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Context. The inner Queen Charlotte Sound–Tōtaranui is a focal and emblematic coastal area in 
New Zealand that is valued by diverse stakeholders. Fish diversity in the region is not well 
characterised. Aims. This study sought to provide an inventory of local fish populations, determine 
the relative abundance of all species observed, and quantify fish biodiversity (including 
teleost, elasmobranch, syngnathid, chimaera, and cephalopod) in the region. Methods. Baited 
remote underwater video, a spatially balanced acceptance sampling design, and Bayesian spatio-
temporal analysis approaches using integrated nested Laplace approximation (INLA) were 
employed. Key results. In total, 35 species were observed over 3 years. Average site-specific 
levels of species abundance were low (~3) with only modest levels of biodiversity (Shannon– 
Wiener value = 0.65, Simpsons index = 0.51). On the basis of spatial residuals, greater species 
diversity was identified in western arms of the sound. Conclusions. These findings provide a 
useful insight into the biodiversity of fish in the region, and baseline information on the relative 
abundance of a variety of fish species. Implications. These findings characterise the contemporary 
status of fish populations in the inner Queen Charlotte Sound and present a useful framework for 
ongoing investigations of fish populations in this, and other, inshore marine environments. 
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OPEN ACCESS 

Coastal marine environments possess considerable societal and ecological value. They 
contribute to the livelihoods of the maritime and tourism sectors, energy production 
and mining industries, food production and capture industries, and provide significant 
cultural value and recreational opportunities (Costanza et al. 1997). This value is 
emphasised by the fact that urbanisation, economic development, and associated high 
population densities associate with coastal environments across the globe (Inman and 
Brush 1973). Because of this perceived value and utility, coastal habitats are generally 
recognised to be suffering a range of anthropogenic-derived environmental stressors 
such as climatic variations, nutrient stress, sedimentation, overfishing, habitat 
degradation and the spread of invasive species (Nixon 1995; Bax et al. 2003; Harley 
et al. 2006; Peterson and Lowe 2009). 

Efforts to manage these marine environments seek to balance social, biological, and 
economic considerations to maximise the benefits from these valuable environments. 
Yet, efforts and resources are disproportionally directed at discrete areas generally 
deemed to possess significant biodiversity value, often at the expense of reduced 
coverage across habitats deemed less significant or valuable, yet potentially subject to 
the greatest levels of degradation (Roberts et al. 2003; Willis et al. 2003). Conversely, 
fisheries management is often focused on the analysis of data gathered for single-species 
stocks spread across large reporting areas (Mace et al. 2014). To address these 
challenges integrated monitoring and management strategies need to be developed that 
cover multiple species over a broad scale, and modelled or researched to infer or deliver 
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finer-scale spatial resolution. To achieve this, the application 
of cost-effective tools that facilitate the rapid assessment of 
patterns of marine diversity and abundance are required. 
Once effective baselines have been established, ongoing 
research and increasingly rich datasets can then be 
incorporated or adapted to investigate broader ecosystem-
level phenomena, i.e. infer and rank the relative threats of 
localised pressures (e.g. over fishing, sedimentation, and 
their cumulative impacts, Halpern et al. 2019; Li and 
Convertino 2021). These strategies can then be adapted to 
facilitate ongoing decision-making, track outcomes and 
adapt programs to optimise regional recovery. 

Despite New Zealand’s brief history of settlement, coastal 
activity, and development, the same range of environmental 
stressors as experienced globally is also reported across its 
coastal marine environment (Thrush et al. 2004; Rodil et al. 
2013). These stressors are anecdotally considered to have 
imposed abrupt change on various coastal marine 
environments and their fauna; however, a paucity of 
baseline information describing many regions and their 
faunal populations presents challenges to those wishing to 
quantitatively consider and evaluate the consequences of 
these supposed changes. One such example of an affected 
New Zealand marine environment is the Queen Charlotte 
Sound–Tōtaranui (Fahey and Coker 1992; Parnell et al. 
2007; Urlich and Handley 2020; Watson et al. 2020). 

The Queen Charlotte Sound comprises an extensive 
network of inlets and bays, and is located on the north-
eastern margin of New Zealand’s South Island. The sheltered 
waterways, coastal forests, mountainous landscape, marine 
life (including marine mammals and birds), and the historic 
importance of the region, combine with a relatively small 
standing population (of ~5000 people) to create a highly 
valued natural environment and destination. Economic 
activities associated with the region include ecotourism, 
notable recreational fishing effort, historical commercial 
fishing effort, fin fish aquaculture in the outer regions of the 
sounds, forestry, and maritime operations (port facilities, 
passenger ferries and cargo shipping). The Queen Charlotte 
Sound therefore represents an environment where 
multiple stakeholders derive economic and societal value 
from a blue economy. Yet, the activities of each of these 
stakeholders may potentially influence the natural diversity 
and abundance of fish because of the extractive pressures 
or environmental modifications (e.g. habitat degradation, 
water quality, anthropogenic noise) that associate with their 
activity. Despite the value of this region, research focus is 
limited, and few characterisations of the mobile species 
assemblages within this coastal environment have been 
undertaken or described in the scientific literature (with 
the exceptions of Cole et al. 2000; Davidson 2001; Francis 
et al. 2011; Beentjes and Carbines 2012; Handley 2016; 
Urlich and Handley 2020). This study therefore aimed to 
provide a necessary characterisation of fish biodiversity in 
the inner Queen Charlotte Sound. 

