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Abstract
Inherent differences between baited remote video versus diver-operated video survey methodologies may
in�uence their ability to detect effects of �shing. Here the ability of no-take zones (NTZs) to provide
protection for legal-sized �sh from targeted species within the Ningaloo Marine Park (NMP) was
assessed using both baited remote underwater stereo-video (stereo-BRUV) and diver operated stereo-
video (stereo-DOV). The relative abundance of legal-sized individuals of three recreationally targeted �sh
species, spangled emperor Lethrinus nebulosus, chinaman cod Epinephelus rivulatus and goldspotted
trevally Carangoides fulvoguttatus, were examined using both methodologies inside and outside six
NTZs across the NMP. Stereo-BRUVs found positive effects of protection on the relative abundance of
legal-size C. fulvoguttatus and L. nebulosus in NTZs. Stereo-DOVs, however, did not detect any
differences in relative abundances and sizes of these species between areas opened and closed to
�shing. These contrasting results suggest that choice of sampling methodology can in�uence
interpretations of the ability of NTZs to provide adequate levels of protection for target species. Thus it is
suggested to further investigate the ability of stereo-BRUVs and stereo-DOVs to observe differences in the
abundance of targeted species inside and outside of NTZs for the long-term monitoring of the NMP.

Introduction
No-take zones (NTZs) are used worldwide as a spatial management tool for biodiversity conservation
(Edgar et al. 2014; Malcolm et al. 2016; Sciberras et al. 2015). Many studies have shown that NTZs are
useful to investigate the effects of extractive �shing on �sh assemblages when contrasted with
comparable unprotected areas (Halpern, Lester, and McLeod 2010; Malcolm et al. 2016; Watson and
Harvey 2007). Increases in �sh species richness (Edgar and Barrett 1999; Rife et al. 2013), abundance
(Malcolm et al. 2015; Pande et al. 2008) and size (Bornt et al. 2015; Harasti et al. 2018) have been
observed within NTZs. Additionally, NTZs may act as an insurance measure against wider �sheries’ stock
depletion, particularly where NTZs result in higher �sh abundance in surrounding areas (Kerwath et al.
2013; Russ et al. 2008; Sackett, Kelley, and Drazen 2017).

Given biodiversity conservation objectives of NTZ effectiveness, assessments of their effectiveness
require the use of non-destructive methods that sample �sh assemblages with a minimum of bias and
selectivity (Davis, Larkin, and Harasti 2018). Commonly used non-destructive methods include:
underwater and surface visual census (UVC/SVC; Babcock et al., 2008; Wilson et al., 2012), baited remote
underwater stereo-video (stereo-BRUV; Langlois et al., 2010; McLean et al., 2016) and diver operated
stereo-video (stereo-DOV; Goetze et al., 2019; Shedrawi et al., 2014). Over the past decade, stereo-video
methodologies (such as stereo-BRUV and stereo-DOV) have been adopted more regularly due to the
decreasing cost of technology, the bene�ts of maintaining a permanent record that can be revisited if
required, and the ability to obtain accurate length measurements (Goetze et al. 2015; Holmes et al. 2013;
Watson et al. 2010). While there are several associated advantages for stereo-BRUV and stereo-DOV, both
methods have limitations and can also introduce sources of bias which may in�uence the �sh
communities recorded (Goetze et al. 2015; Holmes et al. 2013; Langlois et al. 2015; Watson et al. 2010).
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The presence of SCUBA divers during stereo-DOV sampling may bias �sh behaviour (Goetze et al. 2017;
Lowry et al. 2012). Fish may avoid or be attracted to divers depending on a myriad of factors, including
learned avoidance responses due to �shing activity or attraction due to regular feeding (Gotanda,
Turgeon, and Kramer 2009; Januchowski-Hartley, Nash, and Lawton 2012). In the case of stereo-BRUVs,
the repeated use of bait can alter �sh behaviour, potentially resulting in abundance and size measures
being obtained that are not truly re�ective of assemblage structure in an area (Birt, Harvey, and Langlois
2012). However, several studies have suggested that a representative sample of a �sh assemblage can
still be observed with baited video methods (Cappo, Harvey, and Shortis 2006; Coghlan et al. 2017; Harvey
et al. 2007), with larger and typically rarer predator being more effectively sampled than with diver-based
techniques (Goetze et al. 2015; Langlois et al. 2010; Watson et al. 2005). Comparative studies of diver
and remote baited stereo-video methods for sampling �sh assemblages have typically recommended
that both methods can be useful for different portions of the �sh assemblage, but comparisons of these
two methods have not previously been done inside and outside no-take zones (e.g. Goetze et al. 2015;
Langlois et al. 2010; Watson et al. 2005, 2010).

