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No-take marine reserves are often located in remote locations far away from human activity, limiting perceived impact on extractive users but also reducing their use for investigating impacts of fishing. This study aimed to establish a benchmark in the distribution of fished species across the Ningaloo Marine Park – Commonwealth (NMP-Commonwealth), and adjacent comparable habitats within the Ningaloo Marine Park - State (NMP-State), in Western Australia to test if there was evidence of an effect of recreational fishing, as no commercial fishing is allowed within either marine park. We also examined whether the remote location of the newly established (2018) No-take Zone (NTZ), in NMP-Commonwealth, limits its use for studying the effects of fishing. Throughout the NMP-Commonwealth and NMP-State, where recreational fishing is permitted, we expected the abundance of recreationally fished fish species to increase with increasing distance to the nearest boat ramp, as a proxy of recreational fishing effort. Conversely, we did not expect the abundance of non-fished species and overall species richness to vary in response to the proxy for human activity. Distance to the nearest boat ramp was found to be a strong predictor of fished species abundance, indicating that the effect of recreational fishing can be detected across the NMP-Commonwealth. The effect of the NTZ on fished species abundance was weakly positive, but this difference across the NTZ is expected to increase over time. Habitat composition predictors were only found to influence species richness and non-fished species abundance. This study suggests a clear footprint of recreational fishing across the NMP-Commonwealth and as a result the new NTZ, despite its remote location, can act as a control in future studies of recreational fishing effects.
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Introduction

There is incontrovertible evidence that marine sanctuaries protect vulnerable marine ecosystems and biodiversity, and strengthen their resilience to climate change (Edgar et al., 2014). Globally, No-Take Zones (NTZs) are being established in order to conserve biodiversity and further our understanding of marine ecosystem processes by acting as a control for the effects of fishing (Langlois & Ballantine, 2005; Costello, 2014). In Australia all waters within 5 km of the coast are managed primarily by individual states, with water further offshore up to 370 km managed at the national level as part of the Commonwealth of Australia. As of 2021, the Australian government had declared 45% of Commonwealth waters as marine parks (MPs), with the objectives of protecting and conserving biodiversity, cultural and heritage values, whilst maintaining sustainable use and enjoyment (Marine Division - DSEWPC, 2012; Parks Australia, 2019). Approximately, 20% of the Commonwealth Australian Marine Park (AMP) network is currently designated as NTZs (Phillips, 2017). Amongst extractive uses, both commercial and recreational fishing are recognised as important socio-economic values of Australia’s MPs (Young et al., 2014). During the AMP planning process, compromises were made to reduce the overlap of zones offering high levels of protection (e.g. NTZs) with extractive activities such as commercial and recreational fishing, resulting in AMPs where the newly established NTZs are remote from human activity (Buxton & Cochrane, 2015; Moore et al., 2016; Edgar et al., 2018). This is a common narrative in both NTZ and MP planning around Australia. Many of the NTZs within State waters (within 5 km of the coast) are either very remote or for those located in high human use areas, are either very small or have legalised shore fishing zones which likely undermine their potential benefits to biodiversity conservation and science (Wescott, 2006; Kellner et al., 2007; McLaren et al. 2015).

Whilst recreational fishing is an important socioeconomic value for Australia’s MPs, recreational effort and its impacts are not easily measured, especially compared to commercial fishing where detailed metrics from established sources are available (Young et al., 2014). Where both commercial and recreational fishing occur, disentangling their effects is complex and typically requires consistent data collection over large spatial scales (Brooker et al., 2020). Commercial fishing has been absent from the Ningaloo Marine Park (Commonwealth [NMP-Commonwealth]) since 1987 and so fishing pressure within the MP is almost exclusively recreational (Department of Biodiversity Conservation and Attractions, 2017). The establishment of the NTZ within the NMP-Commonwealth in 2018 provides an opportunity to investigate the impact of recreational fishing in isolation (Director of National Parks, 2018). A variety of proxies have been suggested for recreational fishing effort, with the two most prevalent being 1) distance to boat ramp (Stuart-Smith et al., 2008) and 2) human gravity, where the local human population density (Cinner et al., 2018) or rate of visitation (Brooker et al., 2020) decays with increasing distance from access points. Within the Ningaloo region, which is a popular but seasonal tourist destination, the transient nature of the human population (Smallwood et al., 2011) and lack of consistent visitation data means that any gravity metric is likely to be ineffective as a proxy for recreational fishing effort within NMP-Commonwealth. Cresswell et al. (2019) synthesis of 30 years of monitoring data of fish assemblages within the State MP further highlighted the lack of visitor information as a major limitation to distinguish patterns inside or outside established NTZ. Due to the lack of consistent visitation data in the region, we chose to use distance to boat ramp as a proxy for recreational fishing pressure. Although it is known that patterns of boat ramp use in the Ningaloo region are highly seasonal Smallwood et al. (2011); Cresswell et al. (2019) also found that the limited visitation data was insufficient to rank visitation rates or likely fishing pressure between access points. As with the majority of NTZs within the AMP network, the new NTZ within the NMP-Commonwealth is distant from existing access points for recreational fishing (Figure 1), potentially confounding its role to act as a control for the effects of fishing.




Figure 1 | Map of sampling design for the NMP-Commonwealth showing the location of the 122 sampling points (blue dots), the no-take zone and the recreational use zone where recreational fishing is permitted. The black dots indicate boat ramps likely to be used by recreational fishers for access to the NMP-Commonwealth.



