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Abstract

Inferences regarding animal presence from passive acoustic receiver arrays are driven by the spatial configuration of receiv-
ers. Large, dense arrays provide more information, but maintenance of multiple receivers is costly. Configuring acoustic
receiver arrays to maximise coverage while minimising cost is therefore paramount. This study used data from a dense
acoustic receiver array within a white shark Carcharodon carcharias nursery area on the east coast of Australia to assess
how detection data of tagged white sharks in the area was affected by reducing the array size. Receivers were sub-sampled
post hoc by simple random sampling, clustered random sampling, and sampling of the top performing receivers. Using the
top performing receivers, array size could be reduced by 60% (10 out of 25 receivers) while still detecting a median of 100%
of white sharks detected with the full array. With random and clustered sampling methods, a 40% reduction in array size (15
out of 25 receivers) detected a median of 100% of sharks. Reducing the array size by 60% using the top performing receivers
resulted in a 35% decrease in the median number of detections per visit of the tagged sharks (67 out of 102.5 detections). In
comparison, reducing the array by the same amount with random and clustered sampling methods resulted in a 57% decrease
(44 out of 102.5 detections). The post hoc sampling methods used in this study are an empirical approach for optimising
placement of limited receiver resources with broad application for establishing cost-effective monitoring.
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approaches defined by Heupel et al. (2006a) are (1) receiver
grids, which are suited for the examination of home range
and habitat utilisation within a particular site (e.g., Heupel
et al. 2004, 2006b; Espinoza et al. 201 1a; Pillans et al. 2014),
and (2) receiver lines, or gates, which are often employed
to monitor migrations and movements to or from areas of
interest such as marine parks, spawning grounds or habitat
types within an area (e.g., Andrews et al. 2010; Heupel et al.
2010; Carlisle et al. 2019). Within these two categories of
array design, there is the further consideration of whether
to attempt near complete coverage, which involves plac-
ing acoustic receivers close enough to each other that their
detection ranges overlap allowing for better estimation of
animal position based on simultaneous detection by multi-
ple receivers (e.g., Klimley et al. 2001; Simpfendorfer et al.
2002; Heupel et al. 2004; Espinoza et al. 2011b), or a ‘leaky’
configuration, which maximises the total area that can be
covered by the receivers but leaves gaps between the detec-
tion ranges of the individual receivers and therefore provides
less detailed location information (e.g., Bruce and Bradford
2011b; Pillans et al. 2014; Harasti et al. 2017).

Array design should primarily be driven by the study
objectives; however, constraints on cost and logistics of ser-
vicing the array are unavoidable. Acoustic receivers them-
selves, and the costs associated with deploying them, can be
one of the greatest financial imposts for a study (Simpfend-
orfer and Heupel 2004; Heupel et al. 2006a; Espinoza et al.
2011b; Steel et al. 2014). Therefore, understanding the ben-
efits and drawbacks of various array configurations (both
number and spatial distribution of receivers) is essential to
optimise data collection within the financial constraints of
a given research project. Stemming from the widespread
use of acoustic arrays and the necessity to optimise array
configurations, a few papers have outlined steps in design-
ing an effective passive acoustic telemetry study (Heupel
et al. 2006a; Brownscombe et al. 2019; Patterson and Pil-
lans 2019). While several papers have investigated the idea
of iteratively refining the design of acoustic arrays using
environmental (Welsh et al. 2012; Steel et al. 2014; Huve-
neers et al. 2016) or model-based approaches (Hobday and
Pincock 2011; Patterson and Pillans 2019), there are few
studies investigating an empirical approach to reducing the
size of acoustic arrays by subsampling data from an existing
dense array (e.g., Cowley et al. 2017; Steckenreuter et al.
2017; Carlisle et al. 2019). The similarities and differences
of these studies with our study are discussed in more detail
in Discussion.

