sampling) and declining again with 
summer rainfall in Dec (Table S5.4 and Figure 5.5).  

Figure 5.4. Flood water 
quality adjacent to each 
meadow. Data are from Jan 
2011 immediately following 
the flood, for the three water 
quality parameters: salinity, 
secchi depth (indicating 
water clarity) and total 
nitrogen, combined into one 
score using Principal 
Components Analysis (PCA) 
and used to rank each of the 
meadows from most 
impacted (1) to least 
impacted (12) (Table S5.4). 
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Figure 5.5 Water quality variation from the four sampling months 
throughout 2011 following the flood in Jan. The data from three water 
quality parameters; salinity, secchi disc depth (indicating water clarity) and 
total nitrogen is illustrated using Principal Components Analysis (PCA) and 
used to rank each of the meadows from most impacted (1) to least impacted 
(12) (Table S5.4). 

Physiological characteristics 
Seagrass physiological characteristics differed significantly between months 
(F=4.29, P=0.001; Figure 5.6a., Table S5.5) and co-varied significantly across 
the water quality gradient (F=11.74, P=0.001; Figure. 5.6b., Table S5.5). 
There was no interaction between month and water quality (F=0.72, 
P=0.199). All months differed significantly from each other (Table S5.6). 
Sugar levels, starch levels, carbon isotope signature (δ13C), total chlorophyll 
and the ratio of chlorophyll a:b explained the majority of the variation 
between months (BEST, P=0.01, Rho=0.877). MQY did not make significant 
contributions to the model and will not be discussed further. 

Rhizome sugar levels were lowest immediately following the flood and 
increased throughout the year (Figure. 5.6c). Sugar levels were highest at 
meadows with the lowest flood impact (R2= 0.51, P=0.033) (Figure 5.6d). 
Starch levels at all sites were highest in Feb, were significantly lower in Aug 
and returned to initial levels by Dec (Figure 5.6e). Starch levels were 
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generally highest in meadows with the poorest chronic water quality and 
most impacted by the flood (R2=0.46, P=0.015) (Figure 5.6f). Rhizome 
starch concentrations were the dominant non-structural carbohydrate. The 
leaf carbon isotope ratio (δ13C) increased following the flood with Feb 
samples significantly lower than all other sampling periods (Figure 5.6g). 
δ13C were lowest at meadows with the poorest chronic water quality and 
most impacted by the flood (R2=0.75, P=0.008) (Figure 5.6h). Total leaf 
chlorophyll concentrations were highest in Feb, declined throughout winter 
and increased in Dec to levels recorded in Feb (Figure 5.6i). Total 
chlorophyll values were highest at meadows with the poorest chronic water 
quality and most impacted by the flood (R2=0.41, P=0.024) (Figure 5.6j). 
The ratio of leaf chlorophyll a:b was lowest in Feb and Dec and peaked in 
May and Aug (Figure 5.6k). Chlorophyll a:b ratios were lowest at meadows 
with the poorest chronic water quality and most impacted by the flood 
(R2=0.48, P=0.031) (Figure 5.6l).  

Morphological characteristics 
The morphological characteristics of Z. muelleri meadows following the Jan 
2011 flood differed significantly amongst meadows across the water quality 
gradient (F=3.12, P=0.031; Figure. 5.7a and Table S5.7), but did not differ 
between sampling periods following the flood (F=1.36, P=0.209; Figure 
5.7b). There was no interaction between meadow and sampling period 
factors (F=0.69, P=0.705). Three of the variables (above-ground biomass 
(AGBM) (Figure 5.7c&d), below-ground biomass (BGBM) (Figure 5.7e&f) 
and leaf height (Figure 5.7g&h) best explained the variation across flood 
impact levels (BEST, P=0.01, Rho=0.94). For each of these variables, values 
generally increased with increasing flood impact level (AGBM, R2=0.47, 
P=0.036; BGBM, R2=0.54, P=0.048; leaf height, R2=0.55, P=0.006). The 
remaining morphological parameters did not make significant contributions 
to the model (Figure 5.7i-l) and will not be discussed further. 
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Figure 5.6 Variation in key physiological characteristics of meadows following the 
Jan 2011 flood including; a-b) Principal Components Analysis (PCA) score for 
physiological variables for each month and meadow to illustrate the results of the 
PERMANOVA (Table S5.5 and S5.6); c-d) rhizome sugars; e-f) rhizome starch; g-h) 
carbon isotope ratio; i-j) total chlorophyll concentration; and k-l) chlorophyll ratio 
a:b. Left side panels shows the mean (±SE) of all meadows per sampling month, 
different letters indicate significantly different means in post-hoc tests. Right side 
panels show mean of all meadows for all months sampled, plotted against level of 
flood impact (defined as water quality sampled from each meadow immediately 
following the Jan 2011 flood). R2 and P values given where the relationship is 
significant. NS denotes not significant. 
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Figure 5.7 Variation in the morphological characteristics of meadows following the 
Jan 2011 flood (Table S5.7); a) Principal Components Analysis (PCA) score for 
morphological variables for each month and b) site, plotted against the Jan water 
quality PCA score (an indicator of level of flood impact). Panels a) and b) illustrate 
the results of the PERMANOVA. Higher Jan PCA scores denote poorer water 
quality. Morphological characteristics varied significantly across the water quality 
gradient (Table S5.7) but did not vary over the four sampling months. Above-
ground biomass (c,d), below-ground biomass (e,f) and leaf height (g,h) best 
explained the variation across the water quality gradient. Shoot (i-j) and leaf (k-l) 
density did not differ between months or across the water quality gradient. R2 and 
P values given where the relationship is significant. NS denotes not significant. 
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Discussion 
To predict the responses of ecosystems to severe events it is necessary to 
understand the processes that promote acclimation, particularly for 
dominant engineering species that provide a basis for whole ecosystems 
(Arnone et al. 2011). Our results indicate that phenotypic plasticity within 
habitat-forming species like Z. muelleri can play an important role in 
determining how they withstand severe events. We demonstrate that Z. 

