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Abstract 

Marine ecosystems are undergoing rapid change from a suite of human-induced 

stressors including overexploitation of resources, habitat fragmentation and loss, 

reduced habitat quality and changes to ecosystem functioning. Reserves are 

implemented and designed to reduce these influences, by preserving biodiversity, 

conserving marine habitats, increasing resilience of biota to disturbances, enhancing 

productivity, and facilitating the recovery of exploited fishery species. Although 

marine reserves can alter the structure and functioning of ecosystems, other factors 

such as seascape context and temporal variability can influence fish communities, 

ultimately determining the effectiveness of marine reserves. Ecosystem processes, 

abundances of harvested species and the spatial use of marine reserves can be largely 

influenced by the spatial properties that make up an ecosystem and other 

environmental factors such as climate. Although there is growing recognition of these 

processes, many of the key ecological characteristics that occur in protected seagrass 

ecosystems remain hitherto unstudied. I, therefore, aim to assess the influence of 

seascape context and temporal variability relative to the effectiveness of marine 

reserves for the protection of harvested seagrass fish species and the functions they 

provide. Ultimately, this thesis aims to determine the most suitable form of 

management of fish communities within seagrass ecosystems. Moreton Bay, Australia 

was used as it is ideal for examining whether seascape context shapes the 

effectiveness of reserves for seagrass fishes because: (1) it supports extensive seagrass 

meadows; (2) seagrass meadows occur within a heterogeneous seascape comprised of 

a range of different habitats; and (3) seagrass meadows in Moreton Bay are protected 

in a network of marine reserves, but their effectiveness is yet to be determined. 
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An accurate assessment of reserve effectiveness on fish communities ultimately 

requires non-lethal methods for sampling fish, which to-date is largely overlooked. 

Here I developed a new non-lethal method for the sampling of muscle tissue from fish 

that is suitable for taking stable isotope and genetic samples. This was done using a 4 

mm biopsy punch to remove tissue from fish, followed by a combination of antiseptic 

and glucose powder to reduce chances of infection and had no lethal effects.  

I have assessed the effectiveness of marine reserve relative to the spatial context of a 

seagrass meadow for the protection of harvested fish species. The data presented here 

demonstrates that marine reserves and seascape context exert separate effects on 

harvested seagrass fishes. Indeed, marine reserves increased the abundance of a 

harvested herbivore species, the black rabbitfish. While I did not find an interaction 

between marine reserves and seascape context, as has been seen in many different 

ecosystems around the world, these findings provide essential information for the 

improvement of conservation practices in seagrass meadows and advance our 

knowledge of seascape ecology in seagrass marine reserves.  

Following on from here I assessed the influence of marine reserves, seascape 

variability and water quality on herbivory within seagrass meadows. These analyses 

uncovered a critical link between herbivory and the harvested black rabbitfish within 

the ecosystem tested. I employed species distribution models to determine the most 

ideal habitats for this species. Indeed, large seagrass meadows, near oceanic input 

during the summer months reflecting the most suitable habitat for this species. These 

finding suggest that the current reserve network within the Moreton Bay Marine Park 
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are effective for the protection of the black rabbitfish and thus herbivory within 

seagrass meadows.  

Finally, I used acoustic telemetry on the giant shovelnose ray to determine the spatial 

use of individuals within a network of reserves. Marine reserves and seascape 

properties were particularly important for the giant shovelnose ray. Individuals were 

most often detected inside marine reserves during winter. 

 

The results of this thesis have important implications for the management of seagrass 

habitats and fish communities that reside within them. I have shown throughout this 

thesis that marine reserves can be beneficial for the protection of some fish species, 

however, factors such as spatial and temporal variability within ecosystems have a 

large influence on marine ecosystems and thus, are important considerations for the 

effectiveness of such reserves. In order for reserves to provide increased seagrass 

ecosystem condition, marine reserves need to be combined with an ecosystem wide 

approach to management. Notably, management approaches that can reduce the 

effects that temporal variability in rainfall or sedimentation have on a coastal system 

such as Moreton Bay may be particularly effective. Thus I support the inclusion of a 

wider management approach for seagrass fish communities in order to restore the 

harvested fish communities that are reliant on these habitats and the functions they 

provide that benefit the entire seagrass ecosystem.   
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Chapter 1 Introduction 

Seagrass fish community management and ecosystem 

variability 
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IMPORTANCE OF FUNCTIONAL ECOSYSTEMS 

Threats to ecosystems worldwide are rapidly increasing, with overexploitation and 

anthropogenic effects influencing the fundamental processes structuring habitats and 

communities (Waycott et al. 2009). Top-down processes such as predation and 

herbivory are recognised as key ecological and evolutionary functions and are of 

utmost importance in ecosystems such as forests (Ripple et al. 2001), coral reefs 

(Rizzari et al. 2015) and seagrass beds (Heithaus et al. 2012). The source of these top-

down processes are particularly critical in marine systems and have been linked to 

major ecosystem disturbances such as removal of massive kelp forests (Estes and 

Duggins 1995, Estes et al. 2011) and shifts to algal dominance in coral reef systems 

(McClanahan et al. 2011). Reductions in top-down influences are widespread and 

predominantly caused by anthropogenic changes, especially overfishing (e.g. 

reduction of herbivores on coral reefs (Mumby et al. 2006, Hoey and Bellwood 2011) 

and removal of otters in kelp forests (Filbee-Dexter and Scheibling 2014)). 

Overfishing can have well documented effects on ecosystem structure by severing 

critical links between predatory species and herbivores; or herbivores and the benthic 

community with a resulting cascade of effects (Pace et al. 1999, Ripple et al. 2001, 

Mumby et al. 2006, Mumby et al. 2011). These resulting ‘trophic cascades’ can have 

diverse effects on other species, populations and communities and their functionality 

within ecosystems (see Pace et al. 1999, Bascompte et al. 2005, Foley 2013). While 

the effects of fishing-induced trophic cascades are well known (Mumby et al. 2006, 

Foley 2013), there are still numerous effects that have not been quantified, which may 

be important for maintaining healthy fish populations (Shears et al. 2008). 
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Ecosystem condition and function relies on the interplay between top-down control 

and bottom-up processes, and how each of these different factors influence species 

interactions and ecological functions (Duffy et al. 2007, Baum and Worm 2009, 

Burkholder et al. 2013). Ecosystems experience multiple stressors that influence the 

condition of the system and diminish the strength or effectiveness of key ecological 

functions such as herbivory and predation (Bellwood et al. 2012). These functions are 

highly important in both marine and terrestrial systems, altering many different 

species interactions and leading to changes in habitat composition and health (Madin 

et al. 2010, Estes et al. 2011, Burkholder et al. 2013). Understanding these stressors 

and their interaction is key to determining and providing the most suitable 

management and conservation actions for these systems (Shears and Babcock 2002, 

McClanahan et al. 2011, Rizzari et al. 2015). 

 

MARINE RESERVES AND ECOSYSTEM MANAGEMENT 

Marine reserves whether as no-take zones within marine protected areas, or single 

marine reserves, are globally used to protect biodiversity (Halpern and Warner 2003, 

Edgar 2011), conserve representative marine habitats (Parsons et al. 2004), enhance 

productivity (Almany et al. 2007), improve resilience (Hughes et al. 2010, Unsworth 

et al. 2015, Mellin et al. 2016) and rehabilitate exploited fishery species (Bohnsack 

1998). Marine reserves modify the strength of top-down processes by increasing the 

abundance of functionally important higher-trophic level species that have been 

targeted for harvest (Shears and Babcock 2002, Halpern et al. 2009, Rizzari et al. 

2015). Therefore by restoring top-down processes (e.g. in the form of predation and 

herbivory), marine reserves can change the functionality of an ecosystem, altering 

other key ecological processes (Prado et al. 2008, Yabsley et al. 2016). Marine 
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reserves are a critical form of conservation management and have been viewed as a 

crucial tool in maintaining key species and processes that are important to a range of 

ecosystem functions and therefore an integral part of managing the health of 

numerous marine ecosystems (Mumby and Steneck 2008, Fox and Bellwood 2014).  

 

Marine reserves or no-take zones are often designed or zoned at the habitat scale (e.g. 

10s-100s of km2), with small marine reserves often protecting individual reefs, while 

the boundaries of reserve sites inside marine protected areas are often defined by the 

type of habitat (Kenchington and Day 2011, Coleman et al. 2013, Kearney et al. 

2013). Australia has led the design of marine protected area networks, with network 

design framed within the ‘CAR’ principles, i.e. the aim for networks of reserves that 

are: Comprehensive, Adequate and Representative (Kenchington and Day 2011, 

Kearney et al. 2012, Kearney et al. 2013). This aims to protect enough (Adequate) of 

every (Comprehensive) habitat within a network, usually protecting a minimum of 

10% of each habitat (Representative) (Queensland Government 2007, Kearney et al. 

2013). This principle stems from the terrestrial realm, originally based on the zonation 

of old growth forests (Kearney et al. 2013). Marine and terrestrial habitats are 

fundamentally different, and the use of the CAR principle in marine systems may 

miss important links between habitats that species move between to forage, reproduce 

or spawn (Kearney et al. 2013, Pittman and Olds 2015, Olds et al. 2016). While the 

application of this principle in the design of marine protected areas or marine reserves 

may not be completely suitable to the marine realm, this is the method that is used to 

design many marine parks in Australia, include the Moreton Bay Marine Park and the 

Great Sandy Marine Park (Queensland Government 2007). The problem that is faced 

regarding the design of marine reserves is not that insufficient areas are protected, it is 
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knowing which areas between high-value habitats are critical, as that they can be 

protected. This is where empirical evidence is required on a case-by-case basis when 

designing marine reserve networks, optimising the conservation outcomes 

experienced. 

 

While marine reserves have been lauded as an effective form of conservation 

management (Shears and Babcock 2002, Babcock et al. 2010, Russ and Alcala 2010, 

Afonso et al. 2011), they are not and should not be viewed as the ‘silver bullet’ of 

ecosystem management and this is particularly the case in highly impacted coastal 

regions (Halpern et al. 2013, Edgar et al. 2014, Gilby et al. 2015). The relationship 

between top-down and bottom-up processing suggests that in a lot of systems, 

focusing management on just improving top-down strength will not always be 

effective, particularly in heavily anthropogenic affected areas (Nagelkerken et al. 

2001, Dorenbosch et al. 2005, Huntington et al. 2010). In order to provide or 

determine the most suitable method of conservation management, an ecosystem-wide 

approach, which combines spatial management, fisheries management, catchment 

management, education and planning, needs to be used (Halpern et al. 2010, Brown 

and Mumby 2014). This includes tackling important factors that will interact with 

reserve effects, such as water quality variability (De'ath and Fabricius 2010, Gilby et 

al. 2016a), habitat connectivity and seascape properties (Curley et al. 2002, 

Huntington et al. 2010, Massol et al. 2011) and understanding the influences these 

have on conservation outcomes (Olds et al. 2016).  
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DEVELOPMENT OF NON-LETHAL SAMPLING IN CONSERVATION 

ASSESSMENTS 

Historically sampling of fish communities has long relied on the removal of fish 

through destructive methods such as netting to take tissue samples and measure 

community composition, which raises a range of ethical and ecological issues. 

However, in recent years, new technologies allow for the movement of individuals to 

be monitored through the use of acoustic and satellite telemetry (Cooke et al. 2004, 

Heupel et al. 2004). Telemetry has become an important tool for assessing the 

movement of individuals, increasing knowledge of how organisms use habitats 

including marine reserves (Dance and Rooker 2015). Acoustic telemetry allows for 

the collection of long-term movement data, which cannot be collected in any other 

way. This allows for a measured use of marine reserves, which is critical to improving 

the design of marine reserves (Meyer et al. 2007, Bond et al. 2012).  

 

Similarly fish communities are now measured using underwater video systems, which 

alleviates the need for the removal of organisms using nets or other destructive 

methods. Baited remote underwater video systems (BRUVS) have now been used in 

numerous marine systems as an alternate method for assessing fish communities 

(Willis and Babcock 2000, Cappo et al. 2003, Malcolm et al. 2007, Harvey et al. 

2012, Wraith et al. 2013). The use of BRUVS allows for efficient, low cost sampling 

with a large amount of replication. The error associated with misidentification of 

individuals is minimised and this method can be used in relatively turbid waters, 

where other methods such as visual census are not suitable, with minimal reductions 

in effectiveness (Colton and Swearer 2010, Whitmarsh et al. 2014).  
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As is the case with assessing fish communities, new methods are being developed to 

sample fish tissue using non-lethal methods. Tissue sampling for the analysis of stable 

isotopes, genetics and heavy metals are often taken through the use of lethal 

techniques (Boecklen et al. 2011, Davis et al. 2014, Williams et al. 2015). While 

tissue sampling is highly important to increasing our understanding of fish ecology, a 

large number of individuals are removed each year for only small amounts of tissue 

needed for analysis. Non-lethal methods for sampling fish have looked at using 

different parts of the fish, with fin clips and scales most commonly used (Jardine et al. 

2011, Fincel et al. 2012, Valladares and Planas 2012). However, while these can be 

effective for some sampling, studies have found poor correlations between fin clips 

and muscle tissue for stable isotope analysis (Jardine et al. 2011). This has therefore 

led to the need for non-lethal sampling methods that allow for the removal of 

adequate amounts of muscle tissue (Robbins 2006). 

 

FISH ASSEMBLAGES AND ECOLOGICAL PROCESSES IN SEAGRASS 

ECOSYSTEMS 

Seagrass ecosystems are well known to offer many ecosystem services, provide 

critical habitat for number fish and invertebrate species and are critical to the health of 

numerous habitats within a wider ecosystem (Unsworth et al. 2015). Seagrass habitats 

are a naturally heterogeneous ecosystem, with numerous patches often interspersed 

among other habitats creating a habitat mosaic that drives the presence of numerous 

species and functions (Connolly & Hindell 2006). Seagrass ecosystems, while 

important across a broad range (e.g. temperate to tropical habitats), the functions 
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provided by different species and the role within the wider ecosystem that this habitat 

plays can differ. In tropical habitats, seagrass are a critical habitat, often interacting 

with a mosaic of habitats such as coral reefs and mangrove forests, however in 

temperate ecosystems, seagrasses are often a larger, more dominant habitat, sharing 

the ecosystem with rocky reefs and kelp forests. Being in tropical and temperate 

ecosystems results in a range of different threats that seagrass face and therefore it is 

important to have empirical evidence that assess these different threats alter faunal 

assemblages and ecological processes (Orth et al. 2006). Numerous studies have now 

focused on how seagrass acts as a critical nursery for many species, have looked at 

landscape context theories in the context of the ocean and now assessing how marine 

reserves benefit this habitat and the species that reside within (Nagelkerken et al. 

2015). Herbivory is a critical process occurring in seagrass meadows, with both 

herbivory on seagrass blades and on the algae that grows in these habitats being 

critical for the continued health of this habitat (Valentine & Heck 1999). While 

seagrass habitats remain a well-studied ecosystem that is known to provide numerous 

ecosystem services, most literature assessing the impacts of functional connectivity 

and reserve performance on fish communities, processes and habitat use have focused 

on coral reefs as the primary habitat (Olds et al. 2016). How species benefit from the 

implementation of marine reserves can have significant effects on the associated fish 

assemblages and the functions that they provide to an ecosystem.  

HABITAT CONNECTIVITY DRIVES SPECIES, POPULATIONS AND 

COMMUNITIES 

The movement of material, organisms and energy across land- or seascapes plays a 

crucial role in determining the structure and function of an ecosystem (Baguette et al. 
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2013, Hyndes et al. 2014). The level of connectivity between different habitats within 

any system whether it is terrestrial or marine, plays an integral role in determining the 

spatial distribution of key processes and species (Grober-Dunsmore et al. 2009, 

Sheaves 2009, Bostrom et al. 2011). The influences of spatial context (e.g. the spatial 

distribution of different habitats within a mosaic) have long been studied on both the 

land and in the sea (Turner 1989), with early studies into the influence of landscape 

ecology in the sea focusing on fish and invertebrates in seagrass meadows (Robbins 

and Bell 1994, Irlandi and Crawford 1997, Micheli and Peterson 1999). Because a 

wide range of impacts can cause seagrass meadows to become highly fragmented 

heterogeneous systems (Micheli and Peterson 1999, Nagelkerken et al. 2000, Dance 

and Rooker 2015), many studies have looked at the importance of this spatial context 

and connectivity influences (e.g. meadow size and distance to other habitats or the 

ocean) on seagrass fish species and assemblages (Connolly and Hindell 2006). This 

seascape variability will therefore play a key role in the influence that marine reserve 

implementation has on protecting biodiversity within these ecosystems, as has been 

seen in other habitats around the world (Berkström et al. 2012, Olds et al. 2016).  