Acoustic receiver arrays are increasingly being deployed
in coastal waters where there is a high potential for nega-
tive interactions between water users and potentially dan-
gerous sharks (Johnson et al. 2009; Bradford et al. 2012;
Kock et al. 2013; Spaet et al. 2020a, b). For example, Port
Stephens, New South Wales (NSW), on the east coast of
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Australia, is a coastal beach region which is intensively
used for human water activities; it is also a popular region
for white sharks. Juvenile (1.75-3.0 m total length (TL))
and sub-adult (3.0-3.6 m TL males; 3.0-5.0 m TL females,
see Bruce and Bradford 2008) white sharks Carcharodon
carcharias have been observed in the region year-round
(Bruce et al. 2013), with increased usage and residency
during the late austral spring and early summer months
(Bruce and Bradford 2008; Harasti et al. 2017; Spaet et al.
2020b). White sharks have been a focus of research not
just to inform beach safety measures (Tate et al. 2019;
Colefax et al. 2020), but also to inform conservation meas-
ures for this species, which is globally listed as Vulner-
able by the International Union for Conservation of Nature
(IUCN) Red List criteria (Rigby et al. 2019) and listed as
threatened in Australia under the Environment Protection
and Biodiversity Conservation Act of 1999. A relatively
dense acoustic array was deployed at Bennett’s Beach,
Hawks Nest (hereafter referred to as HN) near Port Ste-
phens from 2010-2016 to monitor white shark presence
and movements. Understanding array effectiveness is para-
mount under these circumstances to ensure that the pres-
ence of acoustically tagged sharks is being adequately and
accurately assessed (Spaet et al. 2020b). Whether for con-
ducting ecological research or to monitor for the presence
of an animal for management reasons, it is necessary to
understand what level of acoustic receiver coverage is nec-
essary to reliably detect the presence of tagged animals.

In this study, we use white shark detection data from the
HN acoustic array to investigate the number and spatial cov-
erage of receivers required to reliably detect tagged shark
presence. Our aim was to assess whether a reduced array
could minimise cost and maintenance effort while maintain-
ing effective observing power. This study does not investi-
gate questions around designing deployments of acoustic
tags on a study species, but instead focuses on the detection
probability of a tagged individual present within the study
area given a particular array design. Our approach involved
analysing data from the full array before removing data from
various subsets of receivers post hoc to determine what level
of spatial coverage could effectively record the presence of
acoustically tagged sharks relative to the full array. While
the array utilised in this study was not designed specifically
for the analysis conducted here, the density of the array
makes it well suited for such an analysis. Moreover, monitor-
ing white shark presence in regions where they are likely to
overlap with intensive water usage by humans is of interest
in various places throughout the global range of this species
(e.g., Bruce et al. 2013; Kock et al. 2013). The analyses pre-
sented here provide valuable information for implementing
cost-effective monitoring strategies to inform management
efforts for both the safety of beach users and the conserva-
tion of this threatened species.
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Methods
Study site and array design

Bennett’s Beach, HN (32.6742° S, 152.1859° E) (see
Fig. 1), is a known nursery area for juvenile white sharks
near Port Stephens, NSW, on the eastern coast of Aus-
tralia (Bruce and Bradford 2008; Bradford et al. 2012;
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Spaet et al. 2020b). In this area, internal tagging of white
sharks with coded acoustic transmitters was initiated in
2007 (Bruce et al. 2013), and continued until 2015. At
the same time, acoustic receiver arrays were deployed
at several beaches around the Port Stephens area. From
2010-2016, a relatively dense array was deployed across
12.8 km? off HN (estimated total detection envelope of
24 km?). The maximum number of acoustic receivers
deployed at any one time was 25 receivers, in October
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2010 through March 2011 and August 2013 through Feb-
ruary 2015. From December 2011 through April 2013,
the array ranged from 4 to 17 receivers, and in Febru-
ary 2015, the array was reduced to 5 receivers until final
retrieval in May 2016 (see Supplementary Table S1). The
study used Vemco (now Innovasea, Nova Scotia, Canada)
VR2W acoustic receivers, which are widely used for pas-
sive acoustic telemetry (Heupel et al. 2008; Simpfendor-
fer et al. 2008, 2015; Espinoza et al. 2011b). The coded
acoustic transmitters used to tag the sharks (V-16 RCODE
R64k, 16 X 92 mm, Vemco/Innovasea, Bedford, Nova Sco-
tia, Canada) emit a sequence of sonic “pings” at 69 kHz
encoding unique identification codes that are recorded
by the acoustic receivers along with the date and time
of detection. These time-stamped detections were down-
loaded from the VR2W receivers annually throughout the
array deployment from 2010 through 2016. Biofouling did
occur on some of the receivers and may have impacted
detection numbers over the deployment time. The spatial
configuration of the acoustic array was chosen to maxim-
ise assessment of shark presence along the length of the
coastline (13.5 km), which was accomplished by deploying
two lines of acoustic receivers extending along the length
of the beach (Fig. 1b, Supplementary Fig. S1). Receivers
within each line were spaced equally with non-overlapping
detection envelopes (detection ranges were approximately
750-900 m based on field tests run in March 2011; Bruce
and Bradford 2011b), and the two lines were staggered to
minimise leaks in detection capability within the array
(Fig. 1b, Supplementary Table S1 & Fig. S1).
Throughout the full deployment of the HN array from
2010 to 2016, 26 individual white sharks (19 female, 7 male)
out of a total of 56 sharks that were internally tagged off the
coast of New South Wales between 2007 and 2015 (Bruce
and Bradford 2008; Bruce et al. 2013) were detected by the
HN array, resulting in a total of 159,660 detections. Detected
sharks ranged in total length (TL) from 1.9 to 2.8 m (Supple-
mentary Table S2) with an average TL of 2.24+0.22 (SD) m.
Across all years, sharks were detected most frequently in the
southern-most cluster of the array (Supplementary Fig. S2),
and in the late spring/summer (Supplementary Fig. S3-S5).