The relative absence of baseline biodiversity and species 
abundance information is commonly acknowledged for key 
New Zealand marine environments, which limits the ability 
of managers and observers to gauge any changes (i.e. 
improvements or declines) in the coastal environment 
(Jarvis and Young 2019). To address this issue, this study 
sought to employ a combination of baited remote underwater 
video (BRUV)-monitoring techniques, a spatially balanced 
acceptance sampling design, and Bayesian spatio-temporal 
analysis approaches using integrated nested Laplace 
approximation, or INLA, to develop a baseline dataset with 
the overarching intention of characterising the biodiversity 
in the region. Specific aims of the study included 
identifying the contemporary state of the region, including 
(1) an inventory of the species present in the region, 
(2) determinations of the relative abundance of each 
species, and (3) an assessment of the biodiversity and 
species richness throughout the inner sounds. Opportunistic 
assessments of highly valued ‘focal species’ were also 
undertaken following determinations of relative abundance. 
This combination of data was generated to establish 
quantitative estimates of fish abundance and diversity that 
address (in part) the absence of information describing the 
inshore fisheries of this nationally important coastal marine 
environment. Outcomes from this research are intended to 
support future monitoring efforts in the region and to 
identify a useful framework for BRUV-based surveys that 
are transferrable to other regions that also require baseline 
investigations. 

Materials and methods 

Study area and sampling design 

The focal region of the study was the Queen Charlotte 
Sound–Tōtaranui, a drowned river valley comprising many 
rias that runs in a north–east to south–east direction before 
joining with the Cook Strait of New Zealand (centred 
on 41°13 045″S, 174°08 037″E, WGS84). Focusing on the 
innermost region of Queen Charlotte Sound across an 
area of ~45 km2 (Fig. 1), topo-maps of the region were 
extracted from the NZ Coastlines topographic database 
(Topo 1:50 k) representing New Zealand’s boundary 
between land and sea (National Topographic Office 2017). 
Boundaries to the sampling region were defined by the 
mean high-water line of the inner sound to a line extending 
between Golden Point (41°13 044″S, 174°04 030″E, WGS84) 
and Motueka Bay (41°15 006″S, 174°04 033″E). Two sampling 
strata were generated from this region termed ‘shallow’ and 
‘deep’, referring to nearshore locations of less than 25-m 
bathymetric depth, and locations greater than 25-m depth, 
throughout the sampling region. The maximum charted 
depth in the sampled area was 53 m. For detailed 
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Sampling was performed seasonally over a continuous 3-year 
period between 2017 and 2020, starting on 1 September 2017 
and ending on 28 May 2020. Each seasonal sample was 

Data collection 

bio-physical descriptions of the Queen Charlotte Sound, 
please refer to Hadfield et al. (2014). 

ensured to be spatially balanced, thus evenly distributed 
and avoiding clustering over space as well as over time. 

To select the sampling sites across all seasons and years, a 
spatial balanced probability sample was selected using 
balanced acceptance sampling (BAS; Robertson et al. 2013). 
The probabilities were set such that a similar number of 
sites would be selected in the ‘shallow’ and ‘deep’ strata. By 
using the BAS strategy, the 36 selected sampling sites were 

Fig. 1. Diagrammatic representation of the inner Queen Charlotte Sound–Tōtaranui region 
investigated in this study, including location of sampling points and select place names. Aerial 
image: ‘Inner Queen Charlotte Sound’. 41.0815°S, and 174.3332°E. Google Earth. 9 October 2021. 
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performed as a single event over a 2-day period where 
observations from all 36 prescribed sampling sites were 
collected. Four BRUV rigs equipped with GoPro cameras 
(Hero3, 3+ Woodman Labs, California, USA) or GitUp 
cameras (Git1, GitUp Ltd, Shenzen, PR China) were deployed 
in sequence across the four closest waypoints. Following a 
minimum of 30-min soak time, each of the four BRUV rigs 
was retrieved and prepared for a subsequent deployment at 
the next set of neighbouring sampling points. Three, and on 
rare occasions up to four, sequential sets of deployment 
were performed during a sampling session. Sampling 
sessions were scheduled to occur within 5 h after sunrise, 
or 5 h prior to sunset on all occasions, so as to align with 
anecdotal daily behavioural rhythms (Helfman 1986). 

The bait attached to the BRUV consisted of a pre-frozen 
standardised attractant placed in a burley canister, replaced 
immediately prior to each deployment. The bait comprised 
300 g of minced pilchard (Sardinops sp.), minced greenshell 
mussel meat (Perna canaliculus), and tapwater (in a ratio 
1:1:1 w/w), combined, and then ground using a 10-mm 
mincing pate. This mix of attractants was intended to 
represent the diversity of diet types (e.g. baitfish and 
shellfish) typical of the region and its fish populations. 
Logging temperature recorders (RBR SoloT, RBR Ltd, 
Canada) were attached to each rig to record bottom 
temperatures, and on select occasions, logging pressure 
sensors (RBRduetTD, RBR Ltd) were also deployed to 
corroborate bathymetric depth data. Immediately prior to 
deployment, sampling metadata were recorded (including 
start time, GPS waypoints, surface-water temperatures) and 
the BRUV lowered at the required GPS coordinates. 

No ethical permits were required for this study, which 
complies with all relevant regulations. 

Video analysis 

Video footage from each site was analysed by a sole reviewer 
to eliminate bias among observers by using VLC media player 

(ver. 3.0, VideoLAN Org, Paris, France). The full length 
of video footage was reviewed, with data collection 
commencing as soon as video showed that the BRUV was 
stable on the benthos and ended when the rig was first 
disturbed during retrieval. Slight differences in observation 
time were then accounted for statistically (refer to the 
‘Statistical analysis’ section). Video was reviewed at 1×, 
1.5× or 2× magnification, depending on water clarity and 
fish densities. Repeated review of footage occurred when 
species proved difficult to identify or count. 

