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ARTICLE INFO ABSTRACT

Keywords: COVID-19 restrictions have led to an unprecedented global hiatus in anthropogenic activities, providing a unique op-
ACOHStiC' telemetry portunity to assess human impact on biological systems. Here, we describe how a national network of acoustic tracking
Coronavirus receivers can be leveraged to assess the effects of human activity on animal movement and space use during such global
IMOS . . . C e s s . .. . . .

f disruptions. We outline variation in restrictions on human activity across Australian states and describe four mechanisms
National network 3 . . . . . L. . o
Monitoring affecting human interactions with the marine environment: 1) reduction in economy and trade changing shipping
White shark traffic; 2) changes in export markets affecting commercial fisheries; 3) alterations in recreational activities; and 4)
wildlife tourism decline in tourism. We develop a roadmap for the analysis of acoustic tracking data across various scales using Australia’s
Yellowtail kingfish national Integrated Marine Observing System (IMOS) Animal Tracking Facility as a case study. We illustrate the benefit

of sustained observing systems and monitoring programs by assessing how a 51-day break in white shark (Carcharodon
carcharias) cage-diving tourism due to COVID-19 restrictions affected the behaviour and space use of two resident
species. This cessation of tourism activities represents the longest break since cage-diving vessels started day trips in this
area in 2007. Long-term monitoring of the local environment reveals that the activity space of yellowtail kingfish (Seriola
lalandi) was reduced when cage-diving boats were absent compared to periods following standard tourism operations.
However, white shark residency and movements were not affected. Our roadmap is globally applicable and will assist
researchers in designing studies to assess how anthropogenic activities can impact animal movement and distributions
during regional, short-term through to major, unexpected disruptions like the COVID-19 pandemic.
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1. Introduction

The influence of human activity on natural ecosystems has become
so pervasive that the epoch of overwhelming human influence has come
to be known as the Anthropocene (Crutzen, 2006). Anthropogenic
stressors have been identified across almost every ecosystem, including
the marine environment, with putative impacts on the functional di-
versity of marine organisms (e.g. megafauna; Pimiento et al., 2020),
dramatic changes in marine biogeography (Darling and Carlton, 2018),
and a need to revise marine conservation targets in the face of climate
change (Rilov et al., 2020). Yet, while there is strong evidence of
anthropogenic stress, identifying and quantifying causative human im-
pacts with the intention of developing appropriate mitigation strategies
is extremely difficult given the almost overwhelming pace at which
change is occurring (but see Nabe-Nielsen et al., 2018). As a result, there
is a high degree of inference in attribution of different stressors on
ecosystems, with varying degrees of confidence (Stock et al., 2018). The
tragic circumstances of the spread of the novel zoonotic coronavirus,
SARS-CoV-2, and associated COVID-19 disease have led to many and
varied restrictions on human activity to curtail the spread of the virus.
This disruption is unprecedented, with restrictions being enacted glob-
ally and affecting all socioeconomic sectors (Diffenbaugh et al., 2020; Le
Queéré et al.,, 2020). Given this sudden but variable pause in many
human activities (now termed ‘Anthropause’; Rutz et al., 2020) and the
existence of long-term observing programs, there is the potential to
apply a Before-After-Control-Impact approach to measure the effects of
different anthropogenic activities on the marine environment (Conner
et al., 2016).

Quantifying animal responses to human activities in the marine
environment can be challenging due to the inherent difficulties of
observing animals that spend their entire lives underwater, often in
remote locations, and across extended time-periods. This can be
particularly difficult for species undertaking large-scale movements over
broad distances (e.g. Heupel et al., 2015), as regional studies are un-
likely to detect changes occurring at a larger spatial scale than their
specific study. However, comprehensive national and international
ocean observing and animal tracking networks have been developed and
deployed in many parts of the world over the last 15-20 years (Brodie
et al., 2018; Cowley et al., 2017; Iverson et al., 2019; Reubens et al.,
2019). These networks have been specifically designed to detect changes
in animal movement behaviour in the face of changing oceans and to
collect time-series over a range of spatial scales. The strength of these
networks to provide long-term observations is illustrated in this period
of COVID-19 restrictions during which anthropogenic activities have
been restricted, since data collection has continued, enabling the
research community to assess whether and how much animal movement
behaviour has been affected.