Metrics for evaluating array performance

To evaluate how a reduced array would have performed
compared to the full HN array, it was necessary to define
quantitative measures of an array’s ability to character-
ise tagged shark behaviour. We hence partitioned the data
for each shark into periods termed “visits”. A visit was
defined as the period during which an individual shark
was detected within the array as a whole for which the
time between detections did not exceed a specified time
interval, referred to as the inter-visit cut-off time (Bruce
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and Bradford 2011a). To determine an appropriate inter-
visit cut-off time, time cut-offs from one to 24 h between
detections of individual sharks were used to group detec-
tions into visits using data collected during the entire
2010-2016 deployment period. The resulting number of
visits, median visit durations, and median inter-visit peri-
ods were compared visually. No clear signal was seen in
these three metrics for determining the most appropriate
threshold cut-off time (Supplementary Fig. S6). Therefore,
a cut-off time of 5 h was selected. While this is somewhat
subjective, the rationale for this was that for cut-off times
greater than 5 h, an individual shark may well have left
the HN array and travelled to other areas within that time.
Moreover, cut-off times less than 5 h appeared to result in
an over-calculation of visits, with a high likelihood that
sharks were still present but simply not detected during
that time. The detection envelope of the HN array extends
to less than 1 km from the shoreline; however, in the Port
Stephens region, the nursery area extends offshore about
25-30 km (Bruce and Bradford 2012). Therefore, sharks
may remain in the immediate area but be outside of the
detection envelope of the array for a significant proportion
of their time in the vicinity of the array, thereby leading
to over-calculations of visits to the area with shorter cut-
off times.

Using the five hour inter-visit cut-off, the following sum-
mary statistics were extracted from the entire detection
data set for each shark detected: total number of visits per
shark, total number of visits across all sharks, visit durations
(hours), number of detections recorded per visit, and inter-
visit periods (hours) (reported in Supplementary Fig. S7).
Based on these summary statistics, four visit metrics were
chosen for comparing detection data between the full and
reduced arrays: total number of individual sharks detected,
total number of visits across all sharks, median number of
detections per visit across all sharks, and median visit dura-
tion (in hours) across all sharks. Median values were chosen
to be more robust to right skew in the metric data.

To make comparison of the reduced and full arrays unbi-
ased, only data from time periods with the full array (25
receivers) deployed were used to calculate the four visit met-
rics (October 2010—March 2011, and August 2013-February
2015) (Supplementary Table S1).

Evaluating effectiveness of reduced arrays

To determine how a less dense array of acoustic receivers
would have performed, three approaches were used to sam-
ple smaller numbers of receivers from the full array and
evaluate their typical performance: simple random sampling,
spatially clustered sampling, and top receiver sampling.
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Simple random sampling

Random samples of 5, 10, 15, and 20 receivers were taken
from the periods with full receiver arrays. These results
were used as the base-case scenario as this sampling scheme
assumes no factor other than the total number of receiv-
ers is applied to determine which receivers should be kept.
One would typically have more insight into the placement
of acoustic receivers (e.g., based on prior information such
as tracking data, presence only data from surveys, etc.) or
in the absence of such information, design the array to meet
some goal such as having broad spatial coverage. None-
theless, evaluating a totally random array design is useful
for comparison with the other more-nuanced approaches
described below. We resampled the full array dataset 500
times for each array size (5, 10, 15, and 20 receivers) using
a bootstrapping method coded in R (R Core Team 2019).
Each sample of receivers was taken without replacement
to avoid data from a given receiver appearing more than
once in each iteration of the bootstrap. The summary metrics
defined in the previous section were calculated using each
bootstrapped dataset.