muelleri acclimates to chronically poor water quality by changing 
physiological and morphological characteristics and respond to severe 
events, such as floods, through physiological responses. In the year 
following the flood in 2011, there was no mortality of Z. muelleri in 
meadows we sampled. The overall pattern of responses was of physiological 
acclimations consistent with light deprivation. Physiological characteristics 
varied among meadows along the water quality gradient and changed 
consistently at all meadows throughout the year, despite the large 
discrepancy in impact intensity along the water quality gradient. We did not 
detect changes in morphology following the flood, however, the most 
impacted meadows exhibited physiological and morphological 
characteristics consistent with seagrasses having optimised their 
photosynthetic capacity (e.g. Longstaff et al. 1999; Collier et al. 2008; 2009).  

Phenotypic plasticity like that we describe here enables species to cope with 
varying degrees of stress to avoid mortality (e.g Miner et al. 2005) and has 
become a key factor in understanding the distribution and diversity of 
organisms along impact gradients (e.g. Valladares et al. 2007).  Generally, 
short-term physiological plasticity can allow an organism to acclimate to 
highly temporally variable environmental conditions, with longer-term 
morphological responses contributing to variation in suitable habitat 
forming species (Sultan et al. 1998). Species that lack sufficient plasticity to 
maintain growth and reproduction in degraded and variable environments 
might be at risk of range reductions or localised extinctions (e.g. Sultan 
2000).  Plasticity can affect a range of direct (e.g. responses to temperature 
or increased herbivory) and indirect (e.g. trait mediated effects on 
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predation or grazing rates which cascade to other species) interactions 
among organisms and their environment and ultimately affect ecological 
processes and functioning (see Miner et al. 2005). Phenotypic plasticity can 
be ecologically advantageous for habitat forming species, with the 
persistence of such species following severe events likely to promote 
ecosystem stability (e.g. Lloret et al. 2012).  

The physiological and morphological plasticity of Z. muelleri meadows may 
help them withstand severe weather events; however, it is probable that the 
relatively short duration of poor conditions, which followed the 2011 flood, 
also contributed to the persistence of Z. muelleri meadows in Moreton Bay. 
The length of time seagrasses can withstand periods of light deprivation 
depends on the species studied. For fast growing and opportunistic species 
like Halophila ovalis, biomass can decline after 3-6 days, with total shoot 
loss within as little as 21 days (Longstaff et al. 1999). Larger, longer lived 
species (e.g. Posidonia sinuosa) can persist for 3-6 months (Gordon et al. 
1994). For Z. muelleri, Abal et al. (1994) showed that plants survived after 2 
months of near total light deprivation. Water quality in Moreton Bay 
returned to background levels within two months of the flood at the most 
impacted meadows and within a month at the least impacted meadows (see 
EHMP website), which falls within the temporal limits of light deprivation 
tolerance for Z. muelleri (Abal et al. 1994). Had the weather conditions 
following the flood resulted in a more extended period of poor water clarity, 
or resulted in a second flood, it is possible that there would have been 
significant declines in seagrass biomass or large scale meadow loss similar 
to that experienced previously in Hervey Bay, a similar coastal embayment 
in the region. In 1992, Hervey Bay experienced two flood plumes in three 
weeks resulting in 90% seagrass loss (Preen et al. 1995). In 1999, Hervey 
Bay experienced a single flood with a 2-3 fold increase in turbidity and 
nutrients that persisted for 6 months, resulting in 95% loss of seagrass 
meadows (Campbell & McKenzie 2004). The duration and frequency of 
floods also alter community structure in other ecosystems, negatively 
affecting plant biomass and species composition in wetlands (Casanova & 
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Brock 2000), and freshwater stream communities (McCabe & Gotelli 2000). 
In both examples, higher frequency and longer duration floods selected for 
species able to tolerate variable and poor conditions.    

The physiological mechanisms that prolonged the persistence of Z. muelleri 
in our study are similar to those described for other seagrass species: 
Posidonia oceanica (Alcoverro et al. 2001), P. sinuosa (Collier et al. 2008; 
2009), Thalassia tesudinum (Lee & Dunton 1997) Halophila ovalis (Longstaff 
et al. 1999) and Halodule pinifolia (Longstaff & Dennison 1999). The 
decreasing levels of stored starch following light deprivation reported here 
concurs with experiments on other Zostera species (Alcoverro et al. 1999; 
Brun et al. 2008) and other tropical species in Queensland (e.g. Halodule 

pinifolia and Halophila ovalis) (Longstaff et al. 1999), showing that starch 
levels decrease in response to light deprivation. The utilisation of 
carbohydrate stores can sustain seagrasses while they are exposed to 
prolonged light deprivation (e.g. Dennison & Alberte 1986; Burke et al. 
1996). Based on these studies we expected that the most flood-impacted 
meadows would have lower carbohydrate reserves than those less 
impacted, due to chronically low light levels. Our results showed the 
opposite, however, with the meadows most exposed to the flood and poor 
water quality having more than double the levels of starch recorded in less 
impacted meadows (Figure 5.6f). This confirms that Z. muelleri can 
photoacclimate to the lower light conditions typically found in the western 
Bay regions (e.g. EHMP 2010). We infer that this characteristic of impacted 
meadows in the bay played a significant role in their persistence following 
the flood.  