For each video recording and deployment, the time of first 
arrival (TTFA_SPC) for each species present in the recording 
was noted, along with a count of maximum number of 
fish occurring in any one video frame for each species 
(MaxN_SPC, where SPC represents the species code of the 
observed species; Table 1). When fish abundance was high 
(e.g. >100 individuals), it was often not possible to precisely 
determine MaxN. In these instances, MaxN was estimated to 
the nearest 10 value. Where a fish species could not be 
confidently identified, it was recorded alongside arrival 
time as unknown (UNK). For two highly valued species 
observed in this study, namely snapper (SNA) and blue cod 
(BCO), the combined residence time each species spent on 
screen (either individually, or as a group) was observed and 
recorded under the denotation Residence_SPC, although 
this metric was not investigated further. Variations associated 
with the BRUV deployment (i.e. rig landed in a vertical 
orientation) were noted. The substrate composition (i.e. 
rock, mud or silt) and structures (i.e. burrows or tracks) 
were recorded, along with counts of any identifiable 
benthic species (e.g. algae and invertebrates). The entirety 
of the footage between start and end times was examined. 

Using the bait canister and the benthos as reference points, 
relative visibility was defined using a series of descriptive 
variables ranging from excellent to terrible (Excellent–Very 
Good; Good, OK or Poor; and Very Poor or Terrible). 
Visibility often varied during the footage because of 
variance in lighting, fish activity, or current; the change in 

Table 1. Description of species observed in the Inner Queen Charlotte Sound over the studied period. 

Taxonomic grouping Species (common names, code, and species names) 

Teleost Baracoutta (BAR) Thyrsites atun, blue cod (BCO) Parapercis colias, banded wrasse (BPF) Notolabras fucicola, English (blue) mackerel 
(EMA) Scomber australasicus, English sole (FLA) Peltorhamphus sp., triplefin (FOR) tripterygiidae, gurnard (GUR) Chelidonichthys 
kumu, Jack mackeral (JMA) Trachurus spp., kahawai (KAH) Arripus trutta, leather jacket (LEA) Meuschenia scaber, opalfish (OPA) 
Hemerocoetes monopterygius, sea perch (PER) Helicolenus percoides, pigfish (PIG) Congiopodus leucopaecilus, porcupine fish (POP) 
Tragulichthys jaculiferus, red cod (RCO) Pseudophycis bachus, red mullet (RMU) Upeneichthys lineatus, snapper (SNA) Chrysophrys 
auratus, scarlett wrasse (SPF) Pseudolabrus miles, tarakihi (TAR) Nemadactylus macropterus, trevally (TRE) Pseudocaranx georgianus, 
warehou (WAR) Seriolella brama, spotted wrasse (WSE) Notolabrus celidotus, yellow-eyed mullet (YEM) Aldrichetta forsteri 

Elasmobranchs Carpet shark (CAR) Cephaloscyllium isabellum, eagle ray (ERA) Myliobatis tenuicaudatus, rough skate (RSK) Zearaja nasuta, school 
shark (SCH) Galeorhinus galeus, sevengill shark (SEV) Notorynchus cepedianus, short-tailed black ray (BRA) Dasyatis brevicaudata, 
spiny dogfish (SPD) Squalus acanthias, rig shark (SPO) Mustelus lenticulatus 

Cephalopods Broad squid (BSQ) Sepioteuthis australis, octopus (OCT) assumedly Pinnoctopus cordiformis 

Syngnathids Seahorse (SHO) Hippocampus abdominalis 

Chimaeras Elephantfish (ELE) Callorhinchus milli 
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relative classification was noted as this occurred. Sites where 
visibility was reduced to zero were recorded as NA. 

Habitat characterisations 

Habitat characteristics including terrain, slope, depth, aspect, 
and seeps were identified for each of the 36 sampling sites 
(Table 2). Identification of habitat characteristics was derived 
from seabed habitat maps provided by the Marlborough 
District Council, generated by Multibeam sonar (https:// 
arcg.is/85bHT). Distance to shore was calculated as the mini-
mum distance between the sampling point and the coastline. 
Habitat characteristics including depth, distance to shore, and 
terrain were retained for the primary analysis, with remaining 
characterisations excluded after exploratory analyses identified 
poor associations between these variables and outcomes. 

Abundance and biodiversity metrics 

The abundance index for each species was defined as the MaxN 
value (defined above). The total number of species observed in 
each analysed recording was then summed to define 
SpeciesCount. Derived biodiversity metrics including the 
Shannon–Wiener index (SW), and Simpson’s index (SI), were 
calculated according to the standard formulas (Magurran 
2004). The SW indicates the diversity of the observed 
population. Low values of the SW index indicate low diversity 
or richness (randomness in species present), with progressively 
larger numbers indicating increased diversity. SI indicates the 
dominance, or evenness of any given species at the sampling 
site, where low values of SI indicate an assemblage of high 
diversity in species present, whereas high values of SI (e.g. 1) 
indicate low diversity (i.e. a mono-species assemblage). 

