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Executive Summary 

Degradation and loss of coastal ecosystems through human impact is expanding and 

intensifying, resulting in an increasing desire for them to be actively restored. Shellfish reefs 

are among the coastal ecosystems most threatened by human activities, resulting in a global 

85% decline in extent, and up to 96% decline and functional extinction in some systems. 

These declines in shellfish reef extent and condition have been implicated as contributing 

towards fisheries declines in some regions, resulting in an increase in the prevalence of 

shellfish reef restoration projects which state the recovery of coastal fish biodiversity and 

fisheries as an explicit restoration goal. 

The size, shape, position and connectivity of coastal habitat patches significantly modifies 

their value for fish. Sites that are nearer to larger extents of valuable coastal ecosystems like 

seagrass, mangroves and saltmarshes, and where fish can access a variety of coastal 

ecosystems typically contain a higher fish abundance, diversity and fisheries values. Indeed, 

when shellfish reefs are restored, it has been demonstrated that sites placed strategically 

relative to these alternate coastal ecosystems have significantly greater benefits for fish 

biodiversity and fisheries. Optimising shellfish reef restoration plans therefore requires 

information on the effects that shellfish reefs have on fish communities broadly across the 

study region; this can help managers to further justify ongoing and expanding restoration. In 

addition, maximising fish biodiversity and fisheries both at restoration sites and beyond 

requires quantitative information on how the proximity and extent of key coastal ecosystems 

affects the abundance and diversity of fish on shellfish reefs; doing so can help to select 

sites within coastal landscapes where shellfish reef restoration actions will maximise benefits 

for fish and fisheries. While other considerations, such as the biophysical requirements for 

optimal oyster growth and the exclusion of sites for socio-economic reasons (e.g. navigation 

channels, mooring areas, recreation areas), are crucial in reaching final shellfish reef 

restoration plans, prioritising first and foremost on fish assemblages when this is the key 

goal of restoration has been shown to maximise these outcomes in many settings. 

The Wallis Lake and Manning River estuaries on the mid-north coast of New South Wales in 

eastern Australia are systems where declines in shellfish reef extent and condition have 

been documented. Shellfish reefs in this region are dominated by Sydney rock oysters 

Saccostrea glomerata and are therefore henceforth referred to as ‘oyster reefs’. Oyster reef 

declines have been anecdotally implicated as contributing to declines in key fish stocks in 

the region. As a result, there is increasing desire to actively restore oyster reefs, and one of 

the key objectives of this effort is to maximise the value of restored oyster reefs for fish 
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biodiversity and fisheries. In this study, we quantify the spatial drivers of fish assemblages 

throughout the estuaries of the region, demonstrate the relative value of estuarine habitats 

for coastal fish biodiversity and fisheries, and then use these quantitative understandings to 

provide management recommendations for oyster reef restoration actions. Consequently, 

the intent of these surveys is to establish the need to restore oyster reefs for fish and 

fisheries within the region, and then to use this quantitative information about fish 

distributions to identify potential oyster reef restoration sites which would have the greatest 

potential to maximise fish biodiversity, abundance and fisheries values. 

We undertook two separate sampling strategies within the Wallis Lake and Manning River 

estuaries; baited remote underwater video stations (BRUVS) to survey broad, estuary-scale 

patterns in fish distributions, and remote underwater video stations (RUVS; i.e. unbaited 

BRUVS) to survey habitat-specific effects. BRUVS were deliberately spaced evenly 

throughout the study region on unvegetated sediments to provide information on broad-scale 

patterns of fish assemblages at estuary scales of kilometres. BRUVS are preferred for 

quantifying these effects as they give a broader idea of general patterns in fish assemblages 

across a region due to the aggregating of fish towards baits. RUVS do not attract fish using 

baits, thereby avoiding the confounding effects of baited cameras drawing fish from other 

habitats, and so are used to quantify fish-habitat associations at narrow spatial scales. We 

surveyed fish assemblages using RUVS at six estuarine ecosystems throughout the region; 

mangroves, seagrass, saltmarsh, remnant oyster reefs, oyster farming infrastructure and 

unvegetated sediments. In total, we deployed 61 BRUVS spread evenly throughout the 

entire study extent, and 141 RUVS spread as evenly as possible across the extent of the six 

ecosystems surveyed. Fish assemblage data was extracted from the resulting videos using 

the standard MaxN statistic (i.e. the maximum number of any species observed at any one 

time at each site). We quantified the effect of 15 environmental variables on the distribution 

and abundance of fish across the region using a suite of both univariate and multivariate 

analyses in the R statistical framework. These variables could be broadly grouped into four 

categories; physical variables (e.g. water depth), connectivity with vegetated habitats 

(seagrass, mangroves, saltmarsh), connectivity with remnant oyster reefs, and connectivity 

with oyster infrastructure. 

Broad-scale patterns in fish assemblages (from BRUVS data and identified using ManyGLM 

analysis in R) were best explained by the distance of sites to remnant oyster reefs (2 = 

104.8, p=0.001), the depth of camera deployments (2 = 57.8, p=0.004) and the area of 

seagrass within 500 m of each site (2 =85, p=0.001). Crucially, total fish abundance, target 

fish species abundance and species richness of fish assemblages throughout the region was 
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highest at sites nearest to remnant oyster reefs and did not differ significantly between 

estuaries. Total fish abundance and target fish species abundance was also highest at sites 

with greater areas of seagrass nearby, while total fish abundance was highest at sites with 

shallower water depths. These results very strongly support the notion that restoring oyster 

reefs would have significant and measurable positive effects on fish assemblages across the 

region. 

We identified significant differences in assemblage structure between ecosystems (from 

RUVS data, and again identified using ManyGLM analysis) (2 = 247, p=0.001). Mangroves, 

remnant oyster reef and seagrass sites contained the highest average fish abundance. 

Target fish species abundance was equally high at mangrove and oyster infrastructure sites, 

followed by seagrass and saltmarsh, then remnant oyster reefs and unvegetated sediments. 

Finally, species richness was equally highest at mangroves, oyster infrastructure, remnant 

oyster reef, saltmarsh and seagrass sites, and lowest at unvegetated sediment sites. Once 

again, these results lend support to the notion that restoring oyster reefs on unvegetated 

sediments would result in positive outcomes for fish biodiversity and fisheries at multiple 

spatial scales across the region. 

The abundance and diversity of fish on oyster reefs in the region is best explained by their 

proximity to seagrass beds, the area of remnant oyster reefs nearby, and their proximity to 

mangroves, in that order. Here, remnant oyster reef survey sites that are positioned within 

4.2 m of seagrass contained an order of magnitude greater average fish abundance, and 

over double the target fish species abundance and species richness. We also identified 

significant effects of both area of oyster reefs within 500 m of each site, and the proximity of 

sites to mangroves. Remnant oyster reef survey sites that had greater than 0.43 hectares of 

remnant oyster reefs within 500 m and were within 35 m of mangrove forests once again had 

fish assemblages with an order of magnitude greater average fish abundance, and over 

double the target fish species abundance and species richness. The significant effects of 

0.43 ha of oyster reefs per 500 m buffer area on fish assemblages, especially given that fish 

assemblages were more abundant and diverse at sites with above this extent of oyster reefs 

within 500 m, is a crucial finding as this can be used to direct oyster reef extent targets within 

the estuaries, and help prioritise the distribution of restoration sites. These results were then 

used to create rules for a spatially explicit decision matrix to identify potential oyster reef 

restoration sites within Wallis Lake that would maximise the likelihood of enhancing fish 

abundance, diversity and fisheries to the greatest degree. Sites were divided into one of 

seven sequential levels of prioritisation determined by the spatial configuration of the site. 
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We used 5 x 5 m pixels to create restoration models across the region, as this scale 

represents the minimum likely extent of restoration sites for oyster reef restoration. We 

assumed that no oyster restoration could occur at sites that already contained seagrass, 

mangroves, saltmarsh or oyster reefs. Our models resulted in maps of Wallis Lake where 

oyster reef restoration would result in differing levels of success for fish based on the spatial 

footprints of current ecosystems. Overall, our modelling approach resulted in ~2.6 million 

possible 5 x 5 m restoration sites across the region, and a total potential restoration footprint 

of 5622 ha (see Table 1 for total extents of each restoration category). 12.19 ha, or 0.22% of 

restorable areas in Wallis Lake are considered category 1, ‘Excellent’ restoration potential 

sites due to their existing connectivity with mangroves, seagrass and other oyster reefs. 

Category 2B areas provide interesting opportunities for restoration as they lack sufficient 

remnant oyster reefs nearby (i.e. <0.43 ha within 500 m; of course, expanding oyster reefs is 

the intent of the program), and account for 55.93 ha of marine area and 0.99% of potential 

sites. Category 2C areas lack connectivity with seagrass, the most important spatial attribute 

identified in our surveys, and so have lower priority for restoration than category 2A or 2B. 

These areas account for 33.37 ha of marine area and 0.59% of potential sites. Category 3 

areas lacked two of the three key spatial attributes driving fish assemblage structure, 

diversity, and abundance. Within these modelling approaches, it is important to note that the 

quality of the spatial layers entered into the model equates to the quality and accuracy of the 

outputs. While we used the most up-to-date and accurate maps from various NSW 

departments, movement in attributes like seagrass boundaries and shorelines is likely, and 

so should be considered in interpreting results. Subsequent steps are therefore required 

after this project to further optimise restoration plans. Similar maps will be created for the 

Manning River Estuary once oyster reef mapping activities have been completed there. 

The findings of this study have three key implications for oyster reef restoration in the Wallis 

Lake and Manning River estuaries-

 Oyster reef restoration has the capacity to significantly improve fish biodiversity and 

abundance both at specific sites within the region, and across the seascapes of the 

estuaries sampled more broadly, and so should be considered in future management 

planning activities. 

 The consistent finding of 0.43 ha of oyster reefs per 500 m buffer is significant and 

can help to guide goals for restoration extent and distribution in the region. 

 There exists significant space within Wallis Lake to restore oyster reefs that would 

result in the greatest possible outcomes for fish and fisheries. Just within category 1 

and 2B areas, up to 68.12 ha of oyster reefs could be restored that would not 
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interfere with marine plants. This represents a significant opportunity for the region. 

The next step is to take these maps and optimise them based on stakeholder 

discussions to further filter sites and identify those most feasible for restoration. This 

might include, for example, removing areas from these maps that cover active oyster 

leases, sites within harbors and mooring areas, key navigation channels, and areas 

where sediment characteristics would result in restored oyster reefs subsiding. Such 

public engagement is a hallmark of successful restoration programs. Subsequent 

steps are therefore required after this project to further optimise restoration plans. 

Further studies could be undertaken to-

 More thoroughly interrogate the effects of remnant oyster reef habitat condition (e.g. 

oyster cover and health) on fish diversity and abundance, with a view to developing 

target or reference ecosystem conditions for restoration projects within the region. 

 Expand the remnant oyster reef mapping program currently being conducted in 

Wallis Lake to the Manning River. This will significantly improve the capacity to plan 

for oyster reef restoration actions in the Manning River. The specific outcome of such 

mapping would likely be an increase in the identification of category 1, 2A and 2B 

areas for restoration within the Manning River. 
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Introduction 

Coastal ecosystems are under increasing threat globally from a variety of human impacts 

(Halpern and others, 2019). This has resulted in the loss, degradation and fragmentation of 

coastal ecosystems, subsequent changes in the rate and distribution of key ecological 

functions, and eventually declines in the capacity for ecosystems to support valuable 

ecosystem services (Duarte and others, 2020). This might lead in some cases to social and 

economic challenges for people, including lack of recreation sites, food and clean drinking 

water, or coastal defence (Barbier, 2015; Henderson and others, 2019). Therefore, there is 

an increasing desire for ecological restoration to be implemented in many systems to help 

overcome the loss of key ecosystems, and to reconnect remnant patches across coastal 

landscapes (Gilby and others, 2018a; Duarte and others, 2020). While this is appealing in 

terms of optimising the habitat mix of coastal landscapes, quantitative optimisation of site 

selection and configuration is required to maximise the ecological and socio-economic 

outcomes of restoration (Simenstad and others, 2006; Guerrero and others, 2017; Shoo and 

others, 2017; Gilby and others, 2018c; Gilby and others, 2021a). This is particularly pertinent 

in locations and for ecosystems where the expense of restoration is high (Bayraktarov and 

others, 2016; Saunders and others, 2017; Bayraktarov and others, 2019), and when the 

success of restoration projects is highly reliant on the recovery of key ecosystem services 

like fisheries (Grabowski and Peterson, 2007; Grabowski and others, 2012; Elliott and 

others, 2016; Gilby and others, 2018c). 

Shellfish reefs are among the coastal ecosystems most threatened by human impacts 

globally (Beck and others, 2011; Gillies and others, 2018). Overharvesting of adult shellfish 

for food or building materials, along with impacts from degraded catchments and associated 

declining water quality, physical trampling, and diseases combine to reduce the extent, 

condition and connectedness of shellfish reef ecosystems globally. It has been estimated 

that up to 85% of shellfish reef extent has been lost globally due to human impacts (Beck 

and others, 2011), and in many systems this value is estimated to be up to 96% loss or 

functional extinction (Diggles, 2013; Gillies and others, 2018). The loss of these complex 

biogenic structures from coastal and estuarine systems has been at least partially implicated 

as contributing towards lower fisheries catches and lower fish biodiversity in some systems 

globally (Grabowski and Peterson, 2007; Beck and others, 2011; Gilby and others, 2018c). 

Shellfish reefs provide complex, and hard structures within predominantly soft sediment 

coastal seascapes which are dominated by mangroves, seagrasses and marshes 

(Grabowski and Powers, 2004; Tolley and Volety, 2005; Gilby and others, 2018b; Ziegler 

and others, 2018). These hard structures provide important feeding sites for fish during both 
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juvenile and adult stages (Grabowski and others, 2005; Gilby and others, 2018c). Shellfish 

reefs can also be important spawning sites for a variety of coastal fish species (Coen and 

others, 1998; Peterson and others, 2003; Tolley and Volety, 2005), and can provide the key 

nursery function of protection from predation within coastal seascapes (Sherman and others, 

2002). Together, the lack of these habitat provisions for fish often means declines in fish 

biodiversity, fisheries, and associated declines in key ecological functions supported by fish 

throughout coastal seascapes when shellfish reefs are lost (Gilby and others, 2018c). 

