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Thesis in one sentence 

This PhD thesis has analysed current questions and conservation challenges regarding 

spatial connectivity for animal movement in the marine environment by testing 

theories about connectivity strength in a laboratory environment (Ch. 2 and 3) and 

prioritising connectivity for conservation planning in a seascape (Ch. 4 and 5). 

Sketch of thesis as a diagram 

In this thesis I worked on connections between habitat mosaics. Here connections are 

depicted as broken lines along which fish swim. Sometimes, more fish use a 

connection when the seafloor is covered by a physical structure (such as the seagrass 

drawn here), than when it is “open water”. The habitats depicted are coral reef, 

seagrass and mangrove. One of the reasons to work on connectivity for fish is that 

overfishing is a threat to many marine ecosystems. The idea to study connectivity for 

fish originated from the assumption that while travelling between (protected) habitats 

fish and other marine animals are also vulnerable to fishing. The swimming fish in 

this picture aim to represent the many important connections species other than fish 

also make in ecosystems. I used artificial marine landscapes in the laboratory to test 

connections empirically.  

Chapter 

4 and 5 

Chapter 

2 and 3 
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Abstract 

Globally, ecosystems are experiencing increasing pressure from anthropogenic 

stressors. Human population growth is responsible for overexploitation of natural 

resources, pollution, land alteration and climate change. A change in landscape 

connectivity, may not only reduce the habitable space for species, but may also affect 

their movement and population dynamics. These changes potentially reduce the 

resilience of ecosystems against other stressors. Reserves are a common method to 

protect areas from overexploitation and habitat destruction and help to safeguard 

ecosystem functioning. Reserve size, location and configuration influence the effect 

of reserves and the optimal design of protected areas is a field of ongoing research. 

Connectivity is a guiding principle in protected area planning but the explicit 

incorporation of connections remains a challenge. Reasons can be found in the 

scarcity of quantitative data on connectivity and a lack of agreement on connectivity 

measures. Currently, connections in marine landscapes are less studied than on land. 

The aim of this thesis was to examine the relationship between connectivity and 

ecosystem processes, and to test methods for modelling and incorporating quantitative 

data on connectivity in the design of marine protected areas.  

 

 For all experiments in this thesis the focal process was grazing, because of its 

importance in marine ecosystems. Grazing by fish and other herbivores is crucial, for 

example, for the balance between coral and algae cover on coral reefs. The decline of 

herbivorous fish due to overfishing plays a role in the decline in coral abundance. 

Connectivity in marine landscapes is important for these herbivores to complete 

ontogenetic migrations and also to move safely among foraging and other habitats. 

 

I tested the effect of resistance, a non-habitat specific measure of movement cost 

often used to model functional connectivity, by testing three different forms of 

structural connectivity (corridors, barriers and distance) on the process of grazing in 

an artificial marine landscape. The experimental design represented landscapes 

composed of four interconnected patches with four levels of connectivity strength. 

My results show that regardless of the form of connectivity, grazing is decreased 

when connectivity is 3-4 times lower.  
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An important question in ecosystem conservation is which connections must be 

prioritised for protection to safeguard ecosystem functioning. I tested the hypothesis 

that ecosystem processes are better maintained during disturbance of connectivity 

when the systems have complementary connections. Complementary connections are 

different from key connections because they appear to be less important when the 

system is undisturbed. They can however, be crucial in maintaining functions during 

obstruction of key connections. In an artificial marine landscape where key 

connections were disturbed, complementary connections maintained a similar grazing 

rate to undisturbed systems. Without complementary connections, grazing decreased 

significantly during disturbance.  

 

Quantitative data for conservation management is scarce for connections that are 

expected to be of importance, especially for post-larval marine fish. I explored a 

method to quantify landscape connectivity by using a tool based in graph theory that 

assigns values to habitat mosaics and the connections between them. Multiple spatial 

scales of potential connectivity in Moreton Bay, Queensland, Australia, were 

modelled for two reef-associated fish species. My results showed that habitat mosaics 

and connections that were estimated to be important for fish movement were 

underrepresented in the current marine reserves in Moreton Bay.  

 

Areas of high connectivity in marine systems may be associated with high fisheries 

yield. The chance of successful conservation is enhanced when, in addition to 

ecological criteria, opportunity costs (such as the exclusion of fisheries) of reserve 

implementation are considered. Here I examined the difference in reserve selections 

based solely on the connectivity target level and reserve selections that also attempt to 

minimise fisheries costs. My results suggest that the reserve selections where costs 

were optimised outperform the heuristic selections not only in terms of costs, but also 

by selecting areas that are more clustered and therefore possibly more practical and 

effective for conservation.  

 

This thesis has led to several key findings. Firstly, based on my experiments, 

complementary connections can have different structures and still be functional. 

Second, connections can be ranked for their importance, as key or complementary, 

using the landscape connectivity model that I developed. The resulting modelled 
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connectivity scores could guide marine spatial planning and may offer hypotheses for 

future experiments. Third, including variable costs of connectivity in spatial planning 

may lead to better reserve designs. Fourth, incorporating complementary connections 

in reserve planning may better safeguard ecosystem processes during environmental 

disturbance. Finally, the results of the independent studies in this thesis highlight that 

a joint approach, including both theoretical and applied components, can enhance our 

understanding of how to manage for connectivity in increasingly fragmented 

landscapes. 
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Chapter 1 – Introduction 

Many ecosystems are in critical condition, and anthropogenic pressures are 

increasingly recognised as a major cause for the loss of the services that ecosystems 

provide. Species biodiversity is decreasing in many places and habitats are becoming 

fragmented at an unprecedented rate due to land development and overexploitation 

(Vitousek 1997, Millennium Ecosystem Assessment 2005). In the face of human 

population growth and environmental change, insurance of natural resources for the 

future is a major challenge (Jackson et al. 2001, Bellwood et al. 2004, Rockström et 

al. 2009). Strategies to efficiently conserve ecosystem functioning are therefore of 

vital importance (Levin & Lubchenco 2008, Magris et al. 2014). 

 

Many previous conservation strategies have focused on the protection of single 

species and/or habitats, often due to lack of data and the challenges associated with 

planning within economic and social boundaries (Halpern et al. 2006, Wilson et al. 

2006, Game et al. 2013). Over time, conservation strategies have moved to more 

holistic, ecosystem-based approaches in which the importance of interactions between 

species is acknowledged and biodiversity has become a conservation target (Levin & 

Lubchenco 2008, Duffy 2009, Wilson et al. 2009). More advanced conservation 

criteria may lead to more complex conservation dilemmas that cannot simply be 

solved by ranking areas based on their individual qualities (Wilson et al. 2009). 

Systematic conservation planning can include a multitude of conservation criteria 

(e.g. protecting priority areas for species diversity and ecosystem processes, and 

enhancing ecosystem resilience by spreading risk and complementarity in species 

richness) in a decision making process and systematically analyses the optimal 

conservation solutions (Ball et al. 2009, Game et al. 2013). Going beyond species 

diversity, conservation objectives have proceeded to protect mechanisms that are the 

basis of diversity and conservation of ecosystem processes is increasingly regarded as 

a strategy to maintain ecosystem functioning and resilience (Hughes et al. 2005, Klein 

et al. 2009, Beger et al. 2010).  

 

Following predictions on the impacts of climate change, ecosystem resilience has 

gained increasing attention (Levin & Lubchenco 2008, Carroll et al. 2010). Resilience 

is a widely used concept in many disciplines, however the definition of this term is 

context dependent and often the subject of discussion (Waller 2001, Norris et al. 



 15 

2008, Ahern 2011). Definitions vary from the ability of a system to resist or absorb 

(Gunderson 2000, Levin & Lubchenco 2008), recover from (Thrush et al. 2013), or 

adapt to a disturbance (Cumming et al. 2013). Resilience encompasses a suite of 

features of a system including (species and resource) diversity, (species and resource) 

redundancy and adaptive capacity (Adger et al. 2005, Hughes et al. 2005, Norris et al. 

2008, Carroll et al. 2010). One of the key features of (eco)system resilience is habitat 

connectivity (Albert et al. 2000, Levin & Lubchenco 2008, May et al. 2008). Many 

ecosystem processes involve interactions between organisms that live in spatially 

separated habitats and depend on some type of connection (Lundberg & Moberg 

2003, Hagen et al. 2012, Bauer & Hoye 2014). To better understand the influence of 

connectivity on ecosystem processes, and conserve the minimum level of connectivity 

sufficient for ecosystem resilience, the role of ecological connections needs to be 

examined in more detail. 

 

Ecosystem connectivity 

Depending on the field of research there are different definitions of ecosystem 

connectivity (Tischendorf & Fahrig 2000, Bélisle 2005). Examples of different terms 

are ‘structural connectivity’, which refers to the physical landscape between areas, 

and ‘functional connectivity’, which refers to the movement of organisms and 

materials as result of the environment (UNEP-WCMC 2008, Kadoya 2009, Vogt et al. 

2009). To completely examine ecosystem connectivity, the processes that are a result 

of functional connectivity should also be examined (Grantham et al. 2011, Bauer & 

Hoye 2014).  

 

Moving animals fulfil various roles in connecting geographical areas and can also be 

referred to as mobile links (Lundberg & Moberg 2003). The main reasons animals 

move are to find resources, avoid predation and reproduce. During their movements, 

animals can be vectors for other organisms and material and therefore act as drivers of 

multiple ecosystem processes (Lundberg & Moberg 2003, Bauer & Hoye 2014). 

Examples of processes in ecosystems that are mediated by moving animals are top-

down control of vegetation or prey, and trophic and spatial transfer of nutrients (Heck 

et al. 2008).  
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For their movement, animals often depend on distinct (abiotic) structural connections, 

such as vegetation and geological features (Turgeon et al. 2010, Saura et al. 2011). 

Less visible abiotic factors, such as water currents or airstreams, are also used to 

facilitate movement along distinct routes (Mellone et al. 2011, Galli et al. 2012, 

Shepard et al. 2013). In addition, animals may be motivated by daily tidal cycles and 

seasons (Pittman & McAlpine 2003, Bauer & Hoye 2014). 

 

Connectivity in the marine environment is more poorly understood than in terrestrial 

environments (Carr et al. 2003, Olds et al. 2016). Marine coastal ecosystems (e.g. salt 

marshes, mangrove forests, seagrass meadows and coral reefs) are known for their 

high biodiversity and key functions as nursery habitats and foraging or nesting areas 

(Hughes et al. 2005, Martínez et al. 2007, Mumby et al. 2008, Nagelkerken 2009). 

Like terrestrial ecosystems, marine habitats are increasingly being altered by coastal 

development and overexploitation of natural resources (Chilvers et al. 2005, Gibson et 

al. 2007, Thrush et al. 2008). These activities also impact areas that connect habitats 

and function as corridors (Saunders et al. 2015).  

 

Traditionally, terrestrial ecology research on functional connectivity focused on active 

movement of animals, while functional connectivity in seascapes was thought to be 

mainly passive dispersal driven by hydrology (Carr et al. 2003). Seascapes were 

thought to be open environments in which movement was much less directed by 

structure than in landscapes. Molecular techniques, such as genetics and isotope 

studies, and remote tracking systems, however, increasingly show that marine species 

also actively move between specific areas and along distinct routes (Selkoe et al. 

2008, Block et al. 2011, Farmer & Ault 2011, Huijbers et al. 2013). The role of larval 

dispersal has received more focus in marine systems at the expense of post-larval 

movement, and I therefore focussed this thesis on functional connectivity for post-

larval fish. 

 

Movement behaviour 

Movement patterns can be observed at many spatial and temporal scales and are 

motivated by different factors, such as food availability and climate (Bauer & Hoye 

2014, Hussey et al. 2015). Migration by birds, sea turtles and tuna offer some of the 

most extreme examples, but animals also show frequent route usage on smaller spatial 
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scales (Pittman & McAlpine 2003, Egevang et al. 2010, Block et al. 2011). The 

different spatial scales of marine animal movement are illustrated by the large-scale 

(~1000 km) movements shown by three tuna species (bluefin, yellowfin, albacore) 

across the northern Pacific Ocean (Block et al. 2001, Galuardi & Lutcavage 2012), 

while some reef-associated fish make daily movements across smaller spatial scales 

(~ 1 km), sometimes motivated by tidal movements and presumably as foraging 

excursions (Farmer & Ault 2011, Hamilton et al. 2012). These frequent movements 

are considered an adaptation to spatiotemporal variation in resources and demand 

certain morphological, physiological and behavioural traits (Cote et al. 2010, Guttal & 

Couzin 2010).  

 

To examine ecosystem connectivity that is established by animal movement, it is 

necessary to further define movement behaviour (Van Dyck & Baguette 2005, 

Baguette & Dyck 2007). Marine animal movement can be categorised into five broad 

types: (1) movement of eggs and larvae; (2) home range movement (including tidal 

and diel movements); (3) ontogenetic shift; (4) relocation of home range, and (5) 

migrations: non-spawning and spawning (Pittman & McAlpine 2003). Movement 

behaviour can be further divided into ‘routine’ or ‘special’. Routine movement 

generally concerns daily activities such as foraging, mate-location, seeking shelter or 

a resting place, while special movement concerns movement such as settlement away 

from the natal site. Repeated movement along migration routes can also be called 

routine movement (Dias et al. 2011).  

 

Complementary connections 

When ‘key connections’ or natural corridors can be distinguished, these connections 

may intuitively be conceived as crucial and therefore of the highest priority for 

protection (Gurrutxaga et al. 2011, Saura et al. 2011, McRae et al. 2012). From a risk 

management perspective, I hypothesised that an additional connection that 

complements the main connection may ensure ecological connectivity, and thus 

protect ecosystem processes during failure of the main connection due to disturbance. 

This would in turn enhance the resilience of processes and subsequently, ecosystems. 

When planning for connectivity, efficiency may direct planning towards focusing on 

single key connections, while in contrast, multiple connections may better secure 

connectivity (Pinto & Keitt 2008, Nagelkerken et al. 2015, Rayfield et al. 2016).  
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The idea of complementary connections is related to the insurance hypothesis, which 

states that higher species richness insures ecosystem productivity and increases 

system resilience in a fluctuating environment (Yachi & Loreau 1999). It is the 

‘functional complementarity’ of traits of multiple species (defined as the multitude 

and variety of ways in which a resource can be exploited) that is thought to be 

responsible for the maintenance of ecological processes, and as a result system 

functioning, in a fluctuating environment (Loreau 2004). Complementary connections 

can therefore be defined as: connections with qualities different to those of the main 

connection, that are optimal under different circumstances and where a change in 

environment favours one or the other of the routes.  

 

Route redundancy and alternative route usage are two concepts closely related to 

complementarity (Loreau 2004, Pinto & Keitt 2008, Fletcher Jr et al. 2014). Both 

concepts indicate, similar to complementarity, that a multitude of routes can be used 

for the same purpose. The difference between redundant and complementary is that 

the latter also indicates a difference in how the same goal is reached (Loreau 2004). 

The difference between alternative and complementary is that the latter indicates 

simultaneous usage while alternative suggests a shift in mode and possibly a different 

goal (McCann 2000, Dias et al. 2011) (Fig. 1.1). Route redundancy and alternative 

route usage have been observed in systems such as leaf structures and road structures, 

and have been tested in information networks indicating that connectivity can be 

maintained during disturbance by multiple connections (Leibnitz et al. 2006, 

Barthélemy 2011, Wolshon & McArdle 2011). Ecological examples where functional 

complementarity in connections can be recognised include ant movement (Dussutour 

et al. 2004) and bird migration (Bauer et al. 2010). Ants change their route trajectory 

from single to multiple routes when the primary route becomes crowded (Dussutour 

et al. 2004). Migratory birds show individual flexibility in route selection, departure 

time and destination during migration (Bauer et al. 2010). To date, complementary 

connections have not been studied in marine ecosystems. 
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Figure 1.1. Differences between three different types of connections: redundant, 

complementary, alternative. The dotted lines (red and blue) between the origin and 

destination show ‘alternative’ (blue) and ‘complementary’ (red) connections that 

follow a different route to link these patches, which do not necessarily differ in 

quality. Examples of the different connections that can be recognised in other studies 

(Appendix S1).  

 

 

Planning for connectivity 

Marine protected areas (MPAs) are one of the main conservation measures used for 

the protection of marine species and habitats (Edgar et al. 2014, Huijbers et al. 2015). 

These MPAs can be designed in many different ways and can consist of a single zone 

or multiple zones with different levels of protection, including no-take reserves, 

which have the highest level of protection (Foley et al. 2010, Green et al. 2015). 

Conservation of marine habitat is predominantly focused on areas of species 

aggregation (Hodgson et al. 2011) and less on the seascape between MPAs or no-take 

reserves, thereby leaving an unprotected gap for animals with migratory behaviour or 

large home ranges (Pendoley et al. 2014). The area outside of protected core habitat 

areas, also referred to as the ‘matrix’, may be developed or exploited in a way that 

alters the habitat and behaviour of animals (Prevedello & Vieira 2010). Impeding of 

animal movement can have a negative effect on population dynamics and ecosystem 

processes (Mora & Sale 2011, McRae et al. 2012). Protection of areas that facilitate 

animal movement, also called corridors, can therefore be a strategy to conserve 

ecosystem functioning (Chetkiewicz et al. 2006, McRae et al. 2012). Designation of 

specific areas as wildlife corridors has become a common conservation method to 

maintain connectivity in fragmented terrestrial habitats (Haddad et al. 2003, Gilbert-

Norton et al. 2010).  
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Corridors are specifically relevant to movements along delineated routes, and were 

recognised in terrestrial landscapes before the marine environment. Previously, 

corridor protection was expected to be of low functionality in the dynamic, ‘open’, 

marine environment (Carr et al. 2003, Kinlan & Gaines 2003). However, a growing 

number of distinct movement routes of marine animals are being identified and an 

example of a successful MPA corridor is the marine reserve to protect the blue crab 

stock in Chesapeake Bay (Lipcius et al. 2003, Pendoley et al. 2014, Hussey et al. 

2015).  

 

There is a wide variety of spatial management tools available to prioritise areas for 

conservation, of which the most common are Marxan, Zonation, and many packages 

in ArcGIS (Moilanen 2007, Ball et al. 2009, ESRI 2015). Spatial management tools 

may select for specific ecosystem attributes, such as habitat area, habitat quality, 

species diversity and representation, ecosystem functioning, spatial arrangement of 

habitats and the landscape between these habitats (Moilanen & Nieminen 2002, 

Calabrese & Fagan 2004, Beger et al. 2010). Some tools can also identify corridor 

locations (Chetkiewicz et al. 2006, Pouzols & Moilanen 2014). The estimation of 

connections varies from single corridors that are expected to represent the ‘least cost 

path’ between two patches (Davidson et al. 2013, Etherington & Holland 2013) to 

aproaches that estimate connectivity through multiple connections (circuit theory) 

(McRae et al. 2008), among multiple patches (network theory) (Minor & Urban 

2008), or a combination of the two (Rayfield et al. 2016). 
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Network theory as a tool to analyse connectivity  

Connectivity is a feature that is inherent in all systems, ranging from (human) social 

communities, information systems such as neural and computer networks, to veins in 

a leaf or electricity cables in city (Amaral et al. 2000, Newman 2003, Barthélemy 

2011). Graph theory is a form of mathematics concerned with the analysis of 

networks, while network theory is a branch of graph theory used in the analysis of 

real world systems (Rayfield et al. 2011). In network theory, elements of complex 

systems are reduced to abstractions in which nodes represent the discrete elements, 

such as people or habitat patches, and links represent connections or relationships 

between nodes, such as friendships, roads or movement corridors (see Box 1 for a 

brief introduction to network analysis, history and terms) (Newman 2003). Network 

metrics derived from graph theory offer an analytical framework with various 

advantages: elements (e.g. habitat patches and crucial connections) can be ranked 

according to their importance for connectivity (Bodin & Saura 2010), different types 

of networks can be compared based on the similar metrics used, and the effect of 

connectivity disturbance can be simulated (Calabrese & Fagan 2004, Urban et al. 

2009). The use of network analysis in ecology has been criticised for its poor 

estimation of connectivity by reducing continuous landscapes to unrealistic discrete, 

delineated patches and connections that ignore gradients of connectivity and related 

processes (Moilanen 2011). Over the past few decades however, the advantages of 

network analysis have led to an increase in its use to analyse landscape connectivity 

(Bunn et al. 2000, Pascual-Hortal & Saura 2006, Saunders et al. 2015). Examples 

include studies that analyse habitat connectivity (Urban et al. 2009) and larval 

dispersal in the marine environment (Treml et al. 2008, Thomas et al. 2014). Recent 

studies also show the value of network analysis for the understanding of movement 

networks established by individual animals (Jacoby et al. 2012, Fox & Bellwood 

2014).  

 

In conservation management, complementarity, in the sense of multiple areas that 

protect different species or processes, is a guiding principle to increase ecosystem 

resilience (Pressey et al. 2007). This concept has not, however, been applied to 

distinct connections between areas. Theoretical studies on connectivity hypothesise 

that redundant routes are a security measure to maintain connectivity in a variable 

environment, but have not explicitly modelled the effect of connection 
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complementarity on the maintenance of ecosystem processes (Pinto & Keitt 2008, 

Urban et al. 2009). 

 

Box 1.1. A brief history and introduction to network theory. 