Underwood (1995)argued that treating management actions as testable hypotheses will improve the ability of ecological research to inform management decisions. The new NTZ in the NMP-Commonwealth provides a control for the experiment that is fishing, allowing us to test its effects (Langlois & Ballantine, 2005). Like any well-designed experiment, factors that may confound the results must be accounted for. In this case, the NTZ is situated at the furthest location from the main access points for boat based recreational fishing (Figure 1). This study aims to determine whether the role of the new NTZ to act as a control for the effects of fishing is in fact confounded by its remote location within the NMP-Commonwealth and the adjacent established inshore State NTZ in the State MP or, whether we are likely to be able to disentangle location effects (e.g. the new but remote NTZ) from recreational fishing pressure, using distance to boat ramp as a proxy for fishing effort. The abundance of fished demersal fish species greater than legal size, was used to investigate the effect of recreational fishing, as it has been successfully used to understand the impacts of NTZ’s within the shallow waters of the Ningaloo Marine Park (State waters, Haberstroh et al., 2022) and nationally as an indicator of fishing effects within other MPs (Evans & Russ, 2004; McLaren et al., 2015; Bosch et al., 2021). Indeed, the abundance of fished demersal fish species less than legal has also been suggested to be a useful metric to investigate habitat associations and potential post-release mortality impacts (Cresswell et al., 2019, Bosch et al., 2021). To distinguish trends in fish abundance and composition not associated with recreational fishing pressure across the NMP-Commonwealth, we also investigated the abundance of non-fished species and species richness.Habitat is highly influential on the abundance, distribution and assemblage structure of demersal fish species across both NTZs and fished areas (Wilson et al., 2010). Only very coarse (>250 m grid size) bathymetry data from the Australian Bathymetry and Topography Grid (Whiteway, 2009) was available for most of the planning for the AMP network and unknown strong habitat gradients may exist across the newly established NTZ (Bax, 2011; Devillers et al., 2015). To determine whether habitat availability may also be confounding the effect of the NTZ, we explored habitat information as covariates at different spatial scales. In this study we contrasted the ability of available detailed bathymetry derivatives (5 m grid size) from multibeam sonar data with and without habitat composition data from field of view classification (Langlois et al., 2020). We hypothesised that the habitat composition data from field of view classification (Collins et al., 2017) would be the most useful predictor of fish abundance and species richness.For biodiversity monitoring to provide relevant information for MP management, e.g. through an evidence based decision making framework (Hayes et al., 2019), it is not sufficient to say that fishing or the implementation of a NTZ is having an effect. This influence must be quantified and described, typically through the use of effect sizes (Rouphael et al., 2011). An effect size can be interpreted as a measure of the magnitude of the difference between two treatments (e.g. fished areas and no-take areas) or per unit change in a continuous predictor (Rouphael et al., 2011). To improve the robustness of effect size estimates, we employed Bayesian methods to calculate posterior distributions for the size of any effects detected. The use of Bayesian models for ecological inference has multiple advantages, including model validity at any sample size and no requirement of normally distributed model parameters (van de Schoot et al., 2014). Using robust estimates of effect sizes to inform management is important for MPs to achieve their overall conservation goals, as they enable managers, via monitoring and improvement frameworks, to consider what changes or trends are ecologically and socially acceptable (Underwood, 2000). The use of Bayesian methods to calculate posterior distributions for effect sizes will also enable the importance of competing predictors (e.g. distance to boat ramp and NTZ status) to be compared.

Compared to near-shore MPs, there are fewer studies exploring how to effectively assess and monitor human impacts in offshore MPs that are often both expansive and remote (Alemany et al., 2013; Lawrence et al., 2015; Perkins et al., 2017; Hill et al., 2018; Sagar et al., 2020). In the case of Australia’s remote Commonwealth MPs, the isolated location of many of the NTZs, often far away from human activity, may hinder our ability to use them as a control for fishing or determine biodiversity benefits. By establishing a benchmark fish assemblage metrics across the newly established NMP-Commonwealth, we will determine if recreational fishing, a key socio-economic value and existing pressure in this MP, has the expected impact of decreasing the abundance of fished species greater than legal sized. As the NTZ within the NMP-Commonwealth has only recently been established (2018) we would not predict that fished species would have increased substantially within its boundaries (Babcock et al., 2010). Despite the remote location of the NTZ, we hypothesised that distance from the nearest boat ramp will be a more important predictor than NTZ status, and therefore that the NTZ will still be able to provide an effective control to study the impacts of recreational fishing into the future.



Materials and Methods


Study Site

The Ningaloo coastline is located in the subtropics of north-western Western Australia (WA). It is approximately 260 km long, extending from Red Bluff in the south to the North West Cape in the north and includes the largest fringing coral reef in Australia (Ningaloo Coast: World Heritage nomination, 2010). Two MPs were gazetted in 1987 to protect the region’s significant biodiversity, with all waters between three nautical miles and the high-water mark managed as part of the State Ningaloo Marine Park (NMP), and water seaward of this up to 200 nautical miles managed by the Commonwealth. Commercial fishing has been heavily restricted within both the State and Commonwealth MPs, with effectively no commercial fishing since 1987 (Department of Biodiversity Conservation and Attractions, 2017). All of the NMP-Commonwealth was designated a recreational use zone until 2018, when the park was rezoned to include a 116 km2 NTZ (Director of National Parks, 2018). The NTZ follows the IUCN’s guidelines for zoning, prohibiting all extractive activities including recreational fishing (Day et al., 2012). Seward of the NMP-Commonwealth lies the Gascoyne MP which does allow commercial fishing and this study was not able to control for edge effects on the seaward extent of the NTZ. However, evidence suggests that the level of fishing effort in the Gascoyne MP is low and therefore unlikely to significantly impact the results (Lynch et al., 2020a).



Survey Design

Data collection occurred between the 12th-17th of August 2019. A probabilistic, spatially balanced approach was used to develop a survey design for the area, with the probability of a site being selected for sampling being weighted according to predetermined factors, whilst maintaining adequate spatial representation (Robertson et al., 2013; Foster et al., 2018; Foster, 2021). The sites sampled included a combination of historic sites that had been previously sampled in 2006, 2009, 2013, 2014 and 2015 and new sites for this study (Figure 1). A small number of historic monitoring sites were also sampled with a view to carrying out before-after analysis however this is not the focus of this study.