In eastern Australia, shellfish reefs comprised principally of Sydney rock oyster Saccostrea 

glomerata have become significantly degraded due to the combined effects of high sediment 

and nutrient runoff from degraded catchments, overharvesting for food and limestone 

production, and diseases (especially QX disease) (Gillies and others, 2018). Restoring S. 

glomerata reefs within coastal seascapes has shown significant and rapid improvements in 

fish assemblages congregating at reef sites. For example, studies in the Noosa River in 

southern Queensland showed a near doubling of fish biodiversity and target fish species 

abundance at small (~25 m2) oyster restoration sites within 6 weeks of installation (Gilby and 

others, 2019). At Pumicestone Passage, also in southern Queensland, oyster reef 

restoration enhanced the diversity and abundance of fish assemblages and the density of 

target fish species at the restoration site by 3.8, 10.7 and 16.4 times, respectively, over a 

period of three years (Gilby and others, 2021b). The speed of these increases led to 

concerns that fish were simply congregating and being centralised at reef restoration sites, 

and that restoration had not led to an overall increase in fisheries productivity. However, 

further studies across Pumicestone Passage showed no effects of fish changing their 

distributions across the estuary over three years in response to oyster reef restoration, and 

therefore no effects of fish centralisation on abundances at the reef; restoration therefore 

increased the carrying capacity of the system for fish (Gilby and others, 2021b). Results 

such as these from both overseas (see zu Ermgassen and others, 2016), and in Australia, 

has led to an increasing desire to restore these ecosystems to both recover the lost oyster 

reef ecosystem along with the key ecosystem service of fisheries that they support (Baggett 

and others, 2015; Gilby and others, 2018c). Optimising restoration actions such that lost 

habitat is restored and recovered, along with maximising effects for fish and fisheries 

requires significant thought, as it cannot be assumed that all sites where restoration could 

occur will result in maximal outcomes for fisheries (Grabowski and others, 2005; Grabowski 

and others, 2012; Gilby and others, 2018c). 

The value of coastal habitat patches for fish is significantly determined by their position 

within coastal seascapes; indeed this consideration often surpasses the importance of 
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habitat condition (Goodridge Gaines and others, 2020), water quality (Gilby and others, 

2016), and key management actions (Gilby and others, 2017c) in structuring coastal fish 

assemblages. For example, connectivity with seagrass meadows is a significant predictor of 

the diversity and abundance of fish at five of six ecosystems surveyed in estuaries in central 

eastern Australia (Gilby and others, 2018b). Given the importance of this landscape context 

in structuring fish assemblages across coastal ecosystems, increasing attention has been 

paid to accounting for variables describing ecosystem connectivity in the conservation and 

management of coastal systems (Olds and others, 2018). Conserving or restoring multiple 

ecosystems as well as the connection between them can increase the abundance of fish 

within marine reserves (Olds and others, 2012a; Gilby and others, 2017c), and this can 

extend to rates of key ecological functions which support the resilience of coastal 

ecosystems (Olds and others, 2012c; Yabsley and others, 2015). There is increasing 

recognition of the importance of placing restoration sites strategically within landscapes to 

maximise both the capacity for the restored ecosystems to successfully grow, and for key 

animal species to successfully settle within these sites. Despite this, only approximately 11% 

of restoration projects properly considered the placement of sites in the planning stage. Just 

over half of the projects that did (56%) reported larger or more diverse animal populations at 

restoration sites than in control areas (Gilby and others, 2018a). The importance of 

connectivity for restoration is likely driven by the requirement for animals to settle at newly 

installed restoration sites. Therefore, isolated sites which rarely receive animals are likely to 

have lower rates of key ecological functions and therefore be less resilient to impacts over 

the longer term. For shellfish reefs, there is increasing recognition of the importance of 

seascape positioning on the abundance and diversity of fish at both remnant shellfish reef 

sites, and at restoration sites (Grabowski and others, 2005; Gilby and others, 2019). 

Consequently, planning shellfish reef restoration activities that account for connectivity with 

both any remnant shellfish reefs, and identifying additional important connections across the 

seascape should be a priority for coastal managers (Gilby and others, 2018c). 

The Wallis Lake and Manning River estuaries on the mid-north coastal of New South Wales 

in eastern Australia support significant local fisheries as well as a vibrant and highly 

productive commercial oyster growing sector. Recent mapping of remnant shellfish reefs in 

the region (dominated by oysters Saccostrea glomerata and so henceforth referred to as 

‘oyster reefs’) has identified good abundance of sites, with variation in the complexity and 

configuration of sites quantified across the seascape. The extent mapped in recent surveys 

is, however, significantly lower than historical accounts of the abundance of oyster reefs 

across the system; this indicates that the above-described threats of overharvesting, disease 

and depressed coastal water quality have likely contributed to the loss of oyster reef 
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ecosystems throughout the region. Concurrently there is evidence to suggest local declines 

in key fish stocks that could partially be linked to declines in key coastal habitats like oyster 

reefs and seagrasses (Kijas, 2018). Restoration efforts for oyster reefs have commenced in 

the region, including a significant project in the Wallamba River, where oyster reef 

restoration is being employed to overcome the effects of estuarine bank erosion. While it is 

likely that oyster reefs within the region provide significant value to fish and fisheries, 

quantitative studies of such effects are yet to be completed, meaning that the potential 

benefits of restoration cannot be fully anticipated, and the placement of restoration sites 

cannot be optimised. To best establish the values of such ecosystems for fish, comparisons 

between remnant oyster reefs and other valuable coastal ecosystems such as seagrass, 

mangroves, saltmarsh, and the highly prevalent oyster industry infrastructure is required 

across the region. Similarly, quantifying whether the extent, connectivity, or position of 

remnant oyster reefs within individual sections of the estuary significantly affect the structure 

of fish assemblages across the seascape, and especially the biodiversity and fisheries 

values of these assemblages, will contribute significantly towards the justification of further 

restoration in the region. Identifying whether and how alternate coastal ecosystems interact 

with remnant oyster reefs to enhance the abundance and diversity of fish is also crucial. 

Identifying significant splits in relationships between important spatial metrics and key 

attributes of fish assemblages will help to provide explicit, quantitative values for the 

prioritisation of oyster reef restoration across the seascape that will maximise the likelihood 

of maximal fish and fisheries benefits. 

The desire for shellfish reef restoration, especially to assist in recovering coastal fish 

habitats, is continuing to increase worldwide. While the value of shellfish reefs for fish and 

fisheries has been established in many settings globally, quantitative information that allows 

individual restoration projects to properly plan and allocate actions to sites that maximise fish 

and fisheries outcomes is often lacking. Planning for restoration therefore requires system-

specific surveys that optimise restoration actions for a region’s particular systems and 

attributes. The aim of this study is to 1) establish the importance of oyster reefs in driving the 

distribution, abundance and diversity of fish within the Wallis Lake and Manning River 

estuaries, which will help to establish and confirm the need for oyster reef restoration 

throughout the region, 2) to quantify key spatial drivers of fish assemblages on remnant 

oyster reefs within the region, 3) to use this information to identify potential oyster reef 

restoration sites within the region that would maximise the abundance, diversity and fisheries 

value of fish assemblages at them by optimising their spatial positioning relative to nearby 

ecosystems, and 4) provide advice on the extent and configuration of potential oyster reef 

restoration sites based on the analyses. 
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Methods 

Restoration context and objectives statement 

Oyster reefs within the Wallis Lake and Manning River estuaries have significantly lower 

spatial extent today than prior to European settlement in the region. While yet unconfirmed, it 

is hypothesised that this reduced extent and connectedness of oyster reefs within the region 

has contributed towards lower diversity and abundance of fish and potentially lower catches 

of target fish species since European settlement. The objective of this oyster reef restoration 

prioritisation is therefore 1) to establish the need for oyster reef restoration actions within the 

region to enhance fish assemblages, and then 2) to identify potential oyster reef restoration 

sites within the region that will maximise the likelihood of enhancing the biodiversity, 

abundance and fisheries value of coastal fish habitats within the region. 

Study system and approach 

Fish surveys were undertaken in the tidal waters of Wallis Lake and Manning River estuaries 

of New South Wales (Figures 1, 2). Surveys were conducted throughout a pre-determined 

extent within each of these estuaries, which included all of Wallis Lake, and extents from the 

estuary mouth upstream in each of the three main tributaries were determined via 

consultation with Hunter Local Land Services based on the possible extent of oyster reef 

restoration within each estuary. 

The general approach of the study and associated data collection, survey and analysis was 

to collate spatial information on the current distribution of key coastal habitats within the 

region, survey fish assemblage at multiple spatial scales, and use statistical and spatial 

analyses to prioritise the positioning of oyster reef restoration activities across the seascape 

(Figure 3). The first step of the in-field surveys is to quantify broad patterns in fish 

assemblages, the variables that best explain spatial variation in these assemblages and the 

key indicator species of these effects. This is used to justify the restoration of oyster reefs 

within the region, and to contribute data to the subsequent habitat-specific prioritisation 

effort. The second step of the in-field surveys is to quantify habitat-specific spatial effects of 

the major coastal ecosystems of the region to help position restoration efforts within the 

broader seascape. Such an approach has been successfully used in prioritising restoration 

actions across multiple environmental realms, including for coastal ecosystems and oyster 

reef restoration actions in southeast Queensland, Australia (Gilby and others, 2021a). 
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            Figure 1 Distribution of study sites and key estuarine habitats in Wallis Lake. 
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Figure 2 Distribution of study sites and key estuarine habitats in 
the Manning River. 
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Figure 3 Survey and modelling approach for optimising oyster reef restoration prioritisation in the 

Wallis Lake and Manning River estuaries. 

Fish surveys 

We used two approaches to survey fish assemblages within the study region; baited remote 

underwater video stations (BRUVS) to survey broad, estuary-scale patterns in fish 

distributions, and remote underwater video stations (RUVS; i.e. unbaited BRUVS) to survey 

habitat-specific effects. For both survey types, we mitigated any potential misrepresentation 

of either benthic or midwater or pelagic fish communities by using a wide-angle camera 

setting with the field of view incorporating equal parts of the benthos and surrounding water 

column. We sampled fish within 2 hours either side of the diurnal high tide to have suitable 

water clarity to accurately identify and count species within the camera frame and 

accounting for fishes moving within and between ecosystems throughout this part of the tidal 

cycle. 

We obtained estuary-scale data on fish abundance and species richness using 1 hour 

deployments of BRUVS. BRUVS consist of a 3 kg weight that serves as a base and 

attachment point for cameras (GoPro recording at 1080p) and a PVC pole that holds the bait 
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bag at 50 cm in front of the camera. The bait was 500 g of pilchards Sardinops sagax placed 

in a 20 x 30 cm mesh bag with 0.5 cm openings. BRUVS were deliberately spaced evenly 

throughout the study region to provide information on broad-scale patterns of fish 

assemblages at estuary scales of kilometres (Figures 1, 2)(see Gilby and others, 2017b). 

The minimum distance recommended between BRUVS survey sites is 200 m (Gilby and 

others, 2017a), but distances between BRUVS sites in this survey were much greater 

(always >1 km). BRUVS are preferred for quantifying these effects as they give a broader 

idea of general fish patterns within an area due to the aggregating of fish towards baits, as 

opposed to any habitat-specific effects. All BRUVS were placed on unvegetated sediments 

and within 20 m of existing verge vegetation where it existed at the site, to standardise for 

some of these broader effects. In total, we deployed 61 BRUVS throughout the region with 

49 in Wallis Lake and 12 in the Manning River estuary (Figures 1, 2). 

The value and optimal positioning of individual estuarine ecosystems for fish were surveyed 

using 30 minute deployments of RUVS (see Gilby and others, 2018b). RUVS consist of a 3 

kg weight that serves as a base and attachment point for cameras (GoPro recording at 

1080p). RUVS do not attract fish using baits, thereby avoiding the confounding effects of 

baited cameras drawing fishes from other habitats, and so are used to quantify fish-habitat 

associations (Gilby and others, 2018b). We surveyed fish assemblages using RUVS at six 

key estuarine ecosystems; mangroves, seagrass, saltmarsh, oyster reefs, oyster farming 

infrastructure and unvegetated sediments. In total, we deployed 141 RUVS throughout the 

region with 103 in Wallis Lake and 38 in the Manning River estuary, spread evenly across 

the six ecosystems surveyed (Figures 1, 2). All RUVS were at least 50 m from each other, 

following the deployment strategy of previous studies in similar seascapes (Bradley and 

others, 2017; Gilby and others, 2018b). Where RUVS were placed in structured habitats (i.e. 

all ecosystems except for unvegetated sediments), the cameras were positioned with the 

field of view directed obliquely along the edge of the focal habitat. This enabled us to identify 

individuals moving in and out of the habitat without the view being obstructed by structures 

of the habitat. 

Fish assemblage composition was quantified from all videos using the standard MaxN 

statistic; the maximum number of individuals of each species identified in any single frame of 

each video. We calculated three key indicators of fish assemblages from each video; 

species richness being the number of unique species identified from each camera 

deployment, target fish species abundance being the sum of MaxN values for all species 

harvested commercially or recreationally in the region (per CSIRO CAB Abstracts), and total 

fish abundance being the sum of MaxN values for all species identified from each camera 

deployment. We did not use stereo underwater videography in this study (which can quantify 
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fish size), as a greater spatial extent and replication at the assemblage level was more 

important that accurate fish measurements. While we therefore acknowledge that target fish 

abundance cannot quantify whether fish are sized above the relevant minimum size limits for 

fishers. However, this target fish species abundance metric remains a valuable metrics for 

this study given the importance of shellfish reefs as both adult and nursery grounds for a 

great variety of commercially and recreationally important fish species. 