Statistical analysis 

Data produced from this study was analysed using Bayesian 
statistics by using R-INLA (ver. 21.6.11) in the R software 

package (ver. 4.0.5, R Foundation for Statistical Computing, 
Vienna, Austria, see https://www.R-project.org/; Rue et al. 
2009). INLA was used for its fast computation of Bayesian 
models and the ability to fit the spatial Barrier model 
(Bakka et al. 2019). With all spatial data, Tobler’s first law 
of geography states that things in closer proximity are more 
alike than those that are further away. However, when it 
comes to fish abundance, then it is sensible to not only 
consider distance, but also barriers that would place objects 
further apart despite their close spatial proximity. Consider 
we have three sampling locations, where the first two 
locations are close to one another in distance but separated 
by a peninsula. Whereby a third location is further in 
distance from the first but does not have any physical 
barriers, then it is sensible to assume that first and third 
locations are more alike because there is no physical barrier 
that separates them. Therefore, the Barrier model that we 
applied differs from other spatial models because it 
considers connectivity of locations through a series of 
paths. The paths can then be altered so that paths between 
close points are cut-off if there is a physical barrier between 
them, such as in the aforementioned example. The Barrier 
model is particularly useful for coastal and convoluted 
waterways and has been used to analyse both biodiversity 
in coastal areas of Iceland and to identify vulnerable 
habitats of bottlenose dolphins in the Mediterranean 
(Jónsdóttir et al. 2019; Martínez-Minaya et al. 2019). 

Three separate models were run to investigate species 
count, SI and SW, independently. To account for possible 
zero inflation (the large numbers of observations with no 
species detected), species count was assessed by each of the 
Poisson, negative binomial, Gaussian, and zero-inflated 
Poisson models. Model selection for species count was 
based on deviance information criterion (DIC) where lower 
values are preferred. Because the analyses showed that the 
Poisson likelihood had the best model fit, these results are 
discussed herein. The variables SW and SI were modelled 

Table 2. Descriptors used to classify the habitat type present at each sampling site, as determined from Multibeam sonar. 

Habitat descriptor General description Category 

Depth Bathymetric depth at sampling-site coordinates Scalar values 1.0 to >40.0 m 

Terrain Geomorphic habitats and landforms on the seabed Broad depressions 

Broad slopes 

Flat plains 

Narrow slopes 

Rock outcrops, beach platforms, narrow ridges 
(termed ‘multi’ throughout) 

Slope Steepness of the seafloor gradient Degrees of incline, binned into categories of 4°, up to 20°. 0° 
references a horizontal slope 

Seeps Freshwater plumes emanating from the seafloor, dominant, 
diffuse or minor in magnitude 

Absent or present 

Aspect Direction that the downslope of the seabed faces Degrees heading (0° = N, binned to intervals of 60°) 
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using a Gaussian likelihood. The intensity parameter for 
SpeciesCount, and the mean parameter for SW index and SI 
were treated as a function of depth, temperature, and 
distance to shore. In addition, the models also consisted of 
random effects for sampling site, year, visibility, terrain and 
season. As logistical and technical challenges resulted in 
differences in the duration that each video recorded 
observations, an offset was included for the footage length 
for the species count variable, therefore turning the 
intensity parameter into rates per minute. 

All of the models included spatially correlated errors and 
were assigned a penalised complexity Matérn prior, with 
the range parameter given P (range < 0.03) = 0.9, i.e. small 
to medium spatial variation is likely. The spatial variability 
or sill was given the prior P (spatial variability > 1) = 0.5. 
The linear fixed effects consisted of depth, temperature and 
distance to shore. For all response variables, the fixed effect 
and intercept priors were assigned a normal prior with a 
mean of zero and a precision of 0.001. The categorical 
variables were treated as random effects. The variables 
sampling site, year, visibility and terrain were treated as 
independent identically distributed normal random effects 
with means of zero and their corresponding precision 
parameters were given a gamma (0.01, 0.01) prior 
distribution. These predictors were treated as random 
effects because these variables had many factor levels. 
Although they are referred to as random effects, their 
effects can be considered as a shift in the intercept which 
allows one to see the change from the baseline. As the 
season variable was ordered and cyclical, they were given a 
Gaussian first-order random walk prior, which induced 
correlation or smoothed between nearby time points. 

Results 

Observation overview 

Throughout this study 35 different species of taxa were 
observed, primarily teleost fish followed by elasmobranch 
(sharks, skates and rays) and limited numbers of chimaeras, 
cephalopods, and sygnathids (seahorses and pipefish; 
Table 1), with a total of 5512 fish being observed across the 
432 BRUV deployments (refer to Supplementary material). 
Among the teleost, spotted wrasse was the most numeri-
cally dominant species observed (MaxN = 8.45 ± 0.60, 
mean ± 95% CI, Table 3). Recreationally targeted and 
highly valued species including blue cod, snapper, tarakihi, 
and gurnard were observed infrequently, all with mean 
MaxN values of <0.5 across all observed sample sites. 
Spikey dogfish represented the most numerically dominant 
elasmobranch species (MaxN = 0.51 ± 0.11, mean ± 95% 
CI, Table 3). The mean duration lapsed before each species 
was observed in the footage (i.e. TTFA) varied, with species 
such as kahawai, blue cod and spotted wrasse being 

Table 3. Summary of MaxN and TTFA values of each species 
throughout the investigation. 