In 2007, Australia initiated the Integrated Marine Observing System
(IMOS, imos.org.au) Animal Tracking Facility to establish a permanent
array of acoustic receivers around the country and provide a central
national database to collate datasets and enable researchers to investi-
gate individual behaviour across a broad range of taxa (Brodie et al.,
2018; Hoenner et al., 2018). Here, we showcase the potential for the
IMOS Animal Tracking network to measure changes in animal move-
ment behaviour during COVID-19 restrictions. We first provide an
overview of COVID-19 restrictions in Australia and describe how these
have affected human activity across several industry sectors related to
the marine environment. We then discuss how these changes can affect
the movement behaviour of marine organisms and how these potential
impacts may be assessed using different experimental designs. Finally,
we use data obtained from the IMOS Animal Tracking Facility to
determine whether the pause in wildlife tourism caused by COVID-19
restrictions affected the residency of white sharks (Carcharodon
carcharias) and yellowtail kingfish (Seriola lalandi) at a site where reg-
ular cage-diving tourism has taken place for over 20 years.
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2. COVID-19 impact on marine activities in Australia

The impacts of COVID-19 affected Australia later than in many other
parts of the world and initial restrictions were comparatively short-
lived. Infections were largely driven by returned travellers and the
risk of further community transmission was effectively controlled
through enforced quarantine following entry into the country (Fig. 1).
Light restrictions on gathering in social groups commenced in early
March 2020. On the 22nd March, Public Health Orders placed heavier
restrictions on gathering and movement in most jurisdictions. These
controls remained in place until the 12th May 2020 when some of the
national restrictions eased. This March 23-May 12 2020 period repre-
sents the core “lockdown” period for Australia, as all non-essential
human movement was prohibited and remote work and study condi-
tions were encouraged, where appropriate. During this period, several
state border closures were also implemented throughout Australia to
limit the spread of the virus through interstate travel from New South
Wales and Victoria, where most of the infections occurred. Controls
were progressively lifted through June and into July as the nation
emerged from the first wave of infections. Most Australian states have
since relaxed restrictions, with a focus on basic social distancing and
limitations on crowd density in shops and businesses (Fig. 1). However,
Victoria entered a second wave of infections in mid-June, driven by
community transmission. This jurisdiction has subsequently re-enacted
restrictions on movement and trade. Adjoining borders with other
states were also closed.

Not surprisingly, the Public Health Orders and associated restrictions
curtailed human activities that interacted with marine and estuarine
environments. Changes in anthropogenic pressure on marine resources
occurred through both direct (e.g. reduced shipping activities) and in-
direct (e.g. lower number of tourists in the region) impacts, with most
changes in human movement observed during the core lockdown
period. Altered human interaction with the marine environment
occurred through several mechanisms encompassing: 1) a general
contraction in global economies and reduction in trade leading to
reduced shipping traffic; 2) a decline in export markets for Australian
fisheries, which may have contributed to a reduction in commercial
fishing activity; 3) a general reduction in recreational activities linked to
restricted human movement; and 4) a reduction in tourism, particularly
to regional areas where tourism-based economies precipitate periodic
peaks of interaction with the marine environment.