The starch to sugar ratio in Z. muelleri recorded in this study is much higher 
than that found in temperate Zostera species like Z. marina (e.g. Burke et al. 
1996; Vichkovitten et al. 2007) and Z. noltii (Vermaat & Verhagen 1996), 
where soluble sugars are the dominant stored carbohydrate. This could 
simply reflect differences among species but could also reflect differences 
between subtropical and temperate regions, since in the latter, seasonal 
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gains and losses in photosynthetically derived carbohydrate supply stem 
from highly seasonal light fluctuations.  In contrast, previous studies in 
Moreton Bay have shown little seasonal variation in seagrass biomass 
(Boon et al. 1986), which most likely results from a less pronounced 
seasonal trend in light availability (Longstaff 2003).  

The leaf carbon isotope ratio (δ13C) increased at all meadows as conditions 
improved. This is similar to previous experimental studies of local seagrass 
species that showed that the δ13C signature of seagrass leaves decreased 
during light deprivation (Abal et al. 1994; Grice, Loneragan & Dennison 
1996; Longstaff et al. 1999). This is probably due to the preferential uptake 
of 12C over 13C in low light as less energy is expended in the process (e.g. 
Longstaff et al. 1999) and a greater total demand for carbon at higher light 
intensities that lessens discrimination among the isotopes and leads to a 
greater relative uptake of 13C (e.g. Grice et al. 1996). An alternative 
explanation for the reduced δ13C in the meadows most impacted by poor 
water quality is input to the meadow of 13C deplete carbon from 
decomposing terrestrial organic matter (Hemminga & Mateo 1996). 
Seagrass meadows adjacent to mangrove forests, for example, can have 
lower δ13C signatures than meadows further away (Bouillon et al. 2008). 
The more negative δ13C signatures we recorded immediately following the 
flood and the subsequent increase through the year may also reflect the 
decreasing influence of the flood run-off over time.  

The 2011 flood in Moreton Bay was one of the larger floods in the past 100 
years (van den Honert & McAneney 2011). However, when compared to the 
severe deleterious effects that the previous large flood in 1974 had on 
seagrasses (Kirkman 1978) and corals (Lovell 1989) in Moreton Bay, both 
habitats have persisted with minimal ill effects from the 2011 event (e.g. 
Olds et al. 2012b). It is possible that this is because the 1974 flood plume 
persisted for longer than in 2011, however, it is also possible that the 
existing distribution of seagrass in Moreton Bay has been reduced to areas 
not as heavily impacted by the poorest conditions following severe flood 
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events. The majority of seagrass loss in the bay has occurred in Bramble and 
Deception Bays, the regions most impacted by river run-off (Dennison & 
Abal 1999). Despite this, with the predicted increase in episodic rainfall and 
severe events for southeast Queensland (CSIRO 2007; Cai & Rensch 2012), 
the existing seagrass meadows of Moreton Bay remain at high risk.    

Severe events, like floods, have the capacity to exert disproportionately 
large effects on the structure and functioning of ecosystems (Jentsch & 
Beierkuhnlein 2008). Nevertheless, our results indicate that physiological 
and morphological diversity within habitat-forming species, like Z. muelleri, 
can play an important role in determining their capacity to withstand such 
events. Phenotypic plasticity of the type we recorded can increase the 
length of time seagrass can persist below minimum light requirements (e.g. 
Abal et al. 1994; Grice et al. 1996). This may explain why seagrass biomass, 
shoot or leaf density did not decline following the flood, particularly in the 
meadows most impacted by the flood plume. The broad physiological and 
morphological variation among seagrass meadows in the study area 
suggests wide tolerance in the responses of Z. muelleri to periods of light 
deprivation. This plasticity is likely to be a key aspect of its long-term 
survival and dominance along the tropical east coast of Australia. It is also 
anticipated to be critical for the persistence of other habitat forming species 
after severe disturbance events. 
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Supporting Information 
Appendix S5.1 – Results of all PERMANOVA tests and pair-wise 
comparisons 
Table S5.1 – Spatial and temporal variation in long term water quality 
conditions (results of PERMANOVA) 
Table S5.2 – Spatial and temporal variation in long term water quality 
conditions (results of pair-wise tests) 
Table S5.3 – Spatial and temporal variation in water quality conditions post 
flood (results of PERMANOVA) 
Table S5.4 – Spatial and temporal variation in water quality conditions post 
flood (results of pair-wise tests) 
Table S5.5 –Temporal variation in physiological characteristics with water 
quality co-variate (results of PERMANOVA) 
Table S5.6 – Temporal variation in physiological characteristics with water 
quality co-variate (results of pair-wise tests) 
Table S5.7 –Temporal variation in morphological characteristics with 
water quality co-variate (results of PERMANOVA) 
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Appendix S5.1 - Results of all PERMANOVA tests and pair-
wise comparisons. 

Comparison of post-flood water quality to longer-term water quality 
conditions 

Table S5.1. Summary of permutational multivariate analyses of variance 
(PERMANOVA) examining spatial and temporal variation in the long term water 
quality conditions in Moreton Bay. df, degrees of freedom, NS, non-significant 
Source of variation df F P 

Meadows 11 11.34 0.001 
Year 10 16.84 0.001 
Meadows x Year 110 1.15 NS 

Table S5.2. Summary of pair-wise tests following PERMANOVA to examine 
variation in water quality between meadows and years in Moreton Bay since 2002. 
A dash indicates a non-significant comparison. 