Spatial and environmental variables 

We quantified the effect of 15 environmental variables on the distribution and abundance of 

fish across the region (see figure 4 for example spatial maps of input data). These variables 

could be broadly grouped into four categories: physical variables, connectivity with vegetated 

habitats (seagrass, mangroves, saltmarsh), connectivity with remnant oyster reefs, and 

connectivity with oyster infrastructure. Physical variables included the water depth (in 

metres) of each survey site, and the proximity of the survey site (as fish swim) to the estuary 

mouth. Connectivity with vegetated habitats was including the distance to (as fish swim) and 

area of seagrass, mangroves and saltmarsh for each survey site. Seagrass metrics were 

calculated separately for individual species (including for Posidonia, Zostera, Ruppia and 

Halophila) and for all seagrass together. Area measurements were calculated using 500 m 

buffers around each survey site; this distance of 500 m is reflective of the maximum usual 

home range of the majority of fish species within these estuaries, and have been shown in 

previous studies of similar assemblages to be the spatial scale that explains most variation 

in fish assemblage composition (Olds and others, 2012b; Gilby and others, 2017a; Gilby and 

others, 2018b). Finally, connectivity with remnant oyster reefs and oyster infrastructure were 

calculated using the same distance and area (within 500 m buffer radii) metrics as for 

connectivity with vegetated habitats. 

We identified correlations between many of our explanatory variables, meaning that some 

had to be removed to prevent multicollinearity in statistical analyses. These correlations 

were consistent across both BRUVS and RUVS sites, meaning that the same variables were 

chosen across all analyses. Distance to seagrass correlates (Pearson’s R >0.7) with 

distance to Zostera, distance to Ruppia correlates with distance to Posidonia, distance to 

mouth correlates with distance to oyster reef and infrastructure, distance to mangroves 

correlates with distance to saltmarsh, distance to oyster infrastructure correlates with 

distance to oyster reef, distance to oyster reefs correlates with area of oyster infrastructure 

and area of oyster reefs correlates with area of oyster infrastructure. This resulted in 

removing distance to mouth (correlates with distance to oyster infrastructure and oyster 

reef), all distance to seagrass species metrics (but keeping broad distance to seagrass), 

distance to oyster infrastructure (correlates with distance to oyster reefs), distance to 
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saltmarsh (correlates with distance to mangroves), area of saltmarsh (correlates with area of 

mangroves) and area of oyster infrastructure (correlates with area of oyster reef). Saltmarsh 

measures were preferentially removed from analyses over mangrove metrics because 

previous studies have shown significant relationships between fish and mangroves in similar 

systems (Gilby and others, 2018b) and because mangrove forests situated on the lower 

intertidal likely have a greater influence on fish assemblages than the more rarely inundated 

saltmarsh areas in the upper intertidal (Jones and others, 2020). 

In addition to these environmental variables, we also quantified the effect of region; a fixed 

factor with five levels; Coolongoolook (sites upstream in the Coolongolook River from 

Regatta Island), Wallamba (sites upstream in the Wallamba River from Cut and Bells 

Islands), Wallis Lake (sites south of the northern point of Wallis Island), Forster (all 

remaining sites near the estuary mouth near Forster), and Manning (all sites within the 

Manning River). This variable was included to account for the significance of any region-

specific effects not accounted for in the environmental metrics described above. 

Statistical analyses and spatial modelling 

We quantified correlations between environmental variables on estuary-scale and broad fish 

assemblages (from BRUVS data) using ManyGLM in the mvabund package (Wang and 

others, 2012) of the R statistical framework (R Core Team, 2021). Variables in the 

ManyGLM that best explain variation in the structure of fish assemblages between sites 

were identified using reverse stepwise simplification on Akaike’s Information Criterion (AIC) 

and were visualised using non-metric multidimensional scaling (nMDS) ordination. 

Differences in fish assemblages between different ecosystems (from RUVS data) were 

identified using a one-way ManyGLM. We quantified significant splits in important variables 

explaining spatial variation in fish assemblages at individual ecosystems (again from RUVS 

data) using multivariate regression trees (mCART) in the mvpart package (De’ath, 2014) of 

R. mCART analyses are accepted as a simple and robust technique for identifying variables 

that explain significant variation in environmental data, and significant splits in relationships 

between assemblage structure and key variables, and have been used extensively in the 

analysis of patterns in coastal fish assemblages (Davis and others, 2014a; Gilby and others, 

2018b). Identifying such significant splits in variables is crucial in quantitatively optimising 

restoration plans because they demonstrate values for which important ecological variables 

result in greater or lower values for variables of interest (in this case, metrics of fish 

assemblages). We further interpreted the effects of our final mCARTs by calculating the 

average species richness, total fish abundance and target fish species abundance for all 

cases that fell in the terminal nodes in each tree. Optimal tree size was determined by 
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visualising a scree plot of explained variance against tree size (per Davis and others, 

2014a). 

We created a decision tree based on the results of the statistical analyses to identify 

potential sites within the region where oyster reef restoration would maximise fish 

abundance and diversity; this decision tree was principally determined by significant splits 

from mCART analyses. Here, we used 5 x 5 m pixels across the entire region (equivalent to 

approximately 2.6 million potential sites) as this scale represents the minimum likely extent 

of restoration sites for oyster reef restoration (Gilby and others, 2019; Gilby and others, 

2021b). We assumed that no oyster restoration could occur at sites that already contained 

seagrass, mangroves, saltmarsh or oyster reefs. Initially, we created restoration models only 

for Wallis Lake, due to a lack of accurate mapping layers for oyster reefs in the Manning 

River; these will be created at a later date once these layers are collated. 
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                      Figure 4 Example maps of the habitat layers used to extract environmental variables and to create distribution models in this study. 
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Results 

Regional scale effects 

We deployed 61 BRUVS across the region (49 in Wallis Lake and 12 in Manning River), and 

identified 31 unique species and 2335 individual fish during these surveys. Overall, estuary 

perchlet Ambassis marianus were the most abundant species, accounting for 62% of all fish 

counted. Yellowfin bream Acanthopagrus australis was the next most abundant species, and 

the most abundant fisheries targeted species in the region with 15.9% of the total fish 

identified. This was followed by common silver biddy Gerres subfasciatus (7.9%), sea mullet 

Mugil cephalus (5.9%) and eastern striped trumpeter Pelates sexlineatus (3.4%) in the top 5 

species identified. Overall, the top 10 most abundant species accounted for 98.2% of the 

total assemblage, and there were 10 species sighted only once during the study, and 

another 5 sighted only twice. 

We identified some differences in the diversity and abundance of key fish species between 

the Manning and Wallis Lake estuaries. In Wallis Lake, we identified 29 species and counted 

2143 individuals, while in the Manning River we identified 9 species and counted 192 

individuals. These findings are likely entirely due to differences in sampling replication 

between estuaries, and so further studies are required to further interrogate these patterns 

further. We identified two species in the Manning River that were not identified in Wallis Lake 

(banded toadfish Marilyna pleurosticta and diamondfish Monodactylus argenteus), and 22 

species which were found only in Wallis Lake. We caution, however that once again, these 

numbers are likely to be a consequence of the differences in sampling number between the 

two estuaries, and so caution against reading too much into these values. 

The more interesting and informative patterns come from differences in the proportion that 

each species made up of the total assemblage within each estuary. For example, estuary 

perchlet was the most abundant fish overall with 62% of total abundance, but only accounted 

46% of the assemblage in the Manning River and 64% of the assemblage in Wallis Lake. 

Conversely, the proportion of yellowfin bream was similar between the two estuaries (18% in 

Manning River and 16% in Wallis Lake). Silver biddy were an order of magnitude more 

abundant in Wallis Lake (8.6%) than in the Manning River (0.52%) and eastern striped 

trumpeter were not found in the Manning River; both findings likely down to differences in 

habitat (principally unvegetated habitats and seagrass extent) between the estuaries. Finally, 

the abundance of mullet was an order of magnitude higher in the Manning River (23%) than 

in Wallis Lake (4.5%), likely again due to habitat differences. 



 

 

              

                 

                 

                

            

            

           

           

 

            

             

              

                

            

            

            

           

Variation in fish assemblages at the regional scale were best explained by the additive 

effects of the distance of sites to remnant oyster reefs (2 = 104.8, p=0.001), the depth of 

camera deployments (2 = 57.8, p=0.004) and the area of seagrass within 500 m of each site 

(2 =85, p=0.001) (Figure 5). Importantly, the factor ‘region’ (i.e. the categorical variable of 5 

regional within the broader study region) did not correlate significantly with fish 

assemblages. Variation in the fish assemblages among these variables was best explained 

by the presence and abundance of common stingaree Trygonoptera testacea, yellowfin 

bream, luderick Girella tricuspidata and eastern striped trumpeter (Figure 5). 

Total fish abundance, target fish species abundance and species richness of fish 

assemblages throughout the region was highest at sites nearest to remnant oyster reefs 

(Figure 6A, D, F). Total fish abundance (Figure 6B) and target fish species abundance 

(Figure 6E) was also highest at sites with greater areas of seagrass nearby, while total fish 

abundance was highest at sites with shallower water depths (Figure 6C). Crucially, 

therefore, and despite interesting differences in the abundance of different species between 

the estuaries as detailed above, these differences did not correspond to significant 

differences in the estuary-wide assemblage of fish between the estuaries. 
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Figure 5 Non-metric multi-dimensional scaling ordination (nMDS) illustrating best-fit variables and 

significant indicator species from the region-wide fish assemblage ManyGLM analyses from the 

BRUVS data. Here, points indicate individual BRUVS survey sites with nearer points indicating more 

similar assemblages, dashed grey Pearson vectors indicate the direction in which significant variables 

are highest, and black Pearson vectors indicate the direction in which indicator species are more 

common and abundant. 
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Figure 6 Outputs of generalised linear models illustrating best-fit variables for A-C) total fish 

abundance, D-E) Target fish species abundance and F) species richness from the region-wide fish 

assemblage analyses from the BRUVS data. 
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Habitat-specific effects 

We deployed 141 RUVS across the six key estuarine ecosystems chosen within the region 

(103 in Wallis Lake and 38 in Manning River) and identified 29 unique species and 2517 

individual fish during these surveys. Saltmarshes contained the lowest number of unique 

species (15), and the second lowest total abundance of fish observed (268 individuals). The 

abundance of fish at mangrove sites was dominated by estuary perchlet, with 34.7% of the 

abundance of fish identified at these sites. Unvegetated sediments contained the equal 

second lowest number of unique species (16), and the lowest total number of fish counted 

(159). The most abundant species was common hardyhead Atherinomorus vaigiensis with 

39.6% of the abundance of fish identified at the sites with unvegetated sediments. 

Mangroves contained the equal second lowest number of unique species (16 across), but 

the second highest total fish abundance (581). The abundance of fish at mangrove sites was 

dominated by estuary perchlet, with 45.3% of the abundance of fish identified at these sites. 

Seagrass sites has the second highest number of unique species (21) and the highest total 

fish abundance across all habitats with 638 individual fish that accounted for 25.3% of the 

abundance of all fish during RUVS surveys. Estuary perchlet were again the most abundant 

species within this ecosystem, with 39.8% of the abundance of fish identified at these sites. 

Oyster infrastructure sites contained 22 unique species (the highest value for this metric) 

and 402 individual fish that accounted for 15.9% of all fish during RUVS surveys. The 

abundance of fish at oyster infrastructure sites was dominated by yellowfin bream, with 

25.1% of the abundance of fish identified at these sites. Finally, remnant oyster reefs 

contained 20 unique species and 469 individual fish that accounted for 18.6% of all fish 

during RUVS surveys. The abundance of fish at oyster infrastructure sites was dominated by 

estuary perchlet, with 22.2% of the abundance of fish identified at these sites. 

We identified significant differences in assemblage structure between ecosystems (2 = 247, 

p=0.001) which were best explained by variation in the abundance of yellowfin bream, 

blennies Blenidae spp., cowtail stingray Pastinachus ater, luderick and sea mullet Mugil 

cephalus. Overall, mangroves, remnant oyster reef and seagrass sites contained the 

highest, on average, fish abundance (Figure 7A). This was followed by oyster infrastructure, 

then saltmarsh and unvegetated sediments. Target fish species abundance was equally high 

at mangrove and oyster infrastructure sites, followed by seagrass and saltmarsh, then 

remnant oyster reefs and unvegetated sediments (Figure 7B). Finally, species richness was 

equally high at mangroves, oyster infrastructure, remnant oyster reef, saltmarsh, and 

seagrass sites, and lowest at unvegetated sediment sites (Figure 7C). 

25 



 

 

                

        

 

        

              

              

              

             

               

            

                   

              

                

               

     

Figure 7 Average (+/- standard error) A) total fish abundance, B) Target fish species abundance and 

C) species richness between ecosystems from RUVS data. 

Patterns in fish assemblages at remnant oyster reefs 

Variation in fish assemblages at remnant oyster reef sites was best explained by their 

proximity to seagrass beds (Figure 8A). Here, remnant oyster reef survey sites that are 

positioned within 4.2 m of seagrass contained an order of magnitude greater average fish 

abundance, and over double the target fish species abundance and species richness. We 

ran a secondary mCART model with all variables except for proximity to seagrass beds to 

identify any possible secondary effects of other variables. Here, we identified significant 

effects of both area of oyster reefs within 500 m of each site, and the proximity of sites to 

mangroves (Figure 8B). Sites that had greater than 0.43 hectares of remnant oyster reefs 

within 500 m and were within 35 m of mangrove forests once again had fish assemblages 

with an order of magnitude greater average fish abundance, and over double the target fish 

species abundance and species richness. 
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Figure 8 Results of multivariate regression tree (mCART) analyses illustrating significant splits in 

assemblage structure among RUVS deployments on remnant oyster reefs. 