Spatially clustered sampling

Often researchers might attempt to maintain spatial coverage
despite reducing the number of acoustic receivers. Thus, in
this scenario, the HN array was divided into five clusters,
each containing five receivers, based on north—south posi-
tion within the array (Fig. 1b). Random samples of 1, 2,
3, and 4 receivers were then taken from each of the five
clusters to provide overall array sizes of 5, 10, 15, and 20
receivers, with the sample arrays bootstrapped 500 times
for each number of receivers. Again, the summary metrics
defined in the previous section were calculated using each
bootstrapped dataset.

Top receiver sampling

The final approach was designed to replicate the situation
where a dense array is employed for an initial period of a
study and early results are used to select receivers for the
ongoing study based on those that provided the most detec-
tions. Under this scenario, the top-detecting 1, 5, 10, 15,
and 20 receivers (i.e., receivers with the greatest number of
detections) were selected for the period of each year when
the full array was deployed and data from all 25 receiv-
ers were recovered (i.e., Oct—-Dec 2010, Jan—Mar 2011,
Aug—Dec 2013, and Jan—Jun 2014) (Fig. 2, Supplementary
Table S3). In reality, only the initial period would be used for
determining the top-detecting receivers; however, to deter-
mine the potential impact of annual variation in tagged shark
movement on the results, each of these four periods were

used as a reference. The total number of detections recorded
was used as the metric for determining the top performing
receivers rather than number of individual sharks detected,
because the receivers with the highest total detections and
those with the highest number of individual sharks detected
were mostly the same, and there was not a large variation
in the number of individual sharks detected by the different
receivers overall. Visit metrics were then calculated using
detection data from all periods with the full array using the
subset of receivers chosen for each reference period. For
example, using Oct-Dec 2010 as the reference period, the
top-detecting 5 receivers in that period were determined,
and the visit metrics were calculated using the detection data
collected from those 5 receivers during all periods when the
full array was deployed.

For the random and clustered sampling methods, sum-
mary statistics consisting of median, inter-quartile range
(IQR), and coefficient of variation (CV =standard devia-
tion / mean) were calculated for each visit metric across
the 500 bootstrapped datasets for each array size (5, 10, 15,
or 20 receivers). The CV was used to assess whether an
array reduction method is highly influenced by the randomly
chosen receiver set. A CV less than 0.2 is a useful guide
indicating sufficiently small variation for robust inference
(Hilborn and Mangel 1997). Here, this would indicate that
a reduced array yields consistent visit metrics despite the
variability introduced by bootstrap samples and, therefore,
we could be confident that most of the signal gathered by
the full array was retained in the reduced array. For the top
receiver sampling method, only four datasets were gener-
ated for each array size (one for each of the four reference
periods); therefore, only the median and IQR values of the
metrics for these four years were calculated (not the CV).
The median values of the metrics were compared graphically
between the random, clustered, and top receiver sampling
methods for each array size. In addition, the visit metrics for
the top performing receiver method were compared graphi-
cally between the four reference periods to look for potential
changes in white shark detections over time.

Results

The four visit metrics (total number of individual sharks
detected, total number of visits across all sharks, median
number of detections per visit, and median visit duration in
hours) were first calculated using the data from the full array
to allow for subsequent comparison with the visit metric
values for the reduced array sizes. With the full array of 25
receivers during Oct 2010—Mar 2011 and Aug 2013—Feb
2015, a total of 18 individual sharks were detected in the HN
array (sharks 1-12, sharks 1418, and shark 20; Supplemen-
tary Table S2). Using an inter-visit cut-off time of 5 h, the
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Fig.2 Fine-scale map of Hawks Nest showing all shark detec-
tions (count) by receiver location for each reference period— a
Oct-Dec 2010, b Jan—Mar 2011, ¢ Aug-Dec 2013, and d Jan—Jun

18 sharks detected visited the HN array a total of 488 times.
There was high variability in visit duration and number of
shark detections per visit, with highly right-skewed distribu-
tions for both these visit metrics (Fig. 3). Across all sharks,
the median (IQR) visit duration was 7.8 (2.5-16.8) h, with a
maximum visit duration of 331.9 h (about 14 days) (Fig. 3a).
The median (IQR) number of detections per visit was 102.5
(31.0-281.0) detections, with a maximum of 11,703 detec-
tions in a visit (Fig. 3b).