T P
WQ by meadow  
(ranked by Jan 2011) 

1,2 3.18 0.001 
1,3 4.03 0.001 
1,4 1.98 0.020 
1,5 2.54 0.003 
1,6 1.22 - 
1,7 2.54 0.001 
1,8 1.48 - 
1,9 0.58 0.723 
1,10 2.31 0.004 
1,11 4.31 0.001 
1,12 7.85 0.001 
2,3 2.43 0.003 
2,4 4.24 0.001 
2,5 3.30 0.001 
2,6 2.30 0.007 
2,7 3.30 0.001 
2,8 2.28 0.002 
2,9 2.63 0.002 
2,10 2.19 0.011 
2,11 3.53 0.001 
2,12 5.88 0.001 
3,4 4.03 0.001 
3,5 2.67 0.002 
3,6 3.77 0.001 
3,7 2.67 0.002 
3,8 3.90 0.001 
3,9 3.64 0.001 
3,10 1.63 0.046 
3,11 1.34 - 
3,12 2.51 0.001 
4,5 1.80 0.028 
4,6 2.57 0.006 
4,7 1.80 0.024 
4,8 3.01 0.004 
4,9 2.01 0.027 
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4,10 2.08 0.009 
4,11 4.07 0.001 
4,12 8.61 0.001 
5,6 2.83 0.001 
5,7 0.5 - 
5,8 3.17 0.001 
5,9 2.27 0.008 
5,10 0.87 - 
5,11 2.24 0.002 
5,12 6.15 0.001 
6,7 2.82 0.002 
6,8 0.26 - 
6,9 0.96 - 
6,10 2.51 0.002 
6,11 4.16 0.001 
6,12 6.96 0.001 
7,8 3.17 0.002 
7,9 2.28 0.002 
7,10 0.87 - 
7,11 2.25 0.005 
7,12 6.15 0.001 
8,9 1.22 - 
8,10 2.69 0.002 
8,11 4.46 0.001 
8,12 7.34 0.001 
9,10 2.02 0.025 
9,11 3.95 0.001 
9,12 7.38 0.001 
10,11 1.30 - 
10,12 3.97 0.001 
11,12 3.46 0.001 

By year 

2011,2002 7.55 0.001 
2011,2003 7.16 0.001 
2011,2004 6.61 0.001 
2011,2005 8.59 0.001 
2011,2006 6.85 0.001 
2011,2007 8.00 0.001 
2011,2008 3.31 0.001 
2011,2009 7.19 0.001 
2011,2010 2.59 0.008 
2011,2012 1.99 0.029 
2002,2003 2.98 0.005 
2002,2004 2.27 0.010 
2002,2005 3.36 0.005 
2002,2006 2.51 0.005 
2002,2007 1.44 - 
2002,2008 4.02 0.001 
2002,2009 1.96 0.033 
2002,2010 3.91 0.001 
2002,2012 4.32 0.001 
2003,2004 1.31 - 
2003,2005 1.66 - 
2003,2006 2.44 0.006 
2003,2007 2.61 0.006 
2003,2008 3.88 0.001 
2003,2009 1.70 - 
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2003,2010 3.68 0.001 
2003,2012 3.91 0.001 
2004,2005 2.47 0.005 
2004,2006 1.18 - 
2004,2007 2.57 0.009 
2004,2008 3.13 0.001 
2004,2009 1.31 - 
2004,2010 3.36 0.001 
2004,2012 3.45 0.001 
2005,2006 3.71 0.001 
2005,2007 2.06 0.037 
2005,2008 4.99 0.001 
2005,2009 2.68 0.003 
2005,2010 4.49 0.001 
2005,2012 4.88 0.001 
2006,2007 3.08 0.001 
2006,2008 3.05 0.002 
2006,2009 2.42 0.006 
2006,2010 3.64 0.001 
2006,2012 3.58 0.001 
2007,2008 4.63 0.001 
2007,2009 2.11 0.025 
2007,2010 4.29 0.001 
2007,2012 4.78 0.001 
2008,2009 3.81 0.001 
2008,2010 2.28 0.012 
2008,2012 1.31 - 
2009,2010 3.42 0.001 
2009,2012 3.91 0.001 
2010,2012 1.48 - 

Variation in water quality conditions post-flood 

Table S5.3. Summary of permutational multivariate analyses of variance 
(PERMANOVA) examining spatial and temporal variation in the water quality 
conditions post flood. df, degrees of freedom, NS, non-significant 

Source of 
variation 

df F P 

Meadows 11 6.12 0.047 
Month 3 32.51 0.004 
Meadows x Month 30 1.21 NS 

Table S5.4. Summary of pair-wise tests following PERMANOVA to examine 
variation in environmental conditions between meadows and months post flood. A 
dash indicates a non-significant comparison. 

t P
By meadow  
(ranked by Jan 
WQ) 