Fish abundance and size structure are considered sensitive indicators of �shing and, therefore the
comparison of these metrics inside and outside NTZs should provide an approach to investigate the
existence of methodological biases between diver and remote cited stereo-video methods. A recent meta-
analysis of targeted �sh abundances recorded during discrete surveys inside and outside of a network of
no-take zones within the Ningaloo Marine Park (NMP) over a 30-year period, found mixed patterns
amongst �sh groups and sampling methods, suggesting stereo-BRUV had more consistently detected
greater abundance of targeted species within no-take zones (Cresswell et al. 2019). Such studies
highlight the need to understand how the choice of sampling methods can impact the �ndings of long-
term monitoring programme that aim to assess the effectiveness of spatial zoning. Here, we contrasted
stereo-BRUV and stereo-DOV methodologies to assess the abundance and size of recreationally targeted
�sh species inside and outside NTZs within the Ningaloo Marine Park (NMP). It was hypothesised that
the abundance of legal-sized individuals and the length of targeted species would be greater in the NTZs
than in areas open to �shing. Further, it was hypothesised that stereo-BRUVs would more consistently
detect differences inside and outside NTZs than stereo-DOVs.

Materials And Methods

Study Site
The Ningaloo Marine Park (NMP) is located adjacent to the North West Cape of Western Australia and
covers a total area of 2633.43 km2. It stretches along approximately 300 km of coastline from 23˚48’S to
21˚48’S (Fig. 1) and covers the majority of Ningaloo Reef (a World Heritage site). The NMP was �rst
established in 1987 and was revised and extended in 2004 to incorporate the full length of the fringing
coral reef (MPRA and CALM 2005). The NMP is divided into four different management zones, with the
two major zones being the General Use Zone and the no-take areas (NTZs; locally referred to as
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Sanctuary Zones), comprising 50% and 34% of the whole marine park respectively (MPRA and CALM
2005). The 18 separate NTZs in the NMP vary greatly in size, but together equate to a total area of 883.65
km2 (MPRA and CALM 2005).

The focus of this research project was on the shallow lagoonal waters (depth ~0.5 – 8 m), inside and
outside of six NTZs, in the area between Tantabiddi and Pelican Point (Fig. 1). The six surveyed NTZs
were: Mangrove Bay (11.35 km2), Mandu (13.49 km2), Osprey (95.13 km2), Winderabandi (55.26 km2),
Cloates (447.52 km2) and Pelican (108.64 km2; Fig. 1). Although any boat-based extractive uses are
prohibited in the NTZs surveyed here, shore-based recreational line �shing is permitted adjacent to the
landward borders of NTZs in some locations within the Osprey, Winderabandi, Cloates and Pelican NTZs
(MPRA and CALM 2005). There have not been any major commercial �shing activities within the NMP
since the 1970’s.

Experimental Design
The current study used stereo-DOV surveys collected as part of the existing long-term monitoring
programme (LTMP) of �sh assemblages within the NMP conducted by the Department of Biodiversity,
Conservation and Attractions (DBCA). The survey areas are known to support relatively high �sh species
richness and to encompass a range of site attached and mobile species, including recreationally targeted
species (Cassata and Collins 2008; MPRA and CALM 2005).