 

Ecosystem processes provided by fish, spatial use and the abundance of key harvested 

fish species have been studied in some seascapes in the past, particularly coral reefs 

(Prado et al. 2008, White et al. 2011, Olds et al. 2012b, Vergés et al. 2012, Dance and 

Rooker 2015). Despite this, these seascape and reserve effects, which are well known 

to influence the abundance and function of harvested fish species (Olds et al. 2016), 

remain hitherto unstudied within seagrass ecosystems. Because seagrass meadows are 

often located within heterogeneous seascapes (e.g. in a system with a range of other 

habitats) and play a critical role in the life cycle of numerous commercially harvested 
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species, they provide an optimal a system to study these effects (Heck et al. 2003, 

Olds et al. 2012c, Nagelkerken et al. 2015).  

ANTHROPOGENIC DISTURBANCES INFLUENCING SEAGRASS 

ECOSYSTEMS 

Seagrass ecosystems provide numerous physical and ecological services to coastal 

ecosystems, including but not limited to, increased primary production (Waycott et al. 

2009), increased nutrient dynamics (Duarte 2002) and nursery area for many 

commercially fished species (Heck et al. 2003). Seagrass ecosystems are able to store 

large amounts of carbon, providing a hot spot for carbon sequestration, but also 

providing a substantial amount of carbon to detrital food webs (Orth et al. 2006, 

Fourqurean et al. 2012). However, the effects of overfishing on seagrass communities 

are detrimental (Waycott et al. 2009, Baden et al. 2012). Overfishing, particularly the 

removal of herbivores, results in an increase in epiphytic algae that can blanket 

seagrass beds, leading to a massive reduction in primary production and ultimately 

local extinction in a bioregion (Orth et al. 2006, Madin et al. 2010, Baden et al. 2012). 

This link between overfishing and seagrass loss highlights the importance of grazing 

in sustaining seagrass beds and ultimately the need to protect these key processes 

(Valentine and Heck Jr 1999). 

 

Seagrass systems represent a model ecosystem that is subject to numerous threats 

from anthropogenic sources. Threats such as sedimentation/decreased light 

availability (Tomas et al. 2005, Carr et al. 2015), fragmentation (Gera et al. 2013), 

increased nutrients (Hughes et al. 2004) and overfishing (Baden et al. 2012) can 

drastically affect the health of the ecosystem and their associated species. Coral reefs, 
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mangrove forests and even terrestrial systems such as forests and grasslands undergo 

similar threats, making seagrasses a model system to assess the influence of 

anthropogenic threats and develop analytical techniques that are transferrable between 

ecosystems. 

 

STUDY SYSTEM - MORETON BAY MARINE PARK 

Moreton Bay is a subtropical embayment in southeast Queensland, Australia (27°S, 

153°E; 1582 km2). Brisbane, the capital city of Queensland, borders Moreton Bay, 

and is one of the fastest growing communities in Australia (Australian Bureau of 

Statistics 2012). Four major rivers drain into Moreton Bay, namely, the Brisbane, 

Caboolture, Logan and Pine Rivers, all of which can have numerous anthropogenic 

impacts on the bay, particularly the western areas (Gibbes et al. 2014). To the east, 

three large sand islands border Moreton Bay - Moreton, North Stradbroke and South 

Stradbroke islands, with oceanic water exchanging at each of the passages separating 

the islands. Habitats within Moreton Bay are highly diverse and healthy, including 

mangroves, seagrass and coral reefs; it is home to a large amount of RAMSAR listed 

wetlands and is frequented by migrating birds and marine mammals (Figure 1.1) 

(Stevens and Connolly 2005, Maxwell et al. 2014). The reefs within the bay are 

thought to act as possible refuge for corals threatened by climate change from the 

Great Barrier Reef (Olds et al. 2012a). Seagrass is the dominant benthic habitat within 

the Moreton Bay region; however, it is under constant threat due to a range of factors, 

including dredging, sedimentation, reduced light availability and eutrophication 

(Maxwell et al. 2014). 
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The Moreton Bay Marine Park was established in 1993, first zoned in 1997 with less 

than 1% of the marine park completely protected from all forms of fishing and 

extraction (Moreton Bay Zoning Plan, 2008). The Moreton Bay Marine Park is the 

only marine park in Australia that is directly adjacent to a major city, which furthers 

its economic importance for commercial and recreational users (Pascoe et al. 2014). 

However, in 2009 a new zoning plan took effect, resulting in approximately 16% of 

the marine park being protected from all forms of extraction (See Figure 1.2). The 

Moreton Bay Marine Park was rezoned with the explicit goal of protecting a 

minimum of 10% of mapped habitat types in no-take zones following 13 scientific 

guiding principles (Queensland Government 2007, Bennett et al. 2009).  Nine of these 

were based around biophysical principles including habitat representation, size and 

replication, connectivity, the protection of vulnerable habitats, protecting species and 

areas of concern, providing ecosystem linkages, protecting resilient areas and 

allowing for adaptive management (Queensland Government 2007). The four socio-

economic principles included balancing conservation and sustainable use, minimising 

impacts on human interaction, complementing other forms of management and the 

creation of an efficient and practical plan (Queensland Government 2007).  

 

Within Southeast Queensland, a large amount of commercial and recreational fishing 

occurs, more than anywhere else in Queensland (Webley, 2015). Within Moreton Bay 

specifically, large quantities of the black rabbitfish (Siganus fuscescens) are taken 

commercially, with over 162 tonnes taken in the last 5 years (DAFF, 2016). Coupling 

this with a large recreational fishery that mainly targets snapper (Pagrus auratus), 

yellowfin bream (Acanthopagrus australis), emperor species (Lethrinus spp.) and a 

range of migratory predatory species, it would be expected that some species or fish 
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communities in Moreton Bay benefit from the implementation of a marine reserve 

network.  

 
Figure 1.1. Habitat types within the Moreton Bay Marine Park. 
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Figure 1.2. The Moreton Bay Marine Park zoning plan. 
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THESIS SCOPE AND OBJECTIVES 

The Moreton Bay Marine Park offers a suitable location to test marine reserve effects 

in a variable seascape that faces a range of anthropogenic influences from nearby 

estuaries and seagrass meadows are situated within a heterogeneous seascape. The 

overall objective of this thesis is to determine whether marine reserves are effective, 

relative to other influences, for the protection of harvested fish species, seagrass fish 

communities and key ecosystem functions. This thesis will aim to provide new 

functional measures for evaluating the effectiveness of reserves in sustaining coastal 

ecosystem processes. The outcomes of this study will help inform future reserve 

design to effectively protect commercially and recreationally fished species that play 

crucial roles in ecosystem functioning.  

The structure of the thesis is as follows:  

Chapter 2 assesses the feasibility of a non-lethal biopsy method on two fish species to 

reduce mortality associated with stable isotope sampling without sacrificing the 

animals. This work aims to develop a new simple method to collect muscle tissue 

with non-lethal methods that can be applicable to marine reserve studies. This chapter 

is published in the Journal of Fish Physiology and Biochemistry 

Chapter 3 investigates how seascape context influences the effectiveness of marine 

reserves for the protection of harvested fish species in seagrass meadows. This 

chapter is in review in Marine Ecology Progress Series. 

Chapter 4 assesses the link between herbivory in seagrass beds and the commercially 

important black rabbitfish, Siganus fuscescens. Herbivory is an important function in 

seagrass meadows and is shaped by a range of spatial and temporal factors, therefore 



 16 

making the protection of this function critical for ongoing ecosystem health. This 

chapter will be submitted to Functional Ecology for publication. 

Chapter 5 investigates what spatial and temporal factors drive the movement of the 

Giant Shovelnose Ray, Glaucostegus typus, in Moreton Bay Marine Park. This 

species is vulnerable across its range, therefore making its protection inside marine 

reserves critical. This chapter has been submitted to Marine Ecology Progress Series 

for publication. 

Chapter 6 will be a general discussion and conclusion to summarise and highlight the 

significant findings. 
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Chapter 2 Assessing the suitability of a non-lethal 

biopsy punch for sampling fish muscle tissue  

This chapter includes a published co*authored paper. My contribution involved: 

designing the study, conducting the literature review, data collation and analysis, 

interpretation of the results and writing the manuscript. This chapter is formatted to 

the journal that it has been published in. The bibliographic details of the published 

co*authored paper, including all authors, is:  

 

Henderson, C. J., Stevens, T. F. and Lee, S. Y. (2016), Assessing the suitability of 

non-lethal biopsy punch for sampling of fish muscle tissue. Fish Physiology and 

Biochemistry 42:1521-1526 
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ABSTRACT 

Samples for the analysis of stable isotopes, genetics and other tissue sampling 

methods of small fish are often taken via lethal techniques. The aim of this study was 

to determine the suitability of a non-lethal sampling method for removing muscle 

tissue from fish under 30 cm total length (TL). A 4 mm biopsy punch was used to 

remove muscle tissue from two different species, Lutjanus russelli (Lutjanidae) and 

Lethrinus laticaudis (Lethrinidae). Several scales were removed from the sampling 

location and then the biopsy punch was inserted to remove the muscle tissue. 

Immediately following this, a mixture of Fish BandageTM and three drops of 

BetadineTM antiseptic solution were applied to the wound to reduce the chance of 

infection. The biopsy punch removes an average of 8mg of muscle tissue from the 

fish, more than is required for stable isotope and genetic analyses (1mg). The 

condition of fish subjected to our three treatments, biopsied fish, a handling control 

and a tank control, were compared via gill beat counts at the time of biopsy and 3, 6, 

9, 12 and 24 hours after treatment.  Overall, no instances of mortality were recorded 

across the study for all species and all treatments. This method has been found to be a 

suitable non-lethal method in the removal of muscle tissue from these two fish 

species, potentially also other species under 30 cm TL, by eliminating mortality and 

minimising stress responses in sampled fishes.  
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INTRODUCTION 

Tissue sampling has become an important method for understanding how different 

animals interact within an ecosystem. The tissue sampling of fish has predominantly 

focused on the genetic structure of different populations (e.g. Williams et al. 2015), 

the feeding habits of different species (e.g. Davis et al. 2014), assessing where an 

individual is placed within a food web (e.g. Boecklen et al. 2011) or assessing how 

much mercury may be present in the tissue of some individuals (e.g. Baker et al. 

2004). While tissue sampling is important for furthering our understanding of fish 

ecology, large quantities of individuals each year are sacrificed for small amounts of 

muscle tissue (Jardine et al. 2011). This has resulted in an increase in studies 

investigating non-lethal sampling methods to collect tissue samples from a range of 

different species (Busst et al. 2015; Cano-Rocabayera et al. 2015; Smith et al. 2015). 

The effects of non-lethal sampling has been investigated on cetaceans, birds, reptiles, 

sea horses and even large fish species (in particular, several shark species) (Daly and 

Smale 2013; Hammerschlag and Sulikowski 2011). Non-lethal sampling of fin clips 

has been shown to be effective in some species, with Hippocampus guttulatus having 

a good correlation between fin tissue and muscle tissue for stable isotope analysis 

(Valladares and Planas 2012). However, some non-lethal methods for collecting tissue 

samples provide inconsistent results in application such as stable isotope analysis. For 

example, Jardine et al. (2011) found that the collection of fin clips for stable isotope 

analysis were effective for certain elements such as carbon, but there was a poor 

correlation between muscle and fin clip nitrogen isotopes. These inconsistencies may 

compromise reliability of studies on changes in trophic position and feeding habits 

(Davis et al. 2014; Hussey et al. 2012), thereby suggesting that a range of non-lethal 
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sampling methods are usable, however, there are cases where muscle tissue is the only 

option. 

Non-lethal methods of tissue collection are particularly important for studies requiring 

large numbers of specimens (Robbins 2006). For example, Evans (2008) used a 

biopsy probe that was attached to the end of a speargun shaft and recorded an 

approximately 80% success rate in tissue collection of fish larger than 30 cm TL. 

While this method is considered an effective way of collecting tissue samples, it is not 

suitable for smaller fish species. Similarly, methods for sampling cetacean tissues 

have been developed over the last 40 years, using a crossbow to take the biopsy 

(Noren and Mocklin 2012), however, neither of these are usable for smaller fish. The 

development of non-lethal techniques for muscle tissue sampling suitable for a wide 

range of fish species and sizes is therefore an essential step to further conserve fish 

communities, while also gathering important information on the biology, ecology, 

habitat use and contaminant loads of different species (Daly and Smale 2013), 

especially in marine protected areas or for endangered species where destructive 

sampling is obviously undesirable. 

Non-lethal sampling is often associated with acute levels of stress for the organisms 

being sampled, resulting in likely higher mortality upon release as high levels of stress 

may result in death (Davis 2010). Biological indicators such as ventilation rate 

(measured in fish as gill beats per minute) have been shown to be effective indicators 

of acute stress (Barreto and Volpato 2011; Bonga 1997). Ventilation rates are directly 

linked to an individual’s metabolic rate and general fitness, and are therefore a 

suitable measure of an individual’s response to a stressful event (Barreto and Volpato 
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2011).Ventilation rates are easily quantified and non-invasive, therefore reducing 

confounding stressful encounters (Bell et al. 2010) and are one of the first indicators 

that increases in response to a stressful situation (Barreto and Volpato 2004). Given 

the suitability of ventilation rates for assessing stress, it is a suitable method to 

determine the stress experienced by fish that have undergone a biopsy punch to 

remove a portion of muscle tissue. 

Therefore, the overall aims of this study were to determine: 

1. if levels of mortality are higher in biopsied fish than in non-biopsied fish,

2. if stress levels (as measured by gill beats per minute) differ between

biopsied and non-biopsied fish, and

3. if the biopsy punch method for muscle tissue sampling is suitable for field

use.

MATERIALS AND METHODS 

Moses perch, Lutjanus russelli (Bleeker, 1849) and the Grassy emperor, Lethrinus 

laticaudis (Alleyne and Macleay, 1877) were collected from Moreton Bay (27°S, 

153°E), Queensland, Australia. Thirty individuals from each species were caught by 

rod and reel and transported to the Moreton Bay Research Station where they were 

placed in open-circuit aquaria. The time between when fish were captured and being 

placed in individual aquaria never exceeded two hours, with fish in the interim placed 

in an aerated bucket. Individual fish were placed in separate 50 L glass aquaria (30 cm 

x 20 cm x 30 cm). The total length (TL) of all individuals was measured to the nearest 

millimetre using a measuring tape. L. russelli ranged from 110mm to 200mm in total 
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length and was on average 158 ±18.9 mm (SD) total length. L. laticaudis was on 

average 140 ± 17.1 mm and ranged from 105mm to 170mm total length. Fish were 

not acclimatised to laboratory conditions prior to the commencement of the 

experiment so that the effect of the biopsy could be measured at a time point when 

they are still stressed due to capture and handling.  

In this study, we will be using a medical grade biopsy punch (Kai Medical, see Figure 

2.1a) that has been used predominantly in dermatological applications in the past. The 

biopsy punch has a stainless steel sharp cutting edge. This style of biopsy punch has 

been also used in veterinary science as a tool for removing tissue. For the biopsy 

treatment, three or four scales were removed with forceps from approximately 2 cm 

below the leading edge of dorsal fin. Fish were restrained by hand (with latex gloves) 

on a soft, rubber surface covered in water to prevent drying out and effects of hand 

acids. A 4 mm diameter biopsy punch was inserted approximately 3 cm into the 

muscle of the fish by gently twisting and the tissue removed and placed in a micro-

tube to be frozen. Once the biopsy was removed, two wound treatments were applied. 

Firstly, Fish BandageTM was inserted in the wound to reduce the chance of infection. 

Fish BandageTM is a non-toxic, non-allergenic cellulose-based powder that forms a 

clear viscous gel when in contact with water and can treat skin ulcers and bind open 

wounds in fish when combined with an antiseptic. Secondly, three drops of 

BetadineTM antiseptic solution were applied to the surface of the Fish BandageTM 

powder to further reduce the chance of infection. This procedure takes less than one 

minute, and fish were returned to their aquaria immediately.  
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In addition, ten handling controls were completed for each species. Here, fish were 

handled in exactly the same way as the biopsied fish (fish were removed from the 

tank and placed on a soft rubber surface for the same period of time as biopsied fish), 

excepted that the biopsy punch was not used and the skin not broken. These 

individuals were used to account for the effects of handling and laboratory conditions. 

The final ten fish were left in the aquaria throughout to provide reference stress levels 

without any handling (tank controls).  

Gill rates were measured for all individuals from all treatments at the time of the 

biopsy and then 3, 6, 9, 12 and 24 hours after the biopsy had been taken. After this, 

the biopsied fish were moved to a 12000 L tank (3m diameter x 1.6m deep, open 

circuit flow through system). Fish remained in this tank over the following four weeks 

to monitor the wound healing. Prior to release, all individuals were visually assessed 

for any damage to the skin or infections that may have arisen throughout the biopsy 

sampling. Mortality was assessed at the end point of the study. 

The dependent variable ‘gill rate’ was analysed using a repeated measures linear 

mixed model (LMM) in SPSS (SPSS Released 2013). Three factors were used: 

species (two levels: L. russelli and L. laticaudis), treatment (three levels: biopsied 

fish, tank control and handling control) and time (random, repeated measure with six 

levels: 0, 3, 6, 9, 12 and 24 hours from biopsy). Fish total length was initially included 

as a covariate in the analysis to assess potential effects of size; however, was found to 

be non-significant and subsequently removed. Gill rate was transformed to meet 

assumptions using a natural log (ln) transformation. A range of models were 

investigated and the best model was obtained by comparing various goodness-of-fit 
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statistics (-2 log likelihood, AIC, and BIC). When significant differences were found, 

estimated marginal means were used to identify which means differed. 