The trend of de-globalisation is likely to have accelerated in response
to the COVID-19 pandemic, contributing to concomitant declines in
international economic trade and investment (Nicola et al., 2020; Tokic,
2020). Countries reliant on global trade of goods manufactured in China
and elsewhere were impacted when lockdowns disrupted supply chains,
ceasing manufacturing activities and imports, which resulted in a
reduction in shipping traffic. Nearly 44.3% of the global ocean and
77.5% of 21 national jurisdictions showed a decrease in traffic density
during April 2020, with changes in marine traffic attributed to policy
actions related to COVID-19 restrictions on human mobility and a
reduction of consumer demand on food and trade (March et al., 2020).
To quantify changes in shipping traffic around Australia during this
period, we used Automatic Identification System (AIS) vessel tracking
data downloaded from operations.amsa.gov.au. While the greatest
impact in Australia was observed from March 2020, we extended the
analysis period from January 2020 when China, Australia’s largest trade
partner accounting for 26% of goods and services (dfat.gov.au/geo/c
hina/Pages/china-country-brief#: ~:text=China%20is%20Australia’s%
20largest%20two,per%20cent%20year%200n%20year), alerted the
world of COVID-19 cases. AIS data were converted to track data using
vessel ID and time tags. Kernel density analysis was used to calculate km
of AIS tracks per km? using a kernel function to fit a smoothly tapered
surface using 10 km grid cells and a 200 km search radius to identify
broad patterns in shipping traffic across the exclusive economic zone. A
difference raster map was calculated between January-June 2019 and


http://imos.org.au
http://operations.amsa.gov.au
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2020 with negative values indicating a decrease in shipping traffic
(Fig. 2a). The most notable reduction in shipping traffic was on major
shipping routes in the east and southern coasts and of vessel activity
surrounding major ports. To provide a measure for change in human
activities in relation to the IMOS Animal Tracking network, we also
assessed AIS detections within 8 km of receivers in the IMOS Animal
Tracking network. The 8 km radius was selected based on a study
showing that cetaceans located 7-8 km from a vessel could experience
sound pressure levels above the threshold for the onset of behavioural
disturbance (Cominelli et al., 2020). Although arbitrary and likely to
affect the range of species tagged in the IMOS Animal Tracking network
in different ways, we consider this an acceptable proxy considering the
limited knowledge available on vessel impacts and given the objective
was to document change in human activity across the receiver network.
However, we also did a sensitivity analysis to test how much changing
the radius to 5 km or 15 km affected the outcomes (supplementary
material Fig. S1). A 16% reduction in AIS detections was observed be-
tween 2019 and 2020 within 8 km of acoustic receivers, and this varied
across vessel class. The most notable change in defined classes was
observed in Cargo (—25%), Tankers (—24%) and Other vessel types
(—20%), representing ~75% of AIS detections within 8 km of the IMOS
receiver network (Fig. 2b). In comparison, Local and port operations (i.
e. tugs, tenders, pilot vessels, enforcement, diving, dredging operations)
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and Passenger class vessels showed similar activities across 2019 and
2020 (—2% and —1% respectively). The sensitivity analysis showed that
overall reduction in shipping activity varied from —11% (with 15 km
radius) to —16% (8 km radius), with a reduction of 14% for the 5 km
radius. The AIS data do not capture the full extent of vessel traffic within
proximity to receivers as not all vessel classes are required to carry AIS
units. This is particularly relevant for fishing and recreational vessels
and may under-represent human activities for these sectors.

Declines in global seafood trade combined with reduced demand and
ability to freight produce overseas led to decreases in the export market
of some marine species caught in Australia. Southern rock lobster (Jasus
edwardii) catches decreased in February and March 2020 compared to
monthly averages of 2015-19 for Tasmania, Victoria, and South
Australia (and April for Tasmania), with subsequent increases in May
and June (Fig. 3a). Southern rock lobsters from these jurisdictions are
almost exclusively exported overseas, mainly to China, Hong Kong, and
Japan (85-100%), and marketed as a luxury food item (Plaganyi et al.,
2018). We attribute the decrease in catches in February and March to
reduced demand as this was the height of the COVID-19 pandemic in
China which also coincided with the Chinese New Year when demand is
highest. In Queensland, coral trout (Plectropomus spp.) caught through
the Queensland Reef Line Fishery were also lower in February and
March 2020 compared to 2019. However, the Feb-Mar 2020 catches

Nationwide
Stage 2 lockdown .