In general, across all four visit metrics and array sizes,
the clustered and random samples had very similar median
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2014 — with the top 1 (red), 2-5 (orange), 610 (light green), 11-15
(blue), and 16-20 (purple) receivers from each reference period indi-
cated by colour

values (Fig. 4), but the clustered samples had slightly but
consistently lower CVs (Fig. 5). CVs on both total number
of sharks and total number of visits were less than 0.2 for
the random and clustered samples across all array sizes, sug-
gesting a reliable signal on these two metrics (Fig. 5a, b).
CVs for median number of detections per visit increased
above 0.2 with 5 receivers for both the random and clustered
samples, and CVs for median number of detections per visit
increased above 0.2 with 5 receivers for the random samples,
suggesting that an array with less than 10 receivers is too
sparse to be robust to individual array placement (Fig. Sc, d).
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As expected, the variability in visit metrics decreased with
larger array sizes (Fig. 5). Note that these same general pat-
terns were observed when inter-visit cut-off times of 1 and
10 h were tried instead of the chosen 5 h (Supplementary
Fig.’s S8-S12). Due to the similarity in the results between
the random and clustered sampling methods, for the rest of
this paper, we will focus on comparison of the clustered and
top receiver sampling methods.

For both the clustered sampling and top receiver sam-
pling methods, the number of sharks detected, the median
visit duration, and the median number of detections per visit
increased with an increasing number of receivers sampled
(Fig. 4a, b, ¢). For arrays of 5-20 receivers, the number of
detected sharks was consistent between the two sampling
methods, with median number of sharks detected being the
same across the sampling methods for all array sizes except
the array size of 10 receivers, where the difference in median
number of sharks detected by the different sampling meth-
ods was one shark. A reduction of the full array to only 10
receivers using the top receiver sampling method resulted in
a median of 18 sharks (the total possible). Sampling of the
single top receiver from each reference period resulted in a

Detections per Visit

median of 16.5 out of the total 18 sharks. Although the clus-
tered sampling method did not reach a median of 18 detected
sharks until the array was increased to 15 receivers, the dif-
ference between the median numbers of sharks detected with
the clustered and top receiver sampling methods was never
greater than one shark (Fig. 4a).

For the visit metrics of median visit duration and median
number of detections per visit, the top receiver sampling
method displayed higher median values than the clustered
sampling method at each array size (Fig. 4c, d). This was
particularly true for the median number of detections per
visit, with sampling of the single top receiver resulting in
higher median detections per visit than sampling of 5 receiv-
ers with the clustered sampling method (Fig. 4d). When the
array size was reduced by 60% (10 out of 25 receivers), both
sampling methods were able to detect all 18 sharks detected
by the full array, but there was only a 35% decrease in the
median number of detections per visit with the top receiver
sampling method (67 out of 102.5 detections) compared to
a 57% decrease with the clustered sampling method (44 out
of 102.5 detections) (Fig. 4).
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Fig.4 Visit metric data resulting from receiver sampling of 1, 5, 10,
15, and 20 receivers compared to the full array of 25 receivers, using
data from all periods during 2010-2015 for which the full array was
deployed. Visit metrics were calculated with an inter-visit cut-off
time of 5 h. a Number of sharks detected by number of receivers. b
Number of white shark visits by number of receivers. ¢ Median visit
duration in hours by number of receivers. d Median detections per
visit by number of receivers. The boxplots display the median (mid-

Looking at the visit metric of total number of visits
recorded, for the clustered sampling method, the number of
visits decreased as the number of receivers increased, which
is opposite to the median visit duration and median num-
ber of detections per visit (Fig. 4b). With fewer receivers, a
shark that stays within the array will not always be detected
during what is actually (using the 5-h cut-off rule) a single
continuous visit; thus, more visits with shorter durations
are identified. Conversely, with more receivers available to
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dle line) and inter-quartile range (IQR) (box), with whiskers extend-
ing to the largest and smallest values no further than 1.5*¥IQR, and all
data points beyond that range depicted as outlying dot points. Light
blue denotes visit metrics based on random sampling (n=500), dark
green denotes the visit metrics based on clustered receiver sampling
(n=500), and purple denotes the visit metrics based on sampling the
top receivers from each reference period (n=4)