Stereo-BRUV surveys were performed over a ten-day period in August 2015 with a total of 89 deployments
conducted (55 within NTZs and 34 outside) while 102 stereo-DOV transects were completed (66 within
NTZs and 36 outside) in August 2014. These replicates were summed into a total of 17 sites, which
comprised three to �ve independent replicate stereo-BRUV deployments or six replicate stereo-DOV belt
transects (Fig. 1). The lack of temporal interspersion of the two sampling methods is a possible concern,
but previous studies at these locations have demonstrated minimal interannual variability in consecutive
years in adult populations of target species compared to variability between sites (Collins et al. 2017).

Sampling was strati�ed for a consistent depth (2-8 m) and habitat, characterised by contiguous reef
structure or broken up coral or rubble bordering the lagoon. Stereo-BRUV surveys were conducted at the
same sites in comparable habitat. The one exception to this occurred within the Osprey NTZ, where
stereo-BRUV deployments were slightly offset from the stereo-DOV survey site due to restrictions of the
use of baited cameras in areas popular for snorkelling/swimming. In addition to the lack of temporal
interspersion of the two sampling methods, it was also recognised that the sampling units for stereo-DOV
and stereo-BRUV are very different and so no formal statistical comparison between the two sampling
methods has been conducted. Instead, simultaneous analyses of the effect of NTZs and habitat
covariates for both sampling methods were conducted. The design of the LTMP for the NMP is also
established to provide information at the level of the marine park and is also lacking adequate replication
to investigate the generality of any patterns in the targeted �sh assemblage for each NTZ surveyed.

Sampling Methods
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Baited remote underwater stereo-video (stereo-BRUV)
This study used a stereo-BRUV system consisting of two paired GoPro HERO3+ cameras (see Langlois et
al. 2010 for design). Cameras were installed on a steel frame separated by 0.7 m, facing 8˚ inwards to
achieve an optimised �eld of view for precise �sh length measurements (see Harvey and Shortis 1995;
Langlois et al. 2010; Watson et al. 2010). To achieve accurate length measurements, the cameras were
calibrated prior to �eld work using the software CAL (SeaGIS Pty Ltd 2014; Shortis and Harvey 1998). A
1.2 m long plastic rod with a plastic-coated, wire mesh bait basket and a synchronising diode was
extended from the centre of the steel frame (Watson et al. 2010; Watson and Harvey 2007).
Approximately 1 kg of crushed pilchards (Sardinops spp.) were used as bait, with crushing done to
maximise the amount of �sh oil and �esh released. The stereo-BRUV system was deployed on the
sea�oor by boat and set to �lm for a period of 60 minutes. The minimum distance of ~250 m was
maintained between deployments to minimise the likelihood of �sh travelling between neighbouring
deployments within the 60-minute deployment duration (see Cappo, Speare, and De’Ath 2004).

Diver-operated stereo-video (stereo-DOV)
The stereo-DOV system consisted of two paired Canon Legria HF G25 cameras, following the same
design as the stereo-BRUV system (see Langlois et al. 2010 for design). Additionally, a synchronising
diode was attached to the stereo-DOV system and �oats were �xed to the base bar to make the system
neutrally buoyant. Six replicate belt transects (50 m x 5 m) were conducted at each site with a minimum
distance of 10 m separating each replicate transect. SCUBA divers swam at an approximate speed of 1 m
per 3 seconds staying circa 0.5 - 0.7 m above the substrate. Methods followed Goetze et al. 2019, with the
system swum at a slight downwards facing angle to keep the horizon line in the upper third of the video
frame.

Video analysis
Prior to analysis, videos were converted into high de�nition AVI format using the software Xilisoft©.
EventMeasure StereoTM was then used to identify, count and measure �sh (SeaGIS Pty Ltd 2014). All �sh
were identi�ed to the lowest taxonomic level possible. An exception identi�ed during this process were
the various mackerel species, Scomberomorus spp, which could not be reliably distinguished from video
imagery, these are herein referred to as Scomberomorus spp. To standardise the sampling areas, only �sh
within the 7 m survey boundary, for both survey methods, and within 2.5 m to either side of the centre
transect point for stereo-DOV surveys were included. For stereo-BRUVs, MaxN was used as the relative
abundance of a species, de�ned as the maximum number of individuals from the same species present
at any one time within the 60-minute sample duration (Priede et al. 1994).