Patterns in fish assemblages at seagrass meadows 

Because variation in fish assemblages at oyster reefs was so significantly explained by 

variation in seagrass proximity, we ran mCART analyses on seagrass RUVS data to identify 

any consistent trends across the seascape. Variation in fish assemblages at seagrass 

meadow sites were best explained by the area of oyster reefs within 500 m of each site 

(Figure 9A). Here, seagrass meadow survey sites with greater than 0.48 ha of oyster reefs 

nearby had over double the total abundance and target fish species abundance and 1.6 

times the diversity of fish. We ran a secondary mCART model with all variables except for 

area of oyster reefs to identify any possible secondary effects of other variables. Here, we 

identified significant effects of both area of seagrass within 500 m of each site, and the 

proximity of sites to oyster reefs (Figure 8B). Sites that had greater than 9.87 ha of seagrass 

within 500 m and were within 4402 m of oyster reefs had fish assemblages with 1.7, 2.7 and 

1.5 times higher total abundance, target fish species abundance and species richness, 

respectively, than sites more isolated from these features. 

27 



 

             

        

 

    

               

               

              

              

           

    

              

             

               

             

              

            

   

Figure 9 Results of multivariate regression tree (mCART) analyses illustrating significant splits in 

assemblage structure among RUVS deployments in seagrass meadows. 

Oyster reef restoration modelling 

We used significant splits in the mCART analyses for oyster reef fish assemblages to inform 

a spatially explicit restoration model for Wallis Lake (Figure 10). Because we ran two trees, 

one with the first significant variable, and the secondary model without this variable, we 

weighted our decision-making process to the first significant split in the first model. Here, 

sites without current estuarine vegetation or oyster infrastructure were categorised according 

to the following criteria-

 Category 1 sites- Excellent restoration capacity as they have all spatial values that 

maximise fish abundance and diversity sites, being within 4.2 m of seagrass, with 

greater than 0.43 ha of remnant oyster reefs nearby and within 35 m of mangroves. 

 Category 2A (missing mangroves) sites- second level of restoration outcomes due to 

being close to seagrass and near large remnant oyster reefs (the two most important 

variables in mCART analyses), but far from mangroves (the least important variable 

in mCART analyses). 
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 Category 2B (missing oysters) sites- third level of restoration outcomes due to being 

close to seagrass and near mangroves, but far from large remnant oyster reefs. 

 Category 2C (missing seagrass) sites- fourth level of restoration outcomes due to 

being close to mangroves and near large remnant oyster reefs, but far from seagrass 

(the most important variable in mCART analyses). 

 Category 3A (missing oysters and mangroves) sites- fifth level of restoration 

outcomes due to being far from mangroves and large remnant oyster reefs. 

 Category 3B (missing seagrass and mangroves) sites- sixth level of restoration 

outcomes due to being far from seagrass and mangroves. 

 Category 3C (missing seagrass and oysters) sites- seventh level of restoration 

outcomes due to being far from seagrass and large remnant oyster reefs. 

 Category 4 sites- Poor restoration capacity as they are far from seagrass, isolated 

from large remnant oyster reef patches and far from mangroves. 

Figure 10 Decision matrix for prioritisation of potential sites for oyster reef restoration in the Wallis 

Lake- Manning River region. This decision matrix is based on the results of multivariate regression 

trees which identified significant splits in assemblages for fish assemblages at remnant oyster reef 

sites throughout the region. Green boxes indicate sites achieve the required vales for the variable 

attributes listed in the top row, while blue boxes indicate that the attribute is lacking from sites in those 

categories. 
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Our models resulted in maps of the region where oyster reef restoration would result in 

differing levels of success for fish based on the spatial footprints of current ecosystems 

Wallis Lake estuary (Figure 10). Overall, our modelling approach resulted in ~2.6 million 

possible 5 x 5 m restoration sites across the region, and a total potential restoration footprint 

of 5622 ha (see Table 1 for total extents of each restoration category). In total, 12.19 ha, or 

0.22% of restorable areas in Wallis Lake are considered category 1, ‘Excellent’ restoration 

potential sites due to their existing connectivity with mangroves, seagrass and other oyster 

reefs. Category 2B areas provide interesting opportunities for restoration as they lack 

sufficient remnant oyster reefs nearby (i.e. <0.43 ha within 500 m; of course, expanding 

oyster reefs is the intent of the program), and account for 55.93 ha of marine area and 

0.99% of potential sites. Category 2C areas lack connectivity with seagrass, the most 

important spatial attribute identified in our surveys, and so have lower priority for restoration 

than category 2A or 2B. These areas account for 33.37 ha of marine area and 0.59% of 

potential sites. Category 3 areas lacked two of the three key spatial attributes driving fish 

assemblage structure, diversity, and abundance. Within these modelling approaches, it is 

important to note that the quality of the spatial layers used in the model equates to the 

quality and accuracy of the outputs. While we used the most up-to-date and accurate maps 

from various NSW departments, movement in attributes like seagrass boundaries and 

shorelines is likely, and so should be considered in interpreting results. Subsequent steps 

are therefore required after this project to further optimise restoration plans. Similar maps will 

be created for the Manning River Estuary, once oyster reef mapping activities have been 

completed there. 

Figure 11 shows the relationships between the different restoration categories and the 

presence and distance to various marine plant communities in further detail. Note the 

proximity of category 1 areas to seagrasses, and the way in which this category matches 

tightly with seagrass distribution. Note also, the effects of mangrove connectivity in dividing 

category 2 (blue) areas from category 3 (orange) areas over the distance of 35 m, as per 

figure 8. 
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Table 1 List of oyster restoration outcomes for fish, their total areas across the entire region, and their 

areas within each estuary. All measurements in hectares. 

Restoration Category Wallis Lake Percentage of total 

1- Excellent 12.19 0.22% 

2A- Missing Mangroves 27.21 0.48% 

2B- Missing Oysters 55.93 0.99% 

2C- Missing Seagrass 33.37 0.59% 

3A- Missing Mangroves, Oysters 202.20 3.60% 

3B- Missing Seagrass, Mangroves 156.71 2.79% 

3C- Missing Seagrass, Oysters 364.66 6.49% 

4- Missing all 4770.38 84.84% 

Total 5622.66 

31 



 
    

   
  

    
    

   
   

    
    

   
    

   
    

  
   

   
  
    
  

   
    
    

Figure 10 Map of 
optimised oyster reef 
restoration sites 
positions in the Wallis 
Lake area to maximise 
fish and fisheries 
benefits. Positions of 
each different level of 
restoration in the final 
model were optimised 
using surveys of fish 
on remnant oyster 
reefs within the region. 
Significant predictors 
of fish assemblage 
structure in these 
analyses were 
proximity of sites to 
seagrass and 
mangroves and the 
area of remnant oyster 
reefs within 500 m. 



 
 

                        
              

33Figure 11 Detailed map of restoration categories for a small subsection of Wallis Lake, near Forster. Note in this map the small-scale relationships between 
categories and their relationships with nearby natural ecosystems of seagrass and mangroves. 



 

 

              

            

              

             

              

          

             

              

              

               

             

              

         

               

              

            

              

             

             

       

              

          

           

           

              

           

            

          

            

              

             

       

                

            

Discussion 

Shellfish reefs are among the most threatened of coastal ecosystems globally due to the 

combined effects of over harvesting, sedimentation, disease and erosion (Beck and others, 

2011; Gillies and others, 2018), leading to a significant and expanding interesting in restoring 

shellfish reefs to coastal landscapes (Gilby and others, 2018c; Gillies and others, 2018; 

Duarte and others, 2020). The value of coastal habitat patches for fish is significantly 

determined by their position within heterogenous coastal seascapes, meaning that 

identifying ideal locations for restoration is often driven by their position within broader 

coastal landscapes. In this study, we quantified the drivers of fish distribution across the 

Wallis Lake-Manning River region in New South Wales, and used this information to provide 

further support for the restoration of oyster reef ecosystems within the region and to identify 

potential sites where oyster reef restoration would have the greatest chance of maximising 

fish biodiversity and fisheries to the greatest possible degree. Here, we have four key 

findings of note from this study and associated analyses. 

1. Fish assemblage structure at the broad, regional scale (i.e. from the BRUVS data) is 

driven significantly by the proximity of individual sites to oyster reefs. Sites nearer to 

oyster reefs have fish assemblages that are more diverse, abundant, and contain 

more target fish species. This is an important finding, as it suggests that increasing 

the number and spread of oyster reefs throughout the region via restoration would 

reduce the distance of any given site to oyster reefs, thereby increasing fish 

biodiversity and abundance across the entire seascape. 

2. Remnant oyster reefs hold the equal highest average fish species richness and fish 

abundance, and significantly greater abundance of target fish species abundance 

than unvegetated sediments (as quantified from RUVS data). This indicates that 

replacing unvegetated sediments (the typical substrate of choice for reef restoration 

actions) with oyster reefs would result in positive outcomes for fish across the region. 

However, replacing one habitat with another (in this case unvegetated, often 

intertidal, sediments with oyster reefs) must be undertaken strategically to avoid any 

unintended consequences for other components of ecosystems (e.g. feeding areas 

for shorebirds). Similarly, the proximity to, and area of oyster infrastructure was 

removed from models due to covariance with remnant reefs. It is likely, therefore, that 

fish abundance and richness would also correlate positively with the proximity to and 

area of oyster infrastructure in this region. 

3. The abundance and diversity of fish at remnant oyster reef sites in the region is 

significantly determined by their proximity to seagrass beds, the area of remnant 



 

             

             

            

              

    

             

            

           

             

            

             

          

          

          

           

                

           

              

               

             

                 

              

           

            

 

           

              

          

 

              

               

                

                

             

               

            

              

oyster reefs nearby, and their proximity to mangroves, in that order (as quantified 

from RUVS data). Oyster reefs that are more highly connected with seagrass, other 

oyster reefs and mangroves contained the largest abundance and diversity of fish. 

Such findings align with the results of previous studies in similar seascapes on the 

east coast of Australia. 

4. Significant areas of possible restoration space for oyster reefs currently exist within 

Wallis Lake, and these sites account for not replacing existing marine macrophytes 

(seagrass, mangroves or saltmarsh) with oyster reefs. Overall, 12.19 ha of 

unvegetated sediments or 0.22% of possible restoration space fulfilled all three of the 

key spatial criteria in being highly connected to seagrass, oyster reefs and 

mangroves. Category 2 areas covered 116.51 ha and 2.07% of possible sites. These 

sites provide interesting opportunities for further restoration where oyster reef 

restoration would maximise outcomes for category 2B areas, and complimentary 

seagrass restoration would significantly enhance category 2C areas. Such findings 

lend significant support to the notion that seascape-wide restoration would be 

beneficial for fish and fisheries in this region. Similar maps will be created for the 

Manning River Estuary, once oyster reef mapping activities have been completed 

there. These maps will be created using the standard NSW DPI oyster reef mapping 

methods, and so will be directly comparable to the results for Wallis Lake. USC is 

glad to engage in this model updating process. Within these modelling approaches, it 

is important to note that the quality of the spatial layers used in the model equates to 

the quality and accuracy of the outputs. While we used the most up-to-date and 

accurate maps from various NSW departments, movement in attributes like seagrass 

boundaries and shorelines is likely, and so should be considered in interpreting 

results. 

Together, these findings lend confidence that restoring oyster reefs strategically throughout 

the region would result in significant and measurable benefits for fish assemblages both at 

individual sites, and throughout the estuarine seascape more broadly. 

Our surveys of the drivers of fish assemblages at regional scales (from BRUVS data) 

indicate that the abundance and diversity of fish was significantly driven by both the distance 

of sites to remnant oyster reefs and the area of seagrass throughout the system. These two 

ecosystems have, in many parts of the world, been shown to combine in important ways to 

drive the productivity of fisheries in coastal seascapes (Grabowski and others, 2005; Gilby 

and others, 2018b; Gilby and others, 2019). Therefore, the findings of this study align closely 

with our existing understanding of these regional-scale effects. The finding that fish 

assemblages were more diverse at sites nearer to oyster reefs indicates that restoring oyster 
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reefs such that the distance of any given site throughout the estuary to oyster reefs is 

minimised would result in significant benefits for fish across the estuary. Oyster reef 

restoration is therefore an important intervention for increasing the diversity, abundance and 

fisheries values of fish assemblages within the region. Indeed, all evidence from this study 

suggests that increasing the number and extent of oyster reefs across the estuaries would 

have positive effects for fish. However, there remain questions about whether continually 

increasing oyster reef extent would continue to increase fish productivity in a linear fashion, 

or whether a threshold would be reached where fisheries benefits plateau. Such questions 

are not unique to this system as historical losses of oyster reefs around the world have been 

so great that true fisheries-area of oyster reef relationships have been impossible to quantify 

(Gilby and others, 2018c). Identifying regional oyster reef restoration extent objectives 

should be set by using possible historical extents as a guide, and done quantitatively by 

seeking thresholds between oyster reef extent and fish and fisheries benefits (Gilby and 

others, 2018c). 

We identified significant effects of seagrass connectivity on the distribution and abundance 

of fish across the region, both at regional scales (i.e. the significant effect of seagrass area 

on BRUVS data) and at habitat-specific scales (i.e. the significant effect of the proximity and 

area of seagrass on remnant oyster reef and seagrass meadow RUVS data). Here, the area 

of seagrass was identified as a significant predictor of fish assemblage structure at coarse 

scales across the region, where very close connectivity with seagrasses positively influenced 

the abundance of fish on oyster reefs, and the area of seagrass within 500 m of sites 

significantly affected the value of seagrass patches for fish. These findings align strongly 

with the results of previous studies on the distribution of fish across coastal seascapes 

across the eastern seaboard of Australia (Henderson and others, 2017; Gilby and others, 

2018b). Seagrass is a significant and important source of primary productivity in estuaries 

(Davis and others, 2014b). Seagrasses are important nurseries for a variety of fish species 

(Whitfield, 2017) and support food webs of adjacent and connected ecosystems through 

carbon subsidies (Davis and others, 2014b) and the movement of fish between seagrass 

meadows and adjacent ecosystems over multiple spatial and temporal scales (Olds and 

others, 2012b; Henderson and others, 2017; Gilby and others, 2018b; Gilby and others, 

2019). Importantly, fishers in the study region have noted the loss of seagrass meadows 

over recent decades, and have suggested that this loss could be linked to reductions in the 

abundance of prawns throughout the systems and possibly to reductions in fish abundance 

and catch (Kijas, 2018). Consequently, managing the seascape to maximise the extent of 

seagrass should be considered a priority within the region in association with oyster reef 

restoration. Indeed, any further loss of seagrass beds across the region would significantly 
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degrade the capacity for oyster reef restoration activities to have positive effects on fish 

biodiversity and fisheries. Maximising seagrass extent and condition could be achieved by 

minimising detrimental impacts on seagrass like trampling and other physical disturbances, 

and by water quality maintenance, or by the active restoration of seagrass itself. Indeed, 

water quality maintenance is likely to have indirect benefits for oyster reefs by increasing 

spat survivorship from lack of sedimentation etc. Co-restoration and management of oyster 

reefs and seagrass meadows within the study region would likely have synergistic benefits 

for coastal ecosystem condition, and fish biodiversity and fisheries. 