600 Stage 3 lockdown Oversease arrivals

First case in Australia Stage 1 lockdown capped at 350 per day

1
400 Australia's borders Commencement of Start of second wave. ‘
Crayfish industry hault ed export of live fish to Restrictions re-instated
200 | export to Chinese market —_— . China in Victoria "
- | I . R Restrictions easing L -

400 New South Wales
300

Restrictions on outdoor
activities including fishing

Lifting of regional | Increase in public ferry
travel restrictions | services to

Stage 1 lockdowns and boating accommodate physical
Easing of restrictions on distancing

2 0 0 Arrival of Ruby Princess outdoor gatherings, Movement restrictions
1 00 ' in Sydney and escalation including fishing and Border restrictions. reinstated in response |

of restrictions boating activities ease. to second wave

0
1 OO Northemn Territory o . Travel restrictions in
Social distancing | | place for commercial
7 o 5 restrictions on boating || vessel crews
and fishing in place Lifting of restrictions on

Easing of restrictions on

recreational boating and
| Easing of restrictions on fishing
commercial vessel crews 1 [l I

State border open

State borders closed recreational boating and
25 I fishing
0.0 |1 l I I | ‘

nslan
Queensland Restrictions on

recreational boating
State borders closed

Lockdowns and travel
restrictions in place

=N
o
o

Reduction in demand for

export of live fish

Anecdotal increases in
fishing activities

(4]
o

Extended restrictions
on movements to |

remote indigenous Restrictions on

E QLD hes cl iti outdoor gatherings
B SEQED beaches dosed communities | Borger restrictions g, inst tgd |
Cruise ships banned n G instated i einstate
from QLD waters Easing of restrictions reinstated in response
on gatherings to second wave
il -~ - —_— 1N

South Australia
60 Social distancing
4 0 State borders closed restrictions on boating

and fishing in place
20 I'

Further easing of

restrictions on outdoor
Easing of restrictions activities
on regional travel

Lifting of restrictions on

buisnesses State border open
n pheiig

Number of confirmed cases
o

0 [ |
40 Tasmania Escalation in cases
30 Restrictions on

restrictions in place
recreational boating P

restrictions to National

20 within local municipalities Easing of travel
10 State borders closed parks and reserves
b aet i T -

0
1500 victoria

Stage 3 lockdown | Restrictions on
50 0 Stage 2 lockdown recreational boating and
b fishing

Stage 1 lockdown

and stricter movement

Delayed opening of
recreational scallop
season

Easing of restrictions on

recreational boating and

fishing

Border restrictions
reinstated in response
to second wave

Lifting of restrictions on
recreational boating and
fishing

Boating and fishing
restrictions re-instsated
in Melbourne suburbs
State borders closed
Stage 3 lockdown
reinstated for
Melbourne suburbs

Stage 4 lockdowns in
place for Melbourne
suburbs

| Restrictions on
| recreational boating and
fishing extended to

Recreational boating and | regional Victoria.

| fishing allowed in small
groups

Recreational fishers
encouraged to stay
home

Recreational fishing and

Restrictions to access
the Kimberley

60 State borders closed

128 Western Australia
90

Extention to lobster
30 season and increase in

boating operations
restricted to within local onal
el al restrinctions eased 16.6econd wave
0 r — e s M W e e e e Benol Ha

Feb Mar Apr

Border restrictions

Regional travel extended in response

e N E—

Aug Sep

Fig. 1. Timeline of confirmed COVID-19 cases and subsequent restrictions on marine-related human activities within each Australian state and nationally. Policies
and restrictions relating to social distancing and human movement are highlighted in bold text, while restrictions affecting marine activities are italicised. Data
obtained from the Grattan coronavirus announcements tracker and Zheng et al. (2020).