After species identi�cation was completed all recorded �sh were assigned to either targeted or non-
targeted species, with targeted species being de�ned as those species most commonly retained (landed
and kept) by recreational �shers within the shallow water lagoon of the NMP (STable 1; (Ryan 2013; Ryan
et al. 2015). Carangoides fulvoguttatus was also included as a target species due to observations from
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unpublished local boat ramp surveys, while Epinephelus faciatus was also included due to its similarity
to the more commonly retained E. rivulatus. Lengths (snout to tail fork = fork length; FL) were measured
of all �sh at the time of MaxN for stereo-BRUVs and for all individuals encountered on a stereo-DOV
transect. Length data obtained was then used to identify which individuals of the targeted species were
either equal to or greater than the minimum legal length (MLL), hereafter referred to as ‘legal-sized’ (see
STable 1) for subsequent analysis. The total number of individuals, species and families, as well as the
�ve most ubiquitous and abundant families and species recorded with each method are provided in the
appendix (STable 2).

Habitat types and percentage cover were assessed using TransectMeasureTM (SeaGIS Pty Ltd 2014).
Following methods given in (Collins et al. 2017) and detailed here
(https://github.com/TimLanglois/Habitat-annotation-of-forward-facing-benthic-imagery), a freeze-frame
of each stereo-BRUV and �ve separate freeze-frames (evenly spaced) from each stereo-DOV transect,
were overlaid with a 5 x 4 grid and the major habitat type of each grid was classi�ed following a modi�ed
CATAMI classi�cation scheme (Althaus et al. 2015). This resulted in the description of six broad habitat
types: stony corals, black octocoral, sponges, macroalgae, rubble and sand. An additional habitat
variable, reef, was composed of the three reef associated broad habitat types, including rubble,
macroalgae and black octocoral. The percentage cover of each habitat type per sample was calculated,
with grids classi�ed as open water excluded from this calculation. Additional to the habitat composition,
habitat complexity was classi�ed on a scale from �at (0) to high structural complexity (5) within each
grid cell. The mean and standard deviation (SD) of relief was calculated for each sample.

Statistical Analysis
Prior to analysis, the EventMeasure StereoTM outputs were checked and formatted using the R language
for statistical computing (R Development Core Team 2013) and the packages ‘dplyr’ (Wickham and
Francois 2015) and ‘tidyr’ (Wickham 2018) following scripts provided in Langlois et al. (2015).

Analysis of the relative abundance of legal-sized individuals from each target species was conducted
separately for each method. The analysis followed a two-factor sampling design with Status (�xed, two
levels: NTZs, �shed areas) and Site (random, nested within Status).

Highly correlated (R2 > 0.9) environmental variables were excluded and their distributions examined for
uniformity and transformations were performed where necessary (Zuur, Ieno, and Elphick 2010). This
resulted in only �ve environmental variables being examined: mean relief, SD relief and the % coverage of
sand, stony coral and reef with a log transformation.

Generalised additive mixed models (GAMMs) with full subset model selection (FSSgam, Fisher et al.
2018) was used to determine if Status or any measured environmental or interactions between these
predictors best explained variance in the abundance distribution for the species of interest. Models
containing variable combinations with correlations >0.28 were excluded to eliminate potential problems
with collinearity and over�tting (Graham 2003). Abundance data was modelled using a tweedie
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distribution, implemented via a call to gam() (mgcv, Wood 2011). Model sizes were limited to only three
terms (size=3) and k in the GAMMs was limited to 5. Model selection was based on Akaike’s Information
Criterion (AIC, Akaike 1973) optimised for small sample sizes (AICc, Hurvich and Tsai 1989) and the most
parsimonious model chosen was that with the fewest variables but within two units of the lowest AIC.
Importance scores of each variable were obtained by summing the AICc weights of each model that each
variable occurred within (Guthery, Burnham, and Anderson 2003) and these scores were then plotted to
identify the relative importance of predictor variables across all possible models. The R language for
statistical computing (R Development Core Team 2013) was used for all data manipulation (dplyr,
Wickham 2018), analysis (mgcv, Wood 2011) and graphing (ggplot2, Wickham 2016).