Figure 2.1. (a) Kai Medical biopsy punch used in the study has a 4-mm diameter 

cutting edge; (b) the would, highlighted by the red circle, of a Lutjanus russelli after a 

4-week period; (c, d) the biopsy punch wound after 4 weeks of two different

Lethrinus laticaudis individuals.

RESULTS 

The removal of muscle tissue for the biopsy sample had no effect on survival, with all 

fish surviving for the entire period of the study. The biopsy punch was able to remove 

on average 8 mg of muscle tissue from each individual. We found no significant 

differences in gill beat rates among biopsied fish, handled controls or tank controls. 

However, gill beat rates did vary through time and between fish species (Table 2.1, 

Figure 2.1). This could be seen with a significant interaction between species and time 

(df = 5, F = 3.573, p = 0.004) that showed that at the time of biopsy and three hours 

afterwards, gill rate was higher for both species. The following four sampling times 

all had a significantly lower gill rate. Biopsy wound sites for all individuals were 
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covered with an epidermis layer within one week and scales had regrown within two 

weeks. Figure 2.1b - d show the biopsied sites on different individuals after two 

weeks. 

Table 2.1. Three-way linear mixed model for analysing differences in stress levels (as 

measured by gill beat rates) for time after biopsy, fish species and treatment type 

Source Numerator df F Sig. 

Species 1 15.835 < 0.001 

Treatment 2 1.698 0.192 

Treatment x Species 2 83.163 0.168 

Time 5 1.682 < 0.001 

Time x Species 5 3.573 0.004 

Time x Treatment 10 1.639 0.101 

Time x Treatment x Species 10 0.738 0.688 

Gill rates for biopsied fish showed a similar pattern to those of both controls and a 

lack of significant difference indicates that a majority of the stress is caused by the 

captive state of the fish and that it is more stressful for the fish to be caught using rod 

and reel then it is to undergo the biopsy. L. russelli had a consistently higher gill rate 

than L. laticaudis at all times except at the initial time of biopsy. The significant 

difference at the time level shows that the effects of the biopsy are only influencing 

the stress levels of the fish for the first three hours of the study. While it is expected 

that there would be differences in gill beats after the removal of the biopsy, the lack of 

treatment effect suggests that this method may be suitable.  
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Figure 2.2. Changes in gill rates per minute over the length of the trials for (a) Moses 

perch, Lutjanus russelli and (b) Grassy emperor, Lethrinus laticaudis. Black indicates 

the biopsied fish, dark grey indicates handling control (not biopsied) and light grey 

indicates tank controls (not handled). Different letters above each time period 

indicates significant differences in the means. 

DISCUSSION 

For a non-lethal method to be suitable, it must 1) minimise impacts and stress on 

individual animals; 2) remove the correct amount of tissue; 3) prevent long-term 

injury; and 4) be quick and efficient (Baker et al. 2004).  The method described in this 

study removes at least 8 mg dry mass of muscle tissue, meaning it removes more than 
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is required for stable isotope and genetic analyses (1 mg). Gill beat rates were seen to 

stabilise six hours after the biopsy, with differences only seen in the initial two 

sampling times. Our method resulted in zero mortality for both species, with all 

individuals being under 30 cm TL (minimum of 11.0 cm and mean of 14.9 cm). This 

method would therefore be suitable for individuals under the 30 cm limit found in 

Evans (2008). However, applicability to individuals under 10 cm is unknown, and 

further testing into this would be necessary.  The short time taken to complete this 

procedure and the lack of long term effect on gill rate also contributes to the 

suitability of this method for field studies. Note that we did not evaluate the use of 

local anaesthesia, which in practised hands would probably not add more than a few 

seconds to handling time. Our main aims surrounded the effect of the biopsy punch 

alone and we have shown that even without the use of anaesthesia there is no long-

term effect on the gill rate of individual fish or mortality. 

Many studies on the effects of non-lethal sampling have focused on the suitability of 

fin tissue, scales or other portions of the fish for different chemical analysis. However, 

many have found issues with the efficiency of these methods to give similar 

measurements to that of muscle tissue (Jardine et al. 2011; Willis et al. 2013). While 

these studies have shown that there are non-lethal methods suitable for sampling fish, 

they also outline that there are obvious differences in the turnover rates of different 

tissues, creating issues such as ambiguous trophic position (Cabana and Rasmussen 

1996) or feeding habit (Davis et al. 2014). By creating a cost effective and simple 

method for the removal of muscle tissue from fish, a majority of these problems will 

be negated. This method also supports the removal of fish muscle tissue from 
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individuals that are as small as 11 cm, smaller than those in other biopsy removal 

studies (Baker et al. 2004). 

We have demonstrated that this method has only a limited and short duration effect on 

fish stress and that it does not result in mortality. We therefore suggest that this 

method would be suitable to use in the field as part of a catch and release sampling 

program. We propose that biopsies could be performed in the field using the 

techniques trialled here, with the fish being released immediately following 

application of the Fish Bandage and antiseptic liquid. We also propose that during the 

biopsy procedure that the fish be handled with wet hands in order to reduce any loss 

of the mucus layer of the fish (Hannan et al. 2015). The increase in the number of 

studies and management programs using tissue sampling to monitor fish populations 

suggests that a non-lethal method of collecting muscle tissue is required.  Depending 

on the type of sampling required, the method presented here would be highly suitable, 

especially for studies conducted in protected areas or on endangered species, where 

destructive fish removal is undesirable. 
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ABSTRACT 

Spatial properties of landscapes modify the abundance and diversity of most animal 

assemblages in ways that need to be understood to plan and implement conservation 

initiatives, and evaluate their effectiveness. Seascape context (i.e. the spatial 

arrangement of ecosystems) mediates the effects of reserves on fish abundance, 

species richness and ecological processes in shallow coral reef and mangrove 

ecosystems; however, it is unclear whether this interaction exerts similar effects on 

reserves in other ecosystems. This study used baited remote underwater video stations 

(BRUVS) to test for combined effects of seascape context and reserves on fish 

abundance in seagrass meadows in Moreton Bay, Australia. We demonstrate that the 

composition of harvested fishes in seagrass meadows were different in reserves and 

fished areas, including the enhancement of abundances of exploited rabbitfish 

(Siganus fuscescens), a functionally important herbivore in local seagrass meadows. 

These reserve effects are not influenced by the area of seagrass meadows or seascape 

context they occur in (i.e. their spatial proximity to other ecosystems or the ocean). 

However, seascape context was directly correlated with the spatial distribution of 

harvested rabbitfish and emperors, which were more abundant in seagrass meadows 

nearer to the open ocean. Our results show that reserves and seascape context can 

shape spatial patterns in the abundance of harvested fishes in seagrass meadows, and 

that these effects may be operating on different components of fish assemblages. 

Further empirical data on how and where seascape features modify reserve 

performance is critical for effective conservation in seagrass and related ecosystems. 

Keywords: seascape ecology, seagrass, conservation planning, fish, marine reserve 
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INTRODUCTION 

Movement of organisms and matter across landscapes determines the composition of 

animal assemblages and alters the functioning of ecosystems (Loreau et al. 2003, 

Baguette et al. 2013, Hyndes et al. 2014). The spatial context of ecosystems is 

dependent on the size shape of habitats in the landscape, the level of spatial 

connectivity with other habitat and modifies spatial patterns in biodiversity and 

ecosystem resilience across landscapes (Massol et al. 2011, Magris et al. 2014). For 

this reason, functional connectivity is an important factor in conservation planning, 

and is commonly used to optimise the design of protected area networks on land and 

in the sea (Rudnick et al. 2012, Kool et al. 2013, Olds et al. 2016).  

Marine reserves (e.g. no-take marine reserves inside multi purpose marine protected 

areas) have been widely used to promote biodiversity and enhance productivity 

(Babcock et al. 2010, Edgar et al. 2014, Olds et al. 2014b, Mellin et al. 2016). These 

conservation responses are, however, also shaped by the spatial properties of 

seascapes (i.e. habitat context and connectivity). This is because animals move among 

habitats to forage, spawn and disperse, affecting the composition of assemblages and 

the spatial distribution of ecosystem functions (e.g. herbivory, predation, scavenging) 

(reviewed by Grober-Dunsmore et al. 2009, Sheaves 2009, Boström et al. 2011). 

There is widespread evidence that seascape context and connectivity can enhance 

effects of marine reserves on animal abundance, assemblage composition and 

ecosystem functioning (e.g. Huntington et al. 2010, Nagelkerken et al. 2012, Olds et 

al. 2012b). To date, all studies examining functional connectivity in a conservation 

context (i.e. within a marine reserve network) have been conducted with reef 
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seascapes as the focal habitat in predominantly tropical habitats, and it is not clear 

whether similar effects of connectivity occur in other habitats (Olds et al. 2016).  

 

In marine ecosystems, seagrass has been one of the most frequently used habitats for 

testing the principles of landscape ecology (Boström et al. 2011), and this has been 

predominantly using fishes and invertebrates in seagrass meadows (Robbins & Bell 

1994, Irlandi & Crawford 1997, Micheli & Peterson 1999). This is partly because 

seagrass meadows are of high ecological and economic significance as habitat for 

threatened species, and as nursery areas for the juveniles of harvested fishes and 

crustaceans (Heck et al. 2003, Nagelkerken et al. 2015). Like other coast habitats, 

seagrasses are threatened globally by coastal development, degraded water quality 

and sedimentation (Orth et al. 2006, Waycott et al. 2009, Gera et al. 2013). These 

stressors operate in concert to fragment seagrass meadows, producing heterogeneous 

seascapes that have been the focus for considerable research into the importance of 

spatial context and connectivity for seagrass-associated fishes (see reviews by 

Connolly & Hindell 2006, Heck et al. 2008, Boström et al. 2011). These studies have 

particularly focused on the size of seagrass patches, positioning within an estuary and 

their proximity to nearby habitats (Connolly & Hindell 2006, Olds et al. 2012). In 

many cases, proximity to the ocean, coral reefs or mangroves has been correlated with 

higher abundances of fish, as has meadow size (Boström et al. 2006, Connolly & 

Hindell 2006). Despite the established importance of seascape ecology for seagrass 

fishes and invertebrates (Nagelkerken et al. 2015), and the conservation significance 

of these ecosystems (Unsworth & Cullen 2010), the effect of spatial context of 

seagrass meadows on the performance of reserves is unknown (Olds et al. 2016). 
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We used the heterogeneous seascape of Moreton Bay, Queensland, Australia, as a 

model system to test for joint effects of seascape context and marine reserves on fish 

assemblages in seagrass ecosystems. The effects of seascape context and marine 

reserves have been studied in the past in Moreton Bay, however, the focal habitat of 

these studies was coral reefs, with strong connectivity benefits evident for harvested 

fish species and key ecological functions (Olds et al. 2012, Olds et al. 2012b). This 

system is suitable for examining whether seascape context shapes the effectiveness of 

reserves for seagrass fishes because: (1) it supports extensive seagrass meadows, 

including meadows of a variety of sizes and spatial arrangements (Roelfsema et al. 

2014); (2) seagrass meadows occur within a heterogeneous seascape comprised of 

several other habitats including mangroves and coral reefs that are also used by 

seagrass-associated fishes (Olds et al. 2012b); (3) seagrass meadows in Moreton Bay 

are protected in a network of marine reserves, but their effectiveness is yet to be 

determined (Ebrahim et al. 2014); and (4) extensive commercial and recreational 

fishing take place in Moreton Bay’s seagrass meadows (DAFF, 2016). We 

hypothesised that seascape context would modify the performance of reserves for 

harvested fish species; with reserve effectiveness expected to increase with the size of 

seagrass meadows, proximity of meadows to other meadows, to other habitats (i.e. 

coral reefs, mangrove forests) and to the open ocean. 
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MATERIALS AND METHODS 

Study seascape 

We surveyed seagrass fish assemblages at ten locations in Moreton Bay, a shallow 

subtropical embayment in Queensland, eastern Australia (Fig. 1). It is bordered to the 

west by the mainland, including multiple estuaries, and to the east by three sand 

islands that allow exchange with oceanic water through three passages (Gibbes et al. 

2014). Moreton Bay supports a heterogeneous seascape comprising extensive seagrass 

meadows, inshore coral reefs, mangrove forests and subtidal unvegetated sediments 

(Stevens & Connolly 2005, Maxwell et al. 2014). This seascape is managed within the 

multiple-use Moreton Bay Marine Park, which contains a number of marine reserves 

(strict ‘no-take’ zones). The park was declared in 1993, and the area of reserves 

expanded in 2009 to 16% of the total marine park area (Queensland Government 

2007). The Moreton Bay Marine Park was zoned to protect representative areas of all 

defined habitat types, as well as protecting areas known to be important for 

endangered and vulnerable species include dugong and marine turtles. The multiple-

use model aims to conserve biodiversity, enhance the abundance of harvested fish 

species and promote ecosystem function (Queensland Government 2007).  
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Figure 3.1. Seagrass sampling sites in Moreton Bay, Australia. Sites were deliberately 

spaced along the established water quality gradient in this system. Marine reserves are 

illustrated with cross-hatched polygons. Sites in the northeast are closest to oceanic 

waters; sites in the southwest are closest to river discharges. 

Seascape variables were calculated in ArcGIS (ESRI, Redlands, CA, USA) by 

quantifying the area of each seagrass meadow as well as the proximity of meadows to: 

nearest other meadow, the open ocean; subtidal coral reefs; and intertidal mangrove 

forests. These five spatial variables were, however, highly correlated, and so only one 

could be included in our analyses at any one time (Fig. 2).  Seagrass beds closer to the 
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ocean also experience better water clarity, increased salinity and lower concentrations 

of nutrients. While those further away have lower water clarity and salinity and high 

nutrient concentrations (Gibbes et al. 2014). 

All ten subtidal seagrass meadows were dominated by Zostera muelleri. Seagrass 

meadows in Moreton Bay also contain other seagrass species; including Cymodocea 

serrulata, Syringodium isoetifolium, Halodule uninervis, Halophila ovalis, Halophila 

spinulosa and Halophila decipiens. Five meadows were conserved in marine reserves 

(protected since 2009, except one protected since 1997); the other five meadows were 

open to recreational and commercial fishing (but not trawling, which is excluded from 

all seagrass areas in the bay). Each meadow was surveyed three times, in the austral 

winter (August 2014), spring (November 2014) and summer (February 2015). The 

intention was to encompass the full range of seasonal temperature variability, to test 

for consistency in effects through time, but season was not a replicated factor and no 

deductions are made regarding seasonality. 
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Figure 3.2. The distance of seagrass meadows to the open ocean was significantly 

correlated (all P < 0.05) with all other seascape metrics: (a) distance to coral reefs; (b) 

distance to mangroves; and (c) seagrass meadow size
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Fish assemblage surveys 

Fish assemblages were surveyed at eight sites in each seagrass meadow with baited 

remote underwater video stations (BRUVS) (Malcolm et al. 2007, Harvey et al. 

2012). BRUVS consisted of a GoPro HD video camera attached to a 5 kg weight and 

a bait bag (500 g of pilchards, Sardinox sagax) fixed 0.5 m in front of the camera by a 

PVC pipe. The use of BRUVS to assess the fish assemblage can appear, superficially, 

to bias the community, but previous studies have shown that they are as effective as 

unbaited RUVS for sampling herbivorous fish (Harvey et al. 2007). Previous studies 

within this system have shown that BRUVS are able to record more herbivorous fish 

then underwater video systems that are baited with algae or are unbaited (Gilby et al. 

2016). Each BRUVS deployment lasted for one hour (following, Harvey et al. 2007, 

Bernard & Götz 2012, Santana-Garcon et al. 2014), giving a total video sampling time 

of 240 hours for the study. All BRUVS were deployed over seagrass, positioned in 

water depths of 1-1.5m at low tide, spaced at least 200 m apart to avoid sampling the 

same individual more than once and surveyed fish only during daylight hours to avoid 

any potentially confounding influences of diel fish movement. Fish abundance, 

species richness, and assemblage composition was quantified from video footage 

using the standard Max N statistic on all fish that came into the view of the camera 

(Willis & Babcock 2000).  

Due to extensive commercial and recreational fishing in the Moreton Bay region 

(Webley et al. 2015), harvested fish species are most likely to respond to ecosystem 

protection and were the focal point for our analyses. We used those listed as exploited 

by Rees et al. (1999) and Johnson (1999). In Moreton Bay, a range of fish species is 

harvested by recreational fishers, including emperors (Lethrinus spp.) and yellowfin 
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bream (Acanthopagrus australis), and in a commercial net fishery, that primarily 

targets yellowfin bream and black rabbitfish (Siganus fuscescens) (Olds et al. 2012a). 