1,2 0.65 - 
1,3 1.69 - 
1,4 1.42 - 
1,5 1.32 - 
1,6 1.42 - 
1,7 1.53 - 
1,8 1.48 - 
1,9 1.71 0.050 
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1,10 1.91 0.041 
1,11 2.18 0.010 
1,12 2.44 0.006 
2,3 1.12 - 
2,4 2.31 0.048 
2,5 1.99 - 
2,6 1.93 - 
2,7 2.17 - 
2,8 1.90 - 
2,9 2.32 0.036 
2,10 2.53 0.027 
2,11 2.76 0.008 
2,12 3.12 0.004 
3,4 1.17 - 
3,5 1.11 - 
3,6 1.28 - 
3,7 1.44 - 
3,8 1.41 - 
3,9 1.71 - 
3,10 1.98 0.047 
3,11 2.30 0.013 
3,12 2.64 0.004 
4,5 0.71 - 
4,6 0.57 - 
4,7 1.29 - 
4,8 1.04 - 
4,9 1.77 - 
4,10 2.52 0.033 
4,11 3.04 0.006 
4,12 3.61 0.001 
5,6 1.14 - 
5,7 2.02 - 
5,8 1.49 - 
5,9 2.49 0.039 
5,10 2.85 0.027 
5,11 3.08 0.013 
5,12 3.69 0.001 
6,7 1.44 - 
6,8 1.68 - 
6,9 2.81 0.033 
6,10 3.29 0.019 
6,11 2.97 0.026 
6,12 3.43 0.003 
7,8 0.53 - 
7,9 2.04 - 
7,10 3.22 0.005 
7,11 2.66 0.026 
7,12 3.16 0.004 
8,9 1.51 - 
8,10 2.52 - 
8,11 2.48 0.045 
8,12 2.91 0.01 
9,10 2.98 0.007 
9,11 2.59 0.028 
9,12 3.12 0.003 
10,11 1.98 - 
10,12 2.44 0.044 
11,12 1.47 - 
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By month 
Feb x May 5.80 0.001 
Feb x Aug 6.61 0.001 
Feb x Dec 6.90 0.001 
May x Aug 5.74 0.001 
May x Dec 2.71 0.005 
Aug x Dec 5.16 0.001 

Physiological characteristics 
Table S5.5. Summary of permutational multivariate analyses of variance 
(PERMANOVA) with covariates examining temporal variation in the physiological 
characteristics of twelve seagrass meadows in Moreton Bay. Water quality was set 
as a covariate in the model to test for correlation with seagrass physiological 
characteristics and examine how this interacts with temporal variation.  df, 
degrees of freedom, NS, non-significant 
Source of variation df F P 
Water quality 
(covariate) 

1 11.74 0.001 

Month 3 4.29 0.001 
Month x WQ 3 0.72 NS 

Table S5.6. Summary of pair-wise tests following PERMANOVA to examine 
variation in physiological parameters between months following a flood in 
Moreton Bay. A dash indicates a non-significant comparison. 
Month T P 

Feb, May 2.28 0.001 
Feb, Aug 3.33 0.001 
Feb, Dec 3.12 0.001 
May, Aug 1.67 0.007 
May, Dec 2.46 0.001 
Aug, Dec 2.89 0.001 

Morphological characteristics 

Table S5.7. Summary of permutational multivariate analyses of variance 
(PERMANOVA) with covariates examining temporal variation in the physiological 
characteristics of twelve seagrass meadows in Moreton Bay. Water quality was set 
as a covariate in the model to test for correlation with seagrass physiological 
characteristics and examine how this interacts with temporal variation.  df, 
degrees of freedom, NS, non-significant 

Source of variation df F P 
Water quality 
(covariate) 

1 3.13 0.031 

Month 3 1.36 NS 
Month x WQ 3 0.72 NS 
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Chapter 6 

General discussion: implications of measuring 
ecological resilience for the conservation and 
restoration of ecosystems 
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Synthesis of key findings 

In this thesis I examined the potential for incorporating measures of 
feedback loops into the empirical assessment of resilience in ecosystems. I 
focused on the behaviour of feedback processes in relation to changing 
levels of impact with a view to develop generic, testable hypotheses to 
assess ecological resilience. Seagrass dominated ecosystems were used as a 
model to develop (Chapters 2 and 3) and then test hypotheses empirically 
following a large flood (Chapters 4 and 5).  

Understanding how ecosystems respond to impact is of central importance 
to their management and conservation.  Effective management of 
ecosystems requires an understanding of the complex, often non-linear, 
dynamics that can exist between impact gradients, ecosystem structure and 
the feedback processes that mediate the two. Identifying the key feedback 
processes that cause bistability can be difficult due to the lack of relevant 
datasets available to environmental practitioners. The results presented in 
Chapter 2 show that relatively simple models like Bayesian networks can 
be used to synthesise the known relationships between impacts and 
ecosystem responses, identify the key feedback processes and ultimately 
predict the likelihood of bistability in ecosystems. The model showed that 
three key processes (i.e. sediment trapping and baffling, nutrient uptake 
and algal grazing) are important for mitigating impact at low to mid 
intensities, ultimately driving bistability in seagrass meadows.  This 
approach shows the capacity of simple and flexible models to facilitate 
understanding of non-linear ecosystem dynamics. This finding represents a 
critical first step in integrating non-linear dynamics into management plans 
for conserving and restoring ecosystems.  

Our understanding of the impact mitigating effects of key feedback 
processes in ecosystems was used in Chapter 3 to develop an experimental 
framework from which testable hypotheses can be derived to measure 
ecological resilience. This chapter summarised the existing understanding 
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of the role of feedback processes in ecosystems known to exhibit non-linear 
dynamics between distinct regimes. It concluded that three ecosystem 
components, impacts, feedback processes and ecosystem response, 
common to each ecosystem, can be used to develop testable hypotheses in 
order to forecast ecological responses to impact. Development of the 
hypothesis started with the notion that if feedback processes mitigate 
impacts, then there should be predictable relationships between impacts, 
ecosystem responses and the feedback processes that mediate the two. 
Based on this, I hypothesised that in resilient ecosystems (i.e. those that 
don’t change following impact), measures of feedback processes should 
vary in response to an increase in impact, thereby resulting in a correlation 
between the two ecosystem components. In non-resilient ecosystems (i.e. 
those where structure changes following impact), feedback processes 
should be overwhelmed by the increase in impact, become un-coupled from, 
and therefore not correlate with, changing impact levels. As a consequence, 
there should be a decline in the structure of the ecosystem correlating with 
changing impact levels. These hypotheses culminated in the development of 
a general framework, which can be used to measure ecological resilience in 
a wide range of ecosystems that exhibit non-linear dynamics between 
regimes.  