Results
In total, 13 species targeted by recreational �shing effort were recorded from the 89 stereo-BRUV
deployments and 102 stereo-DOV transects but only seven species were recorded on more than four
occasions (STable 1). These species differ in the degree they are retained by recreational �shers from
commonly caught Lethrinus nebulosus (spangled emperor) and Epinephelus rivulatus (chinaman
rockcod), to moderately caught Lethrinus laticaudis (grass emperor), Scomberomorus spp. (mackerel)
and Carangoides fulvoguttatus (goldspotted trevally), and the less often caught Plectropomus spp. (coral
trout) and Gnathanodon speciosus (golden trevally; Ryan et al. 2015). Stereo-BRUVs recorded 12 targeted
species, while only eight species were recorded by stereo-DOVs. The targeted species Lethrinus laticaudis
(grass emperor) was unique to stereo-DOVs, while �ve species were only recorded on stereo-BRUVs
(Gymnocranius grandoculis (Robinson’s seabream), Scomberomorus spp (mackerel), Cephalopholis
sonnerati (tomato rockcod), Epinephelus coioides (estuary cod) and Variola louti (yellow-edged
coronation trout). Of the 13 targeted species, 10 were smaller than the minimum legal-size for retention
and/or the sample size was too small to allow for analysis. Legal-sized individuals from C. fulvoguttatus,
E. rivulatus and L. nebulosus were recorded in su�cient numbers by one or both methods to allow
analysis (STable 1). However, although C. fulvoguttatus and E. rivulatus were sampled successfully by
stereo-BRUV, their occurrence was too rare on stereo-DOV transects (< 10% of the transects) to allow for
statistical comparison between methods.

The two methods recorded contrasting numbers of the highly targeted and retained species L. nebulosus,
with 109 individuals recorded by stereo-BRUVs and 429 individuals recorded on stereo-DOVs (STable 1).
However, ~35% of the measured individuals recorded on stereo-BRUVs were of legal-size, opposed to only
~5.5% on stereo-DOVs (STable 1).

Variables in�uencing the distribution of legal-sized target
species
The most parsimonious model for the abundance of legal-size L. nebulosus in the stereo-BRUV data
included an interaction between status and mean relief and between status and SD of relief, which
together explained 45% of the variation in its distribution (Table 1). Both of these interactions indicated
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that the abundance of L. nebulosus was higher in no-take zones (NTZs), however with increased levels of
mean relief the abundance in protected areas decreased, while increased levels of the SD of relief in
protected areas correlated with a higher abundance of L. nebulosus (Fig. 2; Fig. 3). Importance scores
indicated that these were the only important variables for the stereo-BRUV method across all possible
models. In contrast, the most parsimonious model for the abundance of legal-size L. nebulosus from
stereo-DOV transects was a negative correlation with the percent cover of reef, explaining 31% of the
distribution (Table 1; Fig. 2; Fig. 4). Importance scores suggest that the percentag cover of reef was the
most important variable across all models for the stereo-DOV method (Fig. 2; Fig. 4).

For legal-size C. fulvoguttatus observed by stereo-BRUVs, the most parsimonious model (explaining 39%
of their distribution) indicates a higher abundance of C. fulvoguttatus in NTZs than �shed areas (Table 1)
with abundances also positively correlated with intermediate levels of relief (Fig. 3). Importance scores
indicated that all the other measured environmental variables contributed only a weak level of importance
across all possible models (Fig. 2).

The most parsimonious model of the abundance of legal-size E. rivulatus recorded on stereo-BRUVs
indicated a correlation with intermediate levels of both mean and SD of relief, which explained 51% of the
variation in its distribution (Table 1; Fig. 2; Fig. 3). Importance scores indicated that mean relief and SD
relief were the most important variables across all possible models (Fig. 2).