detect shark presence, there are fewer periods of more than
5 h between detections, and therefore, overall fewer visits
identified with longer durations. Similarly, the number of
visits is lower for the top receiver method compared to the
clustered sampling method across all array sizes (Fig. 4b);
top receivers consistently record higher detections per visit
(Fig. 4d), meaning that single visits are less likely to be
split into multiple visits. The pattern in the number of vis-
its across the array sizes is different for the top receivers
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Fig.5 Coefficients of variation (CVs) for: a the number of sharks
detected, b the number of shark visits, ¢ the median visit duration,
and d the median number of detections per visit, calculated with ran-
dom sampling (light blue) and clustered receiver sampling (green).

compared to the clustered sampling, with the number of vis-
its increasing up to 10 receivers, and then decreasing from
10 to 20 receivers (Fig. 4b). With the top 1 and 5 receivers,
slightly fewer sharks were detected than with the full array
(Fig. 4a), but the average number of detections recorded
per visit was relatively high (Fig. 4d). Therefore, fewer total
instances of shark presence were detected, but these were
less likely to be split into multiple separate visits as the col-
lection of data through time was more consistent on the top
receivers. More intermittent data collection causes a greater
drop in total detections, as seen with the clustered sampling
method. Therefore, number of visits only increased as the
number of sharks detected increased, from the top 1 to the
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CV values less than 0.2 were considered to allow a meaningful data
signal without too much impact of random variation in the receiv-
ers sampled. It should be noted the y-axes are different in (a) and (b)
compared to (c) and (d)

top 10 receivers. From the top 10 to the top 20 receivers,
the number of sharks detected had reached the maximum
and remained constant (Fig. 4a); however, as the number of
receivers increased, the number of detections per visit also
increased (Fig. 4d). Due to the more numerous and continu-
ous detections, the visits of those sharks were less frequently
split into separate visits, resulting in fewer total visits with
longer durations (Fig. 4b, c).

While there was some inter-year variation in individual
receiver efficiency, in general, the top-detecting 20 receiv-
ers from each year were either the same receivers across the
years or were from similar areas/clusters of the array (Fig. 2,
Supplementary Table S2). For example, the top receiver
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across all years was either HN A1 or HN A2 (Fig. 2, Sup-
plementary Table S2). In addition, there was very limited
inter-annual variation in all the visit metrics resulting from
the top receivers from different reference periods (Supple-
mentary Fig. S13). Across the reference periods, receivers
from the southern-most area of the beach (clusters 1 and 2)
were generally the most efficient based on total number of
detections, as was expected based on mapping of the total
numbers of detections across all years (Fig. 2, Supplemen-
tary Table S2).

Discussion

This study presents the first examination of the minimum
number of receivers required to adequately detect white
shark presence at a coastal aggregation site. Comparison of
the presence and detection data recorded by a dense array
of 25 receivers off the Australian east coast to that recorded
at reduced sizes showed that similar presence data could
be collected using as few as 10 acoustic receivers, or 40%
of the full array. Across the sampling methods employed
to subsample the full array, the most reduced arrays (1 and
5 receivers, or 4% and 20% of the full array, respectively)
were likely too small to reliably detect the presence of all
the tagged sharks detected by the full array. Although the
differences in visit metrics between sampling methods were
generally small, retaining the top receivers provided the
best detection results. While the median visit metric values
between the clustered and random sample arrays matched
closely, the clustered samples displayed lower levels of
variation (CVs). Smaller array sizes across the sampling
methods did result in lower overall detections and therefore
shorter inferred visit durations. This would not, however, be
concerning from a management perspective if the impor-
tance is on detecting presence of sharks near shore, and once
a shark has been detected other forms of monitoring efforts
take over. Even though the effectiveness of reduced array
sizes in this study may not be directly applicable to arrays in
other areas, the sampling designs used provide an empirical
method by which the spatial configuration and number of
receivers needed for monitoring arrays could be designed
and assessed.

For marine predators such as white sharks, the ability to
monitor areas effectively is important not only for increas-
ing understanding and conservation of the species, but also
to inform beach safety measures in areas where human and
shark use overlap (Simmons and Mehmet 2018; Spaet et al.
2020b). Reduction of array costs can have substantial ben-
efits for management agencies, such as freeing up funding
for monitoring in other coastal areas within the range of the
species of interest or for other management and research
efforts (Cowley et al. 2017; Steckenreuter et al. 2017).