Sites were selected such that samples were taken from the different zones across the NMP-Commonwealth (no-take IUCN II, recreational use IUCN IV) as well as from comparable areas in the general use zone of the state Ningaloo MP and in the Gascoyne MP offshore of the Commonwealth NMP. To ensure that the samples selected were spatially balanced, the probability that a site was selected for sampling was adjusted according to various factors. Inclusion probabilities were weighted to ensure that similar numbers of samples were taken from each of the historically sampled years and that these sites were not too densely clustered. Fish biodiversity was expected to be highest where bathymetric features such as ridges or reef platforms were present (Monk et al., 2016) and so existing bathymetric features were used to calculate a Terrain Position Index (TPI). TPI was calculated as the difference between the depth of each cell and the mean value for depth in the eight neighbouring cells following the method outlined in (Weiss, 2001). This was computed using a kernel matrix and a smoothing factor was applied to create a 25m grid of TPI for the study area. TPI was then used to categorise the area into eight groups, and inclusion probabilities were altered to ensure that equal numbers of samples were taken from each of these groups. Additionally, the samples were clustered in groups of six allowing multiple stereo-BRUV systems to be deployed, left to record for 60 minutes, and then retrieved simultaneously, maximising cost and time effectiveness. For a full description of how the sampling design was created see Keesing et al. (2021).The final sampling design included 193 sampling sites, of which samples from 117 sites were used in the final analysis.



Sampling Technique

Data on fish species composition, relative abundance and length was collected using baited remote underwater stereo video camera (stereo-BRUV) systems (Langlois et al., 2020). Each stereo-BRUV consisted of two Canon 4K HG25 cameras in plastic housings, mounted 0.7m apart and angled towards each other at 7° degrees. The angled camera allows determination of the distance and angle of the fish relative to the camera, as well as precise measurement of fish length. Each system also contained a backwards facing camera to collect additional habitat information which was combined with data from the front facing cameras. A wire mesh bait bag containing 800-1000g of pilchards (Sardinops spp.) was suspended approximately 1.2 m in front of the cameras to attract fish to the stereo-BRUV. A previous study at Ningaloo has suggested that the relative abundance of herbivores and carnivores does not substantially differ between baited and unbaited sampling methods (Langlois et al., 2010), although other studies have documented consistent biases from baited methods (Watson et al., 2010; French et al., 2021; Coghlan et al., 2017) did not find that the presence of large bodied target species substantially biased the presence or abundance of small bodied non-target species across a 60 minute deployment. Due to the logistically challenging and remote environment of the current study, in depths beyond scientific diving limits and with strong currents, stereo-BRUVs were a logistically feasible sampling method. However, baited methods have a range of recognised biases that could influence the findings of any study (Cappo et al., 2007; Whitmarsh et al., 2017). Although potential biases have likely influenced the current study in a relatively consistent fashion, as the method was used consistently across it, we recommend that future studies in such environments should endeavour to use complementary non-baited sample data (e.g. stereo Remote Operated Vehicles [ROV]) to corroborate patterns and test for consistency in any detected effects between methods.



Data Analysis


Video Analysis

Stereo footage from the 117 sampling sites were analysed using EventMeasure software (www.seagis.com.au/event.html). All fish were identified to the lowest taxonomic level possible. An estimate of abundance was determined by recording the maximum number of individuals of a species seen in a single frame (MaxN) and is a relative estimate due to different species being attracted to the bait from different distances (Cappo et al., 2007). Other metrics such as MeanCount and SumCount have been suggested as potentially more accurate measures of fish abundance from remote video systems (Schobernd et al., 2014), however comparative studies have shown these metrics to be broadly comparable to MaxN in practice (Campbell et al., 2015; MacNeil et al., 2020). To standardise the counts of fish between samples with different visibility or terrain, only fish up to eight metres were counted and footage where visibility was extremely low or the cameras had been tipped over were discarded from analysis. A range of 8 metres has been suggested to be a credible sample unit for reliable stereo-video length measurements (Harvey et al., 2010), and fish measured beyond this distance were immediately excluded from the dataset by the EventMeasure software. Due to the cameras being configured as a stereo system precise fork length measurements could be recorded for each individual fish (where possible) when the fish was straight and oriented at 45-90° to the cameras’ optical axes (Langlois et al., 2020).



Characterising Broad Scale Seabed Features From Existing Data

Multibeam echosounder (MBES) bathymetry and backscatter data collected in 2008 were used to characterise depth and seafloor geomorphology in the region (Spinoccia, 2011). The processed bathymetry (Figure 2A) was then used to derive additional variables of the seafloor (Figure 2B) namely aspect (radians), slope (degrees) and roughness which were calculated for each cell based on bathymetry data from the eight neighbouring cells. These variables capture the main seafloor characteristics as well as being known to be highly influential on demersal fish habitat (Friedlander & Parrish, 1998; Pittman et al., 2007; Monk et al., 2012). Predictors such as these were used as proxies for habitat distribution in the initial zoning of the Commonwealth MPs (Bax, 2011).




Figure 2 | Examples of both broad scale seabed characteristics – (A) bathymetry (m), (B) aspect (radians cubed) – and site-specific field of view habitat characteristics – (C) standard deviation of relief – used as predictors in the models.