Species MaxN (95% CI) TTFA (95% CI) 

Barracouta (BAR) 0.01 (0.09) 09:33 (07:42) 

Blue cod (BCO) 0.23 (0.17) 08:14 (02:54) 

Banded wrasse (BPF) 0.00 (0.09) 15:03 (27:57) 

Short-tailed black ray (BRA) 0.01 (0.09) 12:11 (03.32) 

Broad squid (BSQ) 0.002 13:56 

Carpet shark (CAR) 0.05 (0.10) 18:45 (03:59) 

Elephantfish (ELE) 0.01 (0.09) 12:18 (06:29) 

English mackerel (EMA) 0.002 15:34 

Eagle ray (ERA) 0.01 (0.12) 15:07 (17:09) 

English sole (ESO) 0.04 (0.10) 16:08 (05:10) 

Triplefin spp. (FOR) 0.42 (0.25) 04:03 (02:14) 

Gurnard (GUR) 0.40 (0.10) 16:49 (01:26) 

Jack mackerel (JMA) 0.82 (0.43) 14:34 (02:40) 

Kahawai (KAH) 0.06 (0.12) 15:25 (04:12) 

Leather jacket (LEA) 0.38 (0.17) 07:58 (01:52) 

Octopus (OCT) 0.00 (0.09) 28:26 (03:03) 

Opalfish (OPA) 0.09 (0.14) 09:20 (03:35) 

Sea perch (PER) 0.01 (0.12) 02:18 (02:23) 

Pigfish (PIG) 0.002 12:04 

Porcupine fish (POP) 0.002 08:40 

Red cod (RCO) 0.04 (0.09) 20:38 (03:34) 

Red mullet (RMU) 0.005 (0.09) 01:26 (00:17) 

Rough skate (RSK) 0.08 (0.09) 18:21 (03:00) 

School shark (SCH) 0.02 (0.14) 24:24 (06:12) 

Sevengill shark (SEV) 0.002 13:38 

Seahorse (SHO) 0.002 25:53 

Snapper (SNA) 0.09 (0.18) 08:16 (02:26) 

Spotted dogfish (SPD) 0.51 (0.11) 14:08 (01:21) 

Scarlett wrasse (SPF) 0.01 (0.09) 21:05 (07:20) 

Rig shark (SPO) 0.03 (0.10) 22:31 (04:53) 

Tarakihi (TAR) 0.13 (0.19) 08:28 (02:48) 

Trevally (TRE) 0.33 (0.33) 15:06 (03:41) 

Warehou (WAR) 0.07 (0.29) 18:21 (08:28) 

Spotted wrasse (WSE) 8.35 (0.60) 06:20 (00:51) 

Yellow-eyed mullet (YEM) 0.52 (0.25) 14:12 (02:05) 

Both MaxN and TTFA values are presented as mean values across all 
observations/deployments. Mean values without associated error values 
identify singular observations of a species. MaxN, maximum number of fish 
observed in a single video frame; TTFA, time to first arrival (min:s). 

observed in <10 min from the beginning of the observation 
period, whereas other commonly observed teleost species 
including trevally, snapper and tarakihi weren’t typically 
observed until a mean duration of ~20 min (Table 2). 
Commonly observed elasmobranchs (including rig, carpet 
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Table 4. Summary statistics of raw values collected from all sampling 
sites over the entire survey period. 

Variable of 
interest 

Summary 
value 

Comment 

Species count 2.9 (1.7) Mean (±s.d.) no. of observations at 
each sampling site 

SW 0.65 (0.48) Mean (±s.d.) observed throughout 

SI 0.51 (0.29) Mean (±s.d.) observed throughout 

Total number of 
blue cod 
observations 

100 Total observations over study 
period 

Total number of 
snapper 
observations 

37 Total observations over study 
period 

Total number of 
tarakihi 
observations 

56 Total observations over study 
period 

Total number of 
gurnard 
observations 

174 Total observations over study 
period 

Habitat types 
surveyed 

Broad 
depressions = 1 

Broad 
slopes = 6 

Flat plains = 24 

Narrow 
slopes = 1 

Multi = 4 

shark, spiny dogfish, eagle ray and rough skate) were observed 
between 8 and 25 min, on average (refer to Supplementary 
material). Summary statistics of key raw variables of interest 
are presented below (Table 4), where after modelled 
outcomes are presented in the following sections. 

Species abundance 

Modelled analysis of SpeciesCount identified that the 
credible intervals of the predictor’s distance to shore, depth, 
temperature, year and terrain included zero, suggesting no 
statistical support for an association of these predictors with 
species richness outcomes (Table 5). For the seasonal 
predictor, the 95% credible interval results suggest that austral 
autumn is positively associated with SpeciesCount (Table 5, 
Fig. 2a). For visibility, the 95% credible interval indicates a 
purely positive effect on SpeciesCount when visibility was 
good (visibility score = 1) and a negative association when 
visibility was bad (visibility score = 3; Table 5, Fig. 2b). The 
spatial interpolation of the model residuals does not indicate 
any areas of above-average SpeciesCount (Fig. 2c–e). 

Fish biodiversity 

Summary statistics describing the biodiversity of the study 
region were identified to be 0.65 and 0.51 for the SW and 

SI respectively (Table 4). Our model suggests that key 
variables including depth, bottom temperature and distance 
to shore were not associated with the SW biodiversity 
metric (Table 5). The effect for season shows that austral 
autumn has the highest positive effect on the SW index, 
with its 95% credible interval showing support for a purely 
positive effect (Fig. 3a). The effect for year shows that 2018 
had, on average, a lower SW value (Fig. 3b). On average, 
the SW index was highest for visibility score one, and lower 
for visibility score three (Fig. 3c). Higher than expected SW 
values, identified by high residual exceedance probabilities, 
were detected in sampling sites located in the western arm 
of the Queen Charlotte Sound (Fig. 3d–f ). 

For SI, all of the credible intervals for predictors included 
zero; therefore, one could not rule out a zero or no effect. 
Furthermore, the model residuals do not indicate any areas 
of above-average SI (Fig. 4a–c). 