@ Springer

Where funding is particularly limited, reduction of array
costs might also be the deciding factor for whether moni-
toring in an area is feasible. There are often many factors
that impact where receivers can be placed in an area, e.g.,
limitations due to other uses of the marine environment such
as shipping lanes, how many receivers can be deployed, and
how many can be retrieved (Lowe et al. 2006; Chin et al.
2016).

The importance of receiver spatial configuration for the
detection effectiveness of an acoustic receiver array has been
demonstrated by many previous studies (e.g., Welsh et al.
2012; Steel et al. 2014; Simpfendorfer et al. 2015; Huve-
neers et al. 2016). These studies indicated that the depth,
placement, and orientation of receivers within an array are
important factors in determining receiver detection rates and
performance across a variety of aquatic habitats, from rivers
and coastal bays to coral reefs and the open ocean. Acoustic
receiver spatial configuration has also been found to be an
important factor in position estimate accuracy for animals
within dense arrays (Steel et al. 2014), and receiver configu-
rations can impact the number of false detections recorded
by an array (Simpfendorfer et al. 2015).

It is well accepted that receiver array configuration is an
important consideration in designing an effective telemetry
study (Heupel et al. 2006a; Brownscombe et al. 2019), and
several papers have focussed on finding empirical or experi-
mental approaches for determining optimal array configu-
ration when approaching a novel study site (Hobday and
Pincock 2011; Welsh et al. 2012; Huveneers et al. 2016;
Carlisle et al. 2019; Patterson and Pillans 2019). Welsh et al.
(2012) and Huveneers et al. (2016) both utilised experimen-
tal methods by deploying receiver arrays specifically aimed
at assessing the detection efficiency of receivers in different
spatial configurations in two different habitats (coral reef
habitat, and deep pelagic habitat, respectively). Both stud-
ies used the results from those receiver arrays to provide
recommendations on how acoustic receiver arrays should
be configured in similar habitats in future studies. However,
neither of these studies relate to habitats such as the coastal
beach area monitored in this study, and they did not address
variation in array effectiveness with reduced numbers of
receivers.

Carlisle et al. (2019) presented a similar study method to
this current study, by subsampling arrays of varying sizes
from a full array data set to investigate the effect of array
design on subsequent analysis of residency, detection rate,
and estimates of movement for two shark species in a Marine
Protected Area based on passive acoustic array data. While
their methods were similar to the methods in this study, their
aims were very different. Rather than looking for the mini-
mum number of receivers required to adequately monitor an
area for the presence of marine species, Carlisle et al. (2019)
were interested in quantifying the impact of array size and
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density on the subsequent estimates of animal movement and
habitat use within an area.

Simulation models have been previously developed and
assessed, with Patterson and Pillans (2019) examining how
array design affected estimation of survival rates. Hobday
and Pincock (2011) modelled the effect of various detec-
tion ranges, spatial configurations, and environmental fac-
tors on detection probability in a linear array design. These
studies presented modelling processes that could be used
to design and assess spatial configurations of novel acous-
tic arrays in similar habitats. Patterson and Pillans (2019)
used simulations to compare varying array sizes and con-
cluded that increasing the spatial coverage and number of
receivers increases the ability to determine the life history
and survival rate of tagged species. Neither of these studies
compared real detection data from a reduced array with a
dense array in the same area. However, use of modelling
approaches (Patterson and Pillans 2019) to simulate move-
ments of the study species could be used to investigate array
design prior to deployment in instances where experimen-
tal initial deployment of a dense array is not financially or
logistically possible.

Even in situations where an initial dense array cannot be
deployed, our results indicate that it could still be beneficial
to consider adaptive reconfiguration of arrays throughout a
study. Doing so could decrease array costs, and allow real-
location of conservation and management agency funds to
other areas of study while maintaining effective monitoring
in that region. For instance, as long as there is more than a
single receiver within an area of interest, it is possible to
determine whether receivers are to some degree redundant
in terms of the aims of the monitoring. This is supported
by a similar study conducted by Steckenreuter et al. (2017)
which used detection data from acoustic receiver curtains
maintained by the Integrated Marine Observing System’s
Animal Tracking Facility around Australia to determine how
many receivers could be removed while still maintaining
full detection of the migratory species that cross the array.
Steckenreuter et al. (2017) were able to reduce the number
of receivers by 36% while maintaining detection of all the
monitored species and 84% of the total detections.