In 1736, the Swiss mathematician Leonard Euler solved the historical ‘Königsberg 

Bridge Problem’. This problem concerned the island in the river Pregel, which was 

connected to the surrounding city of Königsberg by seven bridges. A popular 

question was whether it was possible to walk through the city and cross every bridge 

only once. Euler reduced the bridge-island configuration to a network with abstract 

elements and analysed the problem mathematically (Newman 2003). The analysis of 

network problems has since grown to an extended discipline of mathematics called 

‘graph theory’ (Erdős & Rényi 1960). Graph theory is concerned with connectivity 

between entities (Rayfield et al. 2011). In networks or ‘graphs’, the elements that 

form the abstract graph structure are called vertices or nodes, which are connected 

by edges or links (Fig. B1).  

 

Network theory is the section of graph theory that applies to networks that exist in 

the real world, as opposed to purely theoretical graphs. In real-world networks, 

nodes can represent persons, proteins, organisms, or habitats, while the edges refer 

to friendships, exchange of information, metabolic reactions, consumption or 

dispersal (Minor & Urban 2008). Examples of real world networks are social 

networks, neural networks, transport networks, metabolic pathways, food webs or 

habitat networks (Strogatz 2001).  

 

The configuration of nodes and distribution of edges can lead to a wide variety of 

network structures (Fig. B2). Network structure is an important network property 

that determines to a great extent how information, energy or organisms can move 

through the network (Strogatz 2001). The change over time in network structure is 

referred to as dynamics, functioning, or behaviour (Strogatz 2001).  

 

The abstraction of elements offers the possibility to compare network features, such 

as structure and dynamics, between different systems. Network analysis has found 

generic characteristics that describe dynamics in different types of networks (Albert 

et al. 2000, Jeong et al. 2000).  

  

 
Fig. B1. Network consisting of nodes that are connected by edges. Nodes and edges can be 

weighted and directed. 
 

 

Fig. B2. Different network structures. Image adapted from Minor and Urban (2008).  
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Research system 

The questions asked in this thesis are not species or location specific. Two of the 

studies were therefore carried out with marine mesocosms in an experimental 

laboratory environment. The marine mesocosms mimicked seascapes with spatially 

separated resources (algae) between which hermit crabs could move and graze. 

Grazing was chosen as the model ecosystem process since grazing is a crucial process 

for many marine landscapes. Herbivores depend on connectivity to access different 

areas for grazing. In the mesocosms it was possible to measure the three aspects of 

ecosystem connectivity as identified in this thesis: landscape, movement and process. 

For the two modelling studies, I used Moreton Bay, southeast Queensland, Australia, 

(27° 15′ 0″ S, 153° 15′ 0″ E) as the model area. Moreton Bay has been the subject of 

many scientific studies (e.g. Stevens & Connolly 2005, Olds et al. 2012a, Maxwell et 

al. 2014, Davis et al. 2014) and represents a highly diverse coastal marine system with 

intense commercial and recreational fishing grounds that are partially protected by 

MPAs (Chilvers et al. 2005, Queensland Government 2015). Previous research in the 

bay showed that connectivity between different habitats (measured as the landscape 

aspect proximity of areas) increases MPA effectiveness for fish abundance (Olds et al. 

2012a, b, Olds et al. 2013). 

 

 

Objectives and overview of thesis 

The overall objective of this thesis is to examine the function of connections in 

marine landscapes, and their management, at different spatial scales using modelling 

tools and laboratory experiments.  

 

To answer specific questions on prioritisation of connectivity for conservation 

management and ecosystem theory, this thesis includes the following studies: 

 

Chapter 2 - Similar effects of distance, corridors and barriers as three forms of 

connectivity on the key ecological process of grazing 

In this study the research question was if increased connectivity leads to an increased 

process rate. The roles of different types of structural connectivity and different levels 

of connectivity strength for an animal mediated process were tested in a mesocosm 

experiment with hermit crabs that graze on algae. 
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Chapter 3 - Complementary connections maintain an ecosystem process during 

disturbance 

In this study the research question was if a process was better maintained under 

disturbance in a system with complementary connections compared to a system with a 

single connection. This mesocosm experiment tested the advantage of complementary 

connections between spatially separated resources for the maintenance of the 

ecosystem process (grazing) using hermit crabs that graze on algae.  

 

Chapter 4 - Habitat connectivity for fish in Moreton Bay from a network perspective 

Here, the aim was to estimate the importance for connectivity of different areas in a 

coral reef network for the movement of adult fish. In this study critical areas for the 

connectivity between marine habitats in Moreton Bay were identified for different 

fish species. The model estimated the strength of connections among habitat mosaics 

based on their size, geographical configuration and fish movement probabilities.  

 

Chapter 5 - Including connectivity and costs of fisheries in marine spatial planning 

In this study the aim was to use quantitative data on connectivity from the previous 

study (Ch. 4) to evaluate incorporation of connectivity and opportunity costs into 

future potential marine spatial planning using two systematic planning processes. I 

compared the selection of planning units between a method that only uses values of 

the importance for connectivity from Chapter 4 and a method that also takes into 

account the cost of conservation.  

 

Chapters 2 and 3 take an experimental approach to assess the importance of functional 

seascape connectivity in maintaining grazing by marine animals. These experiments 

demonstrate the importance of both key and complementary connections to 

maintenance of ecosystem processes. Given this finding, Chapters 4 and 5 explore 

how connectivity can be modelled at a seascape scale, and how this information can 

be included in conservation planning processes to ensure that functional connectivity 

is conserved. 

 

A final discussion chapter (Chapter 6) synthesises the findings of the separate 

chapters and outlines topics for future research. 
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Chapter 2 

Including the three aspects of connectivity in experiments: similar effects of 

different forms of structural connectivity on the key ecological process of grazing 
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Abstract  

It is now widely acknowledged that connectivity is important to maintain function in 

ecosystems, yet empirical support of how different forms (properties) of connections 

affect ecological process remains limited. Also, multitude of definitions and metrics is 

used in connectivity research, which can hinder discussions about the role of 

connectivity in ecosystems. In this study, I empirically examined the three aspects of 

connectivity by testing the relationship between functional connectivity and an 

ecosystem process (grazing) in marine mesocosms. I chose three different forms of 

structural connectivity (number of corridors, number of barriers, distance) to create a 

non-system specific resistance to animal movement between patches. I developed a 

conceptual framework that uses space and complexity to order existing terms and 

definitions found in connectivity research and allow comparisons between different 

studies. Three main aspects of connectivity can be recognised: 1) the landscape, 2), 

movement (of material and species), and 3) ecosystem processes. My results suggest 

that increases in connectivity (through an increase in resistance to movement) 

decrease grazing regardless of the structural form of connectivity. These results can 

help to further understand the relation between connectivity and ecosystem function 

better and may form a basis for fundamental field experiments; information that is 

valuable for conservation.  
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Introduction 

In many ecosystems, maintaining a sufficient level of connectivity is critical to 

maintain a diverse range of functions and hence is increasingly recognised as a target 

in biological conservation strategies (Beger et al. 2010, Mitchell et al. 2013, Green et 

al. 2015). Connectivity is, however, a multi faceted concept and it is not always clear 

which aspects of connectivity should be prioritised in conservation (Boström et al. 

2011, Kool et al. 2013, Runge et al. 2014, Olds et al. 2016).   

 

In ecology, a common definition of connectivity is ‘the degree to which the landscape 

facilitates the movement of species and other ecological flows’ (Taylor et al. 1993). 

Studies on connectivity in aquatic systems have extended this definition to describe 

connectivity as a function of transport by water currents (Kool et al. 2013). The 

multitude of connectivity definitions and metrics used can sometimes hinder 

discussions about the role of connectivity in ecosystems (Goodwin & Fahrig 2002, 

Bélisle 2005, Lindenmayer & Fischer 2007, Kool et al. 2013). Conceptual diagrams 

have been used to order different concepts (e.g. see diagrams in Calabrese and Fagan 

2004, Lindenmayer et al. 2007, Mitchell, Bennet and Gonzalez 2013 and Kool et al. 

2013). Despite the usefulness of these existing diagrams, I believe that a more 

comprehensive framework will be practical to order aspects and forms of connectivity 

and to contextualise results of different studies on connectivity. It can also help 

researchers to be specific about what elements / forms of connectivity they are 

focusing on. 

 

As part of this study, I therefore developed a conceptual framework that uses spatial 

scales and data complexity to order existing terms and definitions found in 

connectivity research (Fig. 2.1). From this framework, three main aspects of 

connectivity can be recognised: 1) the landscape aspect (also referred to as structural 

connectivity) which is formed by the physical environmental features of the landscape 

or infrastructure; 2) the movement of organisms and other matter (the response of 

organisms and material as a function of the landscape, also referred to as functional 

connectivity); and 3) ecosystem processes (ecological consequences) as a result of 

functional connectivity (Goodwin & Fahrig 2002, Kindlmann & Burel 2008, 

Wedding et al. 2011, Bauer & Hoye 2014). The combination of the aspects landscape 

and movement, or ‘functional connectivity’ (Fig. 2.1), can be quantified as the 
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resistance that the connective landscape in between habitat patches (also referred to as 

the matrix) offers to movement of material and organisms. Resistance is defined as 

the ‘ecological cost incurred by an individual moving through that habitat type’ 

(Rayfield et al. 2009, Graves et al. 2014). The framework emphasises the importance 

to measure process rate as a result of connectivity and thus the three aspects to fully 

understand the connectivity. The second part of this study comprises a series of 

experiments that included the three aspects of connectivity.   

 

 

Fig 2.1. The nested relationship of the three main aspects of connectivity (landscape, 

movement and process) arranged according to data complexity (y-axis), and their 

measurement units arranged according to spatial scale (x-axis). Data on Landscape 

and Movemement aspects can be used to model potential connectivity or calculate 

actual connectivity.  

 

It is a straightforward expectation that with increased connectivity the processes 

depending on the connectivity will also increase to certain point. Despite the large 

body of research on connectivity, measuring the direct relationship between 

connectivity and ecosystem processes and measuring different levels of resistance 

remains a challenge (Taylor et al. 1993, Tischendorf 2001, Kindlmann & Burel 2008, 
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Bodin & Saura 2010, Perna & Latty 2014, Olds et al. 2016). The relationship between 

connectivity and ecosystem processes is difficult to measure primarily because it 

involves testing the three aspects (i.e. landscape, movement and process) of 

ecosystem connectivity at the same time in the same system (Goodwin & Fahrig 

2002, Logue et al. 2011, Kool et al. 2013) (Fig. 2.2). Most studies have measured a 

combination of only two aspects of connectivity (Bauer & Hoye 2014, Olds et al. 

2016). Some studies measure the landscape aspect of connectivity in combination 

with an ecosystem process. For example, when the consumption of algae on reefs (the 

ecosystem process) is related to distance to mangroves (structural connectivity), the 

third aspect (movement by the herbivores) is not measured (Tischendorf 2001). Other 

studies have measured the movement aspect in combination with the landscape 

aspect, while the resulting ecosystem process is not measured (Wedding et al. 2011, 

Olds et al. 2016). Conclusions on the relationship between connectivity and 

ecosystem processes are therefore often based on a correlation and not on a 

mechanistic understanding. As a result, extrapolation and generalisation of the 

relationships between connectivity and ecosystem processes remains difficult 

(Tischendorf 2001, Boström et al. 2011). 

 

In a landscape that consists of patches that have functional connections of different 

strengths, the rate of the ecosystem process (e.g. as a result of animal movement) is 

expected to be greater in patches with high connectivity (Lundberg & Moberg 2003, 

Gilbert-Norton et al. 2010). In this study, the three aspects of connectivity: landscape 

(structural connectivity), movement (animal movement) and ecosystem process 

(grazing) could be measured within one system by designing experiments in which all 

aspects were controlled in mesocosms (Fig. 2.2). I determined the relationship 

between functional connectivity (the combination of the aspects landscape and 

movement) and an ecosystem process in marine mesocosms with three different forms 

of structural connectivity that created resistance to herbivore movement between 

patches. The three different structural forms of connectivity were analogous to the 

number of corridors between patches, the number of barriers between patches, and the 

distance between patches (Fig. 2.3). I chose three forms of the landscape aspect to 

make this study less system specific and approach measuring resistance. The measure 

‘resistance’ is abstract and easy in computer models but hard to measure in empirical 

experiments. If different forms of structural connectivity show to reduce the process 
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in a similar way they all offer resistance in a similar way. The marine mesocosms 

designed for this study are representative of connected landscapes, such as coral reef 

habitat mosaics, but also of ponds and forests. Both the conceptual framework and 

this experimental approach may increase the understanding of dynamics of 

connectivity that are independent of the type of ecosystem.   

 

 

Fig 2.2. The three aspects of connectivity: landscape, movement and process. The 

large open black circles and the small filled black circles indicate the separate aspects. 

Coloured ‘plus’ symbols indicate the combination of aspects that can be measured as 

connectivity. Examples of studies from the literature that measured two aspects are 

given on the left side and in the top right corner the three aspects measured in this 

study are specified.  
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Methods 

Conceptual framework 

Functional connectivity refers to movement of organisms and material as a result of 

the landscape structure (Kadoya 2009, Turgeon et al. 2010) and is a combination of 

the aspects ‘landscape’ and ‘movement’. In the framework (Fig. 2.1), I regard this 

combination of aspects as an increase in complexity: two types of data (geographical 

and behavioural) are needed to analyse functional connectivity and the data required 

are more diverse and complex than when only geographical (landscape) data are used. 

It should be noted that I differentiate between data complexity and data detail as I 

acknowledge that some geographical data can be more detailed than a combination of 

coarse data on geography and behaviour.  

 

The aspect ‘ecosystem process’ can either be modelled using data on the landscape 

and movement aspects, or be directly measured by empirical research. When a 

process is modelled it can be referred to as ‘potential connectivity’ (Calabrese & 

Fagan 2004). This is an estimation of the more complex actual connectivity, which is 

based on empirical measures of all three aspects that show the mechanistic 

relationships among them (Calabrese & Fagan 2004). Both the potential and actual 

connectivity are more complex than functional connectivity because knowledge of all 

three aspects is needed. Potential and actual connectivity are divided in space since 

models are more suitable to estimate connectivity in landscapes and empirical 

measures are usually limited to several locations (patches).   

 

The model ecosystem process 

I chose grazing by herbivores as the ecological process measured in response to 

changes in connectivity, chiefly because it is a key process in many and diverse 

ecosystems, from coral reefs to savannahs (Mumby et al. 2006, Laure et al. 2009, 

Seidel & Boyce 2015). Since most vegetation is attached (i.e. plants are generally 

sessile), grazers need to move through the landscape to exploit resources. Hence, the 

movement of grazing animals and the rate at which they consume plant biomass in 

different parts of the landscape is predicted to depend, partly, on connectivity.  

 

The model species 
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The grazer was the marine yellow-footed hermit crab Clibanarius virescens (Krauss, 

1843), common on rocky, intertidal and shallow subtidal habitats in tropical and sub-

tropical eastern Australia. The species is common and widespread and during low 

tide, crabs forage on submerged hard substrate covered with algae (Gherardi & 

Vannini 1989). All individuals used in this study (size range: 0.9 to 2.0 cm shell 

width) were collected in Moreton Bay (27° 15′ 0″ S, 153° 15′ 0″ E) and Burleigh 

Heads (28° 6′ 14.4″ S, 153° 26′ 9.6″ E) in southeast Queensland, Australia.  

 

Experimental design  

To empirically test the effect of connectivity on an ecosystem process, while 

considering all three aspects of connectivity, I designed a laboratory experiment in 

which landscape (structural connectivity), movement (animal behaviour) and an 

ecosystem process (grazing) are represented in one system (Fig. 2.2 and 2.3A). The 

experimental design consisted of a series of marine mesocosms in which I differed 

three forms of structural connectivity (resistance): a) the number of corridors that 

crabs can move through, b) the number of barriers between patches (permeability of 

connections to crabs) and c) the distance between patches (length of corridors that 

crabs have to traverse to reach a food patch), representing multi-patch coastal 

landscapes, in which a marine crustacean could actively move between patches and 

graze on algae (Fig. 2.3). For each form of structural connectivity four levels (i.e. one, 

two, three, or four corridors, barriers or distance units) of resistance to crab movement 

were implemented.  

 

The number of corridors and corridor width have previously been used to quantify 

connectivity in studies examining the effect of corridors between seagrass patches on 

marine invertebrate dispersal and colonisation (Darcy & Eggleston 2005), corridor 

identification through the observation of movement by multiple marine species 

(Pendoley et al. 2014), the number of runways to patches made by voles (Cook et al. 

2004), and a meta review on corridor effectiveness by Gilbert-Norton et al. (2010). 

Examples of studies that quantified connectivity based on barriers or permeability 

between patches include modelled habitat connectivity as resistance offered by 

vegetation to movement (McRae et al. 2008, Pinto & Keitt 2008), roads in landscapes 

(Gurrutxaga et al. 2011), movement of a forest bird across open areas compared to 

forest (Castellón & Sieving 2006), and movement of cactus bugs across bare sand or 
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in the presence of stepping-stones (Fletcher et al. 2014). Geographical distance 

between two areas has been previously used to quantify connectivity in studies that 

measured coral fish species abundance and assemblage related to distance to 

mangroves and seagrass (Olds et al. 2012), movement of multiple species between 

waterholes (O’Farrill et al. 2014), and distance to coral reefs where fish graze on algal 

beds in the presence of predation (Madin et al. 2011).  

 

The mesocosms consisted of mazes in the shape of a ‘plus’ sign (plus-mazes) made of 

white plastic ‘corflute’ sheets (Fig. 2.3A, Appendix S2). The central patch in the plus-

maze represented the starting patch, with four surrounding patches functioning as the 

connected food patches (Fig. 2.3A). The dimensions of the mazes were: 40 x 40 x 5 

cm (designs with corridors and barriers) and 40 x 78 x 5 cm (design with distance) 

and the patches were 12.5 cm2. The corridors (openings from middle patch to food 

patch) were 2 cm wide. The barriers blocked half of the connection and were 

alternated so that the crab could not walk in a straight line through the openings 

(Appendix S2). The distances to the food from the edge of the middle patch were 12, 

24, 36 and 48 cm. Water height during the experiments was approximately 3 cm to 

ensure that the crabs were fully submerged. The mazes were rotated and the 

configuration changed between experimental trials to avoid any environmental 

effects.  

 

Lab environment 

Animals were kept in aquaria with water temperature ranging from 23.5-25 °C, 

salinity between 34 – 35.5 psu and a 12-hour day-night light cycle. Prior to 

experiments animals were acclimatised to the water depth and light conditions of the 

experimental design for one day. All animals were kept in the same aquarium but in 

separate plastic containers to avoid cannibalism during fasting and to standardise 

access to food. To motivate foraging during experiments crabs were fed every fourth 

day, and crabs were used in an experiment after three days of fasting. Food consisted 

of pellets made from water stable wafers (aquarium food company New Life 

Spectrum). Pellets were largely composed of a mixture of dried algae, mimicking the 

algal dominated diet of an herbivore. The food offered in the experiments was the 

same as the food offered during acclimatisation.  
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Experiments 

Prior to each experimental trial, three food pellets with an average weight of 6.34 (± 

SE 0.10) mg were placed in every patch except the central starting patch. An 

individual crab was placed in the middle of the central patch and its movement was 

restricted with a PVC cylinder before the start of the experiment to avoid biasing crab 

choice into a direction. During these initial 5 minutes the crabs were observed and 

individuals that showed no activity were replaced to avoid testing sick or dead 

animals. The experimental time was 1 hour, after which, remaining food pellets were 

counted and the crab returned to the main aquarium. Every crab was only used once 

in the same experimental design but some crabs were used in different designs.  

 

Data analysis 

The response variable ‘grazing per patch’ was measured as the consumption of the 

number of algae pellets in each of the four patches in a maze. This value could be a 

minimum of zero and a maximum of three. Trials in which a crab did not graze any 

algae pellets were omitted from the analysis; in the corridor, barrier and distance 

experiments, 6, 18 and 11 trials were omitted resulting in n = 74, n = 38 and n = 45, 

respectively. Shell width was measured to test for any confounding effects on grazing 

(i.e. shells with larger widths are likely to be inhabited by larger crabs which may 

graze more than crabs in smaller shells). 

Generalised linear mixed effect models (glmer) were used to analyse the relationship 

between grazing and connectivity separately for each of the three different forms of 

structural connectivity (distance, number of barriers, number of corridors). For each 

form of structural connectivity the model included two fixed factors: ‘connection 

strength’ (4 levels) and ‘shell width’ (continuous) without an interaction term. 

Because an individual crab can visit any of the four patches in any order during an 

experiment, and its presence in one patch excludes it being in the other patches, the 

results of all patches are related. Therefore, crab ID was treated as a random factor to 

account for repeated measures. P-values were obtained by likelihood ratio tests of the 

complete model with the factor ‘connection strength’ against the “null” model without 

this factor. A Tukey’s post hoc test on the best model was used to pairwise test the 

difference in grazing between connection levels.   
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To explicitly test the effect of connectivity and exclude the effect of differences in 

crab behaviour, the grazing rate and number of patches visited in the three 

experimental designs should not differ among the three separately run experiments. 

The difference in grazing rate (measured as the number of algae pellets consumed in 

each food patch) and the number of patches grazed (measured as the number of 

patches where algae pellets were consumed) among the three experimental designs 

was tested with a linear model (lm). All analyses were carried out in R (R 

Development Core Team 2016) with the package nlm4 (Bates et al. 2014
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Fig 2.3 A-B. Conceptual diagrams of the three experimental designs of the marine mesocosms (A). The middle starting patch is connected to 

four food patches which all contain the same number of algae pellets. Two examples of ecological analogues of structural connectivity are given 

for each experimental design (B). Corridors (Cook, Anderson & Schweiger 2004; Turgeon et al. 2010). Barriers (Castellon & Sieving 2005; 

Raya Rey et al. 2010). Distance (Godin & Rangeley et al. 1989; Lee et al. 2007). 
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Results 

Regardless of the form of structural connectivity (distance between patches, number 

of corridors, number of barriers), lower connectivity always resulted in reduced 

grazing. The best generalised linear mixed effect models for all three experiments 

were the three complete models that included both connectivity strength and shell 

width as a fixed factor. 