In Chapter 4 I applied the framework to assess whether the relationships 
between ecosystem components could be used to explain the response of 
seagrass ecosystems following flood. I measured the three ecosystem 
components concurrently at meadows with different levels of flood impact 
and biomass to ensure a range of ecosystem responses. At meadows where 
seagrass biomass did not decrease following the flood, feedback process 
rates were correlated with impact levels, supporting the notion that 
feedback processes can mitigate some of the impact on the system. At 
meadows where seagrass biomass did decrease following the flood, 
feedback processes did not correlate with impact levels, thereby providing 
support for the hypothesis that measuring relationships between 
reinforcing feedback processes and impact levels can be used to measure 
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the resilience in ecosystems. Interestingly, the meadows that decreased in 
biomass following the flood were those that were also the least impacted. In 
contrast, the meadows most impacted by the flood were those where 
seagrass biomass did not decrease and feedback processes were strongly 
correlated with impact levels. This unexpected result was then explored in 
more detail in Chapter 5. The results of Chapter 4 showed that the 
conceptual framework developed in Chapter 3 can be used to measure the 
resilience of an ecosystem in response to severe disturbance events, such as 
floods. This finding has implications for measuring ecological resilience in 
ecosystems generally.  

The first three research chapters of this thesis (i.e. Chapter 2-4) focussed on 
the role of feedback processes in ecosystem dynamics and sought to 
develop and test hypotheses that could facilitate empirical tests of 
ecological resilience.  This culminated in the unexpected result that 
seagrasses, which had experienced high flood impact, persisted with no 
change in biomass following the flood. In Chapter 5, I investigated how the 
physiological and morphological plasticity of seagrasses, which result in 
large variation in tolerance to changing conditions, can promote persistence 
to severe weather events, like floods. The twelve seagrass meadows studied 
throughout this thesis had different physiological and morphological 
characteristics that correlated with the gradient of water quality in Moreton 
Bay. Meadows that are chronically subjected to poor water quality had 
characteristics that maximise light capture, suggesting that photo 
acclimation to poor conditions enabled them to withstand the effects of 
flooding. Conversely, meadows typically subjected to better water quality 
were not acclimated phenotypically for the change in conditions following 
the flood. The capacity of seagrass to adapt phenotypically is likely to affect 
the efficacy of the three feedback processes in mitigating impact and, 
therefore, enhancing ecological resilience.  

Collectively, the results of different chapters suggest that by focussing on 
the role of feedback processes in driving the resilience of ecosystems, and 
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incorporating this understanding into conservation and restoration ecology, 
we should have better success in predicting and preventing regime shifts in 
ecosystems.  

Managing ecosystems controlled by feedback processes 
requires monitoring relationships not just indicators 

In light of growing human impact on the environment, conservation and 
restoration actions strive to enhance the productivity, biodiversity and 
resilience of ecosystems. To ensure the success of such efforts, there is an 
implicit requirement for identifying the key processes and components of 
ecosystems that can be monitored to enable accurate predictions of regime 
shift (e.g. Thrush et al. 2009). Ecological resilience theory provides a 
conceptual framework for understanding the dynamics of complex 
ecosystems and for identifying the key processes that drive their structure 
and functioning (Bennett et al. 2005).  

In the past 10 years, ecologists have begun to understand the role of 
feedback processes in the successful restoration of degraded habitats (e.g. 
Suding et al. 2004, Suykerbuyk et al. 2012, Nyström et al. 2012). These 
reviews universally conclude that breaking the strong feedback loops of 
undesirable regimes is key for successful restoration. Very few conservation 
or protection plans for vulnerable habitats, however, incorporate explicit 
acknowledgement of potential non-linear dynamics between impact 
regimes and ecosystem response (e.g. Young 2000). The management of 
vulnerable ecosystems has instead traditionally focussed on enhancing 
biodiversity and identifying important species and landscape elements 
(Estes et al. 2011), rather than the key processes that enhance ecological 
resilience. Despite considerable management effort, the continued decline 
of many ecosystems (Hughes 2003, Nyström et al. 2008) demonstrates that 
this strategy has had limited success at regional and global scales. Managing 
for ecosystem resilience has, therefore, been proposed as a way to manage 
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vulnerable ecosystems (e.g. Scheffer et al. 2001, Bellwood et al. 2004), and 
can improve the conceptual foundation for achieving conservation success 
(Folke et al. 2004).  

This shift to managing and monitoring for enhanced resilience has received 
increasing attention in the literature (e.g. Carpenter et al. 2001, Bellwood et 
al. 2004, van Nes et al. 2007), but there are few guidelines for managers to 
implement in practice. Monitoring programs that track the success of 
management actions tend to only measure impact and state variables (e.g. 
Hughes et al. 2010). However, ecosystems that are controlled by feedback 
processes exhibit disproportionate responses to changes in impact (as 
shown in Chapter 2), making the trends in traditional monitoring indicators 
difficult to interpret. Numerous alternatives to monitoring traditional state 
variables have been suggested as potential surrogates for resilience 
measures, including: biodiversity (e.g. MacArthur 1955, Fischer et al. 2006), 
functional groups (Walker & Langridge 2002, Nyström 2006, Sundstrom et 
al. 2012) and genetic diversity (e.g. Hughes & Stachowicz 2004, Reusch et al. 
2005). While these surrogates represent a step toward developing better 
resilience monitoring indicators, the results outlined in Chapter 4 and 
elsewhere (e.g. Cumming et al. 2005) show the importance of 
understanding the relationships between ecosystem components rather 
than solely monitoring changes in each component in isolation. This 
outcome reflects the fact that resilience is context-dependent and, 
therefore, is contingent on the nature and scale of the disturbance regime 
impacting the ecosystem, as well as the scale of the ecosystem itself (e.g. 
Carpenter et al. 2001).  