 

Data analysis 

A five factor distance-based linear models (DistLM) were used to quantify how 

assemblages of harvested fishes in seagrass meadows related to the composition of the 

surrounding seascape; five seascape variables were included in this analysis: distance 

to ocean, distance to coral reef, distance to mangrove forest, distance to nearest 

seagrass patch and seagrass patch size (Anderson 2004). The distance of seagrass 

meadows to both the open-ocean and adjacent coral reefs were correlated with the 

composition of fish assemblages (Table 1). These two seascape variables were, 

however, highly cross-correlated (Fig. 2, p < 0.001) and so only distance-to-ocean, 

which explained the largest amount of variation in fish assemblage composition, was 

included in subsequent analyses of reserve performance on the three dominant 

harvested species. Assemblage data for harvested fish species were then examined 

using permutational multivariate analysis of variance (PERMANOVA) (Anderson et 

al. 2008). The factors were: level of protection (two levels, fixed factor), sampling 

period (three levels, fixed factor), and distance to ocean and coral reef (covariates in 

separate analyses). Pairwise tests were applied to significant factors following 

PERMANOVA and canonical analysis of principal coordinates (CAP) was used to 

visualize significant factors (Anderson & Willis 2003). All multivariate analyses were 

based on modified Gower (log base 2) similarity measures, which exclude joint 

absences, strongly emphasize differences in species abundance, and are appropriate 

for dealing with multivariate heterogeneity of variance (Anderson et al. 2011). A 
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similarity profile analysis (SIMPER) was used to determine which species were 

responsible for differences between reserve and fished seagrass meadows. 

Univariate PERMANOVA was then used to examine whether seascape context 

modified the effect of reserves on individual fish species. Analyses were based on the 

design adopted for multivariate PERMANOVA tests. As well as total numbers of 

harvested species, three individual species of harvested fish were sufficiently 

abundant to permit analysis: black rabbitfish (commercially fished), yellowfin bream 

(commercially and recreationally fished) and emperors (Lethrinus spp.) 

(recreationally fished). Seagrass meadows in Moreton Bay support two species of 

juvenile emperor (grassy emperor, Lethrinus laticaudis; and spangled emperor 

Lethrinus nebulosus), but these cannot be reliably identified to species level from 

video footage and so their abundance was pooled for analysis.  

Table 3.1. Results of distance-based linear models (DistLM) relating harvested fish 

assemblages in seagrass meadows to: distance to ocean, distance to coral reef, 

distance to mangrove forest, distance to nearest seagrass patch and seagrass patch 

size. Bold text indicates significant variable (P < 0.05). 

Source P 

Distance to Ocean 0.001 

Distance to Coral Reef 0.005 

Distance to Mangrove Forest 0.655 

Distance to nearest Seagrass Patch 0.598 

Seagrass Patch Area 0.539 
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RESULTS 

Overall, we recorded sixty one species of fish from the seagrass meadows of Moreton 

Bay, including twenty three species that are harvested in local commercial and 

recreational fisheries. The composition of assemblages of harvested fishes differed 

between seagrass meadows that were protected inside reserves and those that were 

open to fishing (Table 2, Fig. 3). A canonical analysis of principle components shows 

that the abundance of Sillago ciliata, Gnathanodon speciosus, Scomberomorus 

queenslandicus, Siganus fuscescens, Seriola lalandi, Acanthopagrus australis and 

Lutjanus russelli were that species that correlated with reserve effects the most (Fig. 

3, Table S1). There was no difference in the abundance of harvested fishes in seagrass 

meadows that were open to fishing or in reserves, regardless of the proximity of 

meadows to the open ocean (Table 3, Fig. 4). While not significant, there were 

slightly more harvested fish in seagrass meadows that were open to fishing, but no 

individual fish species was significantly more abundant in fished seagrass than in 

protected meadows (See Table S2). Harvested fishes were more abundant in seagrass 

meadows that were closer to the open ocean (Table 3, Fig. 4).  

Table 3.2. Multivariate PERMANOVA results showing differences in harvested fish 

assemblages among seagrass meadows in different spatial contexts in Moreton Bay. 

Bold text indicates significant differences (P < 0.05). 

Source df F P 

Protection (P) 1 3.4 0.021 

Distance to Ocean (D) 1 15.3 0.001 

Season (S) 2 2.0 0.067 

P x D 1 1.1 0.325 

P x S 2 0.4 0.915 

D x S 2 1.0 0.431 

P x D x S 2 0.5 0.88 
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Figure 3.3. Constrained canonical analysis of principal coordinates (CAP) displaying 

spatial relationships among harvested fish assemblages on marine reserves and fished 

seagrass beds, and illustrating common fish species with distributions that were 

correlated with the canonical axes. Fish illustrations from www.efishalbum.com. 

Harvested fish assemblages were dominated numerically by black rabbitfish (Siganus 

fuscescens), emperors (Lethrinus spp.) and yellowfin bream (Acanthopagrus 

australis), which accounted for 17-32% of total fish abundance across all meadows. 

SIMPER analysis showed that fish assemblages in fished meadows were characterised 

by large numbers of emperors (60%) and yellowfin bream (13%), and reserve 

meadows are dominated by black rabbitfish (37%) and emperors (23%). This 

SIMPER analysis identifies that emperor species are providing 60% of the similarity 

between different fished seagrass meadows. Black rabbitfish were more abundant in 
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meadows inside reserves than those open to fishing, regardless of the proximity of 

meadows to the open ocean, or the season in which surveys were conducted (Table 3, 

Fig. 4). Rabbitfish were also most abundant in meadows nearer to the open ocean, 

regardless of protection status or season (Table 3, Fig. 4). Emperors were most 

abundant in meadows that were closer to the open ocean, regardless of protection 

status or season (Table 3, Fig. 4). By contrast, the abundance of yellowfin bream was 

not related to the conservation status or location of meadows, or the season in which 

surveys were conducted (Table 3, Fig. 4). 
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Table 3.3. Univariate PERMANOVA results showing differences in the abundance of harvested fish and individual common species (black 

rabbitfish, emperors and yellowfin bream) among seagrass meadows at different distances to the ocean in Moreton Bay. Bold text indicates 

significant differences (P < 0.05). 

  Harvested fish Black rabbitfish Emperors Yellowfin bream 

Source df F P F P F P F P 

Protection (P) 1 3.8 0.06 6.1 0.027 2.3 0.156 0.1 0.823 

Distance to ocean (D) 1 98.8 0.001 14.9 0.003 38.3 0.001 1.4 0.247 

Season (S) 2 2.7 0.104 5.3 0.021 0.2 0.784 1.8 0.193 

P x D 1 3.5 0.068 1.8 0.196 0.2 0.69 0.3 0.568 

P x S 2 1.1 0.32 0.1 0.935 0.5 0.616 0.3 0.756 

D x S 2 5.4 0.018 1.0 0.354 0.3 0.708 0.1 0.925 

P x D x S 2 2.7 0.1 0.4 0.694 0.0 0.986 0.1 0.934 
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Figure 3.4. Abundance of harvested fish and common fish species: Siganus fuscescens (black rabbitfish); Acanthopagrus australis (yellowfin 

bream); and Lethrinus spp. (emperors), in seagrass in Moreton Bay, Australia. Distance to ocean is a continuous variable and is fitted with a 

linear trend line, with R2 indicated. Red outlines indicate significant factors identified from pairwise comparisons following PERMANOVA. 

Fish illustrations from www.efishalbum.com. 



 52 

DISCUSSION 

Joint effects of seascape context and marine reserves for fish assemblages and 

ecosystem functioning have been reported from the western Pacific Ocean, Caribbean 

Sea and Florida Keys, but to date these have only been examined in studies with coral 

reefs as the focal seascapes (Berkström et al. 2012, Pittman & Olds 2015, Olds et al. 

2016). Our results show that the composition of harvested fish assemblages were 

different in reserves and fished areas and enhanced the abundance of exploited black 

rabbitfish in seagrass meadows. The seascape context of seagrass meadows was also 

important to the spatial distribution of harvested fishes; both rabbitfish and emperors 

were more abundant in meadows that were closer to the open ocean. This is where our 

results show that reserves and seascape context can exert separate effects on seagrass 

fish communities. Reserve effectiveness was, however, not influenced by the spatial 

proximity of meadows to other meadows, other habitats, or to the open ocean. Unlike 

other studies that have highlighted the importance of seagrass meadow size and 

proximity to other meadows, we have shown here that these factors were not as 

influential as other spatial factors, with this likely due to the larger spatial scale of the 

study (Connolly & Hindell 2006). This finding runs counter to the results of numerous 

other studies that have reported positive effects of seascape context on reserve 

performance in Moreton Bay (Olds et al. 2012a), and elsewhere (Huntington et al. 

2010, Nagelkerken et al. 2012, Olds et al. 2014a, Martin et al. 2015). This result is 

surprising because: 1) the seagrass meadows we studied occur in a heterogeneous 

seascape that includes numerous other habitats (e.g. coral reefs and mangrove forests) 

(Stevens & Connolly 2005, Gibbes et al. 2014); 2) seagrass-associated fishes move 

among these habitats to feed, spawn and disperse (Grober-Dunsmore et al. 2009, 

Sheaves 2009); and 3) fish are harvested in Moreton Bay in a tunnel net fishery that 
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captures individuals as they move tidally between adjacent seagrass, mangrove and 

coral habitats (Tibbetts & Townsend 2010, Olds et al. 2012b). 

 

The composition of fish assemblages differed between seagrass meadows that were 

open to fishing and those that were protected inside marine reserves. However, given 

that marine reserves in Moreton Bay are designed to represent all habitats 

(Queensland Government 2007), the strength of the marine reserve effect seen here 

may be diminished. Seagrass meadows that are open to fishing support a high 

abundance of juveniles of fish species, which are harvested as adults by recreational 

fishers (e.g. bream, emperors, flathead and snapper) (Pillans et al. 2007, Webley et al. 

2015), however, with the BRUVS method using a single camera, no size 

measurements coud be made for this study. The addition of stereo-BRUVS to assess 

size of fish in future studies would provide more information regarding the influences 

that spatial context and marine reserves have on fish of different sizes. While this is a 

limitation to this study, providing information on the size of individuals inside 

reserves, a larger range of the benefits of conservation initiatives can be addressed. 

Fishing pressure is higher in the southeast Queensland region than anywhere else in 

the state, however, juvenile fish are protected by size limits and when juveniles are 

inadvertently captured they are promptly released to avoid potential financial 

penalties from the fisheries management authority (Webley et al. 2015). While size 

estimates were not used in this study, a large number of juvenile emperors were 

recorded. They are most likely feeding on small invertebrate prey, which would be 

more abundant in large seagrass beds near the ocean (Boström et al. 2006). The 

fishing pressure that is experienced in these fished seagrass beds may result in a 

reduction in competitive pressure, allowing for an increase in the abundance of 
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juvenile fish species. Seagrass meadows that were protected inside marine reserves 

supported more black rabbitfish, a species that is harvested heavily in a net fishery 

that targets aggregations of both adults and sub-adults across Moreton Bay (Tibbetts 

& Townsend 2010, Olds et al. 2012b, Gilby et al. 2016). Commercial fisheries within 

southeast Queensland heavily target black rabbitfish within a net fishery (Olds et al. 

2012a), with 162 tonnes removed from Moreton Bay alone in the last five years 

(DAFF, 2016). Black rabbitfish are functionally important herbivores, and 

numerically dominate assemblages of herbivorous fish in seagrass meadows across 

the study area (Ebrahim et al. 2014, Maxwell et al. 2014). Black rabbitfish have been 

shown to benefit from reserves in Moreton Bay; their biomass inside protected areas 

is approximately double that outside, and provides an increased functional role, 

resulting in a reduction in macroalgal cover (Olds et al. 2012c). The conservation of 

this important herbivore within marine reserves might, therefore, promote herbivory 

and ecosystem functioning in protected seagrass meadows across Moreton Bay (Prado 

et al. 2008, Davis et al. 2014, Vergés et al. 2014), however, this hypothesis is yet to be 

tested with empirical data. 

 

The proximity of seagrass meadows to the open ocean was positively correlated with 

the abundance of total harvested fish, black rabbitfish and emperors (Lethrinus 

laticaudis and L. nebulosus). This finding is consistent with the long-standing 

hypothesis that the position of meadows in estuaries and embayments is pivotal in 

structuring the spatial distribution of juvenile fishes in seagrass patches (sensu Bell et 

al. 1988). Moreover, it is widely known that the spatial proximity of seagrass 

meadows to the open sea is of fundamental significance to the abundance of fish in 

seagrass (see reviews by Connolly et al. 1999, Nagelkerken et al. 2015). However, 
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due to the heterogeneous nature of seagrass meadows, we expect that empirical data 

on the effects of spatial context on reserve effects is required for effective 

conservation. Many fish species are more abundant in meadows nearer to the mouths 

of estuaries, and this is believed to correspond to these areas receiving a greater 

supply of larvae from offshore locations (Jenkins et al. 1998, Jelbart et al. 2007, Ford 

et al. 2010). The larger numbers of juveniles in seagrass meadows that are closer to 

the ocean might also be linked to effects of salinity and turbidity. Both black 

rabbitfish and emperors undertake ontogenetic habitat shifts in their lives; their larvae 

recruit into seagrass and juveniles use seagrass meadows as nurseries, before moving 

offshore as adults to deeper reefs where spawning takes place (Sumpton et al. 2008, 

Kimirei et al. 2011, Olds et al. 2012c, Gilby et al. 2016). Given the results of this 

study, and the findings of previous work on the importance of seascape context to 

fishes in seagrass meadows (Connolly & Hindell 2006), we expect that the spatial 

effects of recruitment from offshore locations may be of greater importance to 

seagrass fishes in Moreton Bay than spatial links with other meadows or other 

habitats. 

 

We demonstrate that the composition of fish assemblages in seagrass meadows was 

different in marine reserves compared with fished areas and that reserves enhance the 

abundance of black rabbitfish, a functionally important herbivore that is heavily 

fished in this region. The proximity of seagrass meadows to the open ocean also 

affected the spatial distribution of two harvested fish species, however, the 

effectiveness of reserves was not modified by the seascape context of individual 

meadows. Our results show, for the first time, that marine reserves and seascape 

context exert separate effects on seagrass fishes, and we suggest that this might be 
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because these two features possibly affect fish at different stages of their lives. Marine 

reserves prohibit fishing and promote the abundance of sub-adults and adults of 

harvested fish species in seagrass, with this most extensively seen in the reserve effect 

seen on the commercially fished black rabbitfish. By contrast, the position of seagrass 

meadows in estuaries is of primary importance in structuring larval recruitment 

dynamics and, subsequently, modifies the spatial distribution of juvenile fishes in 

seagrass patches. We suggest that empirical data on how and where seascape features 

modify reserve performance is critical for effective conservation in seagrass 

ecosystems. 
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SUMMARY 

1. The loss of key processes such as herbivory and predation can be particularly 

detrimental to the overall functioning of an ecosystem. Loss or reduction of 

herbivory has resulted in many well-documented trophic cascades that are 

detrimental to ecosystems. 

2. We examined herbivory in seagrass beds in an anthropogenically impacted coastal 

system to determine the relative influence of herbivore abundance, spatial 

arrangement of habitats and water quality on algal removal rates.  

3. We measured herbivory in different seagrass beds along a water quality gradient in 

three different seasons. Our sites were also located among a mosaic of habitats, 

some adjacent to coral reefs and mangroves, while others were not. 

4. We found that the abundance of black rabbitfish (Siganus fuscescens), a 

commercially harvested herbivore, was the most influential factor determining 

herbivory; outweighing any other herbivore or seascape variable. We used a 

species distribution model to predict areas of high abundance for this species and 

thus, important for herbivory and fisheries management. Temperature, salinity and 

seagrass bed size were all positively correlated with the abundance of this species. 

This highlights the detrimental effects that freshwater run-off and habitat 

destruction is having on the abundance of key herbivores in a coastal embayment, 

and therefore reducing the relative role of herbivory contributing to the function of 

these systems. 

5. Our results highlight the importance of understanding herbivory and the 

distribution of important herbivores within impacted ecosystems; emphasizing how 

fragmented seagrass beds and poor water quality can have drastic consequences for 

the functionality of herbivory within seagrass meadows.  
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INTRODUCTION 

Habitat loss, overharvesting and alterations to water supply (i.e. water quality, ground 

water, etc.) affect the strength of key processes that underpin ecosystem health and 

resilience (Gera et al. 2013, Mellin et al. 2016). These processes play important roles 

in both terrestrial and aquatic ecosystems, with the importance of predators, 

herbivores and scavengers in regulating ecosystems such as forests (White et al. 

2003a), coral reefs (Hoey and Bellwood 2011) and seagrass habitats (Valentine and 

Heck Jr 1999, Prado et al. 2008) well known. For this reason, understanding how 

these processes influence different ecosystems is critical to ecosystem resilience, 

management following disturbance and conservation planning (Rudnick et al. 2012, 

Ebrahim et al. 2014, Gilby et al. 2016b). 

Herbivory is a key process structuring vegetative communities in both the terrestrial 

and marine realms (Lubchenco and Gaines 1981, Mumby et al. 2006, Estes et al. 

2011). The distribution and abundance of herbivores can be influenced by a range of 

different factors, such as top-down control from predator species (e.g. Ripple et al. 