Oyster reefs drive significant fish biodiversity and abundance within the study region. Across 

all survey techniques and analyses, we found consistent and strong effects of connectivity 

with remnant oyster reefs on the abundance and diversity of fish assemblages. For example, 

at the regional scale, the proximity of BRUVS sites to remnant oyster reefs was a significant 

predictor of fish assemblages, and the area of oyster reefs within 500 m of remnant oyster 

reef and seagrass meadow sites (from RUVS data) was a significant predictor of fish habitat 

values. At the habitat scale, there was good consistency in the extent of oyster reefs effects; 

the assemblage composition at sites with greater than ~0.42 ha of oyster reefs within 500 m 

consistently had higher fish abundance and diversity for both remnant oyster reefs and 

seagrass meadows. This extent of shellfish reefs equates to only 0.53% of the ~78.5 ha of 

area within 500 m of each site. Together, this evidence suggests that reducing the distance 

between sites and oyster reefs, and optimising area of oyster reefs to approximately 0.42 ha 

within individual 500 m buffer areas should be the preferred course of action. Therefore, 

these findings dictate a plan for oyster reef restoration that has many smaller sites spread 

throughout the seascape, as opposed to a smaller number of larger restoration sites. 

Challenges in identifying whether actions should focus on single (or only few) large or 

several smaller sites are consistently debated in the literature for both restoration and 

conservation (commonly called the SLOSS debate) (McNeill and Fairweather, 1993; 

Possingham and others, 2000; Crossman and Bryan, 2006; Fahrig, 2020). In this region, 

however, current evidence firmly suggests that several smaller sites spread strategically 

throughout the seascape to link with key existing habitats should be the priority for oyster 

reef restoration. 

We identified seven different levels of prioritisation for oyster reef restoration within the 

region that would maximise fish abundance and diversity across the seascape to different 

degrees. Category 1 areas are areas where oyster reef restoration would result in the largest 

possible outcomes for fish across the region because they fulfil all spatial attributes required 

to maximise fish abundance and diversity given the current distribution of habitats. 
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Therefore, these category 1 areas represent sites where immediate benefits for fish and 

fisheries could be born from restoration due to their connectivity with existing estuarine 

macrophytes and oyster reefs. Category 1 areas were the lowest in spatial extent in Wallis 

Lake with only ~12 ha of available space. Having said this, however, an extent of 12 ha of 

oyster reef restoration is a major undertaking (among the largest undertakings on the east 

coast of Australia) and would likely, given the advice above for several smaller sites to be 

positioned across the seascape, take some time to accomplish. Category 2 areas lacked 

one of the three key spatial attributes. Category 2A areas have the next greatest capacity for 

maximum fish and fisheries benefits under current habitat extents. While mangrove 

connectivity was a significant variable in the secondary mCART model, it was second to 

oyster reef extent. Therefore, if we were to choose a site for restoration that lacked one of 

the three key spatial attributes, the first variable to be eliminated would be connectivity to 

mangroves; hence the higher ranking of these areas in the prioritisation. Conversely, 

category 2B areas represent the most interesting locations for restoration across the 

seascape. These sites have two of the three key spatial attributes (i.e. proximity to seagrass 

and mangroves) that maximise fish abundance but lack extensive remnant oyster reefs 

nearby. In a seascape-scale restoration project, such as the one proposed here for oyster 

reefs, increasing the extent of oyster reefs is indeed the objective. Therefore, it is actually 

possible that these category 2B areas could easily become category 1 areas once oyster 

reef restoration commences. It is arguable, therefore, that these sites could have the 

greatest ‘bang for buck’ for restoration. Simple modifications to the spatial models could be 

made to identify these areas, and USC would be glad to assist in this process once potential 

early restoration sites have been chosen. Category 2C areas lack connectivity with 

seagrass; the most important variable identified during mCART analyses, and hence the 

reason for their ranking below category 2A and 2B areas here. However, as mentioned 

above, co-restoration and management of seagrass and oyster reefs across the seascape 

has significant potential to maximise fish and fisheries benefits within the study region. 

Category 3 areas lack two of the three key spatial attributes. Given the extent of category 1 

areas, and the significant potential of some category 2 areas to maximise fish and fisheries 

when restored, category three areas will likely continue to be considered low in priority for 

oyster reef restoration for some time. Category 4 areas had by far the largest spatial extent 

across the region. It’s important to remember that these category 4 areas can possibly 

support oyster reef restoration efforts in the future; they simply, based on these analyses, 

are likely to support significantly lower abundance of fish than other sites, resulting in lower 

co-benefits of restoration for ecosystems and people. Similar maps will be created for the 

Manning River Estuary, once oyster reef mapping activities have been completed there. 
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USC is happy to engage in the model updating process for this estuary when new mapping 

becomes available. 

Together, the findings of this study have two key implications for oyster reef restoration in 

the Wallis Lake-Manning River region-

 Oyster reef restoration has the capacity to significantly improve fish biodiversity and 

abundance both at specific sites within the region, and across the seascapes of the 

estuaries sampled more broadly, and so should be considered in future management 

planning activities. 

 There exists significant space within Wallis Lake to restore oyster reefs that would 

result in the greatest possible outcomes for fish and fisheries. Just within category 1 

and 2B areas, the most effective locations for actions, up to 68.12 ha of oyster reefs 

could be restored that would not interfere with marine plants. This represents a 

significant opportunity for the region. The next step is to take these maps and 

optimise them based on stakeholder discussions to identify feasible sites. 

The next step is to take these maps and optimise them based on stakeholder discussions to 

further filter sites and identify those most feasible for restoration. This might include, for 

example, removing areas from these maps that cover active oyster leases, sites within 

harbors and mooring areas, key navigation channels, and areas where sediment 

characteristics would result in restored oyster reefs subsiding. While these findings are 

strong given the strength of statistical results in this study, there exist several additional 

components that could be tested to further optimise planning for oyster reef restoration 

within the region. This includes-

 Identifying the effects of remnant oyster reef habitat condition (e.g. oyster cover and 

health) on fish diversity and abundance, with a view to developing target or reference 

ecosystem conditions for restoration projects within the region. 

 Expanding the remnant oyster reef mapping program currently being conducted in 

Wallis Lake and surrounding rivers to the Manning River will significantly improve the 

capacity to plan for oyster reef restoration actions there. 
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	The Wallis Lake and Manning River estuaries on the mid-north coast of New South Wales in eastern Australia are systems where declines in shellfish reef extent and condition have been documented. Shellfish reefs in this region are dominated by Sydney rock oysters Saccostrea glomerata and are therefore henceforth referred to as ‘oyster reefs’. Oyster reef declines have been anecdotally implicated as contributing to declines in key fish stocks in the region. As a result, there is increasing desire to actively 
	biodiversity and fisheries. In this study, we quantify the spatial drivers of fish assemblages throughout the estuaries of the region, demonstrate the relative value of estuarine habitats for coastal fish biodiversity and fisheries, and then use these quantitative understandings to provide management recommendations for oyster reef restoration actions. Consequently, the intent of these surveys is to establish the need to restore oyster reefs for fish and fisheries within the region, and then to use this qua

	We undertook two separate sampling strategies within the Wallis Lake and Manning River estuaries; baited remote underwater video stations (BRUVS) to survey broad, estuary-scale patterns in fish distributions, and remote underwater video stations (RUVS; i.e. unbaited BRUVS) to survey habitat-specific effects. BRUVS were deliberately spaced evenly throughout the study region on unvegetated sediments to provide information on broad-scale patterns of fish assemblages at estuary scales of kilometres. BRUVS are p
	Broad-scale patterns in fish assemblages (from BRUVS data and identified using ManyGLM analysis in R) were best explained by the distance of sites to remnant oyster reefs (= 104.8, p=0.001), the depth of camera deployments (= 57.8, p=0.004) and the area of seagrass within 500 m of each site (=85, p=0.001). Crucially, total fish abundance, target fish species abundance and species richness of fish assemblages throughout the region was 
	2
	2 
	2 

	highest at sites nearest to remnant oyster reefs and did not differ significantly between estuaries. Total fish abundance and target fish species abundance was also highest at sites with greater areas of seagrass nearby, while total fish abundance was highest at sites with shallower water depths. These results very strongly support the notion that restoring oyster reefs would have significant and measurable positive effects on fish assemblages across the region. 
	We identified significant differences in assemblage structure between ecosystems (from RUVS data, and again identified using ManyGLM analysis) (= 247, p=0.001). Mangroves, remnant oyster reef and seagrass sites contained the highest average fish abundance. Target fish species abundance was equally high at mangrove and oyster infrastructure sites, followed by seagrass and saltmarsh, then remnant oyster reefs and unvegetated sediments. Finally, species richness was equally highest at mangroves, oyster infras
	2 

	The abundance and diversity of fish on oyster reefs in the region is best explained by their proximity to seagrass beds, the area of remnant oyster reefs nearby, and their proximity to mangroves, in that order. Here, remnant oyster reef survey sites that are positioned within 
	4.2 m of seagrass contained an order of magnitude greater average fish abundance, and over double the target fish species abundance and species richness. We also identified significant effects of both area of oyster reefs within 500 m of each site, and the proximity of sites to mangroves. Remnant oyster reef survey sites that had greater than 0.43 hectares of remnant oyster reefs within 500 m and were within 35 m of mangrove forests once again had fish assemblages with an order of magnitude greater average 
	0.43 ha of oyster reefs per 500 m buffer area on fish assemblages, especially given that fish assemblages were more abundant and diverse at sites with above this extent of oyster reefs within 500 m, is a crucial finding as this can be used to direct oyster reef extent targets within the estuaries, and help prioritise the distribution of restoration sites. These results were then used to create rules for a spatially explicit decision matrix to identify potential oyster reef restoration sites within Wallis La
	We used 5 x 5 m pixels to create restoration models across the region, as this scale represents the minimum likely extent of restoration sites for oyster reef restoration. We assumed that no oyster restoration could occur at sites that already contained seagrass, mangroves, saltmarsh or oyster reefs. Our models resulted in maps of Wallis Lake where oyster reef restoration would result in differing levels of success for fish based on the spatial footprints of current ecosystems. Overall, our modelling approa
	The findings of this study have three key implications for oyster reef restoration in the Wallis Lake and Manning River estuaries
	-

	 
	 
	 
	Oyster reef restoration has the capacity to significantly improve fish biodiversity and abundance both at specific sites within the region, and across the seascapes of the estuaries sampled more broadly, and so should be considered in future management planning activities. 

	 
	 
	The consistent finding of 0.43 ha of oyster reefs per 500 m buffer is significant and can help to guide goals for restoration extent and distribution in the region. 

	 
	 
	There exists significant space within Wallis Lake to restore oyster reefs that would result in the greatest possible outcomes for fish and fisheries. Just within category 1 and 2B areas, up to 68.12 ha of oyster reefs could be restored that would not 


	interfere with marine plants. This represents a significant opportunity for the region. The next step is to take these maps and optimise them based on stakeholder discussions to further filter sites and identify those most feasible for restoration. This might include, for example, removing areas from these maps that cover active oyster leases, sites within harbors and mooring areas, key navigation channels, and areas where sediment characteristics would result in restored oyster reefs subsiding. Such public
	Further studies could be undertaken to
	-

	 
	 
	 
	More thoroughly interrogate the effects of remnant oyster reef habitat condition (e.g. oyster cover and health) on fish diversity and abundance, with a view to developing target or reference ecosystem conditions for restoration projects within the region. 

	 
	 
	Expand the remnant oyster reef mapping program currently being conducted in Wallis Lake to the Manning River. This will significantly improve the capacity to plan for oyster reef restoration actions in the Manning River. The specific outcome of such mapping would likely be an increase in the identification of category 1, 2A and 2B areas for restoration within the Manning River. 