 

The amount of algae grazed by individual hermit crabs significantly increased with 

increasing numbers of corridors between the central patch and the food patches (Fig. 

2.4). In the ‘corridor’ experiment connectivity had a significant effect (χ2 (3) = 16.45, 

p < 0.001) on grazing. Shell-width had a significant effect (p < 0.001) on grazing but 

there was no interaction between the numbers of corridors and shell width. There was 

no significant difference between food patches connected by either one or two 

corridors to the central patch (p = 0.061), the patch with only one corridor had 

significantly lower grazing compared to the patches with three or four corridors (p = 

0.031 and p < 0.001, respectively).  

 

In the ‘barrier’ experiment (Fig. 2.4), grazing was significantly influenced by 

connectivity (χ2 (3) =12.66, p = 0.005) but shell-width did not have a significant 

effect. There was no interaction between the numbers of barriers and shell width. 

Food patches with three or four barriers to the central patch, representing low 

connectivity, had significantly lower grazing rates (p = 0.011 and p = 0.036, 

respectively) in comparison to the patch with only 1 barrier, which represented high 

connectivity. The patch with two barriers did not differ significantly in grazing rate 

from any of the other patches (p > 0.331).  

 

The experimental design that tested the effect of connectivity represented by distance 

between patches also showed a general decrease in grazing rates with decreased 

connectivity (i.e. increased distance) (χ2 (3) = 8.54, p = 0.036) (Fig. 2.4). Shell-width 

also had a significant effect (p = 0.001) on grazing. There was no interaction between 

distance  and shell width. The decrease in grazing was significant between the food 

patches with one (highest connectivity) and three distance units from the central patch 
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(p = 0.028), but not for any other combination of patches with different distances (p > 

0.780).  

 

The grazing rate, measured as the average total number of algae pellets consumed per 

experiment, was similar across all three experimental designs (one-way ANOVA: F2 = 

0.258, p = 0.773). Average grazing on algae pellets per crab was 4.05 pellets (± SE 

0.27) in the ‘corridor’ experiment, 4.05 pellets (± SE 0.39) in the ‘barrier’ experiment, 

and 3.73 pellets (± SE 0.43) in the ‘distance’ experiment. Crabs often grazed in 

multiple patches without completely grazing all the food available. Similar to the 

grazing rate, the average number of patches that hermit crabs visited during the 

experiments did not differ between experimental designs (one-way ANOVA: F2 = 

1.51, p = 0.224). The average number of patches visited was 2.11 (± SE 0.11) in the 

‘corridor’ experiment, 1.87 (± SE 0.16) in the ‘barrier’ experiment and 1.18 (± SE 

0.14) in the ‘distance’ experiment.  
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Fig 2.4. Average (± SE) grazing of algae pellets per experimental trial by 1 hermit in 

of the four patches in the three experimental designs (corridors, barriers, distance). 

Different letters above the bars represent significantly different grazing levels. 
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Discussion  

I developed a conceptual framework that comprehensively arranges the three aspects 

of connectivity (i.e. landscape, movement and process) and related terms along the 

axes of spatial scale and data complexity. Connectivity is recognised as a critical 

feature for ecosystem functioning (Bode et al. 2008, Levin & Lubchenco 2008, Foley 

et al. 2010, Hodgson et al. 2011). One of the reasons why the analysis of connectivity 

remains challenging is that the concept of connectivity often suffers from semantic 

confusion. Research and discussion on the role of connectivity in ecosystems can be 

confused by the multitude of terms related to the concept (Lindenmayer & Fischer 

2007). The diagram offers a context in which the relationship between aspects can 

easily be recognised and studies on connectivity can be positioned. With this 

framework, studies on ecosystem connectivity can focus on specific aspects without 

being separated from the mutual context, which makes it easier to compare studies 

and identify areas for new research. 

 

Connectivity is an important topic in different field of ecology such as behavioural, 

metapopulation and landscape ecology. In behavioural ecology, connectivity is 

approached as a cost to the individual animal while in metapopulation ecology and 

landscape ecology the focus is more on populations and ecosystem processes (Taylor 

et al. 1993, Hanski 1994, Kadoya 2009). In this study I show that regardless of the 

structural form of connectivity in a landscape, an increase in resistance to movement 

(lower connectivity) leads to a decrease in ecosystem process rate. By testing the 

abstract ‘resistance’, I have come closer to experimentally testing ‘travel costs’, a 

term common in behavioural studies but here embedded in landscape ecology. The 

study by Bélisle (2005) advocates the use of travel costs as a way to link process to 

pattern and to strengthen the field of landscape ecology with theory from the field of 

behavioural ecology. My results may help to quantify connectivity in field 

environments where patches are connected by different structures. 

 

A question arising in landscape ecology, and especially in conservation ecology, is 

‘what is the optimal connectivity for a system?’ This includes knowing whether the 

shape of the relationship between connectivity and ecological processes is linear or 

not, and if this relationship exhibits a sudden change at a threshold, what determines 

the changes (Venail et al. 2008, Boström et al. 2011, Mitchell et al. 2013, Olds et al. 
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2016). In this study the main objective was to examine the effect of different forms of 

structural connectivity on an ecosystem process in a landscape where patches have 

connections of different strengths. The four levels do not offer sufficient data to 

determine and compare the shape of the relationship. The resistance offered by the 

four connectivity levels was not high enough to disconnect the crabs from the patches 

and I did not measure the full gradient of connectivity from completely connected to 

isolation. However, my results indicate that ecosystem processes can differ 

significantly after a 3-4 fold linear decrease in connectivity between patches. Future 

research could extend this type of experiment and specifically examine the shape of 

the relationships between connectivity and ecosystem processes.  

 

I empirically tested the three main aspects of connectivity (landscape, movement and 

process) and thus measured actual connectivity, compared to most studies on 

connectivity that measure only potential connectivity. Matthiessen et al. (2007) 

measured the three aspects of connectivity by testing the effect of grazer diversity and 

connectivity on algal biomass. However, in their study connectivity had two levels 

(open and closed) and the ‘patches’ were either connected to each other or not. The 

connectivity among the patches in the connected system was treated as equal. A study 

by Seidel and Boyce (2015) examined patch use dynamics by large herbivores. Their 

objective was to study behaviour but the study could also be regarded as a 

connectivity study since they explained the return frequency of the herbivores to 

patches by a model that included the terrain (ruggedness) among patches, distance to 

road and productivity. The functional effect of the herbivore return (the local process) 

was, however, not measured. 

 

What is experienced as resistance to movement is often system-specific (type of 

landscape structure and species movement) (Fahrig 2007, Eycott et al. 2012), and I 

am aware that generalisations on connectivity should be made with caution. 

Notwithstanding the limits of laboratory experiments, I content that our artificial 

forms of structural connectivity can apply to real-life systems and I designed the 

experiment to minimise system specific outcomes. Our experiments demonstrate that 

different forms of structural connectivity have the potential to similarly shape an 

ecological process in a system. Ultimately, this outcome motivates consideration of 

for example ‘rule of thumb’ guiding principles in management on distance between 
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reserves and conservation of corridors in a broader sense that includes other forms of 

resistance too. 

 

Quantifying the effect of connectivity on an ecosystem process is difficult because 

multiple aspects (landscape, movement and process) need to be measured 

simultaneously in the same system (Lundberg & Moberg 2003, Logue et al. 2011, 

Bauer & Hoye 2014). In field circumstances, patches in the same landscape often 

differ in many ways, such as habitat composition or area, and it is very challenging to 

conduct this type of basic ecology research in field settings without undue 

environmental disturbance or large logistical challenge. The scale of the experimental 

design was appropriate to measure the effect of connectivity on grazing by individual 

crabs because grazing was not limited by the amount of algae offered and crabs had 

the mobility to explore all patches in the experimental landscape. In my experiment, 

the simulated topology was kept simple and similar between experiments, which 

allowed us to develop a model system that can be easily adapted to test the role of 

connectivity in other systems. With the increase in network metrics from graph theory 

used in spatial connectivity analyses, experimental studies using network metrics are 

needed (Logue et al. 2011, Fletcher et al. 2013, Rayfield et al. 2016). This could mean 

the effect of different topologies between similar systems on the functioning of a 

whole system (Fox & Bellwood 2014), or the effect of the topology on local patch 

within a system (Engelhard et al. 2016). For example, studies on the topology of the 

coral reefs showed which reef are likely to be crucial in the spread of Crown of 

Thorns starfish and how populations of coral and fish are structured (Kininmonth et 

al. 2009, Hock et al. 2014, Magris et al. 2016). Since landscapes often consist of 

multiple structural features, in addition to connectivity strength, future studies could 

also test the effect compare the cumulative or interactive effects of different structural 

forms.  

 

Connectivity is important for the mitigation of habitat fragmentation and planning of 

reserves. To understand how habitat connectivity shapes ecosystem functioning, and 

implement connectivity in planning successfully, empirical studies are needed to test 

fundamental concepts of connectivity and confusion over terms related to 

connectivity should be minimised. In my study, I offer a new framework of the 

concept of connectivity that can reduce the semantic confusion over ‘connectivity’ 
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and it can also help researchers to be specific about what elements / forms of 

connectivity they are focusing on. In the development of the framework I recognised 

the three aspects: landscape, movement and process. These aspects were included in 

the mesocosm experiments. My results confirm that functional connectivity (the 

combination of the aspects landscape and movement) is positively related to the 

process of grazing regardless of the structural form of connectivity as long as the 

structure is related to resistance to movement. The advantage of measuring 

connectivity as ‘resistance’ is that results of studies can be easier compared. Here 

only one of the three aspects of connectivity, landscape, was manipulated and varied 

in form and my approach leaves room for testing the other aspects too. These types of 

studies prepare the ground to up-scale to (field) experiments that test specific 

predictions, particularly those that are important for conservation-related questions.  
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Abstract 

Connectivity is critical for ecological functions and better strategies are needed to 

conserve important spatial linkages in increasingly fragmented seascapes and 

landscapes. Theories on the stability of ecological functions, originally formulated in 

the context of biodiversity and complex systems, suggest that the presence of 

complementary connections can help to maintain ecological functions.  

Complementary connections are alternative connections with different qualities that 

are optimal under different circumstances, and are thus favoured routes in a changed 

environment. A key question in spatial conservation planning is whether prioritization 

should focus on strong, obvious connections, or instead incorporate a diversity of 

‘complementary’ connections. Here we experimentally tested whether the presence of 

complementary connections reduces the impact of disturbance on an ecological 

function. We tested the effects on grazing rates in mesocosms in which a crustacean 

(yellow-footed hermit crab) could graze in multiple patches either joined by a single 

connection or several complementary linkages. Disturbance was in the form of partial 

physical impediment to animal movement and increased distance to food. In systems 

lacking complementary connections, grazing was reduced by 30% under medium 

disturbance (impediment of movement) and by 51% under high disturbance 

(impediment of movement and removal of food from the central patch). In systems 

with complementarity, no such reduction occurred. My finding that complementarity 

can help to maintain ecological functions during disturbances suggests that the role of 

complementary connections, features of many landscapes and seascapes, needs to be 

better understood and integrated into spatial conservation planning. 

 



57 

Introduction  

In systems that consist of multiple parts, many ecosystem functions depend on 

connectivity between these parts (Strogatz 2001). Thus, connectivity is important for 

maintaining system functioning, particularly during and after disturbance. Physical 

connectivity between habitat patches is essential to facilitate animal movement and 

maintain ecosystem functioning, but animals on the move also create connections and 

facilitate processes (Taylor et al. 1993, Perna & Latty 2014). Examples include 

grazing by herbivorous fish when swimming among coral reefs (Lundberg & Moberg 

2003, Turgeon et al. 2010), seed dispersal by birds when flying in corridors between 

forests (Haddad et al. 2003, Castellón & Sieving 2006), and migratory species that 

that transfer nutrients and matter to stop-over sites along their flight paths (Rubenstein 

& Hobson 2004, Bauer & Hoye 2014).  

Animals on the move require particular environmental features to be present as 

stopover areas, navigation markers, and movement corridors (Gill et al. 2009, Fox & 

Bellwood 2014, Hooijmeijer et al. 2014, Pendoley et al. 2014). These connecting 

areas (connections) need to remain safe and accessible, even during short and long-

term disturbance (McRae et al. 2012), for animals to continue their routine 

movements and migrations. These connections are, however, vulnerable and can 

become (temporarily) inaccessible due to: weather events; construction of physical 

barriers, such as roads and dams (Roberts et al. 2013, Loro et al. 2015); loss of 

connective structures, such as coral reefs or forest corridors (Steneck 2006, Pascual-

Hortal & Saura 2007); and environmental (e.g. pollution) and climate change (e.g. 

loss of sea ice) impacts that alter the suitability of habitat or movement paths 

(O’Farrill et al. 2014, Olds et al. 2014, Saunders et al. 2015). The conservation of 
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habitats and landscapes has been the main strategy adopted to safeguard ecosystems 

from anthropogenic disturbances that impede connectivity, whereas direct protection 

of connectivity is a more recent strategy that is increasingly incorporated into reserve 

designs (Saura & Rubio 2010, Pouzols & Moilanen 2014, Green et al. 2015). How to 

plan for the maintenance of ecosystem functioning during short and long term 

disturbance, and how to incorporate connectivity in ecosystem conservation, are 

critical questions in conservation planning; it is, however, difficult to determine which 

connections should be protected and how many are best (May et al. 2008, McRae et 

al. 2008, Baguette et al. 2013, Magris et al. 2014). 

 

Complementarity is an important concept in ecosystem functioning and systematic 

conservation planning (Loreau & Hector 2001, Pressey et al. 2007, Venail et al. 2008, 

Drielsma et al. 2014). In conservation planning, complementarity is defined as a 

measure that describes how an area contributes features (most often species) that are 

not represented in other areas (Margules & Pressey 2000). Complementarity is well 

studied in research examining the relationship between ecosystem functioning and 

species diversity (Dunne et al. 2002, Loreau 2004, Pinto & Keitt 2008, Venail et al. 

2008). Examples of complementarity can be found in plant communities where a 

shared resource, such as a nutrient, is exploited by different plant species that either 

use different mechanisms or are sensitive to different stressors (Loreau et al. 2001). 

The terms ‘complementarity’, ‘redundancy’, and ‘alternative’ are often used 

interchangeably (Loreau 2004). There are, however, important differences: 

complementarity differs from redundancy in that complementarity denotes that two or 

more entities contribute to a shared function in dissimilar ways (Loreau 2004, Venail 

et al. 2008). By contrast, redundancy denotes that two or more entities have identical 
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and replaceable contributions to a shared function (Loreau 2004). The term alternative 

has sometimes been used as synonym for complementary as it identifies a shared 

function, but the term has a less stringent definition in that it does not necessarily 

indicate a benefit of the dissimilarity, but rather another option to achieve a similarly 

valued goal (Bauer et al. 2010, Dias et al. 2011, Wolshon & McArdle 2011). In the 

context of connections, this dissimilarity in quality can lay in the energetic costs, risks 

or accessibility. For example, under certain circumstances one of the multiple 

connections takes the least effort (e.g. has the shortest distance or the most optimal 

water currents), poses the lowest risk of predation, or is reliable and accessible most 

of the time and can be regarded as the optimal, main connection. Complementary 

connections can, therefore, be defined as: connections with different qualities that are 

optimal under different circumstances and where a change in environment favours 

one of the complementary routes (Fig. 1.1, Appendix S1). Theoretical studies on 

habitat connectivity have hypothesised that multiple, redundant or alternative routes 

are an insurance measure to maintain connectivity in a variable environment (McRae 

et al. 2008, Urban et al. 2009, Bauer et al. 2010, Barthélemy 2011). Here we posit that 

it is not the redundancy, but the complementarity of the connections that is 

responsible for the insurance effect (Loreau 2004).  

 

For regular and routine movements, animals often repeatedly use the same route (Van 

Dyck & Baguette 2005, Perna & Latty 2014). At both large and small spatial scales, 

however, animals have shown flexibility in their route selection. Examples include the 

different flyways that birds use during migration (Bauer et al. 2010), and changes in 

routes selected by ants when preferred routes become crowded (Dussutour et al. 

2004). These observations show that alternative routes are used by animals to reach 
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their destinations during disturbances, and suggest that such complementary 

connections might help to maintain spatial linkages across landscapes. Experimental 

studies on this subject are rare, but a field experiment on movement along stepping 

stones by Fletcher et al. (2014) showed that what they termed redundancy of 

pathways increased colonisation rates among stepping stones, despite changes in their 

configuration. Another study showed that fungi systems with more cross connections, 

which could be regarded as complementary routes, maintained system connectivity 

better under disturbance than systems without these connections (Bebber et al. 2007).  

 

Despite evidence from several other research areas, the hypothesis that ecosystem 

functioning is better maintained during disturbance in a system with complementary 

connections than in a system without complementary connections has not been tested. 

Testing whether the existence of complementary connections influences how 

ecosystem functioning responds to disturbance requires three components: 1) a 

measurable disturbance, 2) several, complementary linkages between parts of the 

system, and 3) an ecosystem function that can be measured with and without 

complementary connections. This combination is rarely available in the field because 

observations of a distinct connection along which movement occurs and 

measurements of related functions are needed during a time in which a (natural) 

disturbance occurs. Thus, we conducted a series of laboratory experiments that 

specifically measured the extent to which an ecosystem function is maintained during 

disturbance in systems with and without complementary connections.  

 

One of the important ecosystem functions on land and in the sea is the grazing of 

plant material by herbivores (Mumby et al. 2006, Mysterud 2006). The maintenance 
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of grazing rates across landscapes requires connections that allow grazers to move 

between vegetated patches (Fox & Bellwood 2014). When these connections are lost, 

grazing can be inhibited in disturbed areas of landscapes (Lundberg & Moberg 2003). 

We used a marine crustacean (yellow-footed hermit crab; Clibanarius virescens) in 

artificial seascapes (hereafter referred to as systems) as a model to measure 

differences in grazing in situations with disturbed and undisturbed landscape 

connectivity (Olds et al. 2016), with and without complementary connections. The 

results of this study confirmed my hypothesis that during disturbance, the ecosystem 

function (grazing) was better maintained in systems with complementary connections 

compared to systems without. This positive effect of complementarity on ecosystem 

function was stronger in more strongly disturbed systems.  

 

Methods 

Model species 

The model species used in this study was the marine, yellow-footed hermit crab 

Clibanarius virescens (Krauss, 1843); it is common on rocky, intertidal, and shallow 

subtidal habitats in tropical and subtropical eastern Australia. This species was 

selected for its abundance, size, and diet. During low tide, crabs forage on submerged 

hard substrate covered with algae (Gherardi & Vannini 1989). The animals used in 

this study (shell width 0.9 – 2.0 cm) were collected from Moreton Bay (27° 15′ 0″ S, 

153° 15′ 0″ E) in southeast Queensland, Australia.  

 

Laboratory environment 

Animals were kept separately in aquaria with a water temperature ranging from 23.5 – 

25 °C, salinity 34 – 35.5 psu, and a 12-hr day-night light cycle. Crabs were starved for 



 62 

three days to motivate foraging during experiments. Food consisted of water-stable 

pellets (New Life Spectrum Company) of dried algae, mimicking the natural diets of 

crabs.  

 

Experimental design 

The experimental design consisted of mazes in the shape of a ‘cross’ made of white 

plastic (corflute) sheets (Fig. 3.2, Appendix Fig. S2). The corridors forming the cross 

were regarded as the main connections. Three of the six systems had corridors that 

connected the corners: these are termed complementary connections. The 

‘complementarity’ or difference in quality of the connections in comparison to the 

main connections was realised by the longer distance of these connections 

individually and the longer total path length when all the patches were visited using 

these connections. In the disturbed state the main connections were ‘disturbed’ by 

adding four barriers, consisting of a piece of corflute, that blocked half the width of 

the corridor and impeded movement (Appendix Fig. S2). The barrier openings were 

alternated on each side of the corridor so that a crab could not walk in a straight line. 

In the seascapes in which the connectivity was highly disturbed the centre patch did 

not contain any food, which doubled the distance of the disturbed connections (Fig. 

3.1). A two fold increase in barriers in one path length would have blocked the path 

fully since the width between barriers would become too narrow for crabs to move 

through. Therefore a combination of doubled path length but with similar barrier 

density was chosen as the ‘high disturbance’ treatment (Fig. 3.1). The dimensions of 

the systems were: 40 x 40 x 5 cm. The width of the corridors was 5 cm and the 

opening in the corridors 2.5 cm. Water height during the experiments was 3 cm, to 

ensure the crabs were fully submerged. Prior to every experimental trial, three algae 
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pellets with an average total weight of 6.8 (± 0.1) mg were placed in the centre and 

three corner patches, resulting in a total of 12 pellets available to each crab per trial. 