2001, Burkholder et al. 2013), habitat destruction (Fahrig 1997), eutrophication 

(De'ath and Fabricius 2010), overharvesting (Hoey and Bellwood 2011) and local 

extinctions (Estes et al. 2011, Burkholder et al. 2013). Reducing the abundance of 

herbivores results in alterations to trophic relationships, causing changes to benthic 

composition (e.g. density and percentage cover of plants) (Madin et al. 2010, Estes et 

al. 2011). There is now clear evidence that overfishing of predators and herbivores 

causes shifts from coral-dominated to algal-dominated systems (Mumby et al. 2006, 

Gilby and Stevens 2014), or increases in epiphytic algae within seagrass beds that 

ultimately reduce overall primary production within seagrasses (Baden et al. 2012).  
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Seagrass beds are of high ecological and economic significance as habitat for 

threatened species, and as a nursery for juvenile harvested fishes and crustaceans 

(Duarte 2002, Heck et al. 2003, Nagelkerken et al. 2015). Herbivory is particularly 

important in seagrass systems and provides a positive feedback loop that can diminish 

the influence of algal overgrowth and maintain seagrass condition (Heck and 

Valentine 2006). Seagrasses are light limited and their growth is suppressed by events 

that reduce light availability (Moore and Wetzel 2000). If affected by anthropogenic 

increases in turbidity, eutrophication or overfishing of herbivores (singly or in 

combination), seagrass ecosystems may collapse into an alternate, algal dominated 

stable state (Hughes et al. 2004, Madin et al. 2010, Baden et al. 2012). Herbivores, 

especially roving piscine herbivores, can mediate these negative effects by 

suppressing epiphytic algal growth, thereby allowing seagrass systems to continue to 

provide these critical services (Howard and Short 1986, Hughes et al. 2004). 

Maintaining levels of herbivory within seagrass beds is therefore crucial in 

maintaining the ecosystem services that we covet (Valentine and Heck Jr 1999).  

Conservation implementation can restore harvested herbivore communities, often 

resulting in increased herbivory (Mumby et al. 2007). While this is the case, lag 

effects are often seen with improvements in ecosystem processes after the 

implementation of protection measures (Babcock et al. 2010, McClanahan 2014), but 

the protection of these processes and the species primarily responsible must remain a 

fundamental aim of any spatial management (Mumby and Steneck 2008, Fox and 

Bellwood 2014). Marine reserves can be effective in restoring or maintaining 

herbivory at higher levels than adjacent fished areas in various settings, including 
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seagrass (Prado et al. 2008) and coral reefs (Yabsley et al. 2015). Other influences can 

also affect abundance of herbivores, including water quality and connectivity 

(Nagelkerken et al. 2001, Dorenbosch et al. 2005, Huntington et al. 2010). 

Connectivity modifies the spatial patterns of biodiversity and resilience across a 

landscape and if an important factor in conservation planning, where it is commonly 

used to optimize reserve networks (Massol et al. 2011, Magris et al. 2014). Seascape 

planning and management therefore must identify and incorporate areas and species 

that are crucial to herbivory (Valentine and Heck Jr 1999). 

 

We used the seagrass meadows of Moreton Bay, Queensland, Australia as a system to 

test the effects of seascape connectivity, water quality and protection on herbivory. 

Moreton Bay provides a suitable system as it: (1) supports abundant seagrass 

meadows that vary in size and their connectivity with other habitats; (2) contains 

variable water quality across the bay, with regions of poor light penetration and high 

nutrients; (3) is located in a reserve network, but the effectiveness of this for 

herbivory has yet to be tested in seagrass meadows; and (4) Commercial fisheries 

within southeast Queensland heavily target herbivorous fish, with more than 160 

tonnes removed from Moreton Bay alone in the last five years (DAFF, 2016). We 

hypothesised that reserves and connected areas in areas of high water quality will 

provide the most suitable habitats for herbivory within seagrass meadows.  

 

MATERIALS AND METHODS 

Study seascape 

We measured herbivory at ten locations within Moreton Bay, in subtropical eastern 

Australia (27°S, 153°E), a shallow coastal embayment covering c. 1500 km2 (Figure 
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1) enclosed by three large sand islands. The bay is comprised of a heterogeneous 

seascapes, including seagrass beds, extensive mangroves forests, marginal coral reefs 

subtidal unvegetated communities (Stevens and Connolly 2005, Maxwell et al. 2014). 

The seascape is managed in the Moreton Bay Marine Park (MBMP), a multiple-use 

marine park encompassing all of Moreton Bay, and adjacent offshore areas seaward 

of the fringing islands. The Park was established in 1993, and was rezoned in 2009 to 

increase the number and size of marine national park zones (henceforth referred to as 

marine reserves) from <1% to about 16% of the total marine park area, and to protect 

representative samples of all identified habitat types (Stevens 2002, Queensland 

Government 2007). 

 

All locations were situated in Zostera muelleri beds, with five seagrass beds 

conserved within marine reserves (protected since 2009) and five in seagrass beds 

open to recreational and commercial fishing. Locations were sampled three times to 

encompass the full range of temperatures in Moreton Bay; including the austral 

winter, spring and summer. Seagrass beds varied in their connectivity with other 

habitats (e.g. coral reefs and mangrove forests) and the area of the seagrass bed. Water 

quality characteristics change across a Southwest to Northeast water quality gradient 

in Moreton Bay. Beds in the Southwest cope with decreased water quality (e.g. 

elevated nutrients, low salinity and high turbidity) by having longer shoot length 

(Gibbes et al. 2014, Maxwell et al. 2014). This gradient allowed us to test the 

influence of varying water quality across the bay on the patterns of herbivory against 

other seascape level influences, such as habitat connectivity and reserve status.  
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Figure 4.1. Seagrass habitats of central Moreton Bay with herbivory and baited 

remote underwater video station (BRUVS) survey sites 

 

Herbivory assays 

We quantified relative herbivory by deploying twelve replicate grey mangrove 

(Avicennia marina) pneumatophores covered in the red algae Catenella nipae for a 

72-hour period at each site for each sampling period (Gilby et al. 2015). Due to the 

length of assay deployment, it was not feasible to video the deployments. C. nipae 

was chosen because it is available year round and it is not normally present within 

seagrass beds. Because it is novel in the seagrass bed, its removal is not biased by the 

abundance of other algae species (Gilby et al. 2015). It is also a known food source of 
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herbivore species in the Moreton Bay region (Davis et al. 2014). Twelve replicate 

pneumatophores were attached evenly along one 20m rope that was pegged to the 

ground within seagrass beds. Each pneumatophore was weighed before and after 

deployment using a 20g Pesola spring scale. To ensure the wet weight of each 

pneumatophore was consistent, pneumatophores underwent the same blotting process, 

by squeezing the pneumatophore for two seconds to remove as much water as 

possible. Herbivory was represented as a percentage loss of C. nipae, with the weight 

corrected for the weight of the pneumatophore. All herbivory assays were placed in 

seagrass meadows dominated by Z. muelleri, where the low astronomical tide was a 

minimum of 1 – 1.5m. Possible edge effects were minimised by placing herbivory 

assays in the middle of the meadows where practical, however some meadows were 

very small (<1 km2) or adjoined an island or sand bank. 

 

Fish Surveys 

Fish assemblages were assessed using baited remote underwater video stations 

(BRUVS), which were deployed concurrently with the herbivory assays. BRUVS 

consisted of a GoPro HERO2 HD video camera in an Eye of Mine™ flat port 

housing, attached to a 5kg weight, with 0.5kg of fish bait (Sardinops sagax) fixed 0.5 

m in front of the camera. While the use of BRUVS to assess the fish assemblage may 

appear to bias the community, previous studies have shown that they are just as 

effective as unbaited RUVS for sampling herbivorous fish (Harvey et al. 2007). 

Studies within this system in the past have shown that BRUVS are able to record 

more herbivorous fish than underwater video systems baited with algae or unbaited 

(Gilby et al. 2016). Each BRUVS deployment lasted one hour (see (Harvey et al. 

2007, Bernard and Götz 2012) giving a total of 240 hours for the study, and spaced at 
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least 200 m apart for independence. Fish abundance, and species richness were 

quantified from video footage using the MaxN statistic (Willis and Babcock 2000, 

Whitmarsh et al. 2014).  

 

Water quality data 

We used environmental data collected from the Ecosystem Health Monitoring 

Program (EHMP, 2015) that collects water samples and in-situ measurements of 

water quality metrics monthly at over 240 sites in the Moreton Bay region. Water 

quality variables used in the analysis include temperature, secchi disk depth (a 

measure of water clarity) and salinity (See Table S1). As our locations did not align 

exactly with the EHMP water quality sampling sites (e.g. EHMP does not sample 

over shallow seagrass beds because of access restrictions), water quality values for 

our sites were calculated by inverse distance weighted (IDW) interpolation. Water 

quality data at EHMP sites throughout the study region were then compared to the 

interpolated data to validate the interpolation method. There was a strong correlation 

(>0.9) between the actual data and the interpolated data. 

 

Habitat connectivity data 

Habitat connectivity variables used in the analysis of this study include distance from 

each site to mangrove forests, coral reefs and the total area of each seagrass bed (see 

Table S1). Habitat connectivity variables were calculated in ArcGIS (ESRI, Redlands, 

CA, USA) by quantifying the area of each seagrass meadow as well as the proximity 

of meadows to: open ocean, subtidal coral reefs; and intertidal mangrove forests. 
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Seagrass metrics 

Seagrass metrics were calculated from ten replicate cores (15cm diameter, 10cm 

deep) taken at each seagrass meadow during each season, taken directly after fish 

assemblage surveys. Shoot density, length and above/below ground biomass was 

calculated for each site. Each seagrass meadow was sampled three times, in the austral 

winter (August 2014), spring (November 2014) and summer (February 2015). 

 

Data analysis 

Herbivory was analysed using a univariate permutational analysis of variance 

(PERMANOVA) with the factors: season (fixed, three levels), protection (fixed, two 

levels) and distance to ocean as a covariate (Henderson et al 2017). Proximity to the 

open ocean was used here as it has been shown to be important in structuring fish 

communities in seagrass beds in the past (see Connolly & Hindell, 2006) and it is 

important in Moreton Bay at structuring fish communities and herbivorous fish 

abundance (Henderson et al. 2017). Pairwise comparisons were applied to significant 

factors following the PERMANOVA.  

 

Generalised linear mixed effects models (GLMM) were then used to examine the 

spatial, environmental and biological factors that most strongly correlate with 

herbivory. This model included spatial variables, physico-chemical water quality 

variables and the abundance of dominant herbivores, with site included as a random 

effect within the models (See Supplementary Table 1 for full factor list and 

description). In order to ensure co-linearity was not an issue in the generalised linear 

models, all spatial, biological and environmental factors were tested against one 

another. As there were no significant correlations above 0.7, all factors remained in 
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the analysis. Due to the results of the PERMANOVA to assess herbivory, protection 

status was not included in any further analysis. PERMANOVA and GLMM’s were 

used in this study to initially discover if the patterns of herbivory follow that of 

Henderson et al. 2017, where distance to ocean and marine reserves were found to 

have a significant effect on harvested fish species. GLMM’s have since been used to 

identify further factors that are not investigated in the PERMANOVA analysis. 

 

Subsequently, we investigated the relationship between the herbivorous fish species 

that positively correlated with herbivory and all possible combinations of spatial and 

water quality variables using a GLMM. Restricting the number of factors allowed in 

the model to four or less reduced overfitting. All models were compared using the 

Akaike information criterion corrected (AICc), with the best-fit model being that with 

the lowest AICc. Relative variable importance is calculated by summing the weighted 

AICc value from each model containing that variable, with the highest importance 

values being those that contribute the most to the model (Burnham and Anderson 

2002).  

 

The derived best-fit model, based on the coefficients from the GLMM, was then used 

to develop a species distribution model (SDM) for abundance of the most frequently 

occurring herbivore (in this case, S. fuscescens) in seagrass beds within the study area 

using ArcGIS 10.3. All seagrass patches were digitized to represent patches of 

continuous seagrass meadows. Data on physico-chemical variables from EHMP were 

interpolated for each season for the region to then be used in the SDM. We used 

250m2 grid cells for our species distribution model. 
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RESULTS 

Herbivory 

There was no difference in herbivory between protected seagrass meadows and those 

open to fishing (Table 4.1). Similarly, distance to ocean did not have an influence on 

herbivory across different seagrass meadows. Relative herbivory only differed 

between seasons, with herbivory being highest in seagrass meadows during summer 

(Table 4.1). During winter, herbivory remained low, with removal of algae averaging 

14.1% (maximum of 36.5; minimum of 4.1%). During spring, herbivory was similar, 

averaging 14.6% (maximum of 28.6%; minimum of 3%). However, during summer, 

herbivory was at its highest, averaging 48.9% (maximum of 100%, minimum of 

6.8%).  Generalised linear mixed effects models show herbivory to be highly 

correlated with the abundance of the black rabbitfish (r2 = 0.5799) with the abundance 

of other herbivores (Monacanthis chinensis and Petroscrites variabilis) not being 

present in any significant models (Table 4.2, Fig. 4.2). The other factor that had a 

significant relationship with herbivory was temperature. The abundance of black 

rabbitfish was more important in generalised linear models than the abundance of any 

other herbivore in the system (Fig. 4.2). 
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Table 4.1. Univariate permutational analysis of variance (PERMANOVA) on the loss 

of C. nipae from herbivory over a three-day period between sites, sampling periods 

and different forms of protection. *Pairwise comparisons show that herbivory was 

highest in summer compared to the other seasons. 

Source df F P 

Protection   1 0.614 0.459 

Distance to Ocean 1 2.444 0.111 

Season 2 18.068 0.001* 

Distance to Ocean x Season 2 

1 

2 

1.703 

1.242 

0.485 

0.169 

0.276 

0.66 

Distance to Ocean x Protection 

Season x Protection 

Distance to Ocean x Season x Protection 2 2.0656 0.096 

Residual 336   
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Figure 4.2. Removal of Catenella nipae, a red algae proxy for epiphytic algae 

removal, in seagrass beds in Moreton Bay, is highest at sites with higher abundance of 

black rabbitfish Siganus fuscescens (A) and greater Secchi disc depths, in association 

especially with turbid water runoff or flooding (C). In turn, S. fuscescens abundance is 

variable between seasons (as demonstrated by the high importance of temperature) 

but regulated within that by the influence of catchment runoff affecting salinity (B, 

here, the Brisbane River with an urbanized catchment that results in large and rapidly 

forming peaks in freshwater runoff and associated reductions in salinity within the 

bay during wet periods), and in areas of larger seagrass beds in fragmented seagrass 

seascapes (D). In plots E and F, values nearer to one indicate a higher correlation 

between that factor and the dependent variable of interest. +/- indicates the direction 

of the relationship. Images by R. Stuart-Smith (CC-BY-3.0AU), Healthy Waterways, 

FreeStock (CC-BY-2.5). Abund.= abundance. 
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Table 4.2. Best-of-fit models using a GLMM to determine drivers of herbivory. All 

models are within 2 AICc values of the top model. 

Best Model df R2 

S. fuscescens abundance 4 0.5766 

S. fuscescens abundance + P. sexlineatus abundance 5 0.6127 

S. fuscescens abundance + Temperature 5 0.5907 

 

Factors influencing black rabbitfish abundance 

Overall, the highest abundance of the black rabbitfish found in this study was one 

hundred and seventy eight individuals. The GLMM on the abundance of the black 

rabbitfish found only one significant model, a combination of salinity, temperature 

and total seagrass area (Table 4.3, Fig. 4.2). These three factors each had a positive 

relationship with the abundance of the black rabbitfish (See Fig. S4.3), thus black 

rabbitfish abundance was highest when temperature was highest, in oceanic water on 

large seagrass beds, which is supported by our species distribution models (Fig. 4.3). 

During winter, the abundance of black rabbitfish was highest in the large seagrass 

beds in the east and west of the bay (See Fig. 4.3a). During spring, black rabbitfish 

abundance was highest in the western bay, where the species distribution model 

proposes abundances may reach as high as 80% of the of the maximum number of 

rabbitfish found in the study (Fig. 4.3b). The abundance of black rabbitfish was 

highest in the western and eastern seagrass beds in summer, with the species 

distribution model predicting approximately 123 km2 of seagrass meadows containing 

between 80-100% of the maximum abundance of black rabbitfish (Fig. 4.3c). Of this 

large area, approximately 35 km2 or 30% is inside marine reserves. 
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Table 4.3. Best-of-fit models using a GLMM for S. fuscescens abundance. There are 

no other models within 2 AICc values of the best model. 

Best Model df R2 

Salinity + Temperature + Total Seagrass Area 5 0.5566 
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Figure 4.3. A species distribution model of Moreton Bay’s seagrass ecosystems for the black rabbitfish, Siganus fuscescens. Species distribution 

in seagrass patches are presented for (a) winter, (b) spring, and (c) represents the species distribution in summer. Modelled seagrass patches 

represent the modelled MaxN of rabbitfish across all seasons, with the maximum at any point being a MaxN of 170. Different coloured areas 

correspond to the proportion of that total number with segments representing 0-10%, 10-25%, 25-50% 50-80% and 80-100%. Cross-hatched 

areas represent current marine national park zones that are part of the Moreton Bay Marine Park. 