	Introduction 
	Coastal ecosystems are under increasing threat globally from a variety of human impacts (Halpern and others, 2019). This has resulted in the loss, degradation and fragmentation of coastal ecosystems, subsequent changes in the rate and distribution of key ecological functions, and eventually declines in the capacity for ecosystems to support valuable ecosystem services (Duarte and others, 2020). This might lead in some cases to social and economic challenges for people, including lack of recreation sites, fo
	Shellfish reefs are among the coastal ecosystems most threatened by human impacts globally (Beck and others, 2011; Gillies and others, 2018). Overharvesting of adult shellfish for food or building materials, along with impacts from degraded catchments and associated declining water quality, physical trampling, and diseases combine to reduce the extent, condition and connectedness of shellfish reef ecosystems globally. It has been estimated that up to 85% of shellfish reef extent has been lost globally due t
	Shellfish reefs are among the coastal ecosystems most threatened by human impacts globally (Beck and others, 2011; Gillies and others, 2018). Overharvesting of adult shellfish for food or building materials, along with impacts from degraded catchments and associated declining water quality, physical trampling, and diseases combine to reduce the extent, condition and connectedness of shellfish reef ecosystems globally. It has been estimated that up to 85% of shellfish reef extent has been lost globally due t
	juvenile and adult stages (Grabowski and others, 2005; Gilby and others, 2018c). Shellfish reefs can also be important spawning sites for a variety of coastal fish species (Coen and others, 1998; Peterson and others, 2003; Tolley and Volety, 2005), and can provide the key nursery function of protection from predation within coastal seascapes (Sherman and others, 2002). Together, the lack of these habitat provisions for fish often means declines in fish biodiversity, fisheries, and associated declines in key

	In eastern Australia, shellfish reefs comprised principally of Sydney rock oyster Saccostrea glomerata have become significantly degraded due to the combined effects of high sediment and nutrient runoff from degraded catchments, overharvesting for food and limestone production, and diseases (especially QX disease) (Gillies and others, 2018). Restoring S. glomerata reefs within coastal seascapes has shown significant and rapid improvements in fish assemblages congregating at reef sites. For example, studies 
	2

	The value of coastal habitat patches for fish is significantly determined by their position within coastal seascapes; indeed this consideration often surpasses the importance of 
	habitat condition (Goodridge Gaines and others, 2020), water quality (Gilby and others, 2016), and key management actions (Gilby and others, 2017c) in structuring coastal fish assemblages. For example, connectivity with seagrass meadows is a significant predictor of the diversity and abundance of fish at five of six ecosystems surveyed in estuaries in central eastern Australia (Gilby and others, 2018b). Given the importance of this landscape context in structuring fish assemblages across coastal ecosystems,
	The Wallis Lake and Manning River estuaries on the mid-north coastal of New South Wales in eastern Australia support significant local fisheries as well as a vibrant and highly productive commercial oyster growing sector. Recent mapping of remnant shellfish reefs in the region (dominated by oysters Saccostrea glomerata and so henceforth referred to as ‘oyster reefs’) has identified good abundance of sites, with variation in the complexity and configuration of sites quantified across the seascape. The extent
	The Wallis Lake and Manning River estuaries on the mid-north coastal of New South Wales in eastern Australia support significant local fisheries as well as a vibrant and highly productive commercial oyster growing sector. Recent mapping of remnant shellfish reefs in the region (dominated by oysters Saccostrea glomerata and so henceforth referred to as ‘oyster reefs’) has identified good abundance of sites, with variation in the complexity and configuration of sites quantified across the seascape. The extent
	ecosystems throughout the region. Concurrently there is evidence to suggest local declines in key fish stocks that could partially be linked to declines in key coastal habitats like oyster reefs and seagrasses (Kijas, 2018). Restoration efforts for oyster reefs have commenced in the region, including a significant project in the Wallamba River, where oyster reef restoration is being employed to overcome the effects of estuarine bank erosion. While it is likely that oyster reefs within the region provide sig

	The desire for shellfish reef restoration, especially to assist in recovering coastal fish habitats, is continuing to increase worldwide. While the value of shellfish reefs for fish and fisheries has been established in many settings globally, quantitative information that allows individual restoration projects to properly plan and allocate actions to sites that maximise fish and fisheries outcomes is often lacking. Planning for restoration therefore requires system-specific surveys that optimise restoratio
	Methods 
	Restoration context and objectives statement 
	Oyster reefs within the Wallis Lake and Manning River estuaries have significantly lower spatial extent today than prior to European settlement in the region. While yet unconfirmed, it is hypothesised that this reduced extent and connectedness of oyster reefs within the region has contributed towards lower diversity and abundance of fish and potentially lower catches of target fish species since European settlement. The objective of this oyster reef restoration prioritisation is therefore 1) to establish th
	Study system and approach 
	Fish surveys were undertaken in the tidal waters of Wallis Lake and Manning River estuaries of New South Wales (Figures 1, 2). Surveys were conducted throughout a pre-determined extent within each of these estuaries, which included all of Wallis Lake, and extents from the estuary mouth upstream in each of the three main tributaries were determined via consultation with Hunter Local Land Services based on the possible extent of oyster reef restoration within each estuary. 
	The general approach of the study and associated data collection, survey and analysis was to collate spatial information on the current distribution of key coastal habitats within the region, survey fish assemblage at multiple spatial scales, and use statistical and spatial analyses to prioritise the positioning of oyster reef restoration activities across the seascape (Figure 3). The first step of the in-field surveys is to quantify broad patterns in fish assemblages, the variables that best explain spatia
	Figure
	Figure 1 Distribution of study sites and key estuarine habitats in Wallis Lake. 
	Figure
	Figure 2 Distribution of study sites and key estuarine habitats in the Manning River. 
	Figure
	Figure 3 Survey and modelling approach for optimising oyster reef restoration prioritisation in the Wallis Lake and Manning River estuaries. 
	Fish surveys 
	We used two approaches to survey fish assemblages within the study region; baited remote underwater video stations (BRUVS) to survey broad, estuary-scale patterns in fish distributions, and remote underwater video stations (RUVS; i.e. unbaited BRUVS) to survey habitat-specific effects. For both survey types, we mitigated any potential misrepresentation of either benthic or midwater or pelagic fish communities by using a wide-angle camera setting with the field of view incorporating equal parts of the bentho
	We obtained estuary-scale data on fish abundance and species richness using 1 hour deployments of BRUVS. BRUVS consist of a 3 kg weight that serves as a base and attachment point for cameras (GoPro recording at 1080p) and a PVC pole that holds the bait 
	We obtained estuary-scale data on fish abundance and species richness using 1 hour deployments of BRUVS. BRUVS consist of a 3 kg weight that serves as a base and attachment point for cameras (GoPro recording at 1080p) and a PVC pole that holds the bait 
	bag at 50 cm in front of the camera. The bait was 500 g of pilchards Sardinops sagax placed in a 20 x 30 cm mesh bag with 0.5 cm openings. BRUVS were deliberately spaced evenly throughout the study region to provide information on broad-scale patterns of fish assemblages at estuary scales of kilometres (Figures 1, 2)(see Gilby and others, 2017b). The minimum distance recommended between BRUVS survey sites is 200 m (Gilby and others, 2017a), but distances between BRUVS sites in this survey were much greater 

	The value and optimal positioning of individual estuarine ecosystems for fish were surveyed using 30 minute deployments of RUVS (see Gilby and others, 2018b). RUVS consist of a 3 kg weight that serves as a base and attachment point for cameras (GoPro recording at 1080p). RUVS do not attract fish using baits, thereby avoiding the confounding effects of baited cameras drawing fishes from other habitats, and so are used to quantify fish-habitat associations (Gilby and others, 2018b). We surveyed fish assemblag
	Fish assemblage composition was quantified from all videos using the standard MaxN statistic; the maximum number of individuals of each species identified in any single frame of each video. We calculated three key indicators of fish assemblages from each video; species richness being the number of unique species identified from each camera deployment, target fish species abundance being the sum of MaxN values for all species harvested commercially or recreationally in the region (per CSIRO CAB Abstracts), a
	Fish assemblage composition was quantified from all videos using the standard MaxN statistic; the maximum number of individuals of each species identified in any single frame of each video. We calculated three key indicators of fish assemblages from each video; species richness being the number of unique species identified from each camera deployment, target fish species abundance being the sum of MaxN values for all species harvested commercially or recreationally in the region (per CSIRO CAB Abstracts), a
	fish size), as a greater spatial extent and replication at the assemblage level was more important that accurate fish measurements. While we therefore acknowledge that target fish abundance cannot quantify whether fish are sized above the relevant minimum size limits for fishers. However, this target fish species abundance metric remains a valuable metrics for this study given the importance of shellfish reefs as both adult and nursery grounds for a great variety of commercially and recreationally important

	Spatial and environmental variables 
	We quantified the effect of 15 environmental variables on the distribution and abundance of fish across the region (see figure 4 for example spatial maps of input data). These variables could be broadly grouped into four categories: physical variables, connectivity with vegetated habitats (seagrass, mangroves, saltmarsh), connectivity with remnant oyster reefs, and connectivity with oyster infrastructure. Physical variables included the water depth (in metres) of each survey site, and the proximity of the s
	We identified correlations between many of our explanatory variables, meaning that some had to be removed to prevent multicollinearity in statistical analyses. These correlations were consistent across both BRUVS and RUVS sites, meaning that the same variables were chosen across all analyses. Distance to seagrass correlates (Pearson’s R >0.7) with distance to Zostera, distance to Ruppia correlates with distance to Posidonia, distance to mouth correlates with distance to oyster reef and infrastructure, dista
	We identified correlations between many of our explanatory variables, meaning that some had to be removed to prevent multicollinearity in statistical analyses. These correlations were consistent across both BRUVS and RUVS sites, meaning that the same variables were chosen across all analyses. Distance to seagrass correlates (Pearson’s R >0.7) with distance to Zostera, distance to Ruppia correlates with distance to Posidonia, distance to mouth correlates with distance to oyster reef and infrastructure, dista
	saltmarsh (correlates with distance to mangroves), area of saltmarsh (correlates with area of mangroves) and area of oyster infrastructure (correlates with area of oyster reef). Saltmarsh measures were preferentially removed from analyses over mangrove metrics because previous studies have shown significant relationships between fish and mangroves in similar systems (Gilby and others, 2018b) and because mangrove forests situated on the lower intertidal likely have a greater influence on fish assemblages tha

	In addition to these environmental variables, we also quantified the effect of region; a fixed factor with five levels; Coolongoolook (sites upstream in the Coolongolook River from Regatta Island), Wallamba (sites upstream in the Wallamba River from Cut and Bells Islands), Wallis Lake (sites south of the northern point of Wallis Island), Forster (all remaining sites near the estuary mouth near Forster), and Manning (all sites within the Manning River). This variable was included to account for the significa
	Statistical analyses and spatial modelling 
	We quantified correlations between environmental variables on estuary-scale and broad fish assemblages (from BRUVS data) using ManyGLM in the mvabund package (Wang and others, 2012) of the R statistical framework (R Core Team, 2021). Variables in the ManyGLM that best explain variation in the structure of fish assemblages between sites were identified using reverse stepwise simplification on Akaike’s Information Criterion (AIC) and were visualised using non-metric multidimensional scaling (nMDS) ordination.
	Differences in fish assemblages between different ecosystems (from RUVS data) were identified using a one-way ManyGLM. We quantified significant splits in important variables explaining spatial variation in fish assemblages at individual ecosystems (again from RUVS data) using multivariate regression trees (mCART) in the mvpart package (De’ath, 2014) of 
	R. mCART analyses are accepted as a simple and robust technique for identifying variables that explain significant variation in environmental data, and significant splits in relationships between assemblage structure and key variables, and have been used extensively in the analysis of patterns in coastal fish assemblages (Davis and others, 2014a; Gilby and others, 2018b). Identifying such significant splits in variables is crucial in quantitatively optimising restoration plans because they demonstrate value
	R. mCART analyses are accepted as a simple and robust technique for identifying variables that explain significant variation in environmental data, and significant splits in relationships between assemblage structure and key variables, and have been used extensively in the analysis of patterns in coastal fish assemblages (Davis and others, 2014a; Gilby and others, 2018b). Identifying such significant splits in variables is crucial in quantitatively optimising restoration plans because they demonstrate value
	visualising a scree plot of explained variance against tree size (per Davis and others, 2014a). 