In the systems with highly disturbed connectivity, algae pellets were placed in three 

corner patches but not in the centre patch to increase the lengths of disturbed 

connections to food and thus increasing disturbance, resulting in a total of nine pellets 

per trial. Pilot experiments showed that simply doubling the path length without any 

physical impediment of movement in these paths (i.e. longer corridors without 

barriers) did not strongly affect grazing rates. Thus, this very slight disturbance 

treatment, although theoretically possible, was not included in my experiments. In 

total, there were six different designs: three without complementary connections with 

three different levels of disturbance (none, medium – five barriers in each corridor, 

high – five barriers in each corridor and food removed from the centre patch (Fig. 

3.1)), and three with complementary connections with the same three levels of 

disturbance. In this study I focussed on complementary connections that are dissimilar 

to the main connections rather than multiple similar and thus redundant connections. 

A setup that would accommodate redundant routes would only be a larger version of 

all three experimental systems without the complementary connection. Besides 

logistic constraints, this would have led to an extra factor ‘size’ of the mesocosms (to 

accommodate multiple similar connections) that we would have to correct for.  
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Figure 3.1. Conceptual diagram showing the different experimental systems (artificial 

seascapes) grouped by presence of complementary connections and ordered by the 

levels of disturbance of connectivity (grey bars indicate the barriers that decreased 

connectivity). The green patches indicate that this patch contained food. In the 

seascapes in which the connectivity was highly disturbed the centre patch did not 

contain any food.  

 

Experiment 

An individual crab was placed in one of the corner patches and movement was 

restricted for the first three to five minutes. During these initial minutes the crab was 

observed and individuals that showed no activity were omitted from the experiment to 

avoid testing unhealthy animals. The experimental time was 1 hour, after which 

remaining food pellets were counted and the crab was returned to the main aquarium. 
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Each crab was tested in all six experimental designs with a minimum of 3 days 

between trials. The starting point for crabs was rotated among the corner patches, and 

the position of the systems in the laboratory changed between experimental trials to 

avoid any confounding environmental effects.To correct for the difference in total 

number of algae pellets available in experiments (12 in designs with none and 

medium disturbance, nine in designs with high disturbance), four crabs that consumed 

all nine pellets in a high disturbance system were omitted completely from analysis 

(from all six designs). This way it was ensured that all crabs included in the analysis 

were not limited by food, which could supress the motivation to move around. In total 

61 crabs were successfully tested in all six experimental designs. 

 

Data analyses  

We performed a linear mixed effects analysis of the relationship between grazing and 

connectivity under disturbance. The model included three fixed factors: connectivity 

and disturbance (with interaction term) and the width of each hermit crab’s shell 

(without interaction term). Connectivity had two levels: with and without 

complementary connections, and disturbance had three levels: no disturbance, 

medium and high. Crabs were assigned individual numbers and this was used as the 

random effect to account for the repeated measures of the individuals. Visual 

inspection of residual plots did not reveal major deviations from homoscedasticity or 

normality. We obtained p-values for the significance of each factor on grazing using 

likelihood ratio tests of the full model with all factors (connectivity, disturbance and 

the width of the hermit crab shells) included against the model without (connectivity 

and disturbance). The LSMEANS statement with a Tukey adjustment was used to 

perform multiple pairwise comparisons on interactions and main effects to test the 
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difference in grazing between the six treatments. All analyses were carried out using 

the ‘lme4’ package (Bates et al. 2014) in R (R Development Core Team 2016). 

 

Results 

Complementarity of connections significantly modified the extent to which 

disturbance reduced grazing (χ2(2) = 17.25, p = 0.006). In systems with 

complementary connections, grazing was similar across all three levels of disturbance, 

while in systems without complementary connections, grazing significantly decreased 

with increasing disturbance levels (Fig. 3.2). Grazing was 30% lower under medium 

disturbance and 51% lower under high disturbance. Size of the hermit crabs had a 

positive significant effect on grazing (i.e. larger crabs eat more) (F-value = 8.63 1, p = 

0.005). A model with only shell width as a fixed factor fitted the measured grazing 

significantly less well compared to the full interaction model that included all fixed 

factors.  
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 Figure 3.2. Grazing per system (mean particles consumed, SE, n = 61) grouped by 

complementarity (without and with) and ordered based on disturbance level (no, 

medium, high). Different letters indicate significant differences (p < 0.05) among 

means tested pairwise within each level of complementarity. 

 

Discussion  

Results of my study suggest that theories on complementarity, a concept originally 

based on the importance of biodiversity for ecosystem functioning (Yachi & Loreau 

1999, Loreau 2004) and a principle embedded in systematic conservation planning 

(Margules & Pressey 2000), also apply to connectivity and ecosystem functioning. 

Complementary connections that were longer than other connections helped maintain 

grazing, an important ecosystem function, when the shorter main connections were 

disturbed in an artificial seascape. We showed that in an undisturbed system having 

multiple connections, whether these connections were initially redundant, alternative 

or complementary to each other, had no effect on an ecological function. By contrast, 

in a disturbed system complementary connections were needed to maintain an 
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ecosystem function. Grazing in systems with complementary connections remained 

similar across three levels of disturbance, while in systems without complementary 

connections, grazing was significantly reduced at increasing levels of disturbance. 

Given that grazing rates declined with increasing disturbance in systems without 

complementary connections, but were maintained regardless of the intensity of 

disturbance in systems with high complementary connections, we can conclude that 

the effects of complementarity on ecosystem functions can increase with increasing 

levels of disturbance. This result is in accordance with the observation on plants that 

the stabilising effect of biodiversity on productivity is stronger and accumulates with 

increasing disturbance and sometimes remains undetected under low disturbance 

(Reich et al. 2012).  

 

One of the challenges in applying these results to conservation planning will be 

recognising complementary connections in real world systems. Complementary 

connections can be difficult to identify, as these connections may not be obvious 

under undisturbed conditions. To identify complimentary connections, we need to 

know the ‘quality’ or ‘attractiveness’ of different connections in ecosystems under 

different circumstances (e.g. presence of predators, extremes of weather, isolation). 

Changes in these types of environmental conditions dictate when a particular linkage 

might be used as a complementary pathway, for example: animals are likely to make 

decisions between different pathways of different quality and risk, which can change 

due to disturbance. The effects of differences in the quality of connections are 

demonstrated in a study in which squirrels with low energy reserves use a short but 

risky route while the fit animals preferred to avoid predation by moving along a 

longer route (Duggan et al. 2012). They are also evident in a model by Bauer et al. 
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(2010) that explained how migratory birds alternate their migratory routes depending 

on their energy budgets (Bauer & Hoye 2014). Here, we did not intend to test whether 

animals modify their behaviour and shift from using a preferred main connection to 

using a complementary connection during disturbance of the main connection; rather 

than measuring these behavioural effects of connectivity, which are likely species-

specific, we tested for the effects of complementary connections on ecosystem 

function. 

 

For conservation planning, further research is needed to identify the importance of 

both (species specific) main connections and complementary connections in the 

presence of a disturbance. A clear example from a non-ecological system is the study 

by Wolshon and McArdle (2011) on car traffic after the New Orleans flooding. 

Secondary roads (i.e. complementary connections) that were previously regarded as 

being less important for long distance transport maintained traffic flow and were 

referred to as ‘lifelines’ when the main roads became blocked. Long-term monitoring 

and modelling of systems and animal movement can show variability in the use of 

connections by animals and help to identify complementary connections used by 

animals in land and seascapes. In a review on animal transportation systems, Perna 

and Latty (2014) described that many of these systems, such as those made by ants 

and termites, contain cycles (a route of connections that form a cycle), which provide 

multiple alternative paths between destinations. Another example is the experimental 

study by Cook et al. (2004) showing an increase in runways (connections) made by a 

small rodent (voles) per patch when the landscape was fragmented and the patches 

were smaller. My study could be regarded as a proof of concept of complementarity 

connections. The extent of the ecological importance of this concept could be further 
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tested by several experiments. For example, future studies could record the initial 

(pre-disturbance) difference in quality of multiple connections to animals and identify 

the main and secondary connections and the effect of disturbance on their importance 

for an ecological function. Also, including experiments with redundant connections 

with and without a complementary connection would be an important addition to my 

experiment. This would be a more complete test of complementarity since the 

difference would be both before and after disturbance and more clearly show the 

difference in quality of connections. Other directions for further research that are 

relevant to conservation planning could be simulation of more environmental 

variables (such as multiple stressors) (Côté et al. 2016) and dynamics such as 

recovery of ecological functions after disturbance in the presence and absence of 

complementary connections.  

 

This study can also be interpreted in the context of network connectivity, a field of 

research that studies complex systems (Rayfield et al. 2011). Studies on connectivity 

in different types of complex systems, such as fungi networks, found that completely 

connected systems with many cross connections are more robust to disturbance of 

connections than systems that mainly have connections to a single central point 

(Dunne et al. 2002, Bebber et al. 2007). Depending on the function that is mediated 

by connectivity and the type of disturbance a system is vulnerable to, connectivity can 

be perceived as a positive or negative feature (Lundberg & Moberg 2003, Hock et al. 

2014, Stewart-Koster et al. 2015). Certain (social) connectivity structures are known 

to mediate epidemics more than others (Newman 2002). This is positive for the 

disease and negative for people. Connectivity in highly centralised systems is robust 

against random disturbance but sensitive to targeted attacks (May et al. 2008).  
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Many processes that support ecosystem functioning depend on connectivity. 

Connectivity however, in the form of corridors, can also enhance/facilitate the 

movement of invasive species and pathogens detrimental to ecosystem functioning. 

Thus, identifying what species move during which environmental conditions in 

particular corridors is critical to identify which connections should be conserved in 

reserve networks. The limited funds available for conservation planning necessitate 

stringent prioritisation of conservation investments (Halpern et al. 2006, Wilson et al. 

2009, McCarthy et al. 2012). Consequently, the most obvious ecosystem features, 

such as areas with high diversity and movement corridors (if known), are more likely 

to be selected for protection. Despite the logic and necessity of the hierarchy in 

decision-making, and without disregarding the importance of protecting these areas, 

this study supports the theory that complementarity ensures stability of system 

functioning and can be a strategy in spatial conservation planning. The role of 

complementary connections is important with respect to short-term disturbances as 

well as disturbances that cause permanent loss. During short-term disturbances 

animals can alternate their use of connections, while in the event of long-term or 

permanent disturbance the complementary connection can either temporarily maintain 

sufficient connectivity or become the main connection and new complementary 

connections establish. If the establishment of new connections is not possible due to 

disturbance, ecosystem connectivity may be critically reduced, increasing the 

vulnerability to complete disturbance. Protection of connections that complement 

main connections may therefore be vital in maintaining processes and ecosystem 

functioning during disturbance. 
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Summary 

1. Connectivity is regarded globally as a guiding principle for conservation planning, 

but due to difficulties in quantifying connectivity empirical data remain scarce. Lack 

of meaningful connectivity metrics are likely leading to inadequate representation of 

important biological connections in reserve networks. Identifying patterns in 

landscape connectivity can, theoretically, improve the design of conservation areas. 

2. We used a network model to estimate seascape connectivity for coral reef-

associated fishes in a subtropical bay in Australia. The model accounted for two 

scales of connectivity: i) within mosaics at a local scale and ii) among these mosaics 

at a regional scale. Connections among mosaics were modelled using estimations of 

post-larval small and intermediate movement distances represented by home ranges of 

two fish species.  

3. Modelled connectivity patterns were assessed with existing data on fish diversity. 

For fishes with intermediate home ranges (0 to 6 km), connectivity (quantified by the 

index Probability of Connectivity (dPC)) explained 51– 60 % of species diversity. At 

smaller home ranges (0 to 1 km) species diversity was associated closely with intra-

mosaic connectivity quantified by the index dPCintra.  

4. Mosaics and their region-wide connections were ranked for their contribution to 

overall seascape connectivity, and compared against current positions and boundaries 

of reserves. Our matching shows that only three of the ten most important mosaics are 

at least partly encompassed within a reserve, and only a single important regional 

connection lies within a reserve.  

5. Synthesis and applications. Notwithstanding its formal recognition in reserve 

planning, connectivity is rarely accounted for in practice, mainly because suitable 

metrics of connectivity are not available in planning phases. Here, we show how a 

network analysis can be effectively used in conservation planning by identifying 

biological connectivity inside and outside present reserve networks. Our results 

demonstrate clearly that connectivity is insufficiently represented within a reserve 

network. We also provide evidence of key pathways in need of protection to avoid 

nullifying the benefits of protecting key reefs. The guiding principle of protecting 

connections among habitats can be achieved more effectively in future, by formally 

incorporating our findings into the decision framework.  
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Introduction  

Connectivity is a key determinant of ecosystem functioning (Levin & Lubchenco 

2008). It occurs through exchanges of nutrients, matter and organisms and plays a 

critical role in regulating ecological processes (Bauer & Hoye 2014). It is believed 

that increased connectivity enhances resilience of metapopulations by linking sub-

populations between distinct habitats (McClanahan et al. 2012, Saura et al. 2014). The 

importance of quantifying multi-scale and multipurpose connectivity has become 

increasingly clear in the face of biodiversity loss and climate change (Rayfield et al. 

2016). 

 

Connectivity is now viewed as a critical criterion for successful conservation (Foley 

(Foley et al. 2010, Krosby et al. 2010, Liquete et al. 2015), however, the multiple 

scales of linkages among populations and ecosystems complicate its incorporation 

into spatial planning (Beger et al. 2010a, Minor & Lookingbill 2010). Despite being 

explicitly formulated as a guiding principle, quantitative data on the conservation 

value of connectivity is rarely available (NRC 2001, Pendoley et al. 2014, Olds et al. 

2016). It is widely accepted that individual reserves should be part of larger connected 

conservation networks, but estimations of connectedness are often based on single-

area metrics instead of network metrics, which incorporate linkages among multiple 

areas (Wedding et al. 2011, Magris et al. 2014).  

 

Movements of larval, juvenile and adult fishes maintain connectivity among 

ecosystems in the marine environment (Hamilton & Choat 2012, Huijbers et al. 2013, 

Welsh & Bellwood 2014). These movements include larval dispersal and daily 

activities by post-larval fish, such as foraging and seeking shelter, as well as 

potentially larger scale ontogenetic and spawning migrations (Green et al. 2015). Fish 

thus depend on, but also create, connectivity, acting as mobile links that contribute to 

ecosystem processes. Factors such as distance and habitat type, which determine risk 

and movement cost, influence movement behaviour (Sheaves 1993, Turgeon et al. 

2010). In functional terms, this means that fish movements link different habitats and 

form diverse habitat networks in seascapes (Mumby & Hastings 2007, Wiens 2009). 

Incorporating this seascape connectivity into conservation planning requires 
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analytical tools that address the complexity of networks and the connections they 

contain.  

 

Network analysis is a branch of mathematics used to examine connectivity in real-

world systems (Urban et al. 2009, Rayfield et al. 2011). In ecology, network analysis 

is increasingly used to identify the role of habitat units in landscapes, such as 

stepping-stones and key connections for animal movement (Stewart-Koster et al. 

2015, Rayfield et al. 2016) and help to prioritise areas for conservation (Gurrutxaga 

(Saura & Rubio 2010, Gurrutxaga et al. 2011, Saunders et al. 2015). These 

approaches can explicitly identify important areas for landscape connectivity over 

both short and long temporal scale (Rayfield et al. 2016) and identify locations for 

management interventions at local and landscape scales given probable species 

movements (Minor & Lookingbill 2010, Stewart-Koster et al. 2015).  

 

Currently, most of these studies examine connectivity through animal movement in 

terrestrial ecosystems (e.g. Minor & Lookingbill 2010, Saura et al. 2014). In the 

aquatic environment passive larval dispersal is a major driver of population dynamics 

and the majority of studies, including those using network analysis, focus on 

estimating this form of connectivity (Treml et al. 2008, Beger et al. 2010b). Multi-

species larval dispersal has also been modelled in combination with social 

connectivity using network analysis (Treml et al. 2015). Nevertheless, the movement 

of adult species is important for many ecosystem processes, including reproduction 

(Mumby & Hastings 2007, Green et al. 2015). Network analysis has been used to 

describe the spatial dynamics of post-larval fish movement as an indicator for 

ecosystem vulnerability (Fox & Bellwood 2014) and to examine habitat usage (Finn 

et al. 2014, Lédée et al. 2015).   

 

Previous theoretical studies identified the specific value of network indices for 

connectivity analysis and habitat conservation (Saura & Rubio 2010, Baranyi et al. 

2011, Rayfield et al. 2011). We apply these indices to quantify the probable 

connectivity of a regional marine ecosystem including multiple habitat types and 

multiple fish species with different movement scales.  
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Here we demonstrate the potential for network analysis to provide baseline 

information on multi-scale connectivity for fish movement and prioritise its 

integration in marine spatial planning. We used a network model to analyse spatial 

relationships in a seascape, including local-scale connectivity within mosaics and 

regional-scale connectivity among mosaics in the network. We used data on fish 

diversity to assess how well connectivity patterns created by the model fitted an 

ecological pattern. The model was used to evaluate the extent to which existing 

marine reserves incorporate key seascape connections for coral reef-associated fishes 

and allows us to provide guidance on modifications to the reserve network to improve 

conservation outcomes. 

 

 

Materials and methods 

In this study we modelled connectivity within and among habitat mosaics for post-

larval fish in a subtropical embayment (Fig. 4.1). The spatial and temporal scale to 

which our study applies is the ‘home range’ scale, which is defined as the area in 

which routine (e.g. daily) movements, such as foraging and seeking, occur (Van Dyck 

& Baguette 2005, Green et al. 2015). The review by Green et al. (2015) indicated that 

approximately 40% of the 145 studied reef and coastal pelagic fish species show 

linear home range movements between 0·5 and 10 km. To account for the different 

movement capacities present in a multi-species assemblage, we selected two different 

fish species to represent different home ranges and modelled connectivity over a 

range of different potential movement thresholds (Fig. 4.2). Seascape connectivity 

was estimated with a proximity index and the graph theory based index ‘Probability 

of Connectivity’ (PC). To calculate the PC index, connectivity in the bay was 

modelled as a spatial network. The model estimated probabilities of connectivity 

according to specified threshold distances that represented maximum home-range 

movements (Saura & Pascual-Hortal 2007). 

 

Study area  

The research area was Moreton Bay, a large subtropical embayment in eastern 

Australia that includes a network of no-take reserves managed as part of the Moreton 

Bay Marine Park. Reserve boundaries in the park were revised in 2008 based on nine 

biophysical, and four socio-economic guiding principles (NRC 2001; Queensland 
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Government 2015). The third biophysical principle explicitly states that the placement 

of no-take areas should account for animal movements. As such, assessing the 

integration of connectivity in the reserve design may serve to improve the 

performance of the MPA against its own criteria and provide an approach that can be 

adapted to other protected areas, be they marine or terrestrial. Our model incorporated 

all habitat mosaics formed by coral reefs and proximate seagrass and mangroves; 

these occur mostly in the southern half of the bay (Fig. 4.1).  

 

Fig. 4.1. Map of Australia with the location of Moreton Bay (left panel), and a 

detailed overview of Moreton Bay showing: marine reserves, habitats (coral reef, 

seagrass and mangroves), and the 29 habitat mosaics included in the model (right 

panel). Mosaics comprise a focal coral reef and nearby seagrass and/or mangroves 

within 500 m of the reef border (darker coloured). Seagrass and mangroves farther 

than 500 m from a coral reef is lighter coloured.  

 

 

Model species  

The two fish species we used as model organisms for analysis were: orange-spotted 

grouper Epinephelus coioides (Hamilton, 1822) and yellowfin bream Acanthopagrus 
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australis (Günther, 1859). These species were selected because they are: 1) associated 

with coral reefs, mangroves and seagrass, 2) represent a relevant range of scales at 

which reef-associated fish move, 3) relatively well-studied with known home-range 

distances, and 2) economically and socially important. Abundance of these fish 

species at reefs in our study area is not expected to depend heavily on larval dispersal 

and individuals are likely to belong to one population (Griffiths 2001, Harvey et al. 

2012). 

 

Orange-spotted groupers associate with structures of high complexity, including 

mangroves and coral reefs. The IUCN status of ‘near threatened’ makes their 

conservation a priority (IUCN 2015). Orange-spotted groupers are considered less 

mobile than bream, although their movement in Moreton Bay is less well studied. 

Tag-recapture studies indicate that juveniles and sub-adults exhibit high site fidelity 

over long periods: < 9% of fish moving > 10 m- d with a maximum recorded 

movement of 2·2 km over 732 days (Sheaves 1993). This is within the previously 

reported range of “< 5 km” for this genus (Green et al. 2015). Therefore, we selected 

a movement threshold of 1 km with a probability of 0·001 to further calculate the 

connection probabilities in the 1 km network (Sheaves 1993, Saura & Pascual-Hortal 

2007). 

 

Bream utilise a range of estuarine and near-shore habitats, but are commonly 

associated with coral reef, seagrass and mangrove habitats (Griffiths 2001, Olds et al. 