 81 

DISCUSSION 

Seascape context and marine reserve effects were not seen to influence herbivory in 

seagrass meadows, with season being the only difference. However, the abundance of 

a common functionally important herbivore, the black rabbitfish, was found to be the 

main factor in our results that influenced herbivory.  The abundance of the black 

rabbitfish was highest in areas with large seagrass beds with warm oceanic water that 

is present during summer in eastern Moreton Bay. Similar to other studies, herbivore 

abundance and herbivory was found to be influenced by temporal variation within a 

system (Tomas et al. 2005) and also the size of the seagrass meadow itself (Gera et al. 

2013, Pages et al. 2014). However, the strong relationship between herbivory and 

black rabbitfish abundance suggests that most herbivory in two major habitats in 

Moreton Bay (e.g. coral reefs (Gilby et al. 2016b) and seagrass (this study)) is 

performed by the same species. In previous studies assessing the marine reserve effect 

on the black rabbitfish, a positive effect was found, however in this case the positive 

reserve effect on herbivory was not present (Henderson et al. 2017). This may be due 

to possible lag effects on the protection of herbivory or that there is other factors 

contributing to the effect of herbivory outside of reserves (Ebrahim et al. 2014, 

McClanahan 2014). Alternatively, the lack of protection effect for herbivory within 

seagrass meadows may be due to an increased abundance of higher-level consumers 

that may be impending this process within reserves (White et al. 2003). There was no 

significant effect of protection on herbivory, with marine reserve locations not 

showing any increased levels of herbivory, but as per our species distribution maps, a 

significant portion of crucial habitat is protected within reserves.  
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This study emphasizes the importance of developing an understanding of the key 

drivers of important ecological processes, particularly those that are crucial in 

structuring ecosystems (Ebrahim et al. 2014), and incorporating this understanding 

into management. While the importance of marine reserves on the black rabbitfish 

abundance in our generalised linear models was outweighed by other factors, the 

current zoning plan within Moreton Bay appears to be providing protection for small 

portions (~35 km2, approximately 30%) of areas that are crucial to rabbitfish, 

especially in summer (Figure 4.3). The spatial arrangement of protected large seagrass 

beds appears to be situated predominantly within the eastern portion of the bay; 

however, large portions (>70 km2) of crucial habitat in other portions of the bay do 

not appear to be sufficiently protected (e.g. large seagrass beds fringing the western 

side of Moreton Bay). Temporal variability in the abundance of black rabbitfish in 

Moreton Bay may be linked to the need to reproduce or spawn at certain times of the 

year, or the physiological need to move to a warmer area during winter, ultimately 

leading to individuals not being detected at these times of year (Kimirei et al. 2011). 

The temporal and spatial variability that is seen here in herbivore abundance, and thus 

herbivory, is most likely similar to that of other regions, however, it is important to 

assess herbivory and reserve effectiveness on a case-by-case basis. 

 

The seagrass beds in Moreton Bay, as in many other coastal ecosystems (Unsworth et 

al. 2015), are highly impacted by spatial and temporal variability in water quality (e.g. 

changes in light availability and nutrient levels) (De'ath and Fabricius 2010, Maxwell 

et al. 2014, Lough et al. 2015). As some portions of the bay experience varying levels 

of nutrients and light availability, some seagrass meadow patches may require 

increased levels of herbivory to maintain the amount of algal growth occurring. While 
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we have concentrated on absolute rates of herbivory, a healthy level of herbivory 

would be meadow dependent, therefore it is important to gather empirical evidence to 

determine healthy herbivory levels in different seagrass meadows (Hughes et al. 

2007). Increased estuarine output throughout the warmer periods of the year due to 

increased rainfall can impact levels of sedimentation or nutrient levels and thus 

herbivory in many subtropical and tropical locations (Tibbetts et al. 1998, Bishop and 

Kelaher 2013). Given the strong link we see between herbivory and variations in 

water quality, managing these fluxes of sediment and nutrients is important in 

maintaining high abundance of herbivores and herbivory (Cheal et al. 2013). While 

poor water quality has a known impact on seagrass beds (Dennison 1987, Olley et al. 

2006, Maxwell et al. 2014), it is the combination of these factors with possible effects 

such as fragmentation (Gera et al. 2013) that may ultimately reduce suitable habitat 

for species such as the black rabbitfish, thus reducing the effect of a crucial ecosystem 

process (Pages et al. 2014).   

 

Habitat fragmentation, habitat loss and other landscape/seascape changes are a key 

driver of species declines worldwide and have the ability to drastically compromise 

conservation efforts (Fischer and Lindenmayer 2007). The results from this study also 

supports the idea that habitat fragmentation or loss of seagrass beds may be influential 

in reducing processes such as herbivory, ultimately leading to further seagrass loss or 

removal (Gera et al. 2013). We have highlighted through our species distribution 

model the effects that a reduction in habitat size can have throughout a system, with 

highly fragmented areas having significantly reduced abundances of herbivores. 

Reducing the number of fragmented or lost seagrass beds is highly important to the 

health of seagrass within the Moreton Bay system and elsewhere (see Fischer and 
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Lindenmayer 2007). Despite poorer water quality than the eastern bay, the western 

bay still supports large seagrass areas and likely high abundances of black rabbitfish. 

This suggests that sustained herbivory within these seagrass beds may lead to larger 

seagrass beds, which in turn support more herbivores (Heck and Valentine 2006), 

creating a positive feedback loop seen in numerous systems (Hughes et al. 2007, 

Cook-Patton et al. 2014).  

 

The process of herbivory and the positive impacts it has on an ecosystem have been 

well documented in many terrestrial and marine environments (e.g. coral reefs 

(Hughes et al. 2007, Hoey and Bellwood 2011) and woodlands (Ripple and Beschta 

2007)). The importance of herbivory as a key driver in seagrasses has been realized 

(Heck and Valentine 2006, Planes et al. 2011, Gera et al. 2013), however the 

influence of seascape and water quality variability on herbivory relative to that of 

reserves had hitherto been unstudied. Marine reserves, seascape and water quality 

properties have long been known to influence populations and the processes within, 

and within this study we can see that these influences may operate within different 

portions of the ecosystem. We have seen with previous work that marine reserves are 

beneficial to herbivores (Olds et al. 2012d, Henderson et al. in review), but the 

process of herbivory, which we have shown is likely caused by one species, was not 

higher inside reserve seagrass meadows. What is seen though is that the influences of 

spatial and temporal variability within a system can outweigh marine reserve 

influences on herbivory. This is where we have shown in this study that to manage for 

the ecosystem process, management must focus on the underlying factors that drive 

the variability of herbivory within seagrass beds (Gera et al. 2013, Pages et al. 2014). 
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We have demonstrated the importance of one particular species, the black rabbitfish, 

shown to be significant to sustained algal removal within seagrass meadows. Previous 

work in this region has shown marine reserves to be effective for the protection of 

black rabbitfish (Henderson et al. in review), however protection of the process of 

herbivory would benefit from a combined management approach. Increased spatial 

protection, fisheries restrictions (i.e. limits to commercial catch) and ecosystem 

management (i.e. water quality management and habitat restoration), that focuses on 

reducing fragmented habitats and sediment runoff, would likely provide the most 

suitable management of this species and the ecological process it provides (Pikitch et 

al. 2004, Brown and Mumby 2014). This whole-system approach allows for 

improvements to estuarine conditions through increases in riparian vegetation and 

ultimately reductions in the amount of sediment flowing from estuaries into coastal 

embayments (Olley et al. 2006). The approaches that we have taken have allowed us 

to determine the anthropogenic factors that are likely influencing herbivory the most 

and therefore determine optimal management.  

 

Throughout this study we have highlighted a number of known influences on seagrass 

communities and how they are structured. Herbivory is well known to be influenced 

by habitat fragmentation (Gera et al. 2013) and temporal effects in water quality or 

temperature (Tomas et al. 2005). Protection of the habitats or species within a system 

(Prado et al. 2008) is also relevant to maintained herbivory, as has been demonstrated 

in both terrestrial and marine systems (coral reefs e.g. Vergés et al. 2012, woodlands 

e.g. Ripple and Beschta 2007). Protection of key ecological processes, through 

management of the threats that alter them is crucial to the continued health of systems 

such as seagrass. The management of herbivory itself preserves the condition of 
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seagrass beds, leading to the maintenance of other ecosystem functions such as 

primary production (Heck and Valentine 2006) and regulation of the seagrass-

epiphyte dynamic (Ebrahim et al. 2014). Management of both seagrass habitats 

through the use of no-take marine reserves combined with reductions in estuarine 

influences (Gilby et al. 2015), appears key to managing the species responsible for 

herbivory, but also the un-fragmented habitats that positively support herbivores 

(Gera et al. 2013). 
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SUPPLEMENTARY MATERIAL 

Table S4.1. Outline the different variables used in the GAM analysis. A description, method used to attain and the underlying ecological 

hypothesis for each variable is presented. 

Variable Description Method Underlying ecological hypothesis 

Mangrove distance The distance from the centre of each site to the 

nearest mangrove forest 

GIS Well connected sites will support a more abundant and diverse fish community 

(Olds et al. 2012b) 

Reef distance The distance from the centre of each site to the 

nearest mangrove forest 

GIS Well connected sites will support a more abundant and diverse fish community 

(Olds et al. 2012a) 

Total seagrass area The area of the seagrass patch that that each site is 

present in 

GIS Large seagrass beds provide more resources to seagrass fish communities than 

that by small seagrass beds (Yeager et al. 2011) 

Protection The MPA status of the site (No-take or unprotected) Moreton Bay 

Marine Park 

Plan 

Fish abundance and diversity is reduced by fishing practices (Halpern 2003) 

Predator abundance The abundance of generalist piscivores species at 

each site 

BRUVS 

analysis 

A large number of predators will exert top-down control, structuring the 

remaining fish community (Baum and Worm 2009) 

Temperature The temperature of the water at each site EHMP Fish communities will vary across the three different sampling periods 

(Selleslagh and Amara 2008) 

Turbidity A measure of water clarity using a secchi disk EHMP Some species will preferentially choose less turbid areas (Selleslagh and 

Amara 2008) 

Salinity The salinity of the water at each site EHMP Some species are unable to reside at lower salinity levels (Selleslagh and 

Amara 2008) 
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Figure S4.1. Water quality and fish abundance values for a) temperature, b) secchi 

depth, c) salinity, d) predator abundance, e) Siganus fuscescens MaxN, f) Pelates 

sexlineatus MaxN and g) Monacanthus chinensis MaxN.  
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Figure S4.2. Percentage loss of Catenella nipae from a four-day deployment period 

across three seasons: a) winter, b) spring and c) summer. Black bars represent fished 

sites and grey represents no-take zones within each location. 
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Figure S4.3. Linear relationships between Rabbitfish (Siganus fuscescens) abundance 

and a) herbivory, b) seagrass patch area, c) salinity, and d) temperature, with r2 values 

for each graph indicated.  
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ABSTRACT 

The positioning of habitats in heterogeneous seascapes interacts with variability in 

abiotic factors (e.g. seasonal changes in temperature and extreme weather events) to 

govern animal movements. Marine reserves can structure fish communities and 

increase the abundance of targeted species, but the combined influence of reserves 

and seascape context on species habitat use remains uncertain in many ecosystems. 

Further, marine reserve effectiveness might be low for mobile species if the size of 

the reserve is less than a species usual range. In this study, we tracked 19 giant 

shovelnose rays (Glaucostegus typus), an IUCN listed vulnerable species within the 

Moreton Bay Marine Park in eastern Australia. We used an array of 28 acoustic 

receivers within a complex mosaic of seagrass patches, bare sand, mangrove forests 

and deep-water channels and used regression tree analyses to determine which spatial, 

temporal and protection factors contributed most to G. typus habitat use. Overall, 50% 

of the total detections in the study occurred inside marine reserves containing large 

seagrass beds (>7.09m2) and in close proximity to mangroves (<7.47 km). During 

winter (<22.8C), G. typus home ranges increased significantly (p <0.001), and 

greater than 50% of the detections occurred in reserves in winter. Conversely, during 

the rest of the year (air temperature > 22.8C), the habitat use of individuals is 

contained in smaller home ranges compared with winter, however, protection effects 

varied. Our results show that seascape context and marine reserves combine to 

provide the optimal areas for G. typus habitat selection. Limited food resources likely 

cause larger home ranges during winter. Identifying priority habitats for vulnerable 

species is critical for ongoing protection and maintaining effective conservation 

initiatives. Further studies of movement patterns and habitat use by large species 
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across heterogeneous habitat mosaics are required to optimise the size and positioning 

of marine reserves in coastal seascapes. 

 

 

Keywords: Marine reserves, seascape ecology, seagrass, temporal variability 
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INTRODUCTION 

Habitat heterogeneity affects species habitat utilisation, and the movement of 

populations and energy across land or seascapes (Loreau et al. 2003, Hyndes et al. 

2014). Further, movement patterns can be influenced by variable prey availability, 

predator avoidance, temperature changes and reproductive movements at different 

times of the year (Bond et al. 2012, Jewell et al. 2013, Heupel and Simpfendorfer 

2014). Understanding patterns in habitat utilisation by different species across both 

space and time is a fundamental goal of ecologists, as these movements can 

significantly affect the composition and function of ecosystems, and therefore how 

they are managed (Speed et al. 2010). Therefore, determining the main factors driving 

the distribution and movement of different species, particularly species of 

conservation (i.e. listed species) or economic concern (i.e. harvested species), across 

multiple spatio-temporal scales is important for managers (White et al. 2014). 

 

No-take marine reserves seek to maintain biodiversity, improve resilience and help re-

establish species that have been overharvested (Babcock et al. 2010, Edgar et al. 

2014). The optimal spatial arrangement of reserves in heterogeneous seascape and 

their size must, however, be optimised for individual areas and objectives (Olds et al. 

2016). For example, large reserves are most effective in protecting fish over time 

(Halpern 2003), but this comes at a cost in terms of reducing fishing areas (Stewart 

and Possingham 2005). Although it is well established that the seascape context of an 

area (e.g. depth, proximity to other habitats, habitat size) can influence the 

effectiveness of marine reserves (Olds et al. 2016), robust metrics for incorporating 

connectivity into reserve design are difficult to establish (Kearney et al. 2013, Olds et 

al. 2016). Notionally, sedentary species should benefit more from marine reserve 
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implementation than more wide-ranging species (Zeller 1997, Palumbi 2004, Bryars 

et al. 2012). Therefore the protection value of reserves for individual species might be 

reduced if the species range beyond the boundaries of the reserve at different times of 

the year when they may be susceptible to harvest (Chapman and Kramer 2000, 

Claudet et al. 2010, Gaines et al. 2010). Some studies have, however, shown that 

marine reserves can be beneficial for species that have a large home range or activity 

space, possibly due to increased habitat quality inside reserves resulting in less 

movement outside of reserves (Moffitt et al. 2009, Claudet et al. 2010). Further, most 

studies assessing such an effects are conducted on coral reefs (Olds et al. 2012b, 

Pittman and Olds 2015), meaning that the effect of seascape context on such metrics 

remains untested for many important habitats (Olds et al. 2016). Consequently, it is 

vital that studies continue to assess such effects to enable marine reserve placement to 

be optimised in different seascape arrangements and for different habitats.  

 

Seagrasses play an integral role in coastal seascapes, providing nursery areas for 

numerous harvested fish species that play critical roles in the functions of these 

habitats in the wider seascape (Bell et al. 1988, Nagelkerken et al. 2001). Seagrasses 

are highly productive, providing foraging areas for many species, meaning the size of 

seagrass meadows is a key determinant for the supply of these resources (Bowden et 

al. 2001, Boström et al. 2006). Seagrasses are of high ecological and economic 

significance for threatened and harvested species, but are also being reduced in extent 

globally due to coastal development, sedimentation and eutrophication (Heck et al. 

2003, Orth et al. 2006, Waycott et al. 2009, Nagelkerken et al. 2015). Seagrass beds 

are often positioned within heterogeneous seascapes, making them a suitable habitat 

to assess the influence of seascape context in driving the movement of individuals 
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within an ecosystem (Connolly and Hindell 2006, Bostrom et al. 2011). Early studies 

in seascape ecology used seagrass habitats to focus on the implications of habitat size, 

edge effects and distance to the nearest seagrass patch on fishes and invertebrates in 

seagrass meadows (Robbins and Bell 1994, Irlandi and Crawford 1997, Micheli and 

Peterson 1999).  However, despite the well established importance of highly inter-

connected seagrass meadows (Unsworth et al. 2015), how the size of seagrass 

meadows and connectivity with other habitats influence the movement of individuals 

within a seascape and the implications of this for marine reserve effectiveness remains 

under-researched (Connolly and Hindell 2006). As a consequence, spatial 

conservation techniques cannot be yet be fully optimised for seagrasses.  