Field of View Habitat Characterisation

Habitat analysis was carried out in TransectMeasure (https://www.seagis.com.au/transect.html) using high definition images taken from the forward and backward cameras attached to the stereo-BRUV. Three Field of View (FoV) predictors were estimated using the method outlined in Langlois et al. (2020). Each image had a 4x5 grid superimposed and the dominant habitat type (by percentage) in each cell was classified using the CATAMI classification scheme (Althaus et al., 2015), with grid cells covering open water excluded from further analysis. Due to the rarity of some habitat types, classifications were collated to give a percent cover of reef for each sample. The percent cover for the forwards and backwards images from each stereo-BRUV were then summed and an overall percent cover of reef was calculated for each sample. Relief for each cell was also assessed using a 0-4 scale, with 0 indicating a flat surface and 4 indicating exceptional structural complexity in the environment. For each sample, the values for relief in each cell from both forwards and backwards camera images were averaged and the standard deviation (SD Relief) was calculated (Figure 2C).

Permutational analysis of covariance (PERMANCOVA, Anderson, 2008) was used to test if increased relief of the benthos within the field of view reduced the range at which target and non-target fish measurements were made with the stereo cameras across the study. The PERMANCOVA used 4,999 permutations, with mean relief as a covariate, target status of fish as a fixed factor and cluster as random effect, with the addition of sample identity as a random effect to respect the non-independence of multiple range measurements from a sample. No effect of mean relief was detected, but the mean range at which target species were measured (2.18 m) was found to be significantly less (p<0.001) than the mean range at which non-target species were measured (2.94 m, Supplementary Figure 9). No fish measured were more than 7 m from the stereo cameras, with the majority of measurements within 4 m.



Assemblage Metrics

Three fish assemblage metrics were selected for analysis: relative abundance of recreationally fished fish species greater than legal length, species richness and relative abundance of non-fished species. Eighteen recreationally fished species were used in the analysis and length measurements were used to classify individuals as greater or less than the legal minimum catch size. If no legal minimum catch size was specified, then all fish observed were considered legal size. There were inadequate numbers of fished species less than the legal minimum catch size for formal statistical analysis. Of the remaining non-recreationally fished species, small-bodied species that form large schools were removed from the analysis due to their disproportionately large effect on the outcomes of statistical testing. These species are also not site attached and are likely to move in and out of the NTZ and across habitat patches. Furthermore, despite their high abundance these species did not occur frequently across the sites sampled, leading to a high proportion of 0 counts and preventing robust statistical analysis of these species. MaxN for the remaining 126 species were used as non-fished species for analysis.



Distance to the Nearest Boat Ramp

To calculate the distance from each sampled site to the nearest boat ramp, a 25 m grid of the study area was created. Euclidean distance from each grid cell to the nearest boat ramp was then calculated and a distance in kilometres was assigned to each sampled site based on the distance calculated for the cell the site was found within.




Statistical Analysis

The R language for statistical computing 4.0.2 (Core Team, 2018) was used for all data manipulation (Wickham et al., 2020), analysis and graphing (Wickham, 2016). A hybrid frequentist and Bayesian workflow was used for model selection and analysis. Initially, a generalised additive mixed effects (GAMM) and full subsets modelling approach (Fisher et al., 2018) was used to select models that best explained patterns in fish assemblages in the NMP-Commonwealth. The model selection procedure was carried out with and without FoV predictors to determine whether information on site specific habitat composition improved our ability to explain patterns in fish assemblage metrics, when compared to using fine scale bathymetry data and its derivatives. The stereo-BRUV cluster from which each sample was taken was modelled as a random effect which accounts for correlation within clusters, as similar species are likely to be found together by stochastic chance. The top two models selected by the frequentist GAMM approach were then modelled within a Bayesian framework. For a full workflow of the model selection process see Supplementary Figure 1.


Model Selection

Data was initially assessed for outliers and collinearity of predictor variables using Pearson’s correlation index and variables that were greater than 95% correlated were removed from the analysis. Sites with missing data for any predictor variables were also removed from the data. Predictor variables were plotted, and transformations were chosen to ensure an even distribution across each variable’s range and to minimise skew. The data was also assessed for spatial autocorrelation using a variogram. In total, nine predictor variables were included in the model selection process (Table 1). Distance from each sample to the nearest boat ramp was calculated and the status of each sample was assigned according to whether the sample was taken from within the NTZ or comparable fished sites both inside and outside of the NMP-Commonwealth.


Table 1 | Predictor variables for fish assemblage metrics used in the model selection process.



The model selection process was completed separately for each of the three assemblage metrics. A full subsets generalised additive modelling approach was used for model selection using the FSSgam package for R (Fisher et al., 2018). The package constructs models for all possible combinations of predictor variables, but excludes models where variables have a correlation of greater than 0.28 (Graham, 2003). Bathymetry and TPI were included in the null as TPI was used to generate the survey design and bathymetry was assumed to be a highly important predictor of fish species distribution and relative abundance. Continuous variables were fitted with smoothing splines with the number of knots limited to 5 and a poisson distribution was used for all three assemblage metrics. The gamm4 package, based on the lme4 package, was used within the FSSgam() function to generate the models, due to its ability to effectively model random effects. The models were ranked according to the Akaike Information Criterion for small sample sizes (AICc) with models that had a lower AICc ranked higher. The top two models were selected for use in further analyses providing that the second ranked model was within 2 AICc of the top model, otherwise only the highest ranked model was used. If the null model was within 2 AICc of the top model the null was selected regardless of rank, as per the principle of parsimony.

The FSSgam() function also produces a summary of the relative importance of each predictor variable across all fitted models. The importance score is calculated by summing the weight of all valid models that were fit using that predictor variable (Burnham & Anderson, 2004). The predicted response ( ± SE) was estimated using the predict.gam() function in the mgcv package (Wood, 2011).The data was then modelled within a Bayesian framework using the stan_gamm4() function in the rstanarm package (Gabry & Goodrich, 2020). An equivalent bayesian model was run for the top two models for each assemblage metric selected using the full subsets approach. A total of 41000 sampling iterations were completed but these were thinned to produce a final distribution composed of 1003 separate samples. The target average proposal probability for the No-U-Turn sampler variant of Hamiltonian Monte Carlo was increased to 0.99 to reduce the number of divergent transitions during sampling.