Table 1
Best models for the prediction of the abundance distribution of legal sized targeted species recorded on
stereo-BRUVs and stereo-DOVs, inside and outside the no-take areas across the Ningaloo Marine Park
from the full-subset generalised additive mixed models. Difference between lowest reported corrected

Akaike Information Criterion (ΔAICc), AICc weights (ωAICc), variance explained (R2) and effective degrees
of freedom (EDF) are reported for model comparison. Model selection was based on the most

parsimonious model (fewest variables) within two units of the lowest AICc.
Method Species Best models ΔAICc ωAICc R2 EDF

stereo-
BRUV

Lethrinus nebulosus Mean Relief * Status, SD
Relief * Status

0 1.00 0.45 18.83

  Carangoides
fulvoguttatus

Mean Relief + Status 0 0.34 0.39 12.84

    Mean Relief 0.34 0.28 0.38 12.53

  Epinephelus
rivulatus

Mean Relief + SD Relief 0 0.58 0.51 17.43

    Mean Relief + SD Relief +
Status

0.97 0.36 0.51 17.80

stereo-
DOV

Lethrinus nebulosus Reef 0 0.80 0.31 7.42

Differences in length distribution
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Considering all L. nebulosus observed (109 on stereo-BRUVs, 429 on stereo-DOVs), stereo-DOVs yielded
length measurements of a higher proportion (78%, n = 307) than stereo-BRUVs (58%, n = 63). Considering
only legal-sized L. nebulosus, however, stereo-BRUVs facilitated the measurement of 22 individuals
compared to 17 by stereo-DOVs. Of the 47 L. nebulosus measured from stereo-BRUVs in NTZs, 21 were
larger than the minimum legal-size of 410 mm as opposed to only 1 individual in �shed areas. While 106
of the 287 individuals measured on stereo-DOVs in NTZs were larger than the minimum legal-size and
only 4 individuals in �shed areas.

Analysis of variance of the mean length of L. nebulosus found a signi�cant interaction of sampling
method and status (Table 2, Fig. 4). Pairwise comparisons indicated this was driven by signi�cantly
larger L. nebulosus observed within the NTZs when sampled by stereo-BRUV, (t = 2.96, p < 0.01) whereas
no difference was observed in the stereo-DOV data. No signi�cant difference in mean length was found in
either C. fulvoguttatus or E. rivulatus inside and outside the NTZs when sampled with stereo-BRUV, and
insu�cient length measures were obtained for these species to analyse the patterns observed using the
stereo-DOV method.

Table 2
Results of permutational analysis of variance (PERMANOVA) for mean length of

targeted species recorded on stereo-BRUVs and stereo-DOVs, inside and outside the
no-take areas across the Ningaloo Marine Park. The interaction of Method (stereo-
BRUV vs stereo-DOV) and Status (inside and outside the no-take areas) was only

investigated for Lethrinus nebulosus due to the limited number of length measures
for the other species. Signi�cant results (p < 0.05) are shown in bold. All unique

permutations >9999.
Species Source df MS F p

Lethrinus nebulosus Method 1 8466.4 0.75 0.402

  Status 1 4722.6 0.42 0.51

  Method x Status 1 1.67E+05 14.8 0.003

Carangoides fulvoguttatus Status 1 9238.8 0.18 0.68

Epinephelus rivulatus Status 1 4698.5 1.38 0.254

Discussion
Baited remote underwater stereo-video (stereo-BRUV) found consistent greater abundance and length
distribution of two commonly targeted �sh species (Lethrinus nebulosus and Carangoides fulvoguttatus)
within the no-take zones (NTZ) within the Ningaloo Marine Park (NMP). In contrast, diver operated stereo-
video (stereo-DOV) did not. In addition, for the most frequently retained target species (L. nebulosus),
stereo-BRUVs consistently found larger individuals in NTZs compared to areas open to �shing. In
contrast, for target species sampled using the stereo-DOV method, the in�uence of NTZ status was either
minor or could not be tested due to the low number of individuals sampled, and there was no difference
in the mean length of L. nebulosus inside and outside NTZs. These results suggest that stereo-BRUVs are
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a more suitable method to investigate the in�uence of �shing on abundance and body-size of targeted
species in comparison of NTZ and �shed areas.