 

The giant shovelnose ray, Glaucostegus typus, is a shark-like batoid that inhabits 

coastal tropical and sub-tropical waters of eastern Australia and Southeast Asia. G. 

typus is a benthic predator that feeds on invertebrates and small fish on seagrass 

meadows, mangrove forest fringes and sandy bottoms (Vaudo and Heithaus 2011, 

Bessey and Heithaus 2013, White et al. 2014). The ecological characteristics of this 

species, its reliance on multiple, diverse habitats, and its status as a threatened species 

on the IUCN Red List (White et al. 2003, White et al. 2014) make it an ideal species 

to assess for the effectiveness of spatial conservation measures. In this study, we use 

acoustic telemetry to determine which spatial (e.g. habitat positioning), temporal (e.g. 

changes in temperature and rainfall throughout the year) and protection (i.e. within a 

marine reserve or a fished area) factors contribute most to the habitat use of G. typus 

within the Moreton Bay Marine Park in central eastern Australia. Moreton Bay offers 

a suitable location to test these questions, as 1) there is an extensive acoustic array 

situated in across both fishes and reserve sites; 2) G. typus are under threat as a result 
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of habitat degradation (Orth et al. 2006) , being targeted by fishers (Webley et al. 

2015) and being by-catch in broader fisheries (Pogonoski et al. 2002); and 3) it offers 

a heterogeneous seascape comprised of shallow seagrass habitats interspersed with 

deep channels, coral reefs and mangrove forests at varying distances to the open 

ocean. 

 

METHODS 

Study site and acoustic receiver array 

Glaucostegus typus were tracked in the Moreton Bay Marine Park from January 2015 

to March 2016. Moreton Bay is a sub-tropical embayment in southeast Queensland, 

Australia (27°S, 153°E; 1,582 km2). Moreton Bay is bordered by three large sand 

islands to the east and to the west by Brisbane, the third largest city in Australia 

(Figure 5.1). Oceanic water is exchanged between the eastern sand islands, whilst 

three large rivers discharge into the western regions of the bay (Gibbes et al. 2014). 

The study was conducted in the central eastern sector of the bay; a heterogeneous 
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seascape close to the open ocean that is dominated by seagrass habitats and 

interspersed with deep channels and mangrove forests (Figure 5.1).  

 

Figure 5.1. The acoustic array in the Eastern Banks region of Moreton Bay, showing 

main habitat types and the 5m isobath. Crosshatched areas represent marine reserves. 

 

The acoustic receiver array in Moreton Bay comprised 28 VR2W monitoring 

receivers (VEMCO ltd, Halifax, Canada) positioned on shallow seagrass beds 

(between 1.5 and 5 m depth) or in adjacent channels (in 5-25 m water depth). Five 

receivers are positioned as a gate at the nearest large opening to the open ocean to 

record individuals entering and leaving the area. The array covers a total area 

(minimum convex polygon) of approximately 180 km2, but detection range is limited 

to a radius of 500 m around each receiver (Zeh et al. 2015), resulting in a total 

detection area of approximately 44 km2. The array also covers portions of five 

separate no-take marine reserves, which make up approximately 31% of the total 

array area (~59 km2). Of the 28 receivers in the array, 11 (39%) are positioned either 

within marine reserves or on the edge. This array was set up as part of a wider study 
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assessing the movement of loggerhead turtles (Caretta caretta), green turtles 

(Chelonia mydas) and dugong (Dugong dugon) (Zeh et al. 2015). While this array 

was not specifically set up for this study, it is still suitable for testing the aims of this 

study as there are receivers located across a range of habitats and inside reserves.  

 

Animal capture, handling and tracking 

G. typus were caught on 25 m bottom-set setlines using ten 10/0 circle hooks on a 2 m 

wire tracer baited with mullet (Mugil spp.). Once individuals were caught they were 

manoeuvred to the side of the boat, where they were turned onto their back and into a 

state of tonic immobility before being sexed and measured (stretch total length). 

Transmitters were surgically inserted into the abdominal cavity through a small 

incision on the underside of the individual to reduce tag loss and biofouling (White et 

al. 2014). VEMCO V13 (13 x 36 mm) acoustic transmitters on a 60-120 second 

random interval at 69 kHz, which minimised simultaneous detections on the receiver 

array. Receiver detections were downloaded on three separate occasions; May 2015, 

October 2015 and April 2016. The final receiver download coincided with the 

removal of the array, ending the project after one year and three months. This made 

further detections impossible. 

 

Environmental Attributes 

We used GIS to extract a range of spatial attributes associated with individual 

receivers (and therefore individual detections). These attributes were; total area of the 

seagrass meadow in which the receiver was located; the proximity of the receiver to 

the open ocean and mangrove forests; the deepest water depth within a 1 km radius of 

the receiver; and whether the receiver was positioned within a no-take marine reserve 
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or in a fished area. For each detection, we also calculated average rainfall data taken 

from daily recordings at the nearest weather station (BOM 2016); and water 

temperature recorded by the Healthy Waterways Monitoring Program (HWMP 2015), 

which recorded monthly measurements. A description, justification and underlying 

ecological hypothesis for each variable are given in Table 5.1.  

 

Data analyses 

We used a regression tree analyses in the REEMtree package of R (Sela & Simonoff, 

2015) to determine which environmental attributes correlated most with habitat use by 

G. typus (Murray et al. 2010). Branches in the tree were permitted only for significant 

(p < 0.05) splits. Regression trees were conducted on the presence/absence of 

detections for each week of the study for each receiver. If an individual was found to 

be present at a receiver during a week, it was marked as present; those not detected at 

that receiver were marked absent. All factors were checked for co-linearity to ensure 

that this had no effect on the outcomes of the regression tree analysis (Table 5.1). 

Station number was included as a random variable in the analysis, as data was 

grouped for the entire population, individual identification was not used. 
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Table 5.1. Explanatory variables to be used in the tree analysis. Each variable used is listed, along with a description, method attained and the 

underlying ecological hypothesis 

Variable Description Method/Source Underlying ecological hypothesis 

Distance to 

mangroves 

The distance from each receiver to the 

nearest mangrove forest 

GIS Glaucostegus typus will have a preference for well connected 

areas (White et al. 2014) 

Distance to ocean The distance from each receiver to the 

ocean 

GIS Glaucostegus typus will have a preference for areas closer to the 

ocean in the case of spawn or reproductive movements 

Seagrass patch area The area of the seagrass patch that each 

receiver is present in 

GIS Large seagrass beds provide more resources to seagrass fish 

communities than that by small seagrass beds (Yeager et al. 

2011) 

Protection Whether a receiver is located in a marine 

reserve of fished zone 

Marine Park 

Zoning Plan 

Reduced risk of bycatch and higher abundance of prey items  

Depth contour The deepest water within a 1 km radius of a 

receiver 

GIS Due to tidal variability, Glaucostegus typus will have a 

preference for nearby deep water refuges 

Water temperature The monthly water temperature Ecosystem 

Health 

Monitoring 

Program 

Lags behind air temperature and may have physiological 

limitations to some water temperatures 

Rainfall The monthly rainfall Bureau of 

Meteorology 

Inundation of freshwater and increased sediment may cause 

individuals to shift movement 
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RESULTS 

Spatial and temporal drivers of habitat use 

During this study, detections were recorded for 19 out of 20 tagged individuals, with 

22 of 28 receivers detecting individuals. Three individuals were recorded on seven 

days or less and so were excluded from analyses. The following analyses are therefore 

based on 16 individuals. Of these, individuals were detected across an average of 280 

days (min. 121, max. 441) (Table S5.1) and residency index (days detected/days 

tagged) averaged 7.56 +/- 1.8 SE (minimum 0, maximum 28.73; Table S5.1). The 

area that each individual used varied greatly, with an average minimum convex 

polygon size of 24.7 km2 +/- 5.6 (minimum 2 km2, maximum 76 km2; Figure S5.1). 

Size (t = 1.165, p = 0.262) or gender (f = 0.003, p = 0.956) of individuals did not 

result in a significant difference in the size of minimum convex polygons.  

 

The regression tree analysing the presence or absence of individuals at individual 

receivers showed that monthly average water temperature was the most influential 

factor, causing the first split in the tree (Figure 5.2a). When water temperature was 

below 21.32°C (June-August), the seascape factors depth, distance to mangrove, 

seagrass patch area and distance to ocean all caused further splits in the tree. 

Therefore, during winter, individuals were most likely to be found at sites in larger 

seagrass beds (> 16.46 km2) further from mangroves (> 2.95 km). Conversely, when 

temperature was above 21.32°C (April-May and September-April), individuals were 

most often detected on receivers surrounded by shallow water. 
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Figure 5.2. A conditional inference tree on (a) the presence and absence of individuals 

at different receivers throughout the study period. Interpolated maps of the acoustic 

array highlight when water temperature is b) above 20.16°C and c) below 20.16°C. 

The colour scale of red-white-blue indicates a high-low presence of individuals. (d) 

Marine reserve effectiveness 

In order for marine reserves to be effective, positive effects need to be experienced 

year round and the number of detections are greater inside reserves compared with 

outside, relative to the proportion of available reserve locations. All comparisons of 

reserve effectiveness between different times of the year come from the initial split in 

regression trees outlined above (See Figure 5.2). Acoustic receivers within reserves 
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represent 39% of the total array in Moreton Bay, suggesting that when the proportion 

of detections is above this value, there is greater use of the reserves than outside for 

individual within the study. Fifty-three percent of the total detections in this study 

were recorded in reserves during winter, with only 23% in reserves in the remainder 

of the year. Receivers that were located within protected areas had more detections 

when air temperature was below 23.9°C (see Figure 5.2f for the initial split in the 

regression tree). Individuals were also recorded on a greater number of receivers 

inside reserves when temperature was below 23.9°C (p = 0.003, Figure 5.3).  
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DISCUSSION 

Seascape context interacts with marine reserves to alter fish abundance, community 

composition and ecological processes globally (Berkström et al. 2012, Pittman and 

Olds 2015, Olds et al. 2016). Understanding species movement and habitat use across 

both space and time is important for management, as these movements can 

significantly affect the composition and function of ecosystems (Speed et al. 2010). 

Our results show that the seascape context of habitats is critical in the use of marine 

reserves by G. typus, with detections highest in marine reserves that were positioned 

within large seagrass beds and nearer to mangrove forests. Our findings concur with 

other studies that have reported positive seascape effects on marine reserve 

performance (Huntington et al. 2010, Olds et al. 2012a, Martin et al. 2015). However, 

these studies focused primarily on fish abundance and fish community composition, 

here we focus on how seascape factors influence the success of conservation 

initiatives on a highly mobile species. We show that beyond these priority effects of 

seascape, habitat use and marine reserve use by G. typus varies according to 

temperature. Approximately 70% of detections occurred within marine reserves in 

winter, while less than 25% were inside marine reserves during the remaining periods 

of study. Our results suggest that the current placement and amount of no-take marine 

reserves in Moreton Bay provides periodic protection to the vulnerable G. typus, and 

that the success of these marine reserves in protecting such species also depends on 

the seascape context, especially seagrass bed size.  

 

Habitat use by animals in heterogeneous seascapes is governed by the habitat size and 

positioning relative to other habitats and habitat patches (Dorenbosch et al. 2005, 

Almany et al. 2009, Berkström et al. 2012). In this study, seascape context played a 
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pivotal role in the presence of individuals and the amount of time spent in different 

positions in the seascape. Larger seagrass beds provide a more productive ecosystem 

to meet resource needs of individuals (Prado et al. 2008, Smith et al. 2010, Espinoza 

et al. 2015), including a more stable food supply (Bowden et al. 2001, Boström et al. 

2006). While seagrass bed size played a key role in the amount of detections, the 

availability of nearby deep water was also critical in the space use of individual, 

therefore suggesting that the inclusion of this important refuge in spatial conservation 

plans would be suitable (Jankowski et al. 2015, Papastamatiou et al. 2015). Deep-

water habitats are critical for many species, they offer a refuge from predation and 

fish and alternate food resources (Jankowski et al. 2015). Re-designing reserves to 

include multiple habitats or deep-water refuges, in particular allowing reserve 

boundaries to not be constrained by habitat boundaries (Knip et al. 2012, Graham et 

al. 2016), may further increase the effectiveness of reserves in this heterogeneous 

seascape. 

 

In order for marine reserves to provide adequate protection, a significant proportion of 

the life cycle of an animal needs to be protected (Hooker et al. 2011, Graham et al. 

2016). Marine reserves within Moreton Bay Marine Park were important for the 

protection of G. typus; however, the strength of the effect was increased in winter, 

was dependent on seagrass patch size and proximity to mangrove forests. Therefore, 

reserves within Moreton Bay only periodically protect these individuals, which is 

crucial at these early life stages (Heupel et al. 2007). While it is critical that these 

early life stages are protected, management also needs to focus on incorporating all 

life stages into management plans (Kinney and Simpfendorfer 2008). Most current 

marine reserves within MBMP, however, only cover small shallow seagrass meadows 
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or sand flats that do not provide optimal habitat for feeding for G. typus (White et al. 

2003, Queensland Government 2007). Most of the reserves in the network are defined 

by the edge of these habitats, and may be missing crucial parts of the species range, 

especially deep water or connected mangroves (White et al. 2014, Dance and Rooker 

2015).  

 

Temporal variation in the movement of species may be because of physiological 

temperature limits (Reid et al. 1991, Heupel and Simpfendorfer 2014), 

spawning/breeding migrations (Costa et al. 2012, Taylor and Mills 2013) or resource 

availability (Kramer and Chapman 1999, Marshell et al. 2011). However, due to the 

presence of individuals year round, the latter two are most likely the factors causing 

the largest changes in movement patterns in this region. In this study, individuals 

extended their range to react to what could be a likely reduction in available 

resources, as has been seen in many marine (Green et al. 2015) and terrestrial 

ecosystems (Moorcroft et al. 2006). Given that the majority of detections during this 

study are inside a marine reserve, we expect that marine reserves, when designed to 

incorporate important seascape properties, may be capable of managing fluctuations 

in resource availability throughout a year (Dell et al. 2015). Alternatively, this species 

has been shown to increase its range or migrate during different parts of the year 

(White et al. 2014). In other locations, this species and other shovelnose ray like 

species use inshore embayment’s for pupping and mating resulting in highly variable 

home ranges and core activity areas throughout different seasons (Talent 1985). 

Whether the changes in habitat use by G. typus are influenced predominantly by 

resource availability or a need to migrate for spawning or breeding, marine reserves 

still need to be designed to provide protection for a species throughout the entire year. 
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Here we have seen that while these factors are highly influential, incorporating 

seascape properties further into the design of marine reserves can provide protection 

across these temporal scales.   

 

In this study, we show that the protection effects of marine reserves for G. typus are 

greater when the reserves are positioned in large seagrass beds, near other important 

seascape features. Further, this study provides proof-of-concept that acoustic 

telemetry is a suitable method to use to determine such effects. The use of acoustic 

telemetry in marine reserve assessment is suitable as it provides long-term data on the 

use of an area across multiple spatial and temporal scales (Meyer et al. 2007, Marshell 

et al. 2011). An understanding of G. typus movements and habitat use aids with 

reserve design in this seagrass dominated ecosystem, predominantly due to its 

importance as a benthic predator (Vaudo and Heithaus 2012), status as a vulnerable 

species (White et al. 2003), residence throughout the year and its large home range 

(White et al. 2014). Incorporating the knowledge that is gained from studies such as 

this one and others like it, managers can assess how re-designing marine reserves to 

include cross habitat boundaries, or focus on habitats that are larger and within close 

proximity to other habitats would improve reserve performance for this species and 

others (Knip et al. 2012). Consequentially, understanding harvested and non-

harvested species that are representative of a large proportion of the community is 

vital to the adequate design of marine reserves (Schofield et al. 2013). Assessing 

reserve effectiveness across multiple scales needs to be investigated further and 

incorporated into the design and monitoring of marine reserves, especially where 

management options aim to seek further protection of species with large home ranges. 
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SUPPLEMENTARY MATERIAL 

Table S5.1. Details of each individual Glaucostegus typus that was tagged during the 

study, with the number of days from release to last detection, number of detections 

and residency index calculated. * Individuals that were not included in the analysis 

due to minimal detections or days detected. 