2012). Bream is a target species for by recreational and commercial fishers 

(Broadhurst et al. 2005). Bream often show high mosaic fidelity over long periods, 

but tag-recapture studies show that they can also move long distances (> 10 km) 

during spawning migrations (Pollock 1982, Sheaves 1993). A study using acoustic 

tags shows that regional-scale movements further than 1 km (up to 6 km in 12 hours) 

can take place outside the spawning season (Butcher et al. 2010). For bream the 

maximum threshold of movement was set to 6 km with a probability of 0·001 to 

further calculate the connection probabilities in the 6 km network (Saura & Pascual-

Hortal 2007, Butcher et al. 2010).  
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Fig. 4.2. Modelled movement probabilities and movement probabilities derived from 

the literature (Sheaves 1993; Butcher et al 2010). The model matched probabilities 

according to specified threshold distances that represented the maximum home-range 

movements and associated probability of the model species (Saura & Pascual-Hortal 

2007). For grouper the movement threshold was set to 1 km with a probability of 

0·001 and for bream to 6 km and 0·001. Empirical values fall well within among the 

cloud of modelled range of probabilities. 
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Network model 

Connectivity among habitat mosaics was analysed by developing a graph consisting 

of nodes and edges (Fig. 4.3) (Bunn et al. 2000). In defining nodes and edges we 

made six assumptions: i) selected fish species use habitat mosaics (nodes) composed 

primarily of coral reef preferentially in the proximity of seagrass and / or mangroves 

(Olds et al. 2012); ii) seagrass and mangrove patches within 500 m distance from the 

reef border are considered connected for selected fish species (Olds et al. 2012); iii) 

selected fish species move among mosaics during routine movements of foraging and 

seeking refuge from predators (Van Dyck & Baguette 2005, Butcher et al. 2010, 

Green et al. 2015); iv) distance is a proxy for travel costs (Turgeon et al. 2010); and v) 

the probability of fish movement, and as a result connections (edges), decreases with 

increasing distance between patches and mosaics (Green et al. 2015). 

 

Nodes 

The network included 29 nodes. Nodes consisted of mosaics, which comprised a 

group of habitat patches consisting of a focal coral reef and nearby seagrass and/or 

mangrove patches located within 500 m of reef borders (Fig. 4.3). Polygons indicated 

as reefs in the available GIS map were treated as separate reefs, and were the centre of 

nodes. Nodes are further referred to as mosaics because a mosaic generally refers to a 

group of habitat patches (Nagelkerken et al. 2015). Research in the study area showed 

that abundance of reef-associated fish is enhanced at reefs within 500 m to seagrass 

and/or mangroves (Olds et al. 2012). Therefore, 500 m was chosen as the maximum 

distance from reef border to include seagrass beds or mangroves within mosaics (Olds 

et al. 2012). Each mosaic was assigned an attribute value based on the distance 

weighted habitat availability, which can be regarded as local, within-mosaic 

connectivity. To quantify this local connectivity we calculated a separate proximity 

index, Si, for seagrass and mangrove patches adjacent to coral reef. This index 

weighted the area of seagrass or mangroves (aj) to their distance from the reef border 

(dij) (Fig. 4.3). The sum of the proximity values of individual patches of seagrass or 

mangrove within 500 m around the reef resulted in one proximity index (Si) per 

habitat type (𝑆𝑖 =  ∑
𝑎𝑗  

𝑑𝑖𝑗
2 ). Area of a coral reef was included as a separate attribute 

value. The attributes were scaled to values between 0 and 1 to achieve relative values 

for the presence of habitat type in a mosaic. The three different attributes for seagrass, 
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mangroves and coral reef were then summed to obtain a single attribute value for each 

mosaic that incorporated available habitat area and the within mosaic connectivity 

(Appendix Fig. S3). Prior to network analysis, these final attribute values of mosaics 

were scaled relative to each other to values ranging from 1 (for the largest value of Si) 

to 0 (for the smallest value of Si) (Appendix Fig. S3). The attribute values were 

subsequently used in the network analysis to calculate the regional connectivity. The 

calculation of the regional connectivity does not necessarily assume that one third of 

each habitat is optimal, as a large reef lacking nearby seagrass or mangrove patches 

can have the same importance for connectivity as a small reef with nearby seagrass or 

mangrove patches. The species of interest in this study are coral reef-associated but 

can benefit from the proximity of nearby seagrass and mangroves. However, not all of 

these species depend on habitat variety and may instead be mostly affected by habitat 

structure, something that can be provided by a single type of habitat or a combination 

of habitats. Given our current level of knowledge about small-scale fish movements in 

this system, we preferred to incorporate local connectivity with the proximity index 

and not make too many assumptions on movement behaviour. Benthic habitat maps 

for Moreton Bay (source: Queensland Government) were used for area calculations in 

ArcGIS (ESRI 2015).  

 

Connections 

Connections among mosaics were calculated from a negative exponential function of 

the inter-patch reef border-to-reef border ‘as-the-fish-swim’ distances (Euclidean 

distances corrected for land barriers 1) (Saura & Pascual-Hortal 2007) (Figs 4.2 and 

S8). Connections were measured from reef border to reef border because the coral 

reef are accessible during all tides and movement among reef-mosaics was assumed 

to start initially at the border of the reef. In total, the network comprised 406 

connections between the 29 nodes (Appendix Fig. S4). We used the standard 

exponential decay model of the software Conefor 2.6 in which the sum of all possible 

routes between two nodes (maximum product probability) is used as the probability to 

calculate regional connectivity with (Saura & Torné 2009, Fletcher et al. 2011).  

                                                 
1 Footnote: Connections were measured in ArcGIS, and where the straight-line 

connection crossed land the distance was measured as shortest distance by sea.  
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Fig. 4.3. Conceptual diagram of a habitat network formed by multiple habitat 

mosaics. The scale bars indicate conceptually the scales of connectivity modelled: 

local scale refers to connectivity within a single mosaic (node), whilst regional scale 

refers to connectivity among mosaics in the network based on connections (edges).  

 

 

Network analysis 

Our analysis of seascape connectivity focused on the landscape connectivity index 

‘Probability of Connectivity’ (PC), calculated with Conefor 2.6 (Saura & Torné 

2009). Although there are other types of connectivity indices, such as node degree, 

this index is regarded as one of the most comprehensive and robust landscape 

connectivity indices for ranking individual habitat units and connections (Baranyi et 

al. 2011). The PC index integrates two scales of connectivity: within mosaics (local) 

and among mosaics (regional) based on the given mosaic attribute values and 

connections (Saura & Pascual-Hortal 2007). The connectivity value of an individual 

mosaic (dPC) is calculated as the change in PC when that mosaic is removed from the 

analysis. The dPC index is a proxy for habitat availability. However, its value is not 

only based on the attribute value of the mosaic (e.g. area, distance weighted habitat 

area) but the interaction between attribute values of mosaics and their position relative 

to other mosaics. The dPC index is the sum of three complementary fractions that 
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quantify these different aspects of connectivity: dPCintra (intra-mosaic connectivity), 

dPCflux (area-weighted dispersal flux based on position in the network and attributes 

of the focal mosaic), and dPCconnector (role as a stepping-stone for movement 

through the network) (Table 4.1) (Saura & Rubio 2010). By including these three 

components the dPC index provides a holistic characterisation of the connectivity of 

the system.  

 

For both species, movement probabilities derived from literature fell within the range 

of modelled probabilities of connection. Modelled probabilities were mostly lower 

than the reference probabilities (Fig. 4.2), which indicate connectivity was not 

overestimated in our model. To incorporate the notion that species may move further 

during certain life history stages, and to investigate if our results are due to the choice 

of movement thresholds, we included a sensitivity analysis across a range of 

thresholds. We tested the sensitivity of dPC to the probabilistic model parameters by 

comparing the dPC rankings of mosaics and connections for movement thresholds 

that are 0·5, 1·5 and ≥ 2 times the two model thresholds using Pearson correlations 

coefficients. For grouper, we compared rankings of mosaics and connections based on 

0·5 km, 1·5 km and 3 km thresholds with the ranking of 1 km threshold to account for 

fish that remain within a mosaic and highly active fish. For bream, we compared 

rankings of mosaics and rankings of connections based on 3 km, 9 km and 12 km 

thresholds with the ranking of a 6 km threshold. All correlations were strong 

(mosaics: minimum R value = 0·97, all P < 0·001; connections: minimum R value = 

0·95, all P < 0·001), indicating that the results of our model are likely to be robust to 

divergence from selected thresholds (Appendix Table S1). 
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Table 4.1. Definitions and equations of the graph theory based index Probability of 

Connectivity (PC) and its three fractions derived from Saura and Rubio (2010).  

PC = ∑ ∑  𝑎𝑖 
𝑛
𝑖=𝑗

𝑛
𝑖=𝑗 ×  𝑎𝑗  ×  𝑃𝑖𝑗

∗  =  
𝑃𝐶𝑛𝑢𝑚

𝐴𝐿
2  Index describing the habitat connectivity 

of an area. 

𝒅𝑷𝑪k = 100 × 
𝑃𝐶 −𝑃𝐶𝑟𝑒𝑚𝑜𝑣𝑒,𝑘 

𝑃𝐶
= 100 ×

∆𝑃𝐶𝑘

𝑃𝐶
   

dPCk  = dPCintrak + dPCfluxk + 

dPCconnectork 

Index describing the value for habitat 

connectivity of a landscape unit in an area. 

dPCintra 

𝑎𝑖 ×  𝑎𝑗    

when 𝑖 = 𝑗 = 𝑘 (𝑎𝑘
2) 

Based on the initial attribute values of a 

node (in this analysis Si values of mosaics), 

and does not depend on the connectivity to 

other nodes.  

dPCflux 

𝑎𝑖 × 𝑎𝑗 ×  𝑝𝑖𝑗
∗    

when i =k or j =k and i ≠ j 

Based on the number of incoming and/or 

outgoing connections and the initial 

attribute values of the node. This index can 

be regarded as a sink or source indicator. 

dPCconnector 

𝑎𝑖 × 𝑎𝑗 ×  𝑝𝑖𝑗
∗     

when i ≠ k, j ≠ k 

Based on the topology (position in the 

network) of a node and its irreplaceability 

as a link between other nodes. This index 

can be regarded as the steppingstone value 

of a node.  

 

 

We tested for significant differences between rankings based on dPC values for 

thresholds of 1 km and 6 km. The relationship between rankings was significantly 

positive both for mosaics (R value = 0·97, P < 0·001) and connections (R value = 

0·84, P < 0·001) (Appendix Fig. S5A-B). For conservation managers a single ranking 

would be an advantage over two conservation priority rankings. Therefore, given the 

similarity in rankings between thresholds, we averaged percentage dPC values from 

the two threshold distances. Rankings based on averaged dPC values were used to 

evaluate the reserve design with regards to habitat connectivity for fish. This was 

done by overlaying the map of Moreton Bay marine reserves with the ranked mosaics 

and connections. We then identified the number of protected mosaics and 

connections, and calculated the percentage of mosaic area within reserve boundaries, 

excluding areas of land, to evaluate the extent of protection of habitat connectivity. 

The representation of important connections in reserves was also tested by comparing 

the dPC values of connections within reserves to outside reserves with a Wilcoxon 

rank sum test.  
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Network model assessment  

To assess the relationship of our network connectivity model and ecological patterns, 

we tested whether connectivity, as modelled by dPC and its fractions (dPCintra, 

dPCflux and dPCconnector), is positively associated with fish diversity; a 

conventional criterion in conservation planning. We hypothesised that diversity would 

have a stronger positive correlation with dPC and dPCflux as these two metrics 

account for multiple scales of connectivity compared to dPCintra or dPCconnector. 

Mosaics with high local and regional connectivity would offer habitat for species that 

exhibit strong mosaic fidelity as well as for species with high mobility, and thus 

harbour a high diversity of species, in contrast to dPCintra or dPCconnector, which 

describe connectivity based on either local or regional scale. We tested the 

relationship with empirical data on fish diversity (Shannon-Wiener index) in linear 

regression analyses (in R; (R Development Core Team 2016). Fish diversity was 

calculated for 9 of the 29 mosaics, based on abundance data of reef fish assemblages, 

published in Olds et al. (2012). The index values were log (x + 1) transformed to meet 

assumptions of normality.  

 

 

Results 

The ten highest-ranked mosaics (out of 29) in terms of dPC index values accounted 

for 86% of the sum of dPC values of all mosaics, which can be regarded as the 

regional seascape connectivity (Table 4.2, Appendix Figs S6 & S7). We chose to 

focus on the ten highest-ranked mosaics to provide managers with a useful number of 

mosaics to prioritise, and readers with a clear description of our approach. Seven of 

these mosaics are located outside reserves (Table 4.2, Fig. 4.4). The three high-

ranking mosaics situated within reserve boundaries are only partially represented (16-

44%) by existing reserves, and encompass 8% of the total area of mosaics in the 

network. Only 17% of the area of the ten highest-ranked mosaics is currently 

represented inside reserves. Of the 19 remaining, lower-ranked mosaics, five are 

partially included, ranging between 26 and 96% spatial representation in reserves. In 

total 16% of the entire area of mosaics of our model network is located inside 

reserves. 
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Table 4.2. Ranking of mosaics based on their contribution to connectivity as 

quantified by the landscape connectivity index dPC (% of sum of all mosaics), and 

their level of representation. Percentages of representation are calculated as the area 

(m2) of a mosaic (excluding land) that is located within reserve boundaries. Lower 

ranked mosaics partially within reserves are also included. See Fig. 4.4 for a visual 

display of mosaics.  

 

Mosaic rank 

 

dPC (%) Representation in 

reserves (%) 

1 23 44 

2 15 0 

3 10 0 

4 9 0 

5 7 41 

6 6 0 

7 5 0 

8 5 0 

9 4 16 

10 2 0 

19 0·8 56 

22 0·5 96 

23 0·4 26 

25 0·07 69 

26 0·04 70 
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Fig. 4.4. Map showing the top 10 habitat mosaics in Moreton Bay. Mosaics are 

colour-coded according to their importance for connectivity as quantified by the 

landscape connectivity index dPC. The darkest colour (red) indicates the highest 

ranked mosaic. The ranking is based on connectivity analyses (dPC values) averaged 

for two thresholds (1 km and 6 km). The map also shows the locations of marine 

reserves.  
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Of all 406 connections, the top ten connections contributed to the bulk of regional 

connectivity (96%) as quantified by the dPC index (Table 4.3, Appendix Fig. S8). 

Only one of the ten highest-ranking connections is located entirely within a reserve, 

and the remaining nine connections are currently outside reserve boundaries (Fig. 

4.5). Using a threshold of 1 km, 38 connections (< 9·4% of all connections) had a 

dPC > 0, indicating some contribution to connectivity and potential functional 

importance at this scale (Appendix Figs S4 & S8). For the 6 km threshold, 49 

connections (< 12·1% of all connections) had a dPC > 0 (Appendix Figs S4 & S8). Of 

all lower-ranked connections, five are entirely located within reserves, and three are 

partially represented (Table 4.3, Fig. 4.5). Connections inside marine reserve had 

significantly lower median dPC values than connections that were not included 

(Wilcoxon rank sum test, W = 348, P = 0·020). 

 

Table 4.3. Ranking of the top ten ranked connections among mosaics based on their 

contribution to connectivity as quantified by the index dPC (% of sum of all 

connections), and the level of representation (full, partially or none). Also listed are 

connections that ranked lower or have no dPC value and could not be ranked 

(indicated with -), but are represented within reserves. See Fig. 4.5 for visual display 

of connections.  

Connection Rank 

 

dPC (%)  Representati

on in 

reserves (%) 

  2 to   4 1  19 none 

  8 to   7 2  17 none 

  3 to 13 3  13 none 

  6 to   1 4  11 none 

11 to 13 5  11 none 

16 to 1 6    9 none 

10 to   7 7    5 none 

14 to   2 8    5 none 

  4 to 10 9    4 none 

18 to   9 10    2 full 

21 to   8 34 < 0·01 partial 

18 to 22 29 < 0·01 full 

25 to 24 27 < 0·01 full 

21 to 24 19 < 0·01 full 

  9 to 22 17 < 0·01 full 

25 to 21 - < 0·01 full 

18 to 17 - < 0·01 partial 

  9 to 17 - < 0·01 partial 
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Fig. 4.5. Map showing the top 10 regional connections among mosaics that contribute 

most to connectivity, as quantified by the landscape connectivity index dPC, but fall 

outside reserves (orange) and the one connection that is located inside a reserve (red). 

Connections that contribute less to connectivity, but are inside (black) or partially 

inside (dashed black) reserves are also displayed.  
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Fish species diversity shows the strongest relationship with dPC and dPCflux at 

movement thresholds above 6 km (Table 4.4). For dPC, the 1 km connectivity pattern 

shows a non-significant positive relationship with diversity index values (R2 = 0·38, P 

= 0·075). This relationship becomes stronger and significant at higher movement 

thresholds (6 km: R2 = 0·51, P = 0·032, 9 km: R2 = 0·57, P = 0·018 and 12 km: R2 = 

0·60, P = 0·014). The relationship between diversity index values and dPCflux values 

also increases with increasing movement threshold (Table 4.4). There is no 

relationship at a threshold of 1 km (Shannon-Wiener index: R2 = 0·01, P = 0·798), 

however, at 6 km fish species diversity is significantly positively associated with 

dPCflux values (R2 = 0·44, P = 0·050), and the pattern based on the threshold of 12 

km shows the strongest significant relationship of all connectivity patterns (R2 = 0·70, 

P = 0·005). By contrast, connectivity patterns described by dPCintra are significantly 

positively related to diversity for all thresholds, but the association decreases in 

strength with increasing movement threshold (1 km: R2 = 0·54, P = 0·024, 6 km: R2 = 

0·50, P = 0·032, 9 km: R2 = 0·49, P = 0·037 and 12 km: R2 = 0·47, P = 0·042) (Table 

4.4). Connectivity patterns described by dPCconnector are negatively related to 

diversity for all thresholds, but this association is only significant for the 1 km 

connectivity pattern and decreases in strength with increasing movement threshold (1 

km: R2 = 0·54, P = 0·024, 6 km: R2 = 0·39, P = 0·073, 9 km: R2 = 0·15, P = 0·303 

and 12 km: R2 = 0·03, P = 0·664).  
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Table 4.4. Results of linear regressions between the connectivity index dPC, its three 

fractions (dPCintra, dPCflux, dPCconnector) based on movement thresholds 0.5 – 12 

km, and fish diversity as calculated with the Shannon-Wiener index. Significant 

relationships with a R2 > 0·50 are in bold. Connectivity patterns described by indices 

dPC, dPCintra, dPCflux have a positive relationship with the pattern of fish diversity 

except for the pattern described by dPCconnector, which has a negative relationship.  

Movement 

threshold 

(km) 

dPC dPCintra dPCflux dPCconnect

or 

R2 P R2 P R2 P R2 P 

0·5 0·48 0·038 0·54 0·023 0·01 0·767 

0·5

4 0·024 

1 0·38 0·075 0·54 0·024 0·01 0·798 0·5

4 

0·024 

1·5 0·36 0·089 0·54 0·025 0·05 0·562 

0·5

4 0·024 

3 0·40 0·068 0·52 0·028 0·20 0·232 

0·5

1 0·030 

6 0·51 0·032 0·50 0·032 0·44 0·050 0·3

9 

0·073 

9 0·57 0·018 0·49 0·037 0·62 0·012 0·1

5 

0·303 

12 

0·60 0·014 0·47 0·042 0·70 0·005 

0·0

3 0·664 

 

 

Discussion  

Effective conservation planning needs to translate core and emerging concepts into 

tangible quantitative tools. Notwithstanding the fact that connectivity is theoretically 

recognized as an important feature in seascapes and that data on fish movement are 

generally available, marine reserve networks have rarely incorporated connectivity in 

their design (Magris et al. 2014, Green et al. 2015). This is largely due to a paucity of 

quantitative information on the multiple scales over which connectivity operates in 

seascapes, and the lack of appropriate metrics for its measurement and integration into 

conservation (Foley et al. 2010, Wedding et al. 2011, Olds et al. 2016). In this study, 

we demonstrate a method that provides such data for a coral reef seascape; the 

probability that mosaics are connected at a temporal scale that is used during routine 

movements (i.e. movements associated with daily activities) (Van Dyck & Baguette 

2005, Green et al. 2015). We show how using both local and regional connectivity for 
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post-larval fish can result in numerical values for connectivity which can be used to 

rank sites, and the connections among them.  

 

In the reserve network considered here, the ten mosaics that contribute most to 

connectivity are largely (83%) located outside existing reserve boundaries. This 

suggests that well-connected mosaics in Moreton Bay could be regarded as under-

represented when considered against, for example, the recommendation that 20-40% 

of habitats should be represented in reserves (McLeod et al. 2009, Green et al. 2015).  

Another guiding principle in conservation planning is risk spreading, which advocates 

protection of at least three examples of a habitat within a reserve network (McLeod et 

al. 2009). Only three key mosaics fall partially (< 50%) within reserves, and only one 

key regional connection between mosaics is inside a reserve. Our results suggest that 

connectivity for reef-associated fish in Moreton Bay is currently insufficiently 

represented spatially and, therefore, protected both in terms of representation and risk 

spreading.  

 

Finding efficient ways to protect multiple species, rather than needing management 

plans for individual species, is a major challenge in spatial conservation planning 

(Rayfield et al. 2016). One solution is to plan for so-called surrogate species, which 

share habitats and home-ranges with many other species (Olds et al. 2014). 

Alternatively, the average spatial requirements of multiple species can be used to 

evaluate protection of connectivity, as has been done for terrestrial mammals (Minor 

& Lookingbill 2010). Here, we aimed to build a model based on the habitat needs and 

movement biology of two important native fish species of which the movement scale 

is representative of a wide range of other species, while distinguishing scale-

dependent connectivity patterns (Green et al. 2015). Consequently, our approach 

shows similarities to both management solutions. Our model is therefore likely to 

represent the movement biology of a substantial proportion of fish species, and may 

have wide application in reef seascapes.  