Predicted values for the response were calculated for each Bayesian model by sampling from the posterior distribution of the predictor variables using the posterior_predict() function. The same grid was used as with the frequentist approach but rather than producing one predicted value for each combination of predictor variables, 1003 predicted responses were calculated, one for each simulation in the initial model.



Effect Size

Effect sizes for both the frequentist and Bayesian models were calculated. Due to the curvilinear nature of GAMMs, effect sizes cannot be calculated using simple coefficients of the linear predictors, as can be done using standardised predictors with linear models. Instead, effect size for each predictor was calculated as the difference between the maximum and minimum values obtained for that predictor when the response across all other predictor values were averaged. This produces a single value for the effect size of each predictor variable in the model.

The Bayesian estimates of effect sizes for each predictor variable included in the top models were calculated in a similar way to the frequentist approach, except that this process was repeated for each of the 1003 simulations generated by sampling from the posterior distribution. This resulted in 1003 values for the effect size, allowing for the creation of a density plot for effect size of each predictor variable and calculation of credible intervals associated with effect size estimates using the 95% highest density interval.





Results

A total of 3689 individual fish were identified from 45 families, representing 92 genera and 166 species. The full subsets model selection produced the top ten models ranked by AICc with and without FoV variables for each assemblage metric, and the top two models were chosen for further analyses (Table 2). Overall, R2 for the models is fairly low, ranging from 0.01 to 0.20, but models that included FoV variables consistently explained more variation in the data. Although both TPI and bathymetry were expected to be important predictors, TPI was found to be unimportant across all possible models (Supplementary Figure 2).


Table 2 | Top two models ordered by parsimony for each assemblage metric, with and without field of view variables included.




Importance Scores

Although different predictor variables were of different importance across the three assemblage metrics, some general trends emerged (Figure 3). As bathymetry and TPI were included in the null they were present in every model examined and so their importance scores were not calculated. Aspect (radians cubed) shows high importance across all three sets of models, however, decreases in importance when FoV variables are included in the model selection procedure. Status shows a consistent intermediate importance across all models with little difference between models with and without FoV variables. Distance to the nearest boat ramp is important only in models predicting the abundance of fished species greater than legal size, showing high importance regardless of whether FoV variables were included.




Figure 3 | Importance scores for each predictor across all valid models. No field of view (FoV) indicates models which only considered fine scale bathymetry and its derivatives compared to FoV where habitat characteristics classified from images of habitat at the sample sites were considered.



Of the FoV variables the standard deviation of relief (SD relief) shows the greatest importance across all models, in particular for models predicting species richness and non-fished species abundance. FoV variables show minimal importance in predicting fished species abundance and both mean relief and the percent reef cover (square root) had importance scores of 0 for species richness models. Percent reef cover (square root) was only important in models predicting the abundance of non-fished species.

The top ranked model for each fish assemblage metric with and without FoV variables was plotted. Plots for the second ranked models and frequentist model predictions for each fish assemblage metric can be found in Supplementary Figures 3–8.



Abundance of Fished Species Greater Than Legal Size

Model selection produced the same top models for predicting the abundance of fished species greater than legal size with and without FoV variables. The 1003 posterior predicted values from the Bayesian model are displayed as paler lines around the darker mean line and represent a measure of uncertainty in the predictions. The relationship between mean predicted fished species shows abundance remaining fairly constant in shallow water before dropping off past approximately 120 m depth (Figure 4A). Aspect (radians cubed) shows a distinctly humped relationship to mean fished species abundance across both models, peaking at 150 radians (cubed), however the wide range of values produced by each simulation indicates there is some degree of uncertainty in the model predictions (Figure 4B). The model predicts a gradual decrease in fished species abundance as proximity (km) to boat ramp increases (Figure 4C). Fished species abundance also shows a steep decline beyond 60 km, which may coincide with the 120 m bathome. The posterior predicted values show a variable predicted response of mean fished species abundance, suggesting fairly large uncertainty particularly at the extremes.




Figure 4 | Predicted values for the top ranked model for abundance of fished species when field of view variables were not included - (A) bathymetry (m), (B) aspect (radians cubed), (C) distance to boat ramp (km). Density plots of effect size are also plotted for each aforementioned predictor – (D–F) respectively – with a vertical line indicating the frequentist effect size estimate.



Bathymetry has the biggest effect on the predicted mean abundance of fished species (Figure 4D), followed by aspect (radians cubed, Figure 4E). Effect sizes for both these variables show fairly narrow density plots indicating a high degree of certainty around these estimates. Distance to the nearest boat ramp has the smallest effect size as well as the widest distribution, suggesting greater uncertainty in the estimate of this effect (Figure 4F).

The second top model for fished species abundance is also presented here (rather than in the Supplementary Material) as it contains status as a predictor and is therefore relevant for answering the question of whether the NTZ can act as a control for the effects of recreational fishing. Bathymetry (Figure 5A) and aspect (radians cubed, Figure 5B) show a highly similar relationship to fished species abundance as described in the top ranked model. The model also predicts increased fished species abundance inside the NTZ when compared to the fished areas, however the predicted response is highly variable (Figure 5C). Again, bathymetry has the largest effect size (Figure 5D) with aspect (radians cubed, Figure 5E) and status (Figure 5F) having similar estimated effects. As seen with species richness, the 95% credible bounds of the effect size estimate for status cross 0, indicating status is not significant at the 95% level. The relationship between status and all three assemblage metrics must be interpreted with caution as there is only one NTZ in the NMP-Commonwealth. The results from this one area may not be representative of the effect that limiting fishing pressure may have in other areas of the park.