An understanding of potential methodological biases of available sampling methods is essential to
design ecological assessment programmes, and the interpretation of data that comes from them
(Holmes et al. 2013). Consideration should be given to both, the direct limitations of the methodologies
themselves (e.g. performance in low water visibility, observer bias, depth restrictions of divers) as well as
their relative performance to detect differences in indicators of interest (e.g. habitat composition, �sh
abundance and size). In the current study, we found that the remote stereo-BRUV method detected a
larger mean size of the primary target species, L. nebulosus, than the diver-based method (stereo-DOV).
Similar results have been obtained inside NTZs comparing stereo-DOV and stereo-BRUV methodologies
in the past (Watson et al. 2010). However, how these methods compare when sampling gradients of
�shing effort (e.g. inside and outside of NTZs) has never been examined.

There is a growing body of research suggesting that �shing has an in�uence on �sh behaviour,
increasing their overall ‘wariness’ when visually sampled by divers (Goetze et al. 2017; Januchowski-
Hartley et al. 2011; Kulbicki 1998). This effect may be ampli�ed in larger and older �sh that are generally
targeted more frequently by �shing activity and have had a longer period of time to build up acquired
behaviours (Gotanda et al. 2009). As L. nebulosus is a relatively mobile species that has the capacity to
move across NTZ boundaries of the size present at within the NMP (Pillans et al. 2014), larger individuals
that have moved into NTZs may not be detected by the diver-based stereo-DOV method because these
�sh have acquired wariness behaviours and are diver avoidant. As such, the remote stereo-BRUV method
may provide a more representative estimate of the size range for mobile �sh species inside and outside
the NTZs found within the NMP.

While avoidance behaviour is likely to have played a role in the results observed, it is possible that stereo-
BRUV method may also overestimate the abundance of larger individuals. The area sampled by stereo-
BRUVs is unknown and can be inconsistent within a study based on variations in current strength
between sites (Taylor, Baker, and Suthers 2013) and the burley effect due to other �sh feeding on the bait
(Langlois et al. 2015). Similarly, as larger L. nebulosus individuals are more mobile than smaller
conspeci�cs (Pillans et al. 2014), the use of bait may sample these size classes from a larger area,
effectively over-sampling larger bodied �sh. However, in the current study stereo-BRUV only observed a
greater abundance of larger bodied individuals with the NTZ, suggesting the pattern observed is due to
stereo-BRUVs’ more accurately detecting the in�uence of �shing pressure. Here, the low proportion of
length estimates obtained by the stereo-BRUV method in comparison to the stereo-DOV (58% and 72%
respectively) was due to high habitat complexity across the study sites, with the static nature and close
proximity of the stereo-BRUV units to the benthos meaning that �shes further from the camera were
frequently partially obscured, making accurate length estimates impossible. As such, any differences in
habitat complexity (measured as mean and SD relief) between study sites have the potential to in�uence
the size structure being sampled, particularly if behavioural factors mean that sizes are not evenly
distributed with increasing range from the diver-based or remote stereo-cameras. In addition, whilst the
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relationship between approach distance and target �sh body-size has never explicitly been tested for
stereo-BRUVs, a recent study by Coghlan et al. (2017) found that the presence of larger bodied �sh during
deployments had no in�uence on the size distribution of conspeci�cs sampled, suggesting that larger
�sh do not displace smaller ones across the 60-minute sampling duration with stereo-BRUVs.

L. nebulosus is the primary target species within NMP (Holmes et al. 2017), and as such any NTZ effects
are likely to be most apparent in this species. In this study NTZ effects were less obvious in other target
groups/species (i.e. Carangoides fulvoguttatus and Epinephelus rivulatus using stereo-BRUV), with the
stereo-DOV method failing to record high enough abundances of any target species other than L.
nebulosus to facilitate statistical analysis. This is likely due to a combination of detectability issues
using the selected methodologies (i.e. stereo-DOV can be poor at detecting cryptic and pelagic species;
(Holmes et al. 2013), sub-optimal habitat at study sites for the species in question (e.g. E. rivulatus is
primarily found in macroalgal dominated habitats; (Ayling and Ayling 1987; Mackie and Black 1996) and
lower relative �shing effort on other target species (Ryan et al. 2015). C. fulvoguttatus is the only other
species to display a positive NTZ effect, detected using stereo-BRUV. This is unusual due to the highly
mobile nature of this species and given that NTZs are generally considered to be less effective for
bentho-pelagic mobile species (Grüss, Kaplan, and Hart 2011; Le Quesne and Codling 2009; Walters,
Hilborn, and Parrish 2007). Bearing in mind, that this species is easily capable of swimming between
adjacent stereo-BRUV deployments (~250 m) during the 60-minute videos, this result should be
considered with caution. However, there were no consistent patterns of schools of this species between
adjacent stereo-BRUV deployments, suggesting that NTZs within the NMP may actually provide a degree
of protection for this highly mobile species.