 

The movement of animals is important for population dynamics and ecosystem-wide 

processes; consequently connectivity patterns are also often related to ecosystem 

measures such as diversity (Pittman & McAlpine 2003, Kool et al. 2013). However, 

in many studies, connectivity is either quantified at the patch or mosaic (local) scale 
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or the landscape (regional) scale (Wedding et al. 2011, Magris et al. 2014). In this 

study we incorporated two spatial scales in a habitat connectivity analysis through the 

proximity index Si and the landscape connectivity index dPC, which accounted for 

the interaction between habitat area and the position of a mosaic relative to the other 

mosaics. In addition, we examined separate aspects of connectivity through different 

fractions of dPC. Previous studies that used connectivity indices closely related to 

dPC reported a positive relationship between connectivity and species richness for 

intermediate and higher movement thresholds in freshwater environments (Ribeiro et 

al. 2011, Ishiyama et al. 2014). Our study is novel in finding this relationship for post-

larval fish in a marine system.  

 

It is common for managers to have data on surrogate or umbrella species that may be 

used to represent related species in conservation planning (Olds et al. 2014). 

However, it can be a considerable challenge to use this data in a manner that ensures 

other species are indeed protected as well. As such it is important to identify if 

available surrogate information does correlate with underlying processes that it is 

being used to represent. When comparing the patterns of fish diversity and 

connectivity of mosaics we found that the connectivity indices dPC and dPCflux are 

positively related to fish diversity for the 6 km, 9 km and 12 km thresholds, yet there 

was no relationship for the 1 km threshold. Conversely, the index dPCintra calculated 

for 1 km resulted in a connectivity pattern that is significantly positively related to 

fish diversity and the index dPCconnector showed a significantly negative 

relationship. Our results suggest that managers wishing to use connectivity patterns as 

a predictor of diversity should examine different connectivity metrics depending on 

the movement scale of a focal species or the data available, for example those 

showing site fidelity or having high mobility. This is consistent with theoretical 

predictions of the importance of multiple indices (Saura & Rubio 2010). In our study, 

this implies that at intermediate (6-12 km) or large-scale movement distances (> 12 

km), the indices dPC and dPCflux best describe areas that are also valuable for other 

reef-associated fish in Moreton Bay.  

 

The dPC index and its fractions were specifically developed to analyse and prioritise 

landscape connectivity (i.e. habitat availability), to supply information on multiple 

scales of connectivity, and to value both areas and connections (Saura et al. 2014). 
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While selecting one of the fractions of dPC for the analysis would enable 

prioritisation of a specific aspect of connectivity, we chose dPC to evaluate the 

importance of mosaics in the broadest sense of connectivity measures. In the situation 

that managers need to plan for connectivity in a comprehensive way but with little 

data available the dPC index remains in our opinion the most suitable metric for 

prioritisation. It could be developed further by incorporating potential interactive 

effects of different habitat components, which may account for synergistic effects of 

different combinations of habitat types in the mosaics. 

 

More complex, dynamic models can be useful in marine conservation planning 

(Kininmonth et al. 2011), and have been shown to perform better in estimating costs 

and benefits of marine reserves for fishing in the long term. Nonetheless static models 

can perform well for shorter term planning, especially for non-directional connectivity 

and in areas that are well managed (Brown et al. 2015); both are applicable in 

Moreton Bay. In this study a static model was considered appropriate because our 

objective was to identify areas that are likely to be of high importance for fish 

movement and thus of priority for conservation, which is a different aim to modelling 

the dynamics of fish distributions over time. Although the dPC index is static it still 

accounts for some changes in connectivity by quantifying explicitly the stepping stone 

role (irreplaceability) of mosaics.  

 

From our analysis it is evident that important connections are associated with 

important mosaics. Prioritising areas that are likely to facilitate fish movement across 

local seascapes and connect mosaics that are important for regional connectivity 

would, therefore, have the most impact on how well connectivity is represented in the 

system. Greatest improvements to representing regional connectivity in conservation 

will occur where connections among mosaics ranked in the top ten (i.e. orange arrows 

number 1, 2, 4, 7, 9) are incorporated into future marine reserves (Fig. 4.5). At 

present, some marine reserves include mosaics that are not particularly important for 

local or regional-scale connectivity. Relocating these reserves to other reef seascapes 

would improve the representation of connectivity, and potentially reserve 

performance, without having to increase the total area of reserves or decrease the 

level of representation afforded to other seascapes.  
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Connectivity is, however, not the only principle for conservation planning and we 

view the ranking of mosaics and connections for conservation as complementary to 

other criteria (socio-economic and biophysical) (Watts et al. 2009, Pouzols & 

Moilanen 2014). Results from this study could for example be used in reserve-

planning programs such as Marxan, which uses values of planning units in its 

calculations. With the method used in our study values can be assigned to planning 

units for their role in regional connectivity. The management of the Moreton Bay 

Marine Park aims to be adaptive and take into account scientific evidence when the 

zoning plan is reviewed. The current design dates from 2008 and this study provides 

additional evidence to be taken up in future reviews. 

 

In conclusion, we incorporated local and regional scale connectivity in a model, and 

then used it to evaluate how well existing marine reserves incorporate key seascape 

connections. While connectivity is a guiding principle for the design of marine 

reserve networks worldwide, decision makers often lack quantitative information 

about how to prioritise areas on this basis (Foley et al. 2010, Magris et al. 2014). Here 

we show that key local and regional seascape connections are under-represented in 

the reserve network in Moreton Bay, and discuss potential opportunities for 

improving reserve design. We focused on coral reef seascapes, but our approach is 

applicable to other heterogeneous landscapes and can improve how connectivity is 

integrated into conservation elsewhere in the sea, and on land.  
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Abstract 

 

Human population density is correlated with areas of high productivity and 

biodiversity, such as coastal communities and fishing grounds. This may increase the 

conflict between conservation and human use for these areas, including marine 

protected areas and fisheries. Systematic conservation planning tools can account for 

multiple criteria, such as ecological and socio-economic values, and help select the 

most optimal solutions. Connectivity is regarded as an important feature of ecosystem 

functioning, but incorporation of connectivity in conservation planning remains a 

challenge. The importance for spatial connectivity of a certain area can be calculated 

using the index Probability of Connectivity (PC). However the prioritisation given 

with this metric cannot suggest a selection of areas that is most cost efficient and is 

spatially clustered; two aspects that are practical in conservation. Marxan is a tool that 

can suggest selections of areas based on these two aspects but the importance for 

connectivity in not taken into account. Incorporating the PC index in Marxan analyses 

could therefore result in better conservation planning that accounts for both 

connectivity and cost-efficiency. Here I examine the benefits of including costs that 

are correlated to the PC index of functional connectivity in the optimisation tool 

Marxan. Connectivity scores estimated the importance of areas for fish movement 

while costs represented the cost to fisheries. The cost of conservation of marine areas 

to fisheries can differ and conservation strategies may differ between these costs. The 

Marxan solutions were compared with those selected using a heuristic method that 

selected planning units solely based on connectivity scores and ignored costs. I 

examined 15 different conservation scenarios, which were based on a combination of 

target protection levels (10%, 30%, 50%) and correlations between connectivity and 

costs (-1.0, -0.5, 0.0, 0.5, 1.0). I examined the costs, number of planning units, 

clustering and the variability in the three measures between the two methods. Overall, 

Marxan solutions had, regardless of target protection level and correlation scenario, 

more planning units that were more clustered and had lower costs. The variability in 

differences between the two methods, however, shows that benefits can differ greatly 

between solutions within conservation scenarios. This study supports the use of 

optimisation tools for incorporating functional connectivity in spatial planning. 
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Introduction 

Conservation efforts are increasingly driven by the risk of losing ecosystem functions 

such as food and water resources, through overexploitation, habitat destruction and 

climate change (Egoh et al. 2007, Mitchell et al. 2013). One of the most implemented 

conservation measures is to declare protected areas that are important for species 

distributions (van Teeffelen et al. 2006), biodiversity (Pressey et al. 2007, Drielsma et 

al. 2014) or areas that are socio-economically manageable as reserves (Stewart & 

Possingham 2005, Maury et al. 2013, Edgar et al. 2014). Connectivity among these 

distinct areas is increasingly recognised as important and is now a guiding principle in 

reserve planning (Foley et al. 2010, Rayfield et al. 2016). Connectivity can be 

generally defined as the degree to which the landscape facilitates the movement of 

species and other ecological flows (Taylor et al. 1993). Planning for connectivity 

includes protection of certain areas or corridors that are expected to be used by 

animals and increase population persistence. Protection can range from protecting 

large areas of continuously connected habitat, to multiple habitat areas configured in a 

certain way or within a set distance from each other (Runge et al. 2014, Saura et al. 

2014, Green et al. 2015). 

 

Reserves aim to protect biodiversity, species abundance and ecosystem services (Sala 

et al. 2002, Hodgson et al. 2011, Costanza et al. 2014). Poor or failing reserve 

performance can result from low compliance and poor design in terms of size, 

configuration and area selection (Sala et al. 2002, White et al. 2014a). Decisions on 

reserve size, configuration and location are often made based on ecological metrics 

while socio-economic costs are likely to influence compliance (White et al. 2014a, 

Wells et al. 2016). Cost of conservation is often determined by the loss of an industry 

that profited from an ecosystem service, for example the cost to compensate closure 

of fisheries, which is also referred to as opportunity costs (Adams et al. 2010). These 

costs are among the major criteria for conservation plans (Klein et al. 2008, van de 

Geer et al. 2013, Brown et al. 2015). Systematic tools help find planning solutions 

when there are multiple objectives (Wilson et al. 2009). For instance, the widely-used 

tools Marxan and Zonation, are used to identify protected area designs that meet 

specified conservation objectives for conservation of species or habitats with minimal 

cost to human users (Sarkar et al. 2006, Moilanen 2007, Watts et al. 2009). For 

example, when maximising ecosystem processes (e.g. processes related to 
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connectivity) was the conservation target, minimising the costs (e.g. opportunity 

costs) increased the efficiency and effectiveness of conservation plans (Klein et al. 

2009, Adams et al. 2010, Game et al. 2013). Connectivity metrics have been included 

in systematic planning but the socio-economic costs of areas that specifically 

contribute to animal movement have not (Beger et al. 2010b, White et al. 2014b).  

 

Most studies on connectivity in the marine environment have focused on current-

driven larval dispersal (Treml et al. 2008, Kininmonth et al. 2011, Magris et al. 2016). 

For conservation planning, however, protection of dispersal routes may be less 

relevant to larvae since they largely depend on currents for their movement (Treml et 

al. 2008, Green et al. 2015), are not targeted by fisheries, and major threats like 

pollution can cross reserve boundaries (Boersma & Parrish 1999). This might partly 

explain the limited incorporation of connectivity into marine spatial planning. There 

are several other potential reasons for the poor consideration of distinct connections 

and corridors in marine spatial planning: 1. the areas are assumed to be of low value 

for biodiversity (Kool et al. 2013, Pouzols & Moilanen 2014, Magris et al. 2016); 2. 

there is little consensus on corridor locations since information on shared routes is 

rare (Carr et al. 2003, Kool et al. 2013, Pendoley et al. 2014); 3. the pathways are only 

important to a single species and therefore their conservation becomes too specific 

and costly (Magris et al. 2016); 4. protection, and therefore, exclusion of practices 

may be disruptive to human infrastructure (e.g. shipping lanes) (Douvere 2008, Ehler 

2008) and; 5. there is little evidence of the ecological and economic value of 

protecting marine corridors (Kearney et al. 2013, Mitchell et al. 2013, Olds et al. 

2016). There are however, several powerful arguments for incorporating physical 

connections in marine spatial planning: 1. fish that are considered residents of habitat 

patches (such as coral reefs) regularly move away from (and back to) these locations 

and thus need the area between habitats for safe movement (Afonso et al. 2009, Hitt et 

al. 2011, Pittman et al. 2014); 2. some fish are known to avoid human activity and 

thus protection of connections may facilitate movement that would otherwise be 

inhibited (Lemasson et al. 2008, Lindfield et al. 2014); and 3. by protecting 

connections the protected area efficiently increases in effective size, which may result 

in conservation benefits similar to those of large reserves (Edgar et al. 2014). 
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Two spatial prioritisation methods that estimate and select for connectivity in 

different ways were thought to complement each other and return conservation 

options that better fit conservation criteria. In this study, I demonstrate the use of 

connectivity estimates of marine habitats in combination with conservation costs in 

two systematic decision-making processes: a heuristic approach and an optimisation 

tool. I identified priority sites for marine conservation using: 1) a heuristic method 

that has been established in previous studies (e.g. Bodin & Saura 2010, Allnutt et al. 

2012), which uses connectivity scores of planning units, but ignores the cost of 

protection to fisheries in the selection process; and 2) the optimisation tool, Marxan, 

which minimises cost to fisheries (Ball et al. 2009). In theory, the heuristic method in 

which PC values are used to prioritise areas could also take into account related 

conservation cost. However, to find the best combination of high ranking areas for 

connectivity that have a relatively low cost is not automated in that method and is 

hard to find due to the large number of possibilities. Based on the overall objective, I 

specifically compared costs, number of planning units and clustering of planning units 

between the two methods. I hypothesised that Marxan would return solutions with 

lower costs, more planning units, and more strongly clustered planning units than the 

heuristic method. This would be because Marxan examines different combinations of 

planning units and potentially selects multiple low cost planning units over the 

heuristic choice of a single high-cost planning unit. My overall purpose is to improve 

marine conservation planning by advancing the methodology for incorporating 

connectivity for post-larval fish movement while considering the socio-economic 

costs. 

 

 

Methods 

Study area  

The study area was Moreton Bay, a large subtropical embayment in eastern Australia 

that includes a network of no-take reserves managed as part of the Moreton Bay 

Marine Park (27° 15′ 0″ S, 153° 15′ 0″ E) (Fig. 4.1). Reserve boundaries in the park 

were revised in 2008 based on nine biophysical, and four socio-economic guiding 

principles (NRC 2001, Queensland Government 2015). The third biophysical 

principle explicitly states that the placement of no-take areas should account for 

animal movements. As such, assessing the integration of connectivity in the reserve 
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design may serve to improve the performance of the MPA against its own criteria and 

provide an approach that can be adapted to other protected areas, marine or terrestrial. 

The analyses incorporated the probability of connectivity of all habitat mosaics 

formed by coral reefs and associated seagrass and mangroves and the functional 

connections among these mosaics, which were estimated in a previous study 

(Engelhard et al. 2016).  

 

Decision tools 

I used Marxan (version 2.4.3) (Ball et al. 2009), one of the most widely used decision 

support tools (Ball et al. 2009, Delavenne et al. 2011), to select planning units to meet 

a specific target level of protection of the conservation feature (here quantified by 

connectivity) while minimising the opportunity cost to fisheries. Marxan selects 

planning units that form an optimal solution by considering ecological values, 

conservation costs and clustering of planning units. The different criteria can be 

emphasised by adjusting parameter values. I compared the solutions from Marxan to a 

heuristic method that prioritised sites for protection based on their connectivity score 

(e.g. Bodin & Saura 2010, Watson et al 2011, White et al. 2014). The connectivity 

score was calculated using an individual-removal assessment that provides a real 

estimate of connectivity for each planning unit, and is not to be confused as the 

heuristic method. The heuristic part of the method consisted of selecting planning 

units with the highest scores for the connectivity that sum to a value close to the target 

protection level (with a deviation of 5% of the target value).  

 

Conservation features and target level of protection  

I included two different types of conservation features in my analysis: mosaics of 

well-connected habitats and connections between these mosaics. My analyses 

included 29 mosaics and 49 connections, resulting in a total of 78 planning units. 

Planning units do not need to have similar shapes (Nhancale & Smith 2011), and in 

this study the planning units have irregular shapes because I was interested in 

selecting complete mosaics and connections as they represent areas of functional 

connectivity as determined in a previous study. Fragments or areas outside the 

mosaics and connections were not of interest in this study. Connectivity metrics can 

be used instead of habitat or species representation to incorporate connectivity in 

spatial planning (White et al. 2014b, Engelhard et al. 2016). In a previous study a 
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connectivity score was estimated for each planning unit (Engelhard et al. 2016). The 

connectivity scores were estimations of the importance of each planning unit for reef 

fish movement among and within reef habitat mosaics. The connectivity values were 

calculated as the index Probability of Connectivity (dPC) with the tool Conefor 

(Saura & Torné 2009). For this study, I standardised the dPC values for mosaics and 

connections separately, so that for each of these conservation feature types the sum of 

all dPC values (connectivity) was one. I analysed three target levels of protection, 

accounting for 10%, 30% and 50% of the total connectivity score. This range of target 

protection levels was chosen to represent low, medium and high conservation efforts 

(e.g. Leslie et al. 2003, Allnut et al. 2012). Connectivity scores of the mosaics and 

connections were separate targets to account for connectivity of habitat mosaics and 

the connections between them.  

 

Conservation costs 

Each planning unit was assigned hypothetical costs of conservation, based on a 

correlation of their scores for connectivity with fish movement (the dPC values) 

(Table 5.1). The five correlations (r: 1.0, 0.5, 0.0, -0.5, -1.0) were used to generate 

random series of cost values. The minimum cost value could not be zero, as this was 

regarded as unrealistic, and was set to 0.001 to approximate a similar difference in 

value as the connectivity values. The cost values were standardised to have a sum of 

one for all planning units of each conservation feature type. The cost scenario that is 

most likely for the study area is the correlation of 0.5 or more since Moreton Bay has 

fishing grounds that are economically important for the commercial and recreational 

fisheries in South East Queensland (Chilvers et al. 2005, van de Geer et al. 2013) 

.  
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Table 5.1. Summary of the five different cost scenarios. 

Scenario Direction of 

correlation  

Value of correlation 

(r) 

A positive correlation between costs and 

connectivity represents a scenario where 

planning units that are well connected are 

always valuable for fisheries.  

Positive  1.0 

 Positive  0.5 

A neutral correlation represents a scenario 

where conservation costs are not related to 

connectivity, and where connectivity is thus 

equally important or not important for fisheries. 

Neutral  0.0 

A negative correlation indicates a scenario, 

which is important for fisheries, and thus 

conservation costs decrease with increasing 

connectivity.  

Negative  - 0.5 

 Negative  - 1.0 

 

 

Spatial relation between planning units 

To enable Marxan to select related planning units and form clusters, the relationships 

between planning units need to be specified in a boundary file. Only the value for 

fisheries is accounted for as a cost; the area and shape of the planning unit is of little 

influence and thus not included in costs. The relationship of the planning units in this 

study was based on adjacency and overlap, which is different to planning units where 

the relationship is determined by their position in a grid (Stewart & Possingham 

2005). 

 

The planning units ‘mosaics’ and ‘connections’ differ in their spatial relations. A 

connection always has precisely two spatial relations: one end of the connection 

shares its boundary with a mosaic and the other end shares a boundary with another 

mosaic. A connection can only share boundaries with mosaics but not with other 

connections. A mosaic can be isolated and not share boundaries with any other 

planning unit or share boundaries with many other planning units. A mosaic can share 

boundaries both with other mosaics and connections.  
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Although ‘clustering’ means a group of closely related entities, here, the number of 

separated planning units was counted as the number of clusters (for example when 

there are three planning units and two are adjacent to each other this was counted as 

two clusters). The clustering coefficient (Eq. 1) increases with increased clustering 

(more planning units are adjacent).  

𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 = 1 − (𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠)⁄   (Eq. 1) 

Increased clustering indicates that selected planning units are aggregated and 

protected areas would be larger. In general larger reserves protect species better and 

are considered ecologically more meaningful (Moilanen & Wintle 2006, Edgar et al. 

2014 Both connectivity scores, the real estimates calculated as dPC in Conefor and 

the clustering of planning units in Marxan depend on the geographical position of a 

planning unit. Using the dPC scores as input in Marxan is, however, still considered 

valid because the dPC value estimates the value of a planning unit as a connector in 

the landscape, while the clustering score in Marxan accounts for the boundary length 

of the protected area.  

 

Analyses 

The combination of five different correlations, representing five cost scenarios, and 

three different conservation targets resulted in a total of 15 conservation scenarios for 

each method. For every cost scenario, five replicate sets of random numbers were 

analysed. In Marxan, the value of the parameter ‘boundary length modifier’ (BLM), 

which enhances clustering of selected planning units, was set to 0.1 for all scenarios, 

based on pilot analyses. The parameter ‘species penalty factor’ (SPF) was adjusted 

(values varied between one and four) to produce sufficient feasible solutions in which 

both conservation targets were met. Selections of planning units that deviated by 5% 

from the target value were considered feasible. Marxan repeated 1000 runs for every 

replicate (Ardron et al. 2008). Prior to comparing the outcomes of the two methods, 

the costs of the solutions were standardised. The costs, number of planning units and 

clustering values of the five replicates were averaged for both methods. For each 

scenario, I compared the difference in cost, the number of planning units, and 

clustering between the two methods.  

 

To geographically display the results of the different methods, the best Marxan and 

heuristic solution for each target level of protection for the correlation scenario of 0.5 
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was mapped. Only the best solution out of the five replicate runs is shown, based on 

lowest cost of replicates, lowest number of planning units, and highest value for 

clustering. All maps were made with QGIS (Quantum GIS Development Team 2016). 

 

 

Results 

Costs 

The planning units selected by Marxan met the target protection levels of 10% and 

30% with a lower cost than the heuristic method for all correlation scenarios except 

for the correlation of 1.0 between connectivity and costs (Fig 5.1). Generally, the 

difference in the costs between the two methods decreased with increasing target 

protection level. Within the same target protection level, the difference in costs 

between the Marxan and the heuristic method decreased with increasing correlation 

between costs and connectivity. The largest difference in cost between the two 

methods was found for the scenario ‘target level of protection 30% and a correlation 

scenario of -1.0’ with 82% lower costs for the Marxan method. For a target protection 

level of 50%, the costs of the planning units selected by the Marxan method were 

higher than the heuristic method for the correlation scenario of -1.0 (36%) and 1 

(6%). Maps of the target protection level of 30% and correlation scenario 0.5 show 

that the lower clustering of heuristic solutions lead to less ecologically meaningful 

selections (Fig. 5.2).     