Figure 5 | Predicted values for the second ranked model for abundance of fished species when field of view variables were not included - (A) bathymetry (m), (Baspect (radians cubed), (C) status (F, fished areas; NT, no take area). Density plots of effect size are also plotted for each aforementioned predictor – (D−F) respectively – with a vertical line indicating the frequentist effect size estimate.





Species Richness

The top model without FoV variables predicts that species richness remains fairly constant in shallow water up to approximately 80 m depth, before declining steeply with increasing depth (Figure 6A). The variation in predictions for the model without FoV variables is higher for shallow depths and decreases as depth increases, indicating higher confidence in predictions in deeper water. High mean species richness is predicted at low aspect before declining until about 90 radians (cubed) and peaking again at approximately 150 radians (cubed) (Figure 6B). The posterior predictions show relatively small variation from the mean predicted species richness for aspect, indicating a high degree of certainty in the predictions. Species richness is predicted to be greater in the NTZ than in the fished areas (Figure 6C). Although there is a clear difference in means, there is a high degree of variability in the predictions of mean species richness in both NTZ and fished zones, however variability is greater in the NTZ.




Figure 6 | Predicted values for the top ranked model for species richness when field of view variables were not included - (A) bathymetry (m), (B) aspect (radians cubed), (C) status (F, fished areas; NT, no take area). Density plots of effect size are also plotted for each aforementioned predictor – (D−F) respectively – with a vertical line indicating the frequentist effect size estimate.



Bathymetry had the greatest effect size both with and without FoV variables but with a fairly wide distribution, indicating a high degree of uncertainty around the effect size estimate (Figure 6D). Aspect (radians cubed) has a similarly wide effect size distribution but a smaller effect size overall (Figure 6E). The effect size for status is small but comparatively narrower and therefore less uncertain, however the 95% credible bounds cross 0 indicating a limited effect (Figure 6F).

When FoV variables were considered, aspect (radians cubed) and status were no longer included in the top model. The predicted relationship between bathymetry and species richness remained the same as when FoV variables were not considered, however uncertainty increased in predictions across all depths (Figure 7A). SD relief has a positive effect on species richness with increasing species richness at higher SD relief (Figure 7B). The variation in posterior predicted values is fairly small, with all posterior predictions close to the mean predicted species richness across all models. SD relief had the greatest effect size but also the widest distribution of either variable, indicating a high degree of uncertainty in the estimate (Figures 7C, D).




Figure 7 | Predicted values for the top ranked model for species richness when field of view variables were not included - (A) bathymetry (m), (B) standard deviation of relief. Density plots of effect size are also plotted for each aforementioned predictor – (C, D) respectively – with a vertical line indicating the frequentist effect size estimate.





Abundance of Non-Fished Species

When FoV variables were not included in the model selection process the null model was the most parsimonious model within 2 AICc of the top model. In models where FoV variables were considered, the top model included SD relief and bathymetry. The relationship between bathymetry and non-fished species richness shows the same general trend as with the other assemblage metrics however the change in fish abundance across depths is much smaller (Figure 8A). Variation in posterior predicted values for abundance is large indicating a high degree of uncertainty. SD relief also shows the same relationship as seen with species abundance with very low abundance at low SD and rapidly increasing at high SD relief (Figure 8B). There is a high degree of certainty around the effect size for bathymetry as shown by the narrow density plot (Figure 8C). The effect size for SD relief is larger than for bathymetry but is considerably wider and therefore less certain (Figure 8D).




Figure 8 | Predicted values for the top ranked model for the abundance of non-fished species when field of view variables were included - (A) bathymetry (m), (B) standard deviation of relief. Density plots of effect size are also plotted for each aforementioned predictor – (C, D) respectively – with a vertical line indicating the frequentist effect size estimate.






Discussion

This study contributes to a larger body of evidence that in the absence of commercial harvesting, recreational fishing can on its own have significant impacts on fish populations (Denny et al., 2004; Cresswell et al., 2019; Cooke & Cowx, 2004). Distance to the nearest boat ramp was found to be a strong predictor for the abundance of fished species indicating a clear footprint of recreational fishing across the NMP-Commonwealth. Generally, recreational fishing in deeper, offshore waters is poorly understood in Australia, with much of the recreational fishing and research effort concentrated in estuaries and inshore areas (Mcphee, 2011). In particular, the way in which data is collected for recreational fishing in WA makes it difficult to disaggregate recreational catch estimates at the scale of either State or Commonwealth MPs (Lynch et al., 2020b), presenting difficulties for estimating its impact on fish populations in Commonwealth waters. The proximity of the deep NMP-Commonwealth waters to boat ramps makes it highly accessible to recreational fishers, and studies have indicated a recent shift towards increased fishing activity in the offshore waters (Lynch, 2006). As a result, it is unsurprising that we should see a decrease in the abundance of large bodied fished species along a gradient of a proxy for fishing pressure. Cinner et al. (2018) showed a similar relationship to human gravity, which uses distance to and size of nearby population centres as a proxy for human use. The deep water location of this NTZ meant that there were insufficient observations of targeted species less than legal size to identify any patterns in distribution and abundance. Despite this, we find distance to boat ramps to be a robust proxy for the effect of recreational fishing, correlating strongly with the abundance of fished species across the NMP-Commonwealth.