ID Gender Fork length 

(cm) 

Tag date Number of 

days tagged 

Number of 

detections 

Residency 

Index (RI) 

15127* Female 112 8/01/15 0 0 0 

15128 Female 116 8/01/15 253 269 12.65 

15129* Female 141 7/01/15 144 7 2.38 

15130 Female 155 8/01/15 351 37 2.78 

15131 Female 110 8/01/15 256 33 4.3 

15132 Female 137 7/01/15 366 81 6.01 

22254* Female 129 11/02/15 7 247 100 

22255 Female 106 11/02/15 248 60 2.82 

22256 Female 155 3/03/15 354 39 3.11 

22257 Female 118 3/03/15 236 69 2.54 

22258 Male 163 3/03/15 216 313 18.52 

22259 Male 175 11/02/15 441 547 9.3 

22260 Female 127 10/02/15 397 190 7.3 

22261 Female 156 10/03/15 236 2125 45.34 

22262 Female 137 10/03/15 287 576 10.1 

22263 Male 166 10/03/15 286 2678 44.76 

22264 Female 148 31/03/15 323 584 12.38 

22265* Female 97 10/02/15 3 51 66.67 

22266 Male 158 31/03/15 182 3087 33.52 

22267 Male 155 31/03/15 121 1578 66.94 
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Figure S5.1. Minimum convex polygons (MCP) for each individual tagged during the 

study, with the overlap inside reserves shown in white. MCP area and percentage of 

detections inside marine reserves shown on each map. 
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Chapter 6 General discussion 
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SYNTHESIS OF KEY FINDINGS 

In this thesis, I have examined the influence marine reserves inside marine protected 

areas have on seagrass fish assemblages, the ecosystem processes these fish species 

undertake, and the amount of time individuals spend inside no-take zones; all using 

low impact methods, where no fish were killed. The wider aims of this thesis were to 

study the effectiveness of marine reserves on fish communities in seagrass meadows, 

relative to the influence of spatial and temporal variability experienced within coastal 

ecosystems. Overall, the aim of this thesis is to provide essential information for 

improving conservation practices in seagrass seascapes and advance the knowledge of 

seascape ecology within seagrass marine reserves to match that of other marine 

habitats. 

 

 I have developed and tested a non-lethal sampling method for the removal of fish 

muscle tissue (Chapter 2). While this chapter was integrated following on from 

discussions with local marine park management, it follows the scope of the rest of the 

thesis. Testing marine reserve efficacy is a delicate issue, as there are ethical issues, 

which need to be passed before such studies can commence. The method developed, 

using a 4 mm biopsy punch, is able to remove the required amounts of tissue for 

stable isotope and genetic analysis without deleterious effects on the sampled 

individuals, and taking away the need for lethal sampling (Henderson et al. 2016). A 

refinement of this method, particularly the post-sampling treatment, was used for the 

tracking study in Chapter 5; but more importantly, it expands the literature on non-

lethal sampling methods and provides a suitable technique for the sampling of fish, 

particularly within marine reserves or no-take zones where the removal of critical 

species can be highly detrimental (Baker et al. 2004, Jardine et al. 2011). The 
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technique has already been used by other post-graduate students at Griffith 

University, and is now accepted by the local marine park authorities without the need 

for further justification. 

Chapter 3 investigated the combined, and relative, effects of marine reserves and 

seascape structure on harvested fish assemblages, with a particular focus on three fish 

species that make up a substantial portion of the commercial and recreational fisheries 

in Moreton Bay. Several studies from the western Pacific Ocean, Caribbean Sea and 

Florida Keys have demonstrated an interaction between seascape context and marine 

reserve effectiveness; where marine reserves close to other habitats, such as coral 

reefs (Olds et al. 2012b) and mangrove forests (Martin et al. 2015) are found to be 

more effective for the protection of harvested fish species (Huntington et al. 2010, 

Nagelkerken et al. 2012). The influence on reserves of connectivity to other features, 

such as deep water or the open ocean; has not been previously explored in seagrass 

habitats. Chapter 3 demonstrated the reserve effect did not benefit from proximity to 

the open ocean, however, positive marine reserve effects were observed for one 

species, the black rabbitfish Siganus fuscescens. Although marine reserves were 

effective for the protection of the black rabbitfish, the reserve effect was not 

influenced by its placement within the seascape, in contrast to findings from studies 

elsewhere (Huntington et al. 2010, Pittman and Olds 2015, Olds et al. 2016). 

However, seascape context was influential in structuring differences in the abundance 

of the harvested fish community and two harvested fish species, where marine 

reserves were not. This suggests that marine reserves and seascape context are 

influencing different parts of the fish community. This is one of the first studies to 

assess the effectiveness of marine reserves and the mediating influence of seascape 
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structure in shaping seagrass fish communities. These results demonstrate that marine 

reserves and seascape context can shape spatial patterns in the abundance of harvested 

fishes in seagrass meadows (Connolly and Hindell 2006), but do so by influencing 

individual species in different ways. Consequently, understanding detailed 

interactions between seascape context and marine reserves on targeted species is 

critical for effective reserve design and fisheries management. 

 

Chapter 4 focuses on the effect marine reserves have on herbivory as a structuring 

process in a variable system. As shown in the previous chapter, Moreton Bay has a 

heterogeneous seascape and variable water quality (Ebrahim et al. 2014, Maxwell et 

al. 2014). Here the drivers of herbivory were assessed within the seagrass meadows of 

Moreton Bay. Results here have found that the abundance of the black rabbitfish, a 

key commercially fished species in the Bay, is the dominant contributor to herbivory 

within the study area. A strong correlation between rabbitfish abundance and 

herbivory, as measured in algal removal, was observed. Having demonstrated in the 

previous chapter that this species is positively influenced by marine reserves, this 

chapter aimed to determine the drivers of the abundance of this species and thus algal 

removal in seagrass meadows of Moreton Bay. It was discovered that the combination 

of seagrass meadow size, salinity and temperature were most important in 

determining the abundance of black rabbitfish. Anthropogenic effects increase the 

potency of estuarine runoff from land at different times of the year, salinity decreases 

and turbidity increases, ultimately fragmenting habitats like seagrass meadows 

(Tomas et al. 2005).  These findings highlight the effects habitat loss and 

fragmentation can have on processes such as herbivory (Gera et al. 2013, Pages et al. 

2014). 



Page | 129  

 

 

Using acoustic telemetry as a tool, Chapter 5 aimed to quantify the range and relative 

frequency of habitat use by the giant shovelnose ray, Glaucostegus typus, and to 

determine what environmental drivers influence changes over time. Joint effects of 

seascape properties (i.e. Seagrass bed size) and marine reserves were found, with the 

most detections occurring in large seagrass beds protected from fishing. G. typus had 

a significantly larger home range in winter than in summer, perhaps as a result of 

fluctuations in resource availability during the winter months (Kramer and Chapman 

1999, Marshell et al. 2011). One marine reserve appeared to be highly effective for 

the protection of G. typus, particularly in the winter months, with the majority of 

detections occurring inside this reserve, however, this appears to be due to its location 

within the seascape (e.g. large seagrass bed and nearby deep-water). The existing 

network of marine reserves is providing positive effects for the giant shovelnose ray, 

however these benefits are dependent on the spatial context of the seascape and were 

more marked in the winter months. 

 

Overall, the findings of the thesis have increased knowledge into non-lethal sampling 

of fish communities and provided some of the first empirical evidence of the effects 

that spatial context of a system have on seagrass dominated reserves for fish 

communities, processes and habitat use. While marine reserves have been observed to 

be highly important in structuring harvested fish communities worldwide, there are 

still factors that can inhibit the success of these reserves. Conserving harvested fish 

species and the important ecological processes that they mediate requires further 

attention Reserves can be highly effective for protecting important species such as the 
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black rabbitfish; however, additional factors can outweigh the effect of marine 

reserves for a range of commercially and recreationally fished species.  

 

FUTURE STUDIES 

Given some of the results that have come from the chapters of this thesis, several 

further studies could be implemented to further aid managers of the Moreton Bay 

Marine Park and elsewhere. The most critical of these would be further studies on the 

black rabbitfish (Siganus fuscescens), which has been shown to benefit from the 

introduction of the marine park and is a critical herbivore within seagrass meadows 

and other habitats. Gaining further information on the movement and spawning 

patterns could aid in the management of the rabbitfish fishery within Moreton Bay. 

Similarly, determining the effects of increased water temperature on this species and 

the ecological processes that it provides would be highly important as fisherman have 

already noticed changes to the abundance and diversity of siganid species in Moreton 

Bay (J. Page, Pers. Coms). Not only may increased water temperatures throughout the 

year as a result of climate change alter the amount of herbivory performed by this 

critical species (Vergés et al. 2014), but it could also alter the distribution of seagrass 

meadows and algae within the bay (Duarte et al. 2013), ultimately making this species 

more critical to the health of seagrass meadows.  

 

I have been able to show in chapter 5 that seascape context has a strong influence on 

the movement patterns of Glaucostegus typus and that alterations to the marine 

reserve boundaries to include multiple habitats within a single reserve would be 

beneficial to this species. What would aid further management of this species is 
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further understanding of the ecological importance of this species as a benthic 

predator within the shallow seagrass meadows of Moreton Bay. Furthermore, it would 

also be beneficial to determine the drivers of the seasonal variations in movement 

within the bay. 

 

Overall, this thesis has aimed to determine the influence of seascape context and 

marine reserves on seagrass fish communities and processes. The system that I have 

worked in is located within a subtropical region of Eastern Australia, nearby a large 

coastal city. It would therefore be important to determine whether many of the results 

that have been found here are site specific and to determine how similar results may 

be in temperate and tropical seagrass ecosystems where seagrass habitats have 

varying roles within the wider coastal ecosystems. 
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Implications for marine conservation and 

management practices. 

UNDERSTANDING SPATIAL AND TEMPORAL VARIABILITY IN 

MARINE SYSTEMS 

The seascape context of an ecosystem can greatly impact fish assemblages 

(Huntington et al. 2010), underlying ecosystem processes (Massol et al. 2011, Gera et 

al. 2013) and the movement of species within an ecosystem (Dance and Rooker 

2015); all of which can vary between settings. Therefore, empirical evidence into the 

effects that seascape context (i.e. size and proximity to other habitat types) within an 

ecosystem have on habitat structure and ecosystem functions provided by fish 

communities are required (Olds et al. 2016). This can then be used to improve 

management of coastal ecosystems with reserve networks that provides the greatest 

conservation outcomes, particularly for harvested fish species (Almany et al. 2009, 

Gaines et al. 2010b). In this thesis (see Figure 6.1 for a summary), we see that the 

seascape context of an ecosystem has the ability to improve reserve design and 

provide positive protection of important harvested species (Chapter 3) and the 

processes provided by them (Chapter 4). Similarly, at a higher trophic level, we see 

that for the increased protection of Glaucostegus typus, incorporating deep water and 

large seagrass beds into reserve networks would be beneficial (Chapter 5). This 

demonstrates the importance of understanding how, and where, seascape context 

could enhance reserve performance in terms of species abundances and ecological 

processes; this is directly relevant to effective management of seagrass ecosystems 

(Prado et al. 2008, Gera et al. 2013, Vergés et al. 2014). Management of spatial 

properties can come from top-down management of the system, where marine 

reserves protect the habitat from direct removal or damage (Parsons et al. 2004); or 
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from the bottom up, where an ecosystem wide approach to the improvement of 

seagrass ecosystems is used (Duffy 2006, Halpern et al. 2010).  

 

Temporal variability similarly structures the marine community throughout different 

seasons, often resulting in changes in the ability to harvest different species 

throughout a year (Pollock 1982, Hamer and Jenkins 2004). This is particularly the 

case in subtropical coastal ecosystems, which experience large fluctuations in 

temperature and rainfall, impacting on the amount of freshwater and sediment that 

may flow from estuaries into coastal areas (Olley et al. 2006, Gibbes et al. 2014). This 

variability can therefore greatly impact the efficiency of spatial protection throughout 

the year, where aggregations of harvested fish species in reserves displaced by the 

negative impacts of estuarine runoff (Halpern et al. 2013). For example, in Moreton 

Bay we see the strong effect of distance to ocean influencing harvested fish 

communities (Chapter 3). Where sites closer to the ocean may benefit from increased 

larval recruitment (Kimirei et al. 2011), they also correlate with areas that receive the 

least freshwater and sediment input. These temporal fluctuations in temperature, 

sediment and freshwater input also impact the underlying ecological processes 

afforded by these commercially harvested fish species (Chapter 4) and can result in 

inconsistent reserve effects (Chapter 5) (Vaudo and Heithaus 2012, Payne et al. 2015, 

Gilby et al. 2016b). 



Page | 134  

 

 

Figure 6.1. A summary of key findings, outcomes and management implications for the thesis research chapters. Arrows indicate a link from a 

result to an outcome and a resulting management option. 



Page | 135  

 

MANAGEMENT IN COASTAL ECOSYSTEMS 

Management within coastal systems, particularly those close to large populations, 

comes with a range of socio-economic and ecological challenges including; 

displacement of fishermen (van de Geer et al. 2013), community support 

(Badalamenti et al. 2000, Stewart and Possingham 2005) and wider ecosystem 

challenges (Lough et al. 2015). Increasing no-take marine reserve coverage in these 

areas is difficult due to the economic value of commercial and recreational fishing to 

coastal populations (Pascoe et al. 2014), but is not completely impossible, as was seen 

in the rezoning of the Great Barrier Reef Marine Park (Day 2002, Fernandes et al. 

2005). In coming years, Moreton Bay faces a similar situation, where the current 

zoning will undergo a review (N. Udy, pers comm), and the findings presented in this 

thesis provide direct empirical evidence for management of harvested fish 

communities in Moreton Bay. This thesis has shown the benefits of the current zoning 

plan in Moreton Bay for the protection of seagrass fish communities (Figure 6.1). 

However, combining this spatial form of management with other forms of 

management can be beneficial (Halpern et al. 2010). Within systems such as Moreton 

Bay, where issues in coastal river catchments result in problems closer to the ocean 

(Olley et al. 2006), management needs to take a wider approach than just the closure 

of areas to stop a range of anthropogenic influences. In Moreton Bay, marine reserves 

are not always able to counteract the effects manageable anthropogenic influences 

(e.g. poor water quality (De'ath and Fabricius 2010), habitat loss (Fischer and 

Lindenmayer 2007) and overfishing (Jackson et al. 2001)) have on the structure and 

function of fish communities (Chapter 3 & 4). Ultimately, integration of marine 

reserves and an ecosystem-wide approach into the management of seagrass meadows 

is required (Pikitch et al. 2004, Halpern et al. 2010, Brown and Mumby 2014).  
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Throughout this thesis I have highlighted the influences that spatial and temporal 

variability have on seagrass ecosystems and the conservation approaches required to 

manage these. I have advanced the knowledge of these influences on seagrass fish 

communities, in relation to the use of marine reserves for improving conservation 

outcomes. Marine reserves worldwide are implemented to protect biodiversity (Russ 

and Alcala 2010), enhance fisheries (Bohnsack 1998), conserve natural areas 

(Graham and Mcclanahan 2013), provide food security to local communities (Russ et 

al. 2004); however, in the face of anthropogenic change, marine reserve effectiveness 

may be altered (Halpern et al. 2008, Huijbers et al. 2014). This thesis has shown that 

successful conservation of seagrass habitats and wider ecosystems must incorporate 

these different forms of management (Gaines et al. 2010a, Halpern et al. 2010). 

Management outcomes will help maintain biodiversity (Duffy 2006, Russ and Alcala 

2010, Wing and Jack 2013), the abundance of harvested fish (Bohnsack 1998, Collie 

et al. 2013), and the processes and functions they offer (Duffy et al. 2007). 

Wider context of findings 

Seagrasses worldwide are under threat from a range of different anthropogenic 

induced impacts and are among some of the most threatened habitats in the world 

(Duarte 2002, Waycott et al. 2009). Seagrass ecosystems provide numerous 

ecosystem services worldwide, including the enhancement of productivity in other 

habitats and critical habitat for harvested fish species (Nagelkerken et al. 2000). 

Consequently, protection of these areas and the species that are important within is 

crucial (Watson et al. 1993, Waycott et al. 2009, Nagelkerken et al. 2015). The joint 

effects of seascape context and marine reserves for fish assemblages and ecosystem 
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processes have been well documented, but to date these effects had only been 

examined in coral reef seascapes (Berkström et al. 2012, Pittman and Olds 2015, Olds 

et al. 2016). Seascape features, including connectivity (Unsworth et al. 2008) and 

levels of habitat fragmentation (Fischer and Lindenmayer 2007), have been reported 

to influence the structure of fish assemblages and herbivory in seagrass meadows 

(Gera et al. 2013, Pages et al. 2014), but not in the context of marine reserves. In 

order to properly understand the influence of marine reserves on seagrass fish 

communities, these effects must be examined together (Olds et al. 2012d). Globally, 

coastal seascapes will continue to face a range of threats that will likely impact the 

important ecosystem services provided by seagrass ecosystems (Waycott et al. 2009) 

and for this reason the results of this thesis are critical to the ongoing management of 

these systems. By providing evidence of how seagrass fish communities react to 

variability in influences that structure fish assemblages, optimal management options 

can be found (Gilby et al. 2016b).   

Conclusions 

Understanding the degree to which spatial context and anthropogenic influences 

affect reserve success (maintaining harvested fish abundance and the ecological 

process they provide) is crucial to ongoing spatial management regimes. While these 

factors are incorporated into the design of many reserve networks, particularly the use 

of representative habitats, understanding the alterations that can occur within systems 

is required for successful marine reserve planning. Ecosystem-wide approaches that 

aim to reduce sediments and nutrients in these estuarine environments, prevent habitat 

destruction, and maintain the abundance of harvested fish species, must be 

implemented in these coastal areas. This thesis adds to studies that demonstrate 
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marine reserves are a suitable way to protect fish communities; however, they alone 

are not the only management approach required. Improved design of the spatial layout 

of the marine reserves and a whole system approach will lead to increased positive 

effects for future ecosystem health and management. 
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