Discussion 

Fish biodiversity and abundance 

The present investigation identified 35 different species 
of fish (including teleost fishes, cephalopods, and 
chondrichthyans) distributed through the inner-most 
coastal environment of the Queen Charlotte Sound. Each site 
sampled typically observed ~12 or 13 individuals throughout 
the duration of recording, although, on occasions, observa-
tions of up to 100 individuals were registered (refer to 
Supplementary material). Typically, each observation 
identified between one and five different species, and the 
duration period employed (~30 min) captured a broad 
variety of fish species. 

Throughout the period of observation, the species counts 
observed in the inner Queen Charlotte Sound varied 
seasonally but not annually. This suggests that although the 
presence of various species fluctuates on a regular basis, the 
species assemblage present in inner Queen Charlotte Sound 
was stable across the surveyed period. When comparing 
abundance metrics with comparable coastal locations, 
measures of species count were lower than those observed 
during underwater visual census techniques (diver surveys) 
in both inshore and offshore rocky reef ecosystems from 
north-eastern regions of New Zealand, lower than species 
richness observations in temperate southern hemisphere 
sites (Tasmania, Australia) of comparable latitude, and 
lower than measures of fish abundance and species richness 
observed in more northern surveys of coastal fish 
abundance and diversity in Australia (Edgar and Barrett 
1999; Holmes et al. 2013; Parsons et al. 2016). However, 
comparisons of high- and low-latitude locations (akin to the 
prior comparison) are fraught as one considers the well 
documented decrease in species richness that occurs with 
increasing latitude across a range of marine systems 
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Table 5. Parameter estimates of the fixed and random effects associated with species count, the Shannon–Wiener index, and Simpson’s index. 

Item Predictor Species count Shannon–Wiener Index Simpson’s Index 

Post. Post. 95% credibility Non-zero Post. Post. 95% Credibility Non zero Post. Post. 95% credibility Non-zero 
mean s.d. interval effect mean s.d. interval effect mean s.d. interval effect 

Fixed effects Intercept −2.526 0.075 (−2.678, −2.379) – 0.646 0.085 (0.491, 0.842) – 0.499 0.05 (0.398, 0.597) – 

ChartDepth −0.002 0.005 (−0.012, 0.008) No −0.007 0.004 (−0.016, 0.002) No 0.006 0.003 (−0.001, 0.012) No 

BottomTemp 0.037 0.028 (−0.017, 0.093) No 0.014 0.02 (−0.026, 0.054) No −0.016 0.013 (−0.042, 0.01) No 

dist_shore −0.323 0.182 (−0.677, 0.039) No −0.247 0.145 (−0.531, 0.041) No 0.122 0.114 (−0.102, 0.348) No 

Random effects 

Season Autumn 0.14 0.049 (0.045, 0.238) Yes 0.166 0.037 (0.094, 0.239) Yes 0.001 0.022 (−0.042, 0.043) No 

Winter −0.025 0.068 (−0.162, 0.107) No −0.099 0.049 (−0.197, −0.004) Yes −0.042 0.03 (−0.103, 0.016) No 

Spring −0.013 0.049 (−0.109, 0.084) No −0.024 0.035 (−0.093, 0.045) No −0.005 0.022 (−0.048, 0.038) No 

Summer −0.099 0.073 (−0.251, 0.035) No −0.043 0.051 (−0.144, 0.057) No 0.046 0.032 (−0.016, 0.111) No 

Year 2017 0.065 0.041 (−0.014, 0.146) No 0.071 0.029 (0.014, 0.129) Yes −0.007 0.019 (−0.043, 0.03) No 

2018 −0.015 0.042 (−0.099, 0.066) No −0.092 0.03 (−0.151, −0.033) Yes −0.013 0.019 (−0.05, 0.024) No 

2019 −0.048 0.039 (−0.127, 0.028) No 0.021 0.029 (−0.035, 0.077) No 0.019 0.019 (−0.017, 0.056) No 

Terrain Broad depressions 0.025 0.113 (−0.192, 0.27) No 0.048 0.101 (−0.138, 0.272) No 0.048 0.089 (−0.118, 0.237) No 

Broad slopes −0.08 0.085 (−0.263, 0.076) No −0.004 0.066 (−0.137, 0.124) No −0.081 0.057 (−0.198, 0.026) No 

Flat plains 0.063 0.076 (−0.083, 0.221) No 0.01 0.064 (−0.118, 0.137) No 0.021 0.053 (−0.082, 0.126) No 

Narrow slopes 0.014 0.115 (−0.218, 0.256) No 0.044 0.099 (−0.143, 0.258) No −0.058 0.089 (−0.249, 0.105) No 

Multi −0.02 0.087 (−0.2, 0.149) No −0.099 0.082 (−0.275, 0.049) No 0.071 0.064 (−0.051, 0.204) No 

Visibility 1 0.234 0.048 (0.14, 0.327) Yes 0.137 0.034 (0.07, 0.205) Yes −0.043 0.023 (−0.088, 0.003) No 

2 0.022 0.059 (−0.094, 0.136) No −0.019 0.04 (−0.097, 0.059) No −0.007 0.026 (−0.058, 0.044) No 

3 −0.255 0.054 (−0.361, −0.15) Yes −0.118 0.035 (−0.187, −0.05) Yes 0.05 0.023 (0.004, 0.095) Yes 

Parameters with non-zero effects are also identified in italicised text. Post., posterior; dist_shore, distance to shore. 
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Fig. 2. Visual representations of the parameter estimates describing the effects of (a) visibility scores, and (b) season, on observed species 
counts. Spatial random effects including (c) posterior mean residual and (d) standard deviations of the posterior mean for SpeciesCounts. 
(e) The exceedance probabilities that identify regions where above-average fish counts are expected to be, whereby increasingly high values 
of exceedance probability indicate more anomalous predictions. Open circles represent locations of the sampling sites. 
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Fig. 3. Visual representations of the parameter estimates describing the effects of (a) season, (b) year, (c) and visibility on the Shannon– 
Wiener (SW) value. Spatial random effects including (d) the mean predicted SW values, (e) the standard deviations of predicted SW values, 
and (f ) the exceedance probabilities that imply that there may be above-average SW indexes in the western sampling sites. Note: low values of 
the SW index indicate low diversity, with progressively larger numbers indicating increased biodiversity. Open circles represent locations of 
the sampling sites. 