The importance of scale in measuring resilience 

Mismatches in scale between disturbance, ecosystem response and 
management are one of the primary causes of failure in conservation and 
restoration action (Ludwig & Smith 2005, Cumming et al. 2006, Devictor et 
al. 2010). Conservation and restoration activities are commonly used for the 
maintenance of resilient, functioning ecosystems (Cadotte et al. 2011). 
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Spatial ecology and ecosystem functioning are often integrated into marine 
spatial planning though whole-of-ecosystem management (Foley et al. 
2010), but there is often a disconnect between the scale of protection 
programs and the scale of the disturbance regime that ultimately drives 
ecosystem functioning (e.g. Stevens & Connolly 2005, Selig & Bruno 2010). 
For example, the role of bioregional-scale feedback processes between 
forests and global atmospheric conditions is essential for understanding 
climate related disturbance at a local scale (e.g. Bonan 2008). Similarly, the 
degradation and distribution of coastal habitats, like coral reefs and 
seagrasses, is often driven by regional and/or global stressors (e.g. Waycott 
et al. 2009, van der Heide et al 2010), which will be difficult or impossible to 
offset solely with local-scale management actions such as marine protected 
areas (Graham et al. 2008). Managing the response of coastal habitats to 
impacts, therefore, depends on matching the relationships between 
ecosystem components at plant, meadow and landscape scales, both 
spatially and temporally. How an ecosystem responds to disturbance 
depends upon the cumulative effect of concurrent impacts, which operate 
over multiple scales, thereby resulting in multiple ecosystem responses 
across the range of scales (e.g. Paine et al. 1998). This effect of scale on the 
interactions among ecosystem components makes quantitative predictions 
regarding the success of local-scale management programs very difficult 
(e.g. Kendrick et al. 2008). Accounting for the scale and the dynamic and 
complex nature of interactions among ecosystem components is, therefore, 
essential for the conservation, management and monitoring of ecological 
resilience (Anderies et al. 2006).  

Species specific modes of resilience in seagrasses  

The resilience of a seagrass species to changing impact is mediated by 
species-specific life-history strategies. Fast growing ephemeral species such 
as members of the Halophila genus succumb quickly to deteriorating water 
quality (e.g. Longstaff et al. 1999), but possess broad recruitment strategies, 
producing large numbers of seeds quickly that allows fast recovery (e.g. Kuo 
et al. 1993). In contrast, long-lived and slow growing genera like Posidonia 
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employ strategies to strongly resist disturbance, including larger capacity to 
store carbohydrates and denser above and below ground biomass that 
enables a greater amount of sediment baffling and stabilisation. Once lost, 
however, for species with this strategy recovery via sexual reproduction can 
be extremely slow. Species of the genus Zostera, including Z. muelleri 
studied in this thesis, display strategies between these two extremes. They 
can be both highly fecund (e.g. Orth et al. 2006b) and capable of forming 
large and long-lived clones (e.g. Reusch et al. 2005). The life-history strategy 
of a species will, therefore, have ramifications for its measurement and 
management, with variation in the strength of feedback processes between 
species moderating their ability to resist changes in impact. This is an 
important distinction when parameterising models that describe the 
trajectory of seagrass ecosystems following changes in conditions. (e.g. 
Chapter 2). 

The results presented in this thesis have significant ramifications for local 
ecosystem management. The response to flood impact in the seagrass 
meadows studied were opposite to our a priori expectations in that 
meadows most impacted were more resistant (e.g. Chapter 4) and better 
suited phenotypically (e.g. Chapter 5) to the poor conditions following the 
flood than were the less impacted meadows. The meadows less impacted by 
the flood have, in previous censuses of seagrass in Moreton Bay (e.g. Young 
& Kirkman 1975, Hyland et al. 1989, EHMP 2010), been considered to be in 
a near pristine state and, therefore, also considered likely to withstand 
impacts like floods for longer. As such, local management actions (e.g. 
Environmental Protection Policy (Water) DERM 2010) have highlighted the 
importance of protecting the more impacted meadows in the bay. This 
emphasis should be reconsidered with a view to providing greater 
protection for meadows currently considered as pristine. This is especially 
important in the light of the increase in severe events like cyclones and 
floods predicted for southeast Queensland (CSIRO 2007). 
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Extending the concept to identify feedback processes in 
other ecosystems 