	We created a decision tree based on the results of the statistical analyses to identify potential sites within the region where oyster reef restoration would maximise fish abundance and diversity; this decision tree was principally determined by significant splits from mCART analyses. Here, we used 5 x 5 m pixels across the entire region (equivalent to approximately 2.6 million potential sites) as this scale represents the minimum likely extent of restoration sites for oyster reef restoration (Gilby and oth
	Figure
	Figure 4 Example maps of the habitat layers used to extract environmental variables and to create distribution models in this study. 
	Results 
	Regional scale effects 
	We deployed 61 BRUVS across the region (49 in Wallis Lake and 12 in Manning River), and identified 31 unique species and 2335 individual fish during these surveys. Overall, estuary perchlet Ambassis marianus were the most abundant species, accounting for 62% of all fish counted. Yellowfin bream Acanthopagrus australis was the next most abundant species, and the most abundant fisheries targeted species in the region with 15.9% of the total fish identified. This was followed by common silver biddy Gerres subf
	We identified some differences in the diversity and abundance of key fish species between the Manning and Wallis Lake estuaries. In Wallis Lake, we identified 29 species and counted 2143 individuals, while in the Manning River we identified 9 species and counted 192 individuals. These findings are likely entirely due to differences in sampling replication between estuaries, and so further studies are required to further interrogate these patterns further. We identified two species in the Manning River that 
	The more interesting and informative patterns come from differences in the proportion that each species made up of the total assemblage within each estuary. For example, estuary perchlet was the most abundant fish overall with 62% of total abundance, but only accounted 46% of the assemblage in the Manning River and 64% of the assemblage in Wallis Lake. Conversely, the proportion of yellowfin bream was similar between the two estuaries (18% in Manning River and 16% in Wallis Lake). Silver biddy were an order
	Variation in fish assemblages at the regional scale were best explained by the additive effects of the distance of sites to remnant oyster reefs (= 104.8, p=0.001), the depth of camera deployments (= 57.8, p=0.004) and the area of seagrass within 500 m of each site (=85, p=0.001) (Figure 5). Importantly, the factor ‘region’ (i.e. the categorical variable of 5 regional within the broader study region) did not correlate significantly with fish assemblages. Variation in the fish assemblages among these vari
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	Total fish abundance, target fish species abundance and species richness of fish assemblages throughout the region was highest at sites nearest to remnant oyster reefs (Figure 6A, D, F). Total fish abundance (Figure 6B) and target fish species abundance (Figure 6E) was also highest at sites with greater areas of seagrass nearby, while total fish abundance was highest at sites with shallower water depths (Figure 6C). Crucially, therefore, and despite interesting differences in the abundance of different spec
	Figure
	Figure 5 Non-metric multi-dimensional scaling ordination (nMDS) illustrating best-fit variables and significant indicator species from the region-wide fish assemblage ManyGLM analyses from the BRUVS data. Here, points indicate individual BRUVS survey sites with nearer points indicating more similar assemblages, dashed grey Pearson vectors indicate the direction in which significant variables are highest, and black Pearson vectors indicate the direction in which indicator species are more common and abundant
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	Figure
	Figure 6 Outputs of generalised linear models illustrating best-fit variables for A-C) total fish abundance, D-E) Target fish species abundance and F) species richness from the region-wide fish assemblage analyses from the BRUVS data. 
	Habitat-specific effects 
	We deployed 141 RUVS across the six key estuarine ecosystems chosen within the region (103 in Wallis Lake and 38 in Manning River) and identified 29 unique species and 2517 individual fish during these surveys. Saltmarshes contained the lowest number of unique species (15), and the second lowest total abundance of fish observed (268 individuals). The abundance of fish at mangrove sites was dominated by estuary perchlet, with 34.7% of the abundance of fish identified at these sites. Unvegetated sediments con
	We identified significant differences in assemblage structure between ecosystems (= 247, p=0.001) which were best explained by variation in the abundance of yellowfin bream, blennies Blenidae spp., cowtail stingray Pastinachus ater, luderick and sea mullet Mugil cephalus. Overall, mangroves, remnant oyster reef and seagrass sites contained the highest, on average, fish abundance (Figure 7A). This was followed by oyster infrastructure, then saltmarsh and unvegetated sediments. Target fish species abundance 
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	Figure
	Figure 7 Average (+/-standard error) A) total fish abundance, B) Target fish species abundance and 
	C) species richness between ecosystems from RUVS data. 
	Patterns in fish assemblages at remnant oyster reefs 
	Variation in fish assemblages at remnant oyster reef sites was best explained by their proximity to seagrass beds (Figure 8A). Here, remnant oyster reef survey sites that are positioned within 4.2 m of seagrass contained an order of magnitude greater average fish abundance, and over double the target fish species abundance and species richness. We ran a secondary mCART model with all variables except for proximity to seagrass beds to identify any possible secondary effects of other variables. Here, we ident
	Figure
	Figure 8 Results of multivariate regression tree (mCART) analyses illustrating significant splits in assemblage structure among RUVS deployments on remnant oyster reefs. 
	Patterns in fish assemblages at seagrass meadows 
	Because variation in fish assemblages at oyster reefs was so significantly explained by variation in seagrass proximity, we ran mCART analyses on seagrass RUVS data to identify any consistent trends across the seascape. Variation in fish assemblages at seagrass meadow sites were best explained by the area of oyster reefs within 500 m of each site (Figure 9A). Here, seagrass meadow survey sites with greater than 0.48 ha of oyster reefs nearby had over double the total abundance and target fish species abunda
	1.5 times higher total abundance, target fish species abundance and species richness, respectively, than sites more isolated from these features. 
	Figure
	Figure 9 Results of multivariate regression tree (mCART) analyses illustrating significant splits in assemblage structure among RUVS deployments in seagrass meadows. 
	Oyster reef restoration modelling 
	We used significant splits in the mCART analyses for oyster reef fish assemblages to inform a spatially explicit restoration model for Wallis Lake (Figure 10). Because we ran two trees, one with the first significant variable, and the secondary model without this variable, we weighted our decision-making process to the first significant split in the first model. Here, sites without current estuarine vegetation or oyster infrastructure were categorised according to the following criteria
	-

	 
	 
	 
	Category 1 sites-Excellent restoration capacity as they have all spatial values that maximise fish abundance and diversity sites, being within 4.2 m of seagrass, with greater than 0.43 ha of remnant oyster reefs nearby and within 35 m of mangroves. 

	 
	 
	Category 2A (missing mangroves) sites-second level of restoration outcomes due to being close to seagrass and near large remnant oyster reefs (the two most important variables in mCART analyses), but far from mangroves (the least important variable in mCART analyses). 

	 
	 
	Category 2B (missing oysters) sites-third level of restoration outcomes due to being close to seagrass and near mangroves, but far from large remnant oyster reefs. 

	 
	 
	Category 2C (missing seagrass) sites-fourth level of restoration outcomes due to being close to mangroves and near large remnant oyster reefs, but far from seagrass (the most important variable in mCART analyses). 

	 
	 
	Category 3A (missing oysters and mangroves) sites-fifth level of restoration outcomes due to being far from mangroves and large remnant oyster reefs. 

	 
	 
	Category 3B (missing seagrass and mangroves) sites-sixth level of restoration outcomes due to being far from seagrass and mangroves. 

	 
	 
	Category 3C (missing seagrass and oysters) sites-seventh level of restoration outcomes due to being far from seagrass and large remnant oyster reefs. 

	 
	 
	Category 4 sites-Poor restoration capacity as they are far from seagrass, isolated from large remnant oyster reef patches and far from mangroves. 


	Figure
	Figure 10 Decision matrix for prioritisation of potential sites for oyster reef restoration in the Wallis Lake-Manning River region. This decision matrix is based on the results of multivariate regression trees which identified significant splits in assemblages for fish assemblages at remnant oyster reef sites throughout the region. Green boxes indicate sites achieve the required vales for the variable attributes listed in the top row, while blue boxes indicate that the attribute is lacking from sites in th
	Our models resulted in maps of the region where oyster reef restoration would result in differing levels of success for fish based on the spatial footprints of current ecosystems Wallis Lake estuary (Figure 10). Overall, our modelling approach resulted in ~2.6 million possible 5 x 5 m restoration sites across the region, and a total potential restoration footprint of 5622 ha (see Table 1 for total extents of each restoration category). In total, 12.19 ha, or 0.22% of restorable areas in Wallis Lake are cons
	Figure 11 shows the relationships between the different restoration categories and the presence and distance to various marine plant communities in further detail. Note the proximity of category 1 areas to seagrasses, and the way in which this category matches tightly with seagrass distribution. Note also, the effects of mangrove connectivity in dividing category 2 (blue) areas from category 3 (orange) areas over the distance of 35 m, as per figure 8. 
	Table 1 List of oyster restoration outcomes for fish, their total areas across the entire region, and their areas within each estuary. All measurements in hectares. 
	Restoration Category 
	Restoration Category 
	Restoration Category 
	Wallis Lake 
	Percentage of total 

	1-Excellent 
	1-Excellent 
	12.19 
	0.22% 

	2A-Missing Mangroves 
	2A-Missing Mangroves 
	27.21 
	0.48% 

	2B-Missing Oysters 
	2B-Missing Oysters 
	55.93 
	0.99% 

	2C-Missing Seagrass 
	2C-Missing Seagrass 
	33.37 
	0.59% 

	3A-Missing Mangroves, Oysters 
	3A-Missing Mangroves, Oysters 
	202.20 
	3.60% 

	3B-Missing Seagrass, Mangroves 
	3B-Missing Seagrass, Mangroves 
	156.71 
	2.79% 

	3C-Missing Seagrass, Oysters 
	3C-Missing Seagrass, Oysters 
	364.66 
	6.49% 

	4-Missing all 
	4-Missing all 
	4770.38 
	84.84% 

	Total 
	Total 
	5622.66 


	Figure 10 Map of optimised oyster reef restoration sites positions in the Wallis Lake area to maximise fish and fisheries benefits. Positions of each different level of restoration in the final model were optimised using surveys of fish on remnant oyster reefs within the region. Significant predictors of fish assemblage structure in these analyses were proximity of sites to seagrass and mangroves and the area of remnant oyster reefs within 500 m. 
	Figure 11 Detailed map of restoration categories for a small subsection of Wallis Lake, near Forster. Note in this map the small-scale relationships between categories and their relationships with nearby natural ecosystems of seagrass and mangroves. 
	Discussion 
	Shellfish reefs are among the most threatened of coastal ecosystems globally due to the combined effects of over harvesting, sedimentation, disease and erosion (Beck and others, 2011; Gillies and others, 2018), leading to a significant and expanding interesting in restoring shellfish reefs to coastal landscapes (Gilby and others, 2018c; Gillies and others, 2018; Duarte and others, 2020). The value of coastal habitat patches for fish is significantly determined by their position within heterogenous coastal s
	1. 
	1. 
	1. 
	Fish assemblage structure at the broad, regional scale (i.e. from the BRUVS data) is driven significantly by the proximity of individual sites to oyster reefs. Sites nearer to oyster reefs have fish assemblages that are more diverse, abundant, and contain more target fish species. This is an important finding, as it suggests that increasing the number and spread of oyster reefs throughout the region via restoration would reduce the distance of any given site to oyster reefs, thereby increasing fish biodiver

	2. 
	2. 
	Remnant oyster reefs hold the equal highest average fish species richness and fish abundance, and significantly greater abundance of target fish species abundance than unvegetated sediments (as quantified from RUVS data). This indicates that replacing unvegetated sediments (the typical substrate of choice for reef restoration actions) with oyster reefs would result in positive outcomes for fish across the region. However, replacing one habitat with another (in this case unvegetated, often intertidal, sedime

	3. 
	3. 
	3. 
	The abundance and diversity of fish at remnant oyster reef sites in the region is significantly determined by their proximity to seagrass beds, the area of remnant 

	oyster reefs nearby, and their proximity to mangroves, in that order (as quantified from RUVS data). Oyster reefs that are more highly connected with seagrass, other oyster reefs and mangroves contained the largest abundance and diversity of fish. Such findings align with the results of previous studies in similar seascapes on the east coast of Australia. 

	4. 
	4. 
	Significant areas of possible restoration space for oyster reefs currently exist within Wallis Lake, and these sites account for not replacing existing marine macrophytes (seagrass, mangroves or saltmarsh) with oyster reefs. Overall, 12.19 ha of unvegetated sediments or 0.22% of possible restoration space fulfilled all three of the key spatial criteria in being highly connected to seagrass, oyster reefs and mangroves. Category 2 areas covered 116.51 ha and 2.07% of possible sites. These sites provide intere


	Together, these findings lend confidence that restoring oyster reefs strategically throughout the region would result in significant and measurable benefits for fish assemblages both at individual sites, and throughout the estuarine seascape more broadly. 
	Our surveys of the drivers of fish assemblages at regional scales (from BRUVS data) indicate that the abundance and diversity of fish was significantly driven by both the distance of sites to remnant oyster reefs and the area of seagrass throughout the system. These two ecosystems have, in many parts of the world, been shown to combine in important ways to drive the productivity of fisheries in coastal seascapes (Grabowski and others, 2005; Gilby and others, 2018b; Gilby and others, 2019). Therefore, the fi
	Our surveys of the drivers of fish assemblages at regional scales (from BRUVS data) indicate that the abundance and diversity of fish was significantly driven by both the distance of sites to remnant oyster reefs and the area of seagrass throughout the system. These two ecosystems have, in many parts of the world, been shown to combine in important ways to drive the productivity of fisheries in coastal seascapes (Grabowski and others, 2005; Gilby and others, 2018b; Gilby and others, 2019). Therefore, the fi
	reefs such that the distance of any given site throughout the estuary to oyster reefs is minimised would result in significant benefits for fish across the estuary. Oyster reef restoration is therefore an important intervention for increasing the diversity, abundance and fisheries values of fish assemblages within the region. Indeed, all evidence from this study suggests that increasing the number and extent of oyster reefs across the estuaries would have positive effects for fish. However, there remain que

	We identified significant effects of seagrass connectivity on the distribution and abundance of fish across the region, both at regional scales (i.e. the significant effect of seagrass area on BRUVS data) and at habitat-specific scales (i.e. the significant effect of the proximity and area of seagrass on remnant oyster reef and seagrass meadow RUVS data). Here, the area of seagrass was identified as a significant predictor of fish assemblage structure at coarse scales across the region, where very close con
	We identified significant effects of seagrass connectivity on the distribution and abundance of fish across the region, both at regional scales (i.e. the significant effect of seagrass area on BRUVS data) and at habitat-specific scales (i.e. the significant effect of the proximity and area of seagrass on remnant oyster reef and seagrass meadow RUVS data). Here, the area of seagrass was identified as a significant predictor of fish assemblage structure at coarse scales across the region, where very close con
	degrade the capacity for oyster reef restoration activities to have positive effects on fish biodiversity and fisheries. Maximising seagrass extent and condition could be achieved by minimising detrimental impacts on seagrass like trampling and other physical disturbances, and by water quality maintenance, or by the active restoration of seagrass itself. Indeed, water quality maintenance is likely to have indirect benefits for oyster reefs by increasing spat survivorship from lack of sedimentation etc. Co-r

	Oyster reefs drive significant fish biodiversity and abundance within the study region. Across all survey techniques and analyses, we found consistent and strong effects of connectivity with remnant oyster reefs on the abundance and diversity of fish assemblages. For example, at the regional scale, the proximity of BRUVS sites to remnant oyster reefs was a significant predictor of fish assemblages, and the area of oyster reefs within 500 m of remnant oyster reef and seagrass meadow sites (from RUVS data) wa
	We identified seven different levels of prioritisation for oyster reef restoration within the region that would maximise fish abundance and diversity across the seascape to different degrees. Category 1 areas are areas where oyster reef restoration would result in the largest possible outcomes for fish across the region because they fulfil all spatial attributes required to maximise fish abundance and diversity given the current distribution of habitats. 
	Therefore, these category 1 areas represent sites where immediate benefits for fish and fisheries could be born from restoration due to their connectivity with existing estuarine macrophytes and oyster reefs. Category 1 areas were the lowest in spatial extent in Wallis Lake with only ~12 ha of available space. Having said this, however, an extent of 12 ha of oyster reef restoration is a major undertaking (among the largest undertakings on the east coast of Australia) and would likely, given the advice above
	USC is happy to engage in the model updating process for this estuary when new mapping becomes available. 
	Together, the findings of this study have two key implications for oyster reef restoration in the Wallis Lake-Manning River region
	-

	 
	 
	 
	Oyster reef restoration has the capacity to significantly improve fish biodiversity and abundance both at specific sites within the region, and across the seascapes of the estuaries sampled more broadly, and so should be considered in future management planning activities. 