(McClatchie et al. 1997; Francis et al. 2011). It must also be 
noted that these survey metrics cited were also derived by 
underwater visual-census (diver-based) techniques and there-
fore the ability to perform direct comparisons are equivocal. 

More poignant comparisons with estuarine and harbour 
systems throughout New Zealand are also lower than 

expected species counts and individuals in the current 
study. Species richness values of 11 have been uniformly 
reported in another study sampling the Queen Charlotte 
Sound (including geographically nearby sampling sites), 
yet the mean number of species observed during our 
observations was less than three (Francis et al. 2011). 
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Fig. 4. Visual representations of the (a) mean Simpson’s index (SI) 
values observed in the spatial random-effects model, (b) standard 
deviations of the SI values in the spatial random-effects model, and 
(c) the exceedance probabilities that show that there may be some 
areas where the Simpson’s index of biodiversity (or dominance) is 
higher than average. Note: low mean values of SI indicate an assemblage 
of high diversity, whereas high values of SI (e.g. 1) indicate low diversity. 
Open circles represent locations of the sampling sites. 

The lower values observed in our study may plausibly relate 
to two factors, including (1) the differences in sampling 
techniques, whereby Francis et al. (2011) used beach seining 
techniques and (2) the commonly accepted notion that 
estuarine ecosystems support high primary and secondary 
productivity, as well as diverse fish and invertebrate 
populations (the inner Queen Charlotte Sound and the sites 
sampled in this study did not have significant freshwater or 
estuarine characteristics; Beck et al. 2001). Despite the 
apparent and uniformly depressed determinations of species 
counts in this study, we stress the paucity of historical data 
describing species and abundance counts in the Queen 
Charlotte Sound region, which makes it challenging 
to determine whether these low values are typical of the 
region. This highlights that the development of baseline 
data is a critical step in being able to detect future changes, 
even if past changes cannot be clearly identified. 

Overall biodiversity scores determined throughout the 
duration of sampling were quantified with SW scores of 
0.646 and a SI of 0.499, although locations in the western 
reaches of the sound had higher than expected levels of 
diversity (SW scores). This indicates that sites in the Queen 
Charlotte Sound generally had low levels of species richness 
and moderate levels of species evenness, with a ~50% 
probability that two species drawn at random would be the 
same. Comparisons, again to the north-eastern North Island, 
identified that these more northern and warmer temperate 
locations had SW indexes greater than 1 in various 

nearshore habitats (e.g. shallow and deep reef systems, 
kelp, turf and sponge habitats); however, it must be noted 
that much lower SW values (~0.1) were observed in sand 
habitats. Species evenness was comparable, with the SI 
ranging between ~0.5 and 0.6, but again with lower values 
(~0.1) on sand habitats (Williams et al. 2008). Owing to 
differences in sampling design, these differences do not 
afford a direct comparison; however, they do identify that 
microscale habitat structure can have a measurable effect 
on diversity metrics. 

On all three metrics of abundance and diversity, 
the relative visibility scores recorded during video analysis 
had a negative association with the statistical outcomes of 
this study (e.g. poor visibility associated with below-
average outcomes). This represents an obvious limitation 
of any visual survey method and is commonly associated 
with BRUV systems (Mallet and Pelletier 2014; Bicknell 
et al. 2016). Whether this outcome (1) adversely influenced 
the ability of the analyser to interpret the video (i.e. a 
systematic sampling error), (2) influenced fish behaviour 
and their responses to the sampling rig, or (3) led to a more 
general displacement of fish from the general survey 
area, cannot readily be discerned. With respect to the last 
of these alternatives, the behavioural responses of fish to 
regions of poor water quality, or how the prevailing environ-
mental conditions affect fish responses to (expectedly novel) 
BRUV systems, present an interesting line of future research 
that may present additional factors that need to be 
considered and accounted for during biodiversity surveys 
of fishes. 

Relative abundance of valued species 

Throughout this study, many species of high recreational and 
or commercial value were observed, albeit at low levels of 
relative abundance. Blue cod is one of these species, and 
was observed at a range of life stages (results not presented). 
A notable reduction of blue cod length has been associated 
with the Queen Charlotte Sound region over the past 
~100 years, and localised depletion of blue cod is commonly 
associated with the wider Queen Charlotte Sound region 
(Rapson 1956; Beentjes et al. 2018). Results from this study 
indicated that localised depletion is equally common in the 
innermost region of the Queen Charlotte Sound. Similarly, 
the relative abundance of snapper in the region was among 
the lowest of all species observed in the region. Although a 
commercial fishery once operated in the region, the 
occurrence of the species in the Queen Charlotte Sound is 
no longer considered a common feature (Davey et al. 2008; 
Handley 2016). Because the Queen Charlotte Sound arguably 
represents a habitat on the southern (cooler) edge of 
the natural distribution of snapper, its abundance is likely 
to be highly influenced by environmental and extractive 
pressures (Parsons et al. 2014). The relative abundances of 
other commonly valued species including tarakihi, gurnard, 
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trevally and kahawai were also observed and defined in the 
current study. With limited knowledge of the abundance of 
each of these species in the region, it is hoped that this 
baseline data enable future comparisons. 