C. Huveneers et al.

Biological Conservation 256 (2021) 108995

a) RIS S b)
- & Nt
. 1}/ - . <
400,000
£
<0
‘2 o -24.85%
£3
T @ 300,000 SAERLYN | \/essel type:
3 ;‘ -2.07% B Cargo
T2 B Commercial fishing
9 g l Local and port operations
@ n lgther
S assenger
29 200,000 Recreat?onal
25 -20.28% Tanker
g8
DB 100,000
<
-1.28%
+33.92%
o -24.23%
2019 2020
Year
c)
Neptune Islands
Conservation Park
0 250  500km I/
|
/
North Neptune
Population density per sq. km IMOS Acoutic Telemetry Network Shipping traffic difference 2019-2020 Islands
[ | No population @ IMOS receivers km vessel tracks per sq. km Igm:;nnol\ﬁz;zthogﬁg (':Ggrir%%:ogcations
Il 0-500 ~© Independent receivers [ Nochange count per 50 x 50 m gridycell
[ 500 - 2000 "1 Exclusive Economic Zone ] -2 No data
[ 2000- 5000 [ 45 973
[ More than 5000 N 7 m5-10
I o5 = More than 10
11 o o e IMOS Acoustic Telemetry Network
- Less than 11 b al @ Independent receivers

Fig. 2. a) Map of the Australian IMOS Acoustic Tracking network during the COVID-19 pandemic in relation to population density and difference in vessel traffic
between 2019 and 2020. Blue and yellow circles indicate the location of IMOS and researcher-owned acoustic tracking receivers, respectively. b) Changes in
Automatic Identification System vessel detections within 8 km of receivers in the IMOS Animal Tracking network between January—June 2019 and 2020. Information
is provided for the top six vessel classes and other classes. ¢) Map of North Neptune Islands, in South Australia, where white shark (Carcharodon carcharias) cage-
diving tourism takes place. Yellow dots represent location of acoustic receivers; coloured raster cells show the 2019 distribution of cage-diving operators anchoring
locations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(~37 t) were not unusual compared to monthly catch fluctuations
recorded over the preceding five years (~15-104 t, State of Queensland
Department of Agriculture Fisheries, 2020) (Fig. 3b). Export of
Queensland coral trout was initially hindered by limited freight flights
and logistical challenges to coordinate landing of the catches within

Indigenous declared areas. However, commercial fisheries were seen in
Queensland as an essential service and were less affected by restrictions
than in other states (T Roberts, pers. comm.).

Restrictions on gathering size and travel between regions greatly
impacted recreational activities. Popular Sydney beaches were closed in

Fig. 3. (a) Southern rock lobster (Jasus
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300 VIC (TAS), Victoria (VIC), and South Australia
m ® SA (SA); and (b) Coral trout (Plectropomus spp.)
2 Year catches (tonnes) from Queensland (QLD) by
5 200 ... - 2015-19| month from January to June. Data shown are
= + — 2020 for 2020 and five-year 2015-2019 mean
% (tstandard error) monthly catches. Data
O 100 were obtained from the Victorian Fisheries
Authority (vfa.vic.gov.au/commercial-fishi
ng/rock-lobster/interactive-stock-assessme
0 nt-report), the Tasmanian Department of
80000 Primary Industries, Parks, Water and Envi-
®) ronment (DPIPWE; dpipwe.tas.gov.au), the
g,: 70000 South Australian Research and Development
c Institute (SARDI; pir.sa.gov.au/research),
é 60000 and the State of Queensland, Department of
5 State Agriculture, Fisheries (fishnet.fisheries.qld.
kol 50000 aLD gov.au/Content/Public/PublicRegister.aspx,
S licenced under a Creative Commons Attri-
40000 Yea2ro15 10 bution 3.0 Australia creativecommons.org/
_ 2020 licenses/by/3.0/au).
January February March April May June

Month


http://vfa.vic.gov.au/commercial-fishing/rock-lobster/interactive-stock-assessment-report
http://vfa.vic.gov.au/commercial-fishing/rock-lobster/interactive-stock-assessment-report
http://vfa.vic.gov.au/commercial-fishing/rock-lobster/interactive-stock-assessment-report
http://dpipwe.tas.gov.au
http://pir.sa.gov.au
http://fishnet.fisheries.qld.gov.au
http://fishnet.fisheries.qld.gov.au