The results of prior studies examining NTZ effectiveness at this location have been mixed with variation
in methodologies over the years and between studies making it di�cult to draw clear conclusions (Wilson
et al. 2010). A recent meta-analysis of NTZ assessments within NMP reached a similar conclusion,
�nding con�icting results and effect sizes amongst �sh species, methods and studies (Cresswell et al.
2019). While they found higher abundance of L. nebulosus overall inside NTZs, there was no difference in
the abundance of E. rivulatus. Fitzpatrick (2012) found higher abundance and larger size of both L.
nebulosus and E. rivulatus inside NTZs, when sampling across multiple habitat types (including shallow
water algal habitat where E. rivulatus is more abundant), using a stereo-BRUV method. Alternately,
(Wilson et al. 2012) found little evidence to suggest higher abundance or biomass of targeted species
inside NTZ using a diver-based Underwater Visual Census method, instead �nding habitat complexity to
play a more important role in structuring targeted �sh communities. Our study also highlighted the
important role that habitat complexity plays in structuring the abundance patterns of targeted �sh
species at this location, with habitat complexity attributes consistently being found to be important for
predicting the distribution of L. nebulosus and being the primary factor explaining variation in abundance
for both C. fulvoguttatus and E. rivulatus. As such, habitat factors (including an awareness of optimal
habitat for species being examined) should also be considered as a key component of sampling design.
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This study highlights the importance of considering which method should be used to sample �sh
assemblages, especially for long-term monitoring. The objectives of the long-term monitoring
programmes need to be considered, e.g. if the entire �sh community should be assessed or only speci�c
species, families or feeding guilds. Further, it needs to be considered if differences between �shed and
NTZs or across gradients in �shing pressure are an essential component of the assessment. Stereo-DOVs
might be more suitable for monitoring an entire assemblage and investigating the in�uence of habitat
change, but we have found that this method underrepresents �sheries target species. If the comparison
of NTZ and across �shing pressure gradients is a major objective of the study, we have found stereo-
BRUVs appear to be more suitable and likely to be just as sensitive to the in�uence of habitat change as
stereo-DOVs.
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Figure 1

Overview and detailed maps (A, B and C) of the survey sites within the lagoon of the Ningaloo Marine
Park showing the baited remote underwater stereo-video deployments (cross) and the diver operated
stereo-video sites (triangle) within the surveyed Sanctuary Zones (grey areas), Sanctuary Zones not
surveyed are shown in white
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Figure 2

Variable importance scores from full-subset generalised additive mixed models analyses to predict the
abundance distribution of Lethrinus nebulosus, Carangoides fulvoguttatus and Epinephelus rivulatus on
stereo-BRUVs and stereo-DOVs, inside and outside the no-take areas across the Ningaloo Marine Park,
predictor variables within the most parsimonious model for each response variable are indicated (X, see
Table 2).
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Figure 3

Important variables for each species recorded with stereo-BRUVs and stereo-DOVs, retrieved from the best
model �tted using full-subset generalised additive mixed models; the correlation between the mean
abundance +/- SE and the �shing status (a, d) and the residual abundance with the habitat variables (b, c,
e - h) is shown; solid lines show the estimated smoothing curve, dashed lines show +/- 2SE of the



Page 22/22

estimated smoothing curve, interactions of variables are indicated with a red line for �shed and a black
line no-take locations.

Figure 4

Length distribution of Lethrinus nebulosus by �shing status recorded with either stereo-BRUVs and
stereo-DOVs; dashed lines indicate the minimum legal length for retention.
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