Sustainable use of marine resources including recreational (and commercial) fishing is a key socio-economic value of Australia’s MPs (Young et al., 2014). In an effort to balance extractive uses with biodiversity conservation, compromises were made when planning the MPs to minimise overlap between NTZs and areas of high use for extractive activities (Lynch, 2006; Fowles et al., 2011; Mitchell et al., 2018). This resulted in many of the newly established NTZs in the AMP network being located in areas far from human activity, limiting their use for studying the effects of recreational fishing. Despite the potentially confounding impact of the remote location of the newly established NTZ within the NMP-Commonwealth and the adjacent location of an established NTZ in the State MP, we demonstrate here that distance from boat ramps is a more important predictor of the distribution in the abundance of fished species than NTZ status, and by proxy adjacent location to an established NTZ. We expect that in the future, as the NTZ in the NMP-Commonwealth becomes established and fished species increase in abundance within it (Babcock et al., 2010), NTZ status will become an increasingly important predictor in future monitoring data. NTZ implementation can reveal surprising changes as ecosystems recover from the effects of fishing, which may allow us to investigate previously unrecognised emergent ecological processes (Jackson & Sala, 2001; Ballantine, 2014).The recent establishment of the NTZ in the NMP-Commonwealth provides an opportunity to collect long-term data required to further investigate the effects of fishing within this region, with the benchmark presented in this study as a starting point. When investigating the effects of fishing, using NTZs, changes in fished populations and other ecosystem components can take decades to materialise (Babcock et al., 2010; Cresswell et al., 2019). However, careful interpretation of any changes revealed by long-term data collection will have to account for the adjacent location of the established NTZ within State waters, including the potential of larval and biomass spillover from one NTZ to the other (Russ & Alcala, 2011; Hackradt et al., 2014). Cresswell et al. (2019) also highlighted that existing monitoring data of fish assemblages within the established NTZ in the NMP-State is lacking adequate information on spatial and temporal patterns in recreational fishing pressure and that this limited the interpretation of their synthesis of 30 years of monitoring data. We strongly recommend that the collection of fine scale information of the recreational fishing, as a value and pressure, within both the NMP-Commonwealth and State is needed to better inform ongoing monitoring and interpretation of observed patterns.

Due to the remote and offshore location of many of the Commonwealth MPs, there was a lack of fine scale information about species distribution and habitats for use when determining the initial spatial zoning (Lawrence et al., 2015). As a result, physical proxies for diversity (e.g. bathymetry or substrate) were the primary data used for the planning of the NTZs, which may not have captured unknown gradients in habitat that could affect demersal fish distribution (Bax, 2011). Contrary to our predictions, habitat composition data from FoV classification was not an overly important predictor to explain the abundance of large bodied fished species. Instead the larger-scale bathymetry derivatives provided adequate predictors. It should be noted that the overall R2 values for the top models are low, likely as a result of models being unable to capture all the variables and complex interactions which could affect fish abundance and species richness. As such, other fine scale habitat related variables may be important for predicting the abundance of large bodied fish species but were not included in this analysis. Conversely, non-fished species abundance and species richness were strongly correlated with habitat composition data from FoV classification. In particular SD relief showed strong importance and is a measure of habitat complexity which has been found to be critical for the maintenance of high species richness and abundance in deep reef communities (Andradi-Brown et al., 2016). In contrast to larger-bodied fished species abundance, non-fished species abundance is likely to be dominated by smaller bodied species, potentially more reliant on the small-scale habitat complexity captured in the FoV (Collins et al., 2017). High complexity provides a variety of niches to support a greater number of species than would be found in a less complex habitat (Gratwicke & Speight, 2005; Lingo and Szedelmayer, 2006). Furthermore, small-bodied fish are often greater in abundance in complex environments as they are commonly prey species and use complexity in the environment as refuge from predators (Werner et al., 1983; Scharf et al., 2006; Andradi-Brown et al., 2016).