Reduction of array size based on total number of detec-
tions at different receivers within a dense array has been uti-
lised for effectively reducing the cost of maintenance while
maximising detection efficiency in the large-scale South
African Acoustic Tracking Array Platform (ATAP) (Cow-
ley et al. 2017). As described by Cowley et al. (2017), in
2014, the ATAP monitoring array programme encountered
a major loss of array equipment due to environmental condi-
tions and difficulty retrieving receivers. As a result, the array
size was subsequently reduced by removing receivers with
the least total numbers of detections, to reduce maintenance
costs and increase likelihood of successful deployment

and retrieval each year. Similarly, the top receiver sam-
pling used in this study to reduce array size could be used
to improve monitoring for white shark presence at coastal
beaches in the broader NSW area. For example, in 2015,
the NSW Government deployed 21 VR4G shark tracking
buoys across 1200 km of coastline (including HN) to inform
the public about tagged sharks adjacent to coastal beaches
(Spaet et al. 2020b). These receivers send information in
real time to the public via apps and social media when a
shark is detected. At around that same time in 2015, the HN
array was decreased down to five receivers, and has since
been reduced to just a single VR4G receiver in the southern
end of the beach. Using a design study like the top receiver
sampling method to initially determine the best location
for this VR4G receiver array would optimise the long-term
efficiency of the receivers for both bather protection and
research purposes (Spaet et al. 2020b).

One limitation of a minimal optimal array is that moni-
toring variation in fine-scale movement would be difficult.
In the present study, the objective was monitoring presence
rather than fine-scale movement and habitat use of white
sharks, although the array itself was deployed to determine
spatial usage. Regardless of the study objective, understand-
ing variation in annual shark movement is necessary for
assessing if the initial reference period is a reliable predic-
tor of the movement of the species being studied. Despite
some inter-annual variation, in general, the 20 receivers
with the highest total numbers of detections from each
reference period were either the same or came from simi-
lar areas of the array. All white sharks in this study were
observed most frequently at the southern-most area of the
beach consistently across the years. These observations of
shark spatial distribution are in line with previous analyses
of juvenile and sub-adult white shark movements in the area
conducted by Bruce et al. (2013), which found that acousti-
cally tagged white sharks spent a higher percentage of time
(mean + SD of 55.1+14.8% of time detected in the array)
in the ‘Southern’ (receivers HN1-HN4) part of the array,
compared to 28.1+11.6% and 16.8 +4.6% of time spent in
the ‘Central’ (receivers HN5-HNS) and ‘Northern’ (receiv-
ers HN9-HN13) parts of the array, respectively.

If researchers can start with a high number of receiv-
ers in an area, with the intention to reduce the array for
longer term monitoring, the top receiver sampling method
described in this study would be appropriate to assess and
compare the monitoring effectiveness of varying array
sizes within an area. This would allow for more accurate
temporal comparisons with varying receiver numbers.
Maintaining the same number of receivers consistently
at a site is not always possible, due to financial reasons
and variation in ability to deploy receivers due to weather
conditions, or loss of receivers after deployment. Since
2015, the number of receivers along HN has progressively
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been decreased partly due to resources, environmental
conditions, and time restrictions. However, the removal
of receivers was based on informal consideration of accu-
mulating data streams rather than an analysis similar to
that presented here. If the approach outlined in this study
had been employed from the start, time and financial sav-
ings would have been achieved while maintaining a robust
data stream.

Though the specific numerical results of this case study
cannot be directly applied to the reduction of arrays in other
areas and for the monitoring of other species, this study
shows that arrays for monitoring purposes can be success-
fully reduced while maintaining detections using experimen-
tal methods. While it may not always be possible to run
an initial assessment of habitat use, other methods such as
simulations of animal movement and detection data can be
used to inform initial placement, after which the subsam-
pling methods presented here could be used for adaptive re-
designing of arrays as a monitoring study is conducted. With
consideration for the study area and species, these methods
could be fruitfully employed in future studies using acoustic
arrays to monitor not just white sharks but also other marine
species of interest.

Supplementary Information The online version of this article (https:/
doi.org/10.1007/s00227-021-03850-x) contains supplementary mate-
rial, which is available to authorized users.
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