	 
	 
	There exists significant space within Wallis Lake to restore oyster reefs that would result in the greatest possible outcomes for fish and fisheries. Just within category 1 and 2B areas, the most effective locations for actions, up to 68.12 ha of oyster reefs could be restored that would not interfere with marine plants. This represents a significant opportunity for the region. The next step is to take these maps and optimise them based on stakeholder discussions to identify feasible sites. 


	The next step is to take these maps and optimise them based on stakeholder discussions to further filter sites and identify those most feasible for restoration. This might include, for example, removing areas from these maps that cover active oyster leases, sites within harbors and mooring areas, key navigation channels, and areas where sediment characteristics would result in restored oyster reefs subsiding. While these findings are strong given the strength of statistical results in this study, there exis
	-

	 
	 
	 
	Identifying the effects of remnant oyster reef habitat condition (e.g. oyster cover and health) on fish diversity and abundance, with a view to developing target or reference ecosystem conditions for restoration projects within the region. 

	 
	 
	Expanding the remnant oyster reef mapping program currently being conducted in Wallis Lake and surrounding rivers to the Manning River will significantly improve the capacity to plan for oyster reef restoration actions there. 


	References 
	Baggett LP, Powers SP, Brumbaugh RD, Coen LD, DeAngelis BM, Greene JK, Hancock BT, Morlock SM, Allen BL, Breitburg DL, Bushek D, Grabowski JH, Grizzle RE, Grosholz ED, La Peyre MK, Luckenbach MW, McGraw KA, Piehler MF, Westby SR, zu Ermgassen PSE. 2015. Guidelines for evaluating performance of oyster habitat restoration. Restoration Ecology 23: 737-745. 
	Barbier EB. 2015. Valuing the storm protection service of estuarine and coastal ecosystems. Ecosystem Services 11: 32-38. 
	Bayraktarov E, Saunders MI, Abdullah S, Mills M, Beher J, Possingham HP, Mumby PJ, Lovelock CE. 2016. The cost and feasibility of marine coastal restoration. Ecological Applications 26: 1055-1074. 
	Bayraktarov E, Stewart‐Sinclair PJ, Brisbane S, Boström‐Einarsson L, Saunders MI, Lovelock CE, Possingham HP, Mumby PJ, Wilson KA. 2019. Motivations, success, and cost of coral reef restoration. Restoration Ecology 27: 981-991. 
	Beck MW, Brumbaugh RD, Airoldi L, Carranza A, Coen LD, Crawford C, Defeo O, Edgar GJ, Hancock B, Kay MC, Lenihan HS, Luckenbach MW, Toropova CL, Zhang G, Guo X. 2011. Oyster reefs at risk and recommendations for conservation, restoration, and management. Bioscience 61: 107-116. 
	Bradley M, Baker R, Sheaves M. 2017. Hidden components in tropical seascapes: deep-estuary habitats support unique fish assemblages. Estuaries and Coasts 40: 11951206. 
	-

	Coen LD, Luckenbach MW, Breitburg DL. 1998. The role of oyster reefs as essential fish habitat: A review of current knowledge and some new perspectives. Benaka LR editor. Fish Habitat: Essential Fish Habitat and Rehabilitation, p438-454. 
	Crossman ND, Bryan BA. 2006. Systematic landscape restoration using integer programming. Biological Conservation 128: 369-383. 
	Davis B, Baker R, Sheaves M. 2014a. Seascape and metacommunity processes regulate fish assemblage structure in coastal wetlands. Marine Ecology Progress Series 500: 187-202. 
	Davis JP, Pitt KA, Fry B, Olds AD, Connolly RM. 2014b. Seascape-scale trophic links for fish on inshore coral reefs. Coral Reefs 33: 897-907. 
	De’ath G. 2014. mvpart: Multivariate regression trees. R package version 1.6–2. 
	Diggles BK. 2013. Historical epidemiology indicates water quality decline drives loss of oyster (Saccostrea glomerata) reefs in Moreton Bay, Australia. New Zealand Journal of Marine and Freshwater Research 47: 561-581. 
	Duarte CM, Agusti S, Barbier E, Britten GL, Castilla JC, Gattuso J-P, Fulweiler RW, Hughes TP, Knowlton N, Lovelock CE, Lotze HK, Predragovic M, Poloczanska E, Roberts C, Worm B. 2020. Rebuilding marine life. Nature 580: 39-51. 
	Elliott M, Mander L, Mazik K, Simenstad C, Valesini F, Whitfield A, Wolanski E. 2016. Ecoengineering with Ecohydrology: Successes and failures in estuarine restoration. Estuarine, Coastal and Shelf Science 176: 12-35. 
	Fahrig L. 2020. Why do several small patches hold more species than few large patches? Global Ecology and Biogeography 29: 615-628. 
	Gilby BL, Olds AD, Brown CJ, Connolly RM, Henderson CJ, Maxwell PS, Schlacher TA. 2021a. Applying systematic conservation planning to improve the allocation of restoration actions at multiple spatial scales. Restoration Ecology. 
	Gilby BL, Olds AD, Chapman S, Goodridge Gaines LA, Henderson CJ, Ortodossi NL, Didderen K, Lengkeek W, van der Heide T, Schlacher TA. 2021b. Attraction versus production in restoration: spatial and habitat effects of shellfish reefs for fish in coastal seascapes. Restoration Ecology 29. 
	Gilby BL, Olds AD, Connolly RM, Henderson CJ, Schlacher TA. 2018a. Spatial restoration ecology: placing restoration in a landscape context. Bioscience 68: 1007-1019. 
	Gilby BL, Olds AD, Connolly RM, Maxwell PS, Henderson CJ, Schlacher TA. 2018b. Seagrass meadows shape fish assemblages across estuarine seascapes Marine Ecology Progress Series 588: 179-189. 
	Gilby BL, Olds AD, Connolly RM, Yabsley NA, Maxwell PS, Tibbetts IR, Schoeman DS, Schlacher TA. 2017a. Umbrellas can work under water: using threatened species as indicator and management surrogates can improve coastal conservation. Estuarine, Coastal and Shelf Science 199: 132-140. 
	Gilby BL, Olds AD, Connolly RM, Yabsley NA, Maxwell PS, Tibbetts IR, Schoeman DS, Schlacher TA. 2017b. Umbrellas can work under water: using threatened species as indicator and management surrogates can improve coastal conservation. Estuarine Coastal and Shelf Science 199: 132-140. 
	Gilby BL, Olds AD, Henderson CJ, Ortodossi NL, Connolly RM, Schlacher TA. 2019. Seascape context modifies fish respond to restored oyster reef structures. ICES Journal of Marine Science 76: 1131–1139. 
	Gilby BL, Olds AD, Peterson CH, Connolly RM, Voss CM, Bishop MJ, Elliott M, Grabowski JH, Ortodossi NL, Schlacher TA. 2018c. Maximising the benefits of oyster reef restoration for finfish and their fisheries. Fish and Fisheries 19: 931-947. 
	Gilby BL, Olds AD, Yabsley NA, Maxwell PS, Connolly RM, Schlacher TA. 2017c. Enhancing the performance of marine reserves in estuaries: just add water. Biological Conservation 210: 1-7. 
	Gilby BL, Tibbetts IR, Olds AD, Maxwell PS, Stevens T. 2016. Seascape context and predators override water quality effects on inshore coral reef fish communities. Coral Reefs 35: 979-990. 
	Gillies CL, McLeod IM, Alleway HK, Cook P, Crawford C, Creighton C, Diggles B, Ford J, Hamer P, Heller-Wagner G, Lebrault E, Le Port A, Russell K, Sheaves M, Warnock 
	B. 2018. Australian shellfish ecosystems: Past distribution, current status and future direction. PLoS ONE 13: e0190914. 
	Goodridge Gaines LA, Olds AD, Henderson CJ, Connolly RM, Schlacher TA, Jones TR, Gilby BL. 2020. Linking ecosystem condition and landscape context in the conservation of ecosystem multifunctionality. Biological Conservation 243. 
	Grabowski J, Powers SP. 2004. Habitat complexity mitigates trophic transfer on oyster reefs. Marine Ecology Progress Series 277: 291-295. 
	Grabowski JH, Brumbaugh RD, Conrad RF, Keeler AG, Opaluch JJ, Peterson CH, Piehler MF, Powers SP, Smyth AR. 2012. Economic valuation of ecosystem services provided by oyster reefs. Bioscience 62: 900-909. 
	Grabowski JH, Hughes AR, Kimbro DL, Dolan MA. 2005. How habitat setting influences restored oyster reef communities. Ecology 86: 1926-1935. 
	Grabowski JH, Peterson CH. 2007. Restoring oyster reefs to recover ecosystem services. Cuddington K, Byers JE, Wilson WG, Hastings A editors. Ecosystem Engineers. Burlington, MA: Elsevier Academic Press, p281–298. 
	Guerrero AM, Shoo L, Iacona G, Standish RJ, Catterall CP, Rumpff L, de Bie K, White Z, Matzek V, Wilson KA. 2017. Using structured decision-making to set restoration objectives when multiple values and preferences exist. Restoration Ecology 25: 858865. 
	-

	Halpern BS, Frazier M, Afflerbach J, Lowndes JS, Micheli F, O'Hara C, Scarborough C, Selkoe KA. 2019. Recent pace of change in human impact on the world's ocean. Scientific Reports 9: 11609. 
	Henderson CJ, Gilby BL, Schlacher TA, Connolly RM, Sheaves M, Maxwell PS, Flint N, Borland HP, Martin TSH, Gorissen B, Olds AD. 2019. Landscape transformation alters functional diversity in coastal seascapes. Ecography 43: 138-148. 
	Henderson CJ, Olds AD, Lee SY, Gilby BL, Maxwell PS, Connolly RM, Stevens T. 2017. Marine reserves and seascape context shape fish assemblages in seagrass ecosystems. Marine Ecology Progress Series 566: 135-144. 
	Jones TR, Henderson CJ, Olds AD, Connolly RM, Schlacher TA, Hourigan BJ, Goodridge Gaines LA, Gilby BL. 2020. The mouths of estuaries are key transition zones that concentrate the ecological effects of predators. Estuaries and Coasts. 
	Kijas J. 2018. Wallis Lake Oyster and Fisheries Oral History Project. Lismore, NSW: Kijas Histories. 
	McNeill SE, Fairweather PG. 1993. Single large or several small marine reserves? An experimental approach with seagrass faund. Journal of Biogeography 20: 429-440. 
	Olds AD, Connolly RM, Pitt KA, Maxwell PS. 2012a. Habitat connectivity improves reserve performance. Conservation Letters 5: 56-63. 
	Olds AD, Connolly RM, Pitt KA, Maxwell PS. 2012b. Primacy of seascape connectivity effects in structuring coral reef fish assemblages. Marine Ecology Progress Series 462: 191-203. 
	Olds AD, Nagelkerken I, Huijbers CM, Gilby BL, Pittman SJ, Schlacher TA. 2018. Connectivity in Coastal Seascapes. Pittman SJ editor. Seascape Ecology. Oxford: John Wiley and Sons, p261-291. 
	Olds AD, Pitt KA, Maxwell PS, Connolly RM. 2012c. Synergistic effects of reserves and connectivity on ecological resilience. Journal of Applied Ecology 49: 1195-1203. 
	Peterson CH, Grabowski JH, Powers SP. 2003. Estimated enhancement of fish production resulting from restoring oyster reef habitat: quantitative valuation. Marine Ecology Progress Series 264: 249-264. 
	Possingham H, Ball I, Andelman S. 2000. Mathematical methods for identifying representative reserve netorks. Ferson S, Burgman M editors. Quantitative methods for conservation biology. New York.: Springer-Verlag, p291-305. 
	R Core Team. 2021. R: A language and environment for statistical computing. R Foundation for Statistical Computing editor. Vienna, Austria. 
	Saunders MI, Bode M, Atkinson S, Klein CJ, Metaxas A, Beher J, Beger M, Mills M, Giakoumi S, Tulloch V, Possingham HP. 2017. Simple rules can guide whether land-or ocean-based conservation will best benefit marine ecosystems. PLoS Biology 15: e2001886. 
	Sherman RL, Gillian DS, Spieler RE. 2002. Artificial reef design: void space, complexity, and attractants. ICES Journal of Marine Science 59: S196-S200. 
	Shoo LP, Catterall CP, Nicol S, Christian R, Rhodes J, Atkinson P, Butler D, Zhu R, Wilson KA. 2017. Navigating complex decisions in restoration investment. Conservation Letters 10: 748-756. 
	Simenstad C, Reed D, Ford M. 2006. When is restoration not? Incorporating landscape-scale processes to restore self-sustaining ecosystems in coastal wetland restoration. Ecological Engineering 26: 27-39. 
	Tolley SG, Volety AK. 2005. The role of oysters in habitat use of oyster reefs by resident fishes and decapod crustaceans. Journal of Shellfish Research 24: 1007-1012. 
	Wang Y, Naumann U, Wright ST, Warton DI. 2012. mvabund-an R package for model-based analysis of multivariate abundance data. Methods in Ecology and Evolution 3: 471-474. 
	Whitfield AK. 2017. The role of seagrass meadows, mangrove forests, salt marshes and reed beds as nursery areas and food sources for fishes in estuaries. Reviews in Fish Biology and Fisheries 27: 75-110. 
	Yabsley NA, Olds AD, Connolly RM, Martin TSH, Gilby BL, Maxwell PS, Huijbers CM, Schoeman DS, Schlacher TA. 2015. Resource type modifies the effects of reserves and connectivity on ecological functions. Journal of Animal Ecology 82: 437-444. 
	Ziegler SL, Grabowski JH, Baillie CJ, Fodrie FJ. 2018. Effects of landscape setting on oyster reef structure and function largely persist more than a decade post-restoration. Restoration Ecology 26: 933-942. 
	zu Ermgassen PSE, Grabowski JH, Gair JR, Powers SP. 2016. Quantifying fish and mobile invertebrate production from a threatened nursery habitat. Journal of Applied Ecology 53: 596-606. 