A similar relationship with bathymetry was seen across all three fish assemblage metrics, with the highest values for each metric observed at approximately 100 m depth. The effect of bathymetry on demersal fish communities is well documented, and is strongly associated with the abundance of benthic habitat forming species which generally decrease with increasing depth (Brown & Thatje, 2014; Wellington et al., 2018). A consistent relationship was also seen with aspect (radians cubed) with a peak in species richness and fished species abundance at an approximately north west (NW) direction. This is likely due to the overall morphology of the coastline facing the NW, however this would have exposed the seafloor to scouring generated by the interaction between the Leeuwin and Ningaloo currents (Nichol & Brooke, 2011; Brooke et al., 2009; Nichol et al., 2012; Lebrec et al., 2022b). In particular, this scouring may have exposed relict shorelines along the Ningaloo coast which are Key Ecological Features (KEF) of the north-west marine region and are most prominent at 100m depth (Department of the Environment, Water, Heritage and the Arts., 2008; James et al., 2004; Lebrec et al., 2022a). The Carnarvon Shelf, which extends underneath the entirety of the Ningaloo Reef, has several rocky ridges and scoured areas seaward of Point Cloates, inside and outside the NTZ, which form part of this historic coastline (Brooke et al., 2009; Lebrec et al., 2022b). This exposed hard substrate has allowed the development of a biodiversity hotspot for sponges and other benthic fauna, providing highly complex habitat that supports a wide range of fish species (Nichol et al., 2012; Schonberg and Formont, 2012). The combination of an overall NW facing aspect and the south flowing Leeuwin Current has created optimal conditions for filter feeding organisms, small-bodied planktivorous fish and subsequently their predators which are likely large-bodied fished species (Hanson & McKinnon, 2009; Xu et al., 2015; Turner et al., 2018).The effect that seafloor characteristics have on fish assemblages is often linked to the scale at which the characteristics have been considered (Kendall et al., 2011). Here we show that different aspects of demersal fish assemblages are correlated with characteristics of the seafloor at different spatial scales. What was not explored in this study is the effect of varying the spatial scale of the same predictor on the relationship to fish assemblage metrics. Calculations of bathymetry derived seafloor characteristics such as slope or aspect often use a focal neighbourhood method, whereby the value for the characteristic in a cell is calculated based on values in a search window of neighbouring cells (Wilson et al., 2007). This search window can be increased to broaden the spatial scale at which the characteristic is calculated, in turn decreasing the detail that is captured. Studies examining the effect of changing the size of the search window have shown that while smaller windows are often more accurate when compared to in situ measurements, broad scale measurements can still be of ecological relevance to demersal fish communities (Wedding et al., 2008; Pittman and Brown, 2011). It is likely that both small- and large-scale seafloor characteristics contribute to patterns in fish assemblage metrics but that the relationship between any one characteristic and metric is likely to change across spatial scales (Kendall et al., 2011). Understanding these relationships allows seafloor characteristics to be calculated at functionally meaningful scales that can inform management objectives.The spatial scale of observation is particularly important for the TPI used to generate the sampling plan as the search radius effectively changes the type of seabed features that can be captured (Weiss, 2001). For example, a pockmark located on top of a ridge can return either a negative or a positive value depending on if the search radius is smaller or larger than the diameter of the pockmark. Such variability could explain why the TPI used in this study appeared to be an unimportant predictor: the search radius may have not been adequate to capture seabed features that impact fish communities. This suggests geomorphology studies to determine the most adequate TPI search windows (Riera et al., 2022) or the use of varying search windows TPI could help better understand the relationship between the scale of the seabed features and fish communities. However, given the wide range of seabed feature sizes and morphologies it may not be practical to find clear relationships. Alternatively, the integration of more advanced bathymetry classification based on the Benthic Terrain Modeler (Walbridge et al., 2018) or on Geomorphons (Jasiewicz & Stepinski, 2013) may provide improved results and should be further investigated. Use of a search radius inappropriate for capturing features that may influence fish abundance and diversity may have contributed to its insignificance as a predictor in this study.This study used both frequentist and Bayesian methods for model selection, prediction and calculation of effect sizes. Frequentist approaches have historically been the statistical method of choice for ecologists due to their ability to answer a range of different questions with the computing power available (e.g. hypothesis testing and model selection, Dorazio, 2015). With recent advances in computer technology, Bayesian methods have become increasingly popular within ecology and offer a variety of advantages over frequentist techniques. In particular, Bayesian frameworks offer a clear expression of uncertainty around estimates or predictions (van de Schoot et al., 2014). In this study, we utilised this advantage to calculate robust estimates of effect size with easily interpreted measures of uncertainty. In the context of MPs, management decisions may be made based on the results of statistical estimates of effect sizes which come with an inherent level of uncertainty (Agardy et al., 2003). The clear communication of this uncertainty to managers/stakeholders, who may not be scientists, is important as it can inform the allocation of resources for monitoring or management (Halpern et al., 2006). The biggest disadvantage of the Bayesian approach is that typically model selection procedures become computationally expensive. Here, the use of a hybrid approach with frequentist model selection followed by a Bayesian inference approach overcomes this issue and allows the generation of robust estimates of effect sizes. The hybrid model selection and inference procedures developed in this study may help to streamline future studies of NTZs and spatial zoning in offshore, deep water MPs.Importantly, it should be recognised that baited methods have a range of sampling biases that can have different influences depending on assemblage composition. Studies using downwards facing BRUV systems with small fields of view (as compared to horizontally facing BRUVs) have raised concerns over antagonistic behaviours from larger bodied-species preventing smaller species from entering the field of view, therefore biassing measures of species assemblage (Willis et al., 2000; Dunlop et al., 2015). Similar issues were highlighted by Klages et al. (2014) who used horizontally facing BRUVs with a wide field of view and a deployment time of 30 minutes, and found comparatively large, predatory gummy sharks (Mustelus antarcticus, Günther, 1870) to be potentially influencing the diversity and abundance sampled. Conversely, Coghlan et al. (2017), who also used horizontally facing stereo-camera systems with a wide field of view, but with a 60 minutes deployment time, found no evidence of larger-bodied species significantly biassing the presence or abundance of smaller-bodied, non-target species or the overall assemblage composition measured. Future research should investigate the effects of baited camera type, deployment length and the interactions between them on the species assemblages measured, to better identify sources of bias. Despite these known biases, the current study used stereo-BRUVs due to the logistically challenging and remote environment, in depths beyond scientific diving limits and with strong currents. Previous comparative studies in shallow waters within this region have suggested limited differences between unbaited and baited survey methods (Langlois et al., 2010), but we strongly recommend that future studies using BRUVs should endeavour to complement this data with non-baited methods (e.g. stereo Remote Operated Vehicles) to assess the consistency of the patterns observed and test the comparability in any effects identified across methods with different biases.



Conclusion

This study suggests a clear footprint of recreational fishing was found across the NMP-Commonwealth and so, despite its remote location the NTZ can act as a control for recreational fishing. We expect that over time, the difference in fished species abundance inside and outside the NTZ will increase, informing monitoring about the effect of recreational fishing in the MP. Whilst high resolution information about the habitats present in the park is not essential for predicting the abundance of fished species, this knowledge would aid in maximising biodiversity conservation, another key aim of the NMP-Commonwealth (Director of National Parks, 2018). In particular, given the high importance of aspect across the models presented, future studies should seek to further explore the relationship between fish communities, habitat and the seafloor features associated with changes in aspect. We have also demonstrated a hybrid model selection and inference framework which provides a pragmatic solution to model selection whilst also taking advantage of the ability to clearly represent uncertainty in the identified models of interest. The newly created NTZ and long-term absence of commercial fishing in the NMP-Commonwealth has provided a unique opportunity to understand the effects of recreational fishing in isolation. It is hoped that the benchmarks established here will enable a demonstration of how NTZs can be used to their fullest potential to control for the effects of fishing and better understand and conserve biodiversity.
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Bathymetry was included in the null and is therefore present as a predictor in all models. AlCc, Aikake Information Criterion corrected for small sample sizes; BICc,

Bayesian Information Criterion corrected for small sample sizes; EDF. Effective Degrees of Freedom ; Y. Yes; N, No.
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