In addition to our observations of species contemporarily 
valued in the region, it is worth noting that over the 3 years 
of sampling, there were no observations of large (>2 m  
length) predatory species such as sharks (excepting one 
large seven apuku (Polyprion oxygeneios),gilled shark), h¯ 
nor any rock lobster (Jasus edwardsii). Although observa-
tions of oceanic predators such as shark are rare within 
the innermost sounds, anecdotal descriptions identify 
that species such as groper and lobster were once 
common even in the inner Queen Charlotte Sound (Handley 
2016). 

The value of the spatial sampling technique and 
analytical models adopted 

The selection of BAS sampling techniques provided a 
notable benefit to this investigation, providing the ability 
to investigate over a broad yet spatially balanced scale 
efficiently. The use of INLA approach also provided 
significant benefits to the investigation, which could 
highlight areas of unexpected increased abundance while 
simultaneously accounting for landscape barriers, valuable 
in the convoluted coastline of the Queen Charlotte 
Sound. The suite of descriptive variables collected and 
used to generate the model also proved to be appro-
priate predictors of species abundance and biodiversity 
(primarily the SW index), because most spatial analyses 
showed locations with high exceedance probabilities. The 
results of this study  have  provided  a useful description  
of broad-scale fish abundance and biodiversity. Future 
studies could expand on this information by conducting 
further sampling in areas of close proximity to the original 
sampling sites to allow better estimation of small-scale 
regional variability, which in turn would provide 
additional information on habitat characteristics or similar 
phenomena associated with individual species. The use of 
the BAS-generated sampling points herein as a ‘master 
sample’ that can be subsampled in future, or on which with 
other spatial sampling designs and legacy observations can 
be incorporated, presents as a suitable option for future 
research (van Dam-Bates et al. 2018). 

In this work, the primary focus was on assessing 
biodiversity in the inner Queen Charlotte Sound and an 
extended multivariate analysis of highly valued species was 
considered out of scope. Therefore, it is plausible that 
microscale habitat and environmental associations may be 
detectable for different species combinations using INLA or 
other statistical techniques, for which the data included as 
supplementary materials may be complimentary to other, 
more targeted, studies. 

Future directions 

In addition to the options for future research and study 
designs described in the above section, there is opportunity 
to interrogate the ecological drivers of fish presence in the 
Queen Charlotte Sound. Ongoing investigations of the 
interactions between fish presence with coastal processes 
(including sedimentation, habitat destruction and restoration 
activities) and climate level variation in the studied 
environment present obvious directions, upon which fish 
abundance and biodiversity may be able to be baselined on 
the present results. Notable predictions of comparably 
higher species diversity in western reaches of the Sound 
warrant further consideration and investigation of the 
habitat-associated factors that drive this observed 
phenomenon. Moreover, greater consideration of whether 
the low levels of biodiversity in the studied region associate 
with the greater isolation associated with the complex 
network of inlets and bays (often encountered in drowned 
river valleys) when compared with more exposed coastal 
locations, is warranted. 

A key aim of this study was to provide a useful framework 
for future biodiversity surveys in the Queen Charlotte Sound 
and other coastal marine environments. One limitation of the 
current study was the resource-intensive and time-consuming 
requirement to review large volumes of video footage to 
enable data collection and analysis. The incorporation 
of automated or artificial intelligence-based computer 
vision-detection methodologies for the review of video 
footage presents as an opportunity to reduce this time and 
the associated cost and embed more common and frequent 
surveys across small- and large-scale coastal marine 
environments (e.g. Rauf et al. 2019; Ditria et al. 2020; 
Knausgård et al. 2020; Sheehan et al. 2020; Connolly et al. 
2021; Lopez-Marcano et al. 2021). Further research should 
also seek to disentangle the effect of water visibility on the 
observability of fish in this, and likely other, camera-based 
surveys. Identifying whether the association between visibility 
and biodiversity metrics is a systematic sampling error, or 
biological reality, could be investigated using sonar-
based monitoring systems that can identify fish even in areas 
of poor visibility. Expanded investigations incorporating 
drop cameras, capture surveys, underwater visual census, 
eco-physiological sampling, and environmental DNA (eDNA) 
could readily be incorporated to provide for ongoing patterns 
of abundance, diversity, movements, environmental response, 
and site fidelity of key target species in the coverage area, 
including cryptic species missed by BRUV systems. 

Conclusions 

This study has generated a baseline dataset describing the 
presence, species richness, biodiversity scores, and relative 
abundance data of key fish species in the highly valued 
inner Queen Charlotte Sound region of New Zealand. 
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Results have provided some indication that species richness 
and biodiversity scores (SW) are lower than should be 
predicted when compared with other temperate coastal 
marine ecosystems. These findings present an opportunity 
for managers and researchers to further investigate changes 
in fish populations within the region, explore ecological 
mitigation and remediation techniques, and support future 
decision making and management plan formulation. 

Although there is considerable value and need for long-
term observation, across broad, intermediate and narrow 
spatial scales, there is still much to be learned about the 
drivers of both spatial, seasonal and annual variation in 
marine environments. It is hoped that future studies employ 
long-term observational datasets (such as this) as the basis 
for exploration into the biological mechanisms associated 
with small- and large-scale biological phenomena in the 
context of the Australasian region and its associated fish biota. 

Supplementary material 

Supplementary material is available online. 
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