 

Variability in standard deviations 

The differences between the Marxan and the heuristic solutions show high variability, 

which means that while Marxan offers better solutions overall, the benefits of a single 

solution can be smaller or larger. The variability in difference is smaller for 

correlation scenarios of -1.0 and 1.0 than for other correlation scenarios. The 

variability in difference is not related to target protection levels.   

 

Planning units  

In seven of the 15 scenarios, Marxan selected more planning units than the heuristic 

method. For the target protection level of 10%, there was no difference in the number 

of selected planning units between the Marxan and the heuristic method, except for 

the correlation scenario of 1.0 where Marxan selected (160%) more planning units. 
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For the target protection level of 30%, Marxan selected fewer planning units than the 

heuristic method (maximum difference 20%) except for the correlation scenario of 

1.0, for which it selected more planning units (60%). For the target protection level of 

50%, Marxan consistently selected a larger number of planning units compared to the 

heuristic method for all correlations. The maximum difference (500%) was between 

the numbers of planning units for the correlation scenario of 1.0 (Fig. 5.1).  
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Fig. 5.1. The percentage difference in variable costs, planning units, and clustering 

(means, SD) of Marxan versus the heuristic method, for the three conservation 

targets: 10, 30 and 50% of total connectivity. A negative difference indicates lower 

values using Marxan, a positive difference indicates lower values using the heuristic 

method. 
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Clustering of planning units  

The Marxan method selected more clustered planning units in most scenarios. The 

maximum difference in clustering was 192% for the target protection level of 50% 

and correlation scenario of 1.0. The heuristic method only selected planning units that 

were more clustered in scenarios where the correlation scenario was negative (Fig. 5.1 

and 5.2 A-C).  

 

 

Fig. 5.2 A-C. The overview (A) shows the full extent of all the planning units and the 

internal border indicates the area of the selected planning units. The larger maps show 

the best solution of the two selection methods: B) Marxan, C) heuristic, for the 

protection target level of 30% and the correlation between connectivity and the 

hypothetical cost for fisheries of 0.5. The best solution of the five replicates was 

selected based on cost, number of planning units and clustering.  
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Discussion  

In this study, I incorporated quantitative data on connectivity for reef-associated fish 

in a systematic conservation prioritisation process while taking into account costs of 

fisheries. I analysed five correlation scenarios for three different target levels of 

protection and examined conservation costs, number and clustering of the selected 

planning units. I evaluated the outcomes of the optimisation tool Marxan in 

comparison to a heuristic method. Overall, the Marxan method resulted in selections 

of planning units that were more cost efficient and larger selected areas which can 

more practical for conservation management and may have a greater effect on fish 

stocks compared to smaller reserves.. 

 

Most solutions generated by Marxan were lower in costs than the heuristic method. 

When the conservation scenario was extreme (correlation -1.0 for the 50% target 

protection level and correlation 1.0 for all target protection levels), Marxan did not 

identify better solutions than the heuristic method. Marxan returns similar solutions in 

terms of costs as the heuristic method when the correlations are extreme because there 

was no flexibility in reserve choice. This may be explained by a lower variety in 

solutions in terms of costs and more extreme choices in terms of planning units for 

Marxan: either a few costly planning units or many with a low cost. Both solutions 

meet the target protection level and have similar costs, but the solution with the high 

number of planning units is more clustered and therefore selected.  

 

The difference in costs between the two methods increased when the target protection 

level was lower. The number of solutions increases with a decrease in target 

protection level, which makes it more difficult to find the optimal solution. This result 

therefore suggests that when the target protection level is low, it is particularly 

beneficial to use an optimisation tool. In contrast, Allnutt et al. (2012) found that 

Marxan solutions resulted in higher cost of fishing catch loss when the target 

protection level was higher (30%) and similar cost of fishing catch loss when the 

target protection level was low (16%) than the heuristic method. Their study differed 

from my study in that it included multiple criteria in addition to fish catch. These 

different results suggest that while Marxan is efficient in finding and comparing 

solutions (Klein et al. 2008), comparisons between methods (e.g. Marxan vs a 
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heuristic categorisation) remain important to evaluate conservation plans (Sarkar & 

Illoldi-Rangel 2010, Delavenne et al. 2011, Allnutt et al. 2012, Brown et al. 2015).  

 

The planning unit used in this study differ in size and comprise large areas. The size 

and shape of planning units affect the efficiency of conservation solutions produced 

by decision-making tools (e.g. Pressey & Logan 1998, Pascual-Hortal & Saura 2007, 

Nhancale & Smith 2011). Overall, larger planning units make the solution less 

flexible (when an area is divided into larger units there are less possible combinations 

of planning units) (Larsen & Rahbek 2003, Shriner et al. 2006) and it is more likely 

that irrelevant area is protected because it is encompassed in a large planning unit 

(Nhancale & Smith 2011). This effect is dampened when, instead of area, the cost of 

planning units are based on socio economic values (Carwardine et al. 2010, Nhancale 

& Smith 2011), and when clustering is part of the planning exercise (Nhancale & 

Smith 2011).  

 

For the target protection levels of 30% and 50%, the Marxan solutions demonstrated 

increasing clustering of planning units with increasing correlation. The parameter 

boundary length modifier (BLM) imposes a higher penalty cost for solutions in which 

the boundary length is longer and lower penalties on clusters of planning units that 

share boundaries (Ball et al. 2009). When a solution comprises more planning units it 

becomes increasingly beneficial to cluster units and not account for all individual 

boundaries. The heuristic method showed clustering of planning units without 

selecting for adjacency because the planning units with a high connectivity score are 

often located close to each other. Clustering is a characteristic of reserve design, 

which can be an objective of the algorithm (Moilanen & Wintle 2006, Smith et al. 

2010). The selection of more clustered solutions is especially important in situations 

where planning units need to be adjacent for effective conservation, i.e. when 

connectivity is the conservation feature (Lentini et al. 2013). Further studies should 

control the number of clusters, which could be important when replication of 

connected areas is desired, for example as a measure against fast spread of invasive 

species (Foley et al. 2010, Hock et al. 2014). In this study, the selection generated by 

Marxan still comprised connections that join unselected patches. While this may be 

counterintuitive, prioritising connections and patches separately could fulfil different 

conservation targets. Protection of connections that form a ‘bottleneck’ between 
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unprotected patches can be important and contribute substantially to survival 

regardless of the protection of the source or destination.  

 

I am aware that conservation of connectivity is a contentious issue, specifically its 

prioritisation over other conservation criteria and due to the difficulty to measure 

connectivity (Hodgson et al. 2009, Beger et al. 2010a, Doerr et al. 2011, Hodgson et 

al. 2011, Kool et al. 2013) and my study could be extended in various ways. Here, I 

examined conservation solutions for two conservation features and a single 

conservation cost. Conservation costs comprise multiple components and this study 

could be extended by examining different types of costs (Adams et al. 2010). Another 

avenue to expand this study is to examine the difference in conservation solutions and 

costs between this study and additional scenarios, for example a scenario that has only 

habitat mosaics and no distinct connections between them (Marini et al. 2014). A 

practical aspect would be examining costs for different corridor widths. The width of 

corridors is an important consideration when planning corridors (Baur & Baur 1992, 

Darcy & Eggleston 2005) as an increase in width means an increase in space occupied 

by the connection, resulting in increased costs.  

 

The concept of protecting connectivity in the marine environment through static 

corridors may be contradictory to the “open” and dynamic nature of marine systems 

(Carr et al. 2003). Recognising and protecting distinct corridors in the marine 

environment may, however, be important (Briscoe et al. 2016). For example, tracking 

studies show that fish regularly cross reserve boundaries (Afonso et al. 2009), and a 

migration route that is shared by flatback turtles and humpback whales exists along 

the west coast of Australia (Pendoley et al. 2014). The scale of these long-distance 

migration corridors may often be beyond the scope of spatial marine conservation, 

however, a distinct migration corridor that has been part of successful conservation 

management is the marine protected area and corridor (MPAC) for the blue crab in 

Chesapeake Bay (Lipcius et al. 2003). The blue crab is of commercial value, 

suggesting that including corridors in marine spatial plans may benefit important 

commercial fisheries. Further collection of animal tracking data remains crucial since 

these data can provide information on the actual use and benefits of corridors for 

commercial and non-commercial species required to improve models (Egli & 

Babcock 2004, Holdsworth et al. 2008, Block et al. 2011, Pittman et al. 2014).   
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Here, I showed how two types of static models, one for estimating connectivity and 

one for prioritising connectivity, could be combined for spatial planning (Kool et al. 

2013, White et al. 2014b, Brown et al. 2015). This study differs from previous studies 

on conservation planning in that it uses estimates of potential connectivity of post-

larval fish movement (modelled connectivity based on landscape and movement) 

(Watson et al. 2011, White et al. 2014b). It provides a case study on systematic 

planning with a network of planning units (nodes and connections) and demonstrates 

the benefits of assigning cost values to connections, something that remains rare for 

both terrestrial and marine environments (Pendoley et al. 2014, White et al. 2014b). 

Finally, this study provides valuable information and techniques for managers who 

wish to use data on connectivity in a cost optimisation analysis and protect multiple 

(marine) corridors.  



 122 

References 

Adams VM, Pressey RL, Naidoo R (2010) Opportunity costs: Who really pays for 

conservation? Biol Conserv 143:439-448 

Afonso P, Fontes J, Holland KN, Santos RS (2009) Multi-scale patterns of habitat use 

in a highly mobile reef fish, the white trevally Pseudocaranx dentex, and their 

implications for marine reserve design. Mar Ecol Prog Ser 381:273-286 

Allnutt TF, McClanahan TR, Andréfouët S, Baker M, Lagabrielle E, McClennen C, 

Rakotomanjaka AJM, Tianarisoa TF, Watson R, Kremen C (2012) 

Comparison of marine spatial planning methods in Madagascar demonstrates 

value of alternative approaches. PloS One 7:e28969 

Ardron JA, Possingham HP, Klein CJ (2008) Marxan good practices handbook 

Pacific Marine Analysis and Research Association, Vancouver 

Ball IR, Possingham HP, Watts M (2009) Marxan and relatives: software for spatial 

conservation prioritisation. In: Chapter 14: Pages 185-195 in Spatial 

conservation prioritisation: Quantitative methods and computational tools Eds 

Moilanen, A, KA Wilson, and HP Possingham. Oxford University Press, 

Oxford 

Baur A, Baur B (1992) Effect of corridor width on animal dispersal: a simulation 

study. Global Ecol Biogeogr 2:52-56 

Beger M, Grantham HS, Pressey RL, Wilson KA, Peterson EL, Dorfman D, Mumby 

PJ, Lourival R, Brumbaugh DR, Possingham HP (2010a) Conservation 

planning for connectivity across marine, freshwater, and terrestrial realms. 

Biol Conserv 143:565-575 

Beger M, Linke S, Watts M, Game E, Treml E, Ball I, Possingham HP (2010b) 

Incorporating asymmetric connectivity into spatial decision making for 

conservation. Conserv Lett 3:359-368 

Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaffer SA, Bograd SJ, Hazen EL, 

Foley DG, Breed GA, Harrison AL, Ganong JE, Swithenbank A, Castleton M, 

Dewar H, Mate BR, Shillinger GL, Schaefer KM, Benson SR, Weise MJ, 

Henry RW, Costa DP (2011) Tracking apex marine predator movements in a 

dynamic ocean. Nature 475:86-90 

Bodin O, Saura S (2010) Ranking individual habitat patches as connectivity 

providers: Integrating network analysis and patch removal experiments. Ecol 

Model 221:2393-2405 

Boersma PD, Parrish JK (1999) Limiting abuse: marine protected areas, a limited 

solution. Ecol Econ 31:287-304 

Briscoe DK, Hobday AJ, Carlisle A, Scales K, Eveson JP, Arrizabalaga H, Druon JN, 

Fromentin J-M (2016) Ecological bridges and barriers in pelagic ecosystems. 

Deep-Sea Res PT II 10.1016/j.dsr2.2016.11.004 

Brown CJ, White C, Beger M, Grantham HS, Halpern BS, Klein CJ, Mumby PJ, 

Tulloch VJD, Ruckelshaus M, Possingham HP (2015) Fisheries and 

biodiversity benefits of using static versus dynamic models for designing 

marine reserve networks. Ecosphere 6:1-14 

Carr MH, Neigel JE, Estes JA, Andelman S, Warner RR, Largier JL (2003) 

Comparing marine and terrestrial ecosystems: implications for the design of 

coastal marine reserves. Ecol Appl 13:S90-S107 

Carwardine J, Wilson KA, Hajkowicz SA, Smith RJ, Klein CJ, Watts M, Possingham 

HP (2010) Conservation planning when costs are uncertain. Conserv Biol 

24:1529-1537 



 123 

Chilvers B, Lawler I, Macknight F, Marsh H, Noad M, Paterson R (2005) Moreton 

Bay, Queensland, Australia: an example of the co-existence of significant 

marine mammal populations and large-scale coastal development. Biol 

Conserv 122:559-571 

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski I, 

Farber S, Turner RK (2014) Changes in the global value of ecosystem 

services. Global Environ Chan 26:152-158 

Darcy MC, Eggleston DB (2005) Do habitat corridors influence animal dispersal and 

colonization in estuarine systems? Landscape Ecol 20:841-855 

Delavenne J, Metcalfe K, Smith RJ, Vaz S, Martin CS, Dupuis L, Coppin F, 

Carpentier A (2011) Systematic conservation planning in the eastern English 

Channel: comparing the Marxan and Zonation decision-support tools. ICES J 

Mar Sci 69:75-83 

Doerr VAJ, Barrett T, Doerr ED (2011) Connectivity, dispersal behaviour and 

conservation under climate change: a response to Hodgson et al. J Appl Ecol 

48:143-147 

Douvere F (2008) The importance of marine spatial planning in advancing ecosystem-

based sea use management. Mar Policy 32:762-771 

Drielsma M, Ferrier S, Howling G, Manion G, Taylor S, Love J (2014) The 

Biodiversity Forecasting Toolkit: Answering the ‘how much’, ‘what’, and 

‘where’ of planning for biodiversity persistence. Ecol Model 274:80-91 

Edgar GJ, Stuart-Smith RD, Willis TJ, Kininmonth S, Baker SC, Banks S, Barrett NS, 

Becerro MA, Bernard ATF, Berkhout J, Buxton CD, Campbell SJ, Cooper 

AT, Davey M, Edgar SC, Forsterra G, Galvan DE, Irigoyen AJ, Kushner DJ, 

Moura R, Parnell PE, Shears NT, Soler G, Strain EMA, Thomson RJ (2014) 

Global conservation outcomes depend on marine protected areas with five key 

features. Nature 506:216-220 

Egli D, Babcock R (2004) Ultrasonic tracking reveals multiple behavioural modes of 

snapper (Pagrus auratus) in a temperate no-take marine reserve. ICES J Mar 

Sci 61:1137-1143 

Egoh B, Rouget M, Reyers B, Knight AT, Cowling RM, van Jaarsveld AS, Welz A 

(2007) Integrating ecosystem services into conservation assessments: A 

review. Ecol Econ 63:714-721 

Ehler C (2008) Conclusions: Benefits, lessons learned, and future challenges of 

marine spatial planning. Mar Policy 32:840-843 

Engelhard SL, Huijbers CM, Stewart-Koster B, Olds AD, Schlacher TA, Connolly 

RM (2016) Prioritising seascape connectivity in conservation using network 

analysis. J Appl Ecol 10.1111/1365-2664.12824 

Foley MM, Halpern BS, Micheli F, Armsby MH, Caldwell MR, Crain CM, Prahler E, 

Rohr N, Sivas D, Beck MW, Carr MH, Crowder LB, Duffy JE, Hacker SD, 

McLeod KL, Palumbi SR, Peterson CH, Regan HM, Ruckelshaus MH, 

Sandifer PA, Steneck RS (2010) Guiding ecological principles for marine 

spatial planning. Mar Policy 34:955-966 

Game ET, Kareiva P, Possingham HP (2013) Six common mistakes in conservation 

priority setting. Conserv Biol 27:480-485 

Green AL, Maypa AP, Almany GR, Rhodes KL, Weeks R, Abesamis RA, Gleason 

MG, Mumby PJ, White AT (2015) Larval dispersal and movement patterns of 

coral reef fishes, and implications for marine reserve network design. Biol Rev 

Camb Philos Soc 90:1215-1247 



 124 

Hitt S, Pittman SJ, Nemeth RS (2011) Diel movements of fishes linked to benthic 

seascape structure in a Caribbean coral reef ecosystem. Mar Ecol Prog Ser 

427:275-291 

Hock K, Wolff NH, Condie SA, Anthony K, Mumby PJ (2014) Connectivity 

networks reveal the risks of crown‐of‐thorns starfish outbreaks on the 

Great Barrier Reef. J Appl Ecol 51:1188-1196 

Hodgson JA, Thomas CD, Wintle BA, Moilanen A (2009) Climate change, 

connectivity and conservation decision making: back to basics. J Appl Ecol 

46:964-969 

Hodgson JA, Moilanen A, Wintle BA, Thomas CD (2011) Habitat area, quality and 

connectivity: striking the balance for efficient conservation. J Appl Ecol 

48:148-152 

Holdsworth JC, Sippel TJ, Block BA (2008) Near real time satellite tracking of 

striped marlin (Kajikia audax) movements in the Pacific Ocean. Mar Biol 

156:505-514 

Kearney R, Farebrother G, Buxton CD, Goodsell P (2013) How terrestrial 

management concepts have led to unrealistic expectations of marine protected 

areas. Mar Policy 38:304-311 

Kininmonth S, Beger M, Bode M, Peterson E, Adams VM, Dorfman D, Brumbaugh 

DR, Possingham HP (2011) Dispersal connectivity and reserve selection for 

marine conservation. Ecol Model 222:1272-1282 

Klein C, Wilson K, Watts M, Stein J, Berry S, Carwardine J, Smith MS, Mackey B, 

Possingham H (2009) Incorporating ecological and evolutionary processes 

into continental‐scale conservation planning. Ecol Appl 19:206-217 

Klein CJ, Chan A, Kircher L, Cundiff AJ, Gardner N, Hrovat Y, Scholz A, Kendall 

BE, Airame S (2008) Striking a balance between biodiversity conservation 

and socioeconomic viability in the design of marine protected areas. Conserv 

Biol 22:691-700 

Kool JT, Moilanen A, Treml EA (2013) Population connectivity: recent advances and 

new perspectives. Landscape Ecol 28:165-185 

Larsen FW, Rahbek C (2003) Influence of scale on conservation priority setting–a test 

on African mammals. Biodivers Conserv 12:599-614 

Lemasson BH, Haefner JW, Bowen MD (2008) The effect of avoidance behavior on 

predicting fish passage rates through water diversion structures. Ecol Model 

219:178-188 

Lentini PE, Gibbons P, Carwardine J, Fischer J, Drielsma M, Martin TG (2013) 

Effect of planning for connectivity on linear reserve networks. Conserv Biol 

27:796-807 

Leslie H, Ruckelshaus M, Ball IR, Andelman S, Possingham HP (2003) Using siting 

algorithms in the design of marine reserve networks. Ecol Appl:S185-S198 

Lindfield SJ, Harvey ES, McIlwain JL, Halford AR (2014) Silent fish surveys: 

bubble‐free diving highlights inaccuracies associated with SCUBA‐based 

surveys in heavily fished areas. Methods Ecol Evol 5:1061-1069 

Lipcius RN, Stockhausen WT, Seitz RD, Geer PJ (2003) Spatial dynamics and value 

of a marine protected area and corridor for the blue crab spawning stock in 

Chesapeake Bay. B Mar Sci 72:453-469 

Magris RA, Treml EA, Pressey RL, Weeks R (2016) Integrating multiple species 

connectivity and habitat quality into conservation planning for coral reefs. 

Ecography 39:649-664 



 125 

Marini L, Öckinger E, Bergman K-O, Jauker B, Krauss J, Kuussaari M, Pöyry J, 

Smith HG, Steffan-Dewenter I, Bommarco R (2014) Contrasting effects of 

habitat area and connectivity on evenness of pollinator communities. 

Ecography 37:544-551 

Maury O, Miller K, Campling L, Arrizabalaga H, Aumont O, Bodin Ö, Guillotreau P, 

Hobday AJ, Marsac F, Suzuki Z (2013) A global science–policy partnership 

for progress toward sustainability of oceanic ecosystems and fisheries. Curr 

Opin Environ Sustain 5:314-319 

Mitchell MGE, Bennett EM, Gonzalez A (2013) Linking landscape connectivity and 

ecosystem service provision: current knowledge and research gaps. 

Ecosystems 16:894-908 

Moilanen A, Wintle BA (2006) Uncertainty analysis favours selection of spatially 

aggregated reserve networks. Biol Conserv 129:427-434 

Moilanen A (2007) Landscape Zonation, benefit functions and target-based planning: 

Unifying reserve selection strategies. Biol Conserv 134:571-579 

Nhancale BA, Smith RJ (2011) The influence of planning unit characteristics on the 

efficiency and spatial pattern of systematic conservation planning assessments. 

Biodivers Conserv 20:1821-1835 

NRC (2001) Marine Protected Areas: Tools for Sustaining Ocean Ecosystem, Vol. 