Identifying the processes and mechanisms that control the trajectory of 
ecosystems between regimes has been described as one of the major 
hurdles in integrating ecological resilience theory in conservation and 
restoration practices (e.g. Suding et al. 2004, Thrush et al. 2009, Suykerbuyk 
et al. 2012). Identifying and collecting data relevant to ecological processes 
can be difficult, especially in a local context (e.g. Grech & Coles 2010, Foley 
et al. 2010), and this can affect the degree of success of conservation and 
management projects (e.g. Syphard et al. 2011). The degree to which the 
experimental framework developed and implemented in this thesis can be 
applied to other ecosystems that exhibit non-linear ecosystem dynamics 
depends upon the correct characterisation of the three ecosystem 
components. The complex network of interactions among disturbance 
regimes, physical conditions and species present is often difficult for 
environmental managers to negotiate, potentially masking the presence of 
feedback process (e.g. deYoung et al. 2008). Identifying the relevant 
controlling feedback processes is particularly difficult (e.g. Walker & Meyers 
2004, Thrush et al. 2009, Suykerbuyk et al. 2012) and a major hurdle for 
managing these types of ecosystems (see Chapter 2). Nevertheless, there 
are certain commonalities between the types of feedbacks present in 
natural ecosystems that are known to experience regime shifts (Table 6.1). 
All of the ecosystems summarised contain habitat forming species, or 
groups of species that are considered strong ecosystem engineers, which 
directly affect the prevailing environmental conditions (see references cited 
in Table 6.1). The majority of feedback processes cited in these examples 
involve interactions at low trophic levels (see reference cited in Table 1). 
For example, the processes that control the resistance of the original 
regimes to regime shift are typically interactions between primary 
producers and 1st order consumers (e.g. grazers on algae). In the majority of 
the ecosystems reviewed, habitat forming species, which form the basis of 
ecosystems and mediate feedback processes, are lost following regime shift. 
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This results in the uncoupling of feedback processes from the biotic 
components of the ecosystem. The successful restoration of ecosystem 
engineers requires re-coupling of the abiotic and biotic components of 
ecosystems (e.g. Byers et al. 2006). Ecosystems that contain ecosystem 
engineers are, however, often considered more likely to exhibit strongly 
coupled feedback processes (e.g. Didham et al. 2005) and, therefore, are 
most likely to require non-successional management. Additionally, the 
identification of feedback processes in complex and dynamic ecosystems 
should target the factors that affect the viability and persistence of 
ecosystem engineers.  
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Table 6.1. Summary of published examples of feedback processes (FBP) in ecosystems. FBPs that promote the resistance in the original 
regime and those that prohibit the recovery of degraded ecosystems are included. The trophic levels at which each process interacts to 
confer resistance to impact is also included. Trophic level of the interaction measures; 1, FBP involves only the primary producer; 1:2, FBP 
occurs between the primary producer and lowest consumer level; Phys; FBP is controlled by physical processes, 2; FBP occurs at the lowest 
consumer level; 2:3, FBP occurs between lowest level consumers and their predators.  

Original regime Degraded regime 
Example system Feedback processes 

promoting resistance 
to regime shift 

Trophic level of 
the interaction 

Feedbacks prohibiting 
recovery to original regime 

Trophic level of 
the interaction 

Reference 

Coral reefs/algal reefs Algal grazing rates 
Coral: algal growth 
rates 
Coral mortality: algal 
growth rates 

1:2 
1:2 

1:2 

Growth rates of unpalatable 
algae 
Coral recruitment rates 

1:2 

2 

Mumby & Steneck 
(2008) 

Kelp forests/urchin 
barrens 

Kelp recruitment rates 
Kelp extent: urchin 
grazing rates 
Calcareous coralline 
algae extent 

1 
1:2 

1 

Sea urchin recruitment 
Algal grazing rates  

2 
1:2 

Steneck et al. 
(2002) 

Seagrass/ unvegetated Sediment baffling rates Phys:1 Sediment 
resuspension/mobility 

Phys Van der Heide et al. 
(2007) 

Algal grazing rates 1:2 Sediment toxicity Phys:1
Nutrient uptake rates Phys:1 Algal growth rates 1

Naturally unvegetated soft 
bottom 
habitats/filamentous algae 

Growth rates of 
microphytobenthos 
layer 

1 Sediment toxicity 
Filamentous algal 
extent/biomass 

Phys:1 
1 

Sundback et al. 
(2003) 

Oyster reefs/unvegetated 
substrate 

Oyster feeding rates: 
phytoplankton growth 
rates 
Oyster spat settlement 
rates 

1:2 

2 

Sediment 
resuspension/mobility 

Phys Lotze et al. (2006) 
Schulte et al. (2009) 

Woodlands/grasslands Grazing rates of woody 
seedlings 

1:2 Seedling recruitment 
Heat/light reflectance 

1 
Phys 

Dublin et al. (1990) 
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Shading 1 

Grasslands/woodlands Water penetration 
rates 
Grazing rates 

Phys 

1:2 

Water penetration rates 
Woody vegetation: grass 
growth rates 

Phys 
1 

Reitkerk & van de 
Koppel (1997) 

Forest/desertification Plant growth 
Heat absorption 
Evaporation 

1 
Phys:1 
Phys 

Heat/light reflectance 
Rates of topsoil loss 

Phys 
Phys 

Foley et al. (2003) 

Pelagic ocean systems Freshwater inflow Phys Hare & Mantua
(2003) 

Freshwater lakes Phytoplankton 
biomass growth rates 
Phytoplankton grazing 
rates 

1 

1:2 

Sediment resuspension 
Daphnia predation rates 

Phys 
2:3 

Carpenter et al. 
(1999) 
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Conclusion  
Ecological resilience refers to the ability of an ecosystem to resist or recover 
from impact without changing structure or function. Applying ecological 
resilience theory to ecosystems to provide an empirical measure of 
resilience, therefore, requires an understanding of the processes that 
control that ability. By focussing on the relationship between the essential 
components of ecosystems that control ecological resilience (i.e. impacts, 
feedback processes and ecological responses), this thesis has demonstrated 
that the behaviour of feedback processes provides an avenue for the direct 
empirical measurement of ecological resilience. Collectively, this thesis 
develops and tests a process-based framework for assessing the resilience 
of ecosystems to impacts, which will provide a platform for improving 
environmental decision-making and maximising the success of conservation 
and restoration programs.  
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