The National Academies Press, Washington, DC 

Olds AD, Connolly RM, Pitt KA, Pittman SJ, Maxwell PS, Huijbers CM, Moore BR, 

Albert S, Rissik D, Babcock RC, Schlacher TA (2016) Quantifying the 

conservation value of seascape connectivity: a global synthesis. Global Ecol 

Biogeogr 25:3-15 

Pascual-Hortal L, Saura S (2007) Impact of spatial scale on the identification of 

critical habitat patches for the maintenance of landscape connectivity. 

Landscape Urban Plan 83:176-186 

Pendoley KL, Schofield G, Whittock PA, Ierodiaconou D, Hays GC (2014) Protected 

species use of a coastal marine migratory corridor connecting marine 

protected areas. Mar Biol 161:1455-1466 

Pittman SJ, Monaco ME, Friedlander AM, Legare B, Nemeth RS, Kendall MS, Poti 

M, Clark RD, Wedding LM, Caldow C (2014) Fish with Chips: Tracking Reef 

Fish Movements to Evaluate Size and Connectivity of Caribbean Marine 

Protected Areas. PLOS ONE 9:e96028 

Pouzols FM, Moilanen A (2014) A method for building corridors in spatial 

conservation prioritization. Landscape Ecol 29:789-801 

Pressey RL, Logan VS (1998) Size of selection units for future reserves and its 

influence on actual vs targeted representation of features: a case study in 

western New South Wales. Biol Conserv 85:305-319 

Pressey RL, Cabeza M, Watts ME, Cowling RM, Wilson KA (2007) Conservation 

planning in a changing world. Trends Ecol Evol 22:583-592 

Quantum GIS Development Team (2016) Quantum GIS Geographic Information 

System Open Source Geospatial Foundation Project  

Queensland Government DoNP, Sport and Racing (2015) Moreton Bay Marine 

Park—Scientific Guiding Principles. 

Rayfield B, Pelletier D, Dumitru M, Cardille JA, Gonzalez A (2016) Multipurpose 

habitat networks for short-range and long-range connectivity: a new method 

combining graph and circuit connectivity. Methods Ecol Evol 7:222-231 

Runge CA, Martin TG, Possingham HP, Willis SG, Fuller RA (2014) Conserving 

mobile species. Front Ecol Environ 12:395-402 



 126 

Sala E, Aburto-Oropeza O, Paredes G, Parra I, Barrera JC, Dayton PK (2002) A 

general model for designing networks of marine reserves. Science 298:1991-

1993 

Sarkar S, Pressey RL, Faith DP, Margules CR, Fuller T, Stoms DM, Moffett A, 

Wilson KA, Williams KJ, Williams PH (2006) Biodiversity conservation 

planning tools: present status and challenges for the future. Annu Rev Environ 

Resour 31:123-159 

Sarkar S, Illoldi-Rangel P (2010) Systematic conservation planning: an updated 

protocol. Braz J Nat Cons 8:19-26 

Saura S, Torné J (2009) Conefor Sensinode 2.2: A software package for quantifying 

the importance of habitat patches for landscape connectivity. Environ Modell 

Softw 24:135-139 

Saura S, Bodin Ö, Fortin M-J, Frair J (2014) Stepping stones are crucial for species' 

long-distance dispersal and range expansion through habitat networks. J Appl 

Ecol 51:171-182 

Shriner SA, Wilson KR, Flather CH (2006) Reserve networks based on richness 

hotspots and representation vary with scale. Ecol Appl 16:1660-1673 

Smith RJ, Di Minin E, Linke S, Segan DB, Possingham HP (2010) An approach for 

ensuring minimum protected area size in systematic conservation planning. 

Biol Conserv 143:2525-2531 

Stewart RR, Possingham HP (2005) Efficiency, costs and trade-offs in marine reserve 

system design. Environ Model Assess 10:203-213 

Taylor PD, Fahrig L, Henein K, Merriam G (1993) Connectivity is a vital element of 

landscape structure. Oikos 68:571-573 

Treml EA, Halpin PN, Urban DL, Pratson LF (2008) Modeling population 

connectivity by ocean currents, a graph-theoretic approach for marine 

conservation. Landscape Ecol 23:19-36 

van de Geer C, Mills M, Adams VM, Pressey RL, McPhee D (2013) Impacts of the 

Moreton Bay Marine Park rezoning on commercial fishermen. Mar Policy 

39:248-256 

van Teeffelen AJA, Cabeza M, Moilanen A (2006) Connectivity, Probabilities and 

Persistence: Comparing Reserve Selection Strategies. Biodivers Conserv 

15:899-919 

Watson JR, Siegel DA, Kendall BE, Mitarai S, Rassweiller A, Gaines SD (2011) 

Identifying critical regions in small-world marine metapopulations. Proc Natl 

Acad Sci U S A 108:E907-E913 

Watts ME, Ball IR, Stewart RS, Klein CJ, Wilson K, Steinback C, Lourival R, 

Kircher L, Possingham HP (2009) Marxan with Zones: Software for optimal 

conservation based land- and sea-use zoning. Environ Modell Softw 24:1513-

1521 

Wells S, Ray GC, Gjerde KM, White AT, Muthiga N, Bezaury Creel JE, Causey BD, 

McCormick‐Ray J, Salm R, Gubbay S (2016) Building the future of MPAs–

lessons from history. Aquat Conserv 26:101-125 

White AT, Aliño PM, Cros A, Fatan NA, Green AL, Teoh SJ, Laroya L, Peterson N, 

Tan S, Tighe S (2014a) Marine protected areas in the Coral Triangle: 

Progress, issues, and options. Coast Manage 42:87-106 

White JW, Schroeger J, Drake PT, Edwards CA (2014b) The value of larval 

connectivity information in the static optimization of marine reserve design. 

Conserv Lett 7:533-544 



 127 

Wilson KA, Carwardine J, Possingham HP (2009) Setting conservation priorities. 

Ann N Y Acad Sci 1162:237-264 



 128 

Chapter 6 – General discussion  

 

Key findings  

Connectivity is an inherent feature of all types of systems and I used literature from 

disciplines other than ecology (i.e. computer science, traffic management) to 

hypothesise about the role of connectivity in ecosystems (Leibnitz et al. 2006, 

Barthélemy 2011, Wolshon & McArdle 2011). The diverse literature led me to 

examine spatial connectivity from theoretical, experimental and management 

perspectives. Important methods explored in this thesis are those that estimate the 

importance of distinct connections for post–larval fish movement and how to use such 

quantitative data in a spatial planning optimisation tool. Key findings of this thesis 

are: 1) the effect of connectivity on an important ecosystem process can be 

independent of the structural forms of connectivity, 2) under disturbance of 

connectivity, systems with complementary connections maintain ecosystem processes 

better than systems without complementary connections, 3) modelled patterns of 

functional connectivity are correlated with fish diversity, 4) connectivity for reef-

associated fish is underrepresented in Moreton Bay reserves, and 5) reserve selections 

that incorporate connectivity can be more cost efficient and may be more effective 

when cost to fisheries is accounted for.  

 

 

Implications of key findings and future research directions 

Several key findings in this thesis have implications for conservation of connectivity 

and for future experimental research on connectivity. My experimental study on 

different forms of structural connectivity suggests that habitat areas that initially may 

not be considered as important habitat could substantially increase overall 

connectivity when included in no-take reserves (Chapter 2). Complementary 

connections can insure ecosystem processes during disturbance (Chapter 3). 

Management may, therefore, re-consider areas and connections that previously 

appeared of low value for conservation. This finding highlights the need for further 

research on recognising complementary connections in ecosystems. By quantifying 

the value of connections, I showed how to estimate data that can be incorporated in a 

conservation plan (Chapter 4). When the reserve design of Moreton Bay Marine Park 

is evaluated as part of the next legislated assessment, my study may provide 
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information that was previously lacking. When examining the ecological importance 

of complementary connections, I found that connections of lower ranking were 

included in optimal reserve selections and played a larger role in conservation 

planning than expected solely based on connectivity scores (Chapter 5). Since 

different types of structural connectivity had similar effects on grazing, areas that 

consist of low value habitat, such as bare sandy bottom between mosaics of assumed 

higher quality habitats (coral reef, seagrass, mangroves), but that are short in distance, 

may still function as a connection and contribute to overall habitat availability 

(Turgeon et al. 2010, Garcia et al. 2014). Isolated MPAs are expected to decrease in 

effectiveness with increasing animal mobility and increased exposure to fisheries 

outside reserve borders (Moffitt et al. 2009, Chollett et al. 2016), but even for 

sedentary fish that remain within MPA boundaries (Garcia et al. 2014), protecting 

connections may be beneficial when the MPAs are smaller than home ranges (Moffitt 

et al. 2009).  

 

Experimental studies and mathematical models are simplifications of real world 

systems (Moilanen et al. 2006). Simplification is needed to test for specific factors 

and for practical reasons, but carries the risk of unrealistic or misleading predictions. 

In my studies, I considered uncertainty in several ways. In the experiments I avoided 

testing a specific experimental design by using multiple designs of structural 

connectivity and multiple levels of disturbance. In the modelling studies I examined 

multiple movement thresholds and multiple correlations between connectivity and 

fisheries.  

 

The prioritisation of connectivity in ecosystem conservation, relative to other 

conservation criteria, is highly debated due to the larger uncertainty of the effect of 

connectivity on population persistence and ecosystem functioning in comparison to 

the more established effects of reserve area, size and diversity (Hodgson et al. 2009, 

Doerr et al. 2011, Hodgson et al. 2011, Moilanen 2011). Nevertheless, connectivity is 

regarded as one of the guiding principles for conservation planning (Foley et al. 2010, 

Doerr et al. 2011). While acknowledging that connectivity is not the only key factor 

for conservation planning, the debate emphasises the need for concrete quantifications 

of connectivity. The more that connectivity is explicitly included in conservation 
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practices, the better the benefits can be measured, evaluated and prioritised against 

other criteria (Grorud-Colvert et al. 2014, Olds et al. 2016).  

 

In this thesis I worked with static models, a point worth elaborating given that the 

marine environment is inherently dynamic and has connectivity operating at different 

scales (Brown et al. 2015). The accuracy of static and dynamic models in estimating 

opportunity loss to fisheries were compared and showed that, in the short term and for 

well-managed reserves, static models can perform well considering their lower 

computational demands (Brown et al. 2015). Models based on graph theory are most 

useful when the delineated nodes and connections can be recognised (Moilanen 

2011). For pelagic species in the open seas, where movement is more directed by 

currents and temperature, dynamic models may be more useful (Kaplan et al. 2014, 

Hussey et al. 2015). Here, I used a static connectivity metric dPC (Saura & Torné 

2009) for coastal habitats that are relatively well delineated in comparison to pelagic 

habitats. These two arguments gave me the confidence to use static models; keeping 

in mind that the results of these analyses should be revised when more comprehensive 

data on habitat, fish movement and costs to fisheries become available.  

 

To be used in future conservation planning, my studies would need a plan that 

describes how the benefits of protection can be measured. An important avenue for 

future research would be to empirically test connections modelled in this thesis 

(Richard & Armstrong 2010, Grorud-Colvert et al. 2014). The advantage of a 

modelling study, such as the study I carried out for Moreton Bay, is that it offers a 

priori hypotheses for tracking studies (Grorud-Colvert et al. 2014, Hussey et al. 

2015). This would add valuable information for management and stakeholders who 

may require evidence for conservation measures, such as designating areas as closed 

reserves (Klein et al. 2008, Adams et al. 2010, Weeks et al. 2014, Chollett et al. 

2016). Modelling the effect of reserves on both the population persistence and local 

fisheries yield of lobsters in the Caribbean showed how protection would become 

more relevant for the local fisheries as the lobsters became more overfished (Chollett 

et al. 2016). Due to logistical constraints, animal movement is more difficult to track 

in marine environments than in terrestrial environments (Carr et al. 2003, Hussey et 

al. 2015). Over the past two decades technological advances have enormously 

accelerated the progress in aquatic tracking studies (Hussey et al. 2015). Acoustic 
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tracking studies are limited in elucidating distinct spatial pathways because the 

movements of fish are determined by an array of acoustic receivers. Routine 

movements can however, be recorded when a fish repeatedly swims within the 

reception distance of the same receiver, which was the case for a grey snapper that 

was tracked over almost six months in the Dry Tortugas, Florida (Farmer & Ault 

2011). Studies on fish movement related to MPAs show that despite the sedentary 

nature of adults of many fish species, movement outside MPA borders is substantial 

(Grüss et al. 2011). Less is known about the consequences of these movements into 

unprotected areas for fish populations (Grüss et al. 2011). Population dynamics of 

reef-associated fish are thought to depend predominantly on larval dispersal (Almany 

et al. 2009, Mora et al. 2012), however larval production depends on the adult 

population (Hamilton et al. 2008, Moffitt et al. 2009) and the vulnerability of adult 

movement between habitats affects population dynamics (Moffitt et al. 2009, Huijbers 

et al. 2013). The links between the reproductive fish population, conservation of 

connectivity for adult fish and larval dispersal remain largely unknown and form an 

important topic for future research (Hodgson et al. 2011, Grorud-Colvert et al. 2014).  

 

One of the risks of focussing too much attention and effort on lower ranking areas is 

that irreplaceable areas for biodiversity could be missed (Hodgson et al. 2009). 

Multiple studies have emphasised that decision-making tools are only useful when a 

correct, clear objective of conservation is formulated (Game et al. 2013). For 

example, a study by Grorud-Colvert et al. (2014) distinguished five different types of 

marine reserve networks that all represented different intended outcomes, ranging 

from the connectivity network (connectivity for animal movement) to the management 

network (connectivity to support the best management of resources). The main criteria 

for successful conservation also include that prioritisation of conservation features 

can be justified ecologically (Hodgson et al. 2009) and socio-economically (e.g. 

Stewart & Possingham, Game et al. 2013), and that outcomes are measurable (e.g. the 

increased protection of connectivity leads to an increase in fish abundance or 

diversity) (Adams et al. 2010, van de Geer et al. 2013). An iterative process in which 

crucial areas (for which value is known and protection effects can be measured) are 

selected first, followed by additional areas (for which value is estimated and effects 

can be measured) may avoid the exclusion of these key areas from protection, and 
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implementation of overly theoretical designs (Hodgson et al. 2011, Ardron et al. 

2013).  

 

An empirical, comparative study on MPA effectiveness in Hawai’i indicated that 

including connectivity in reserve design is beneficial for the abundance of target fish 

species (Grorud-Colvert et al. 2014). Their study focussed on connectivity for fish 

and did not include opportunity costs in the analysis; something that could increase 

the benefits (Chollett et al. 2016). The systematic conservation planning study in this 

thesis (Chapter 5) included hypothetical opportunity costs of modelled connectivity 

protection, but can be extended in several ways. To test the advantage of protecting 

connections and habitat patches of high connectivity, future studies could examine 

differences in cost to fisheries and benefits for conservation between several 

scenarios: including a few larger continuous areas, a network with protected corridors, 

or a network without protected corridors (Aswani & Hamilton 2004, Marini et al. 

2014).  

 

Disturbance by extreme events, as a result of a changing climate, could demand 

adaptations that may be offered faster by complementarity connections than 

adaptations that occur at evolutionary time scales. When perturbations are sudden, 

evolutionary processes that take multiple generations are usually too slow to offer 

adaptations in the short term (Pressey et al. 2007, Faleiro et al. 2013). When 

perturbations are large-scale, individuals may not have the physical ability or 

knowledge to adapt (Stanley et al. 2012). Complementarity within a system through 

species diversity or, as tested in this thesis, via complementary connections, may not 

necessarily help an individual or a specific species, but by maintaining ecosystem 

processes it is expected to enhance the resilience of the system as a whole (Loreau 

2004, Pressey et al. 2007). Research on complementarity at the individual, species 

and system level could indicate which type of individual behaviour, and which 

species and systems may be more resilient to environmental changes (Dussutour et al. 

2004, Gallopín 2006, Bauer et al. 2010).  

 

My experimental design was specific to this thesis. In many fields of research a 

standard design (environment and model species) forms the basis for a variety of 

experiments to answer different questions (Logue et al. 2011). The experiments in this 



 133 

thesis could be extended with a study on the shape of the relationship between 

connectivity and ecosystem processes (Venail et al. 2008, Boström et al. 2011, 

Mitchell et al. 2013). Furthermore, in my experiments I used individuals of a single 

species. Interactions between individuals and between species may influence the 

effect of connectivity. These intra- and interspecific interactions could be a direction 

for further research (Logue et al. 2011, Thrush et al. 2013). Furthermore, the 

interaction of disturbances would advance this study since perturbations often 

coincide (Côté et al. 2016). A field of research that is increasingly studied in many 

disciplines (food webs, animal behaviour, social studies, epidemiology) is that of the 

role of network topology, also referred to as network structure (Perna et al. 2008, 

Chopra & Khanna 2014, Fox & Bellwood 2014). How connections are structured 

influences the functioning of a system and the individual nodes, which is relevant 

information for ecosystems (Newman 2003, Clauset et al. 2009).  

 

 

Conclusion  

The work in this thesis, as well as past literature, demonstrates that connectivity is a 

multi-faceted interdisciplinary concept (e.g. Calabrese & Fagan 2004, Beger et al. 

2010, Barthélemy 2011, Bauer & Hoye 2014, Rayfield et al. 2016). Anthropogenic 

activities can break or create new connections. The rate at which anthropogenic 

activities are currently impacting ecosystems highlights the importance for 

researching connectivity (Saunders et al. 2015). Interactions among multiple stressors 

make the effects of disturbances hard to predict (Halpern et al. 2007, Côté et al. 

2016). This unpredictability may favour conservation measures that are 

complementary and offer solutions for different situations. The two experiments in 

this thesis are proof of the importance of connectivity for ecosystem processes in both 

undisturbed and disturbed situations. The study on three forms of structural 

connectivity (Chapter 2) may guide establishment of new connections to improve 

connectivity, while the study on complementary connections (Chapter 3) advocates 

the protection of naturally existing, but less obvious connections. The connectivity 

model (Chapter 4) shows how to incorporate quantitative data on post-larval fish 

movement in planning and evaluating reserve locations. Including costs of 

connectivity in planning is likely to result in reserve selections that are more practical 

for conservation and that may be more effective (Chapter 5). By studying connectivity 
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in the marine environment from experimental and modelling perspectives, I 

demonstrate the importance of understanding the fundamental mechanisms of 

ecological connectivity and the practical dilemmas in conservation of connectivity.  
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Appendix 

Supporting information chapter 1 

Fig S1. The image illustrating redundant connections is adapted from a study on 

beetle dispersal where cactus bugs can move from a source plant to another 

‘destination’ plant along plants that function as stepping stones and hence form 

redundant routes (Fletcher Jr et al. 2014); the illustration of complementary 

connections is adapted from a study on ant movement were ants are initially trained 

onto one path, which becomes the low-cost, principal route through chemical trails 

laid by the ants, which only use the second path when the first path becomes crowded 

(Dussutour et al. 2004). The map illustrates the use of alternative connections: two 

flightpaths of a single Cory’s shearwater over consecutive years to the same wintering 

destination but attending stopover areas (white circles) in one year without a clear 

environmental reason, adapted from (Dias et al. 2011). 
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Supporting information chapter 2 and 3 

 

 

Figure S2. Photographs of the mesocosm, that represented the highest level of 

disturbance with complementary connections, showing the complete experimental set-

up (A), side view of the set-up (B), and a close-up looking into a corridor (C). The 

black circle indicates this design in the conceptual diagram.    
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Supporting information chapter 4 

 

Table S1. Pearson correlations between rankings of mosaics and between rankings of 

connections based on different movement thresholds.  

 Movement 

threshold (km) 

1   6   

R value P R value P 

Mosaics   0·50 0·97 <0·001   

   1·50 1·00 <0·001   

   3·00 0·98 <0·001 0·98 <0·001 

   9·00   1·00 <0·001 

 12·00   0·98 <0·001 

Connections   0·50 0.95 <0·001   

   1·50 0·99 <0·001   

   3·00 0·96 <0·001 0·95 <0·001 

   9·00   1·00 <0·001 

 12·00   1·00 <0·001 
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Fig. S3. Attribute values for each habitat mosaic based on intra-mosaic habitat 

connectivity. For each mosaic, I calculated a separate attribute value for coral area, 

seagrass proximity and mangrove proximity, and scaled these relative to each other to 

values ranging from 1 (for the largest attribute value) to 0 (for the smallest attribute 

value). These three attribute values were then summed and scaled to one attribute 

value per mosaic that was used for analysis.  
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Fig. S4. Three stacked graphs that show networks with: all connections, 6 km 

connections and 1km connections, and the coral reefs that form the cores of the nodes 

(mosaics). 
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Fig. S5 A-B. Pearson correlation between the rankings of the 29 habitat mosaics 

based on movement thresholds for orange-spotted grouper (1 km) and yellowfin 

bream (6 km) (A). Pearson correlations between rankings of the 49 connections (with 

dPC > 0) based on movement thresholds for orange-spotted grouper (1 km) and 

yellowfin bream (6 km) (B). 

 

A 

B 
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Fig. S6. The dPC values of each mosaic for the two different movement thresholds of 

1 km and 6 km. 
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Fig. S7. The dPC values of the mosaics separated in fractions (dPCconnector, 

dPCflux, dPCintra) for the 1 km movement network and the 6 km movement 

network. 
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Fig. S8. The dPC value of each connection between habitat mosaics for the two 

different movement thresholds of 1 km and 6 km that has a dPC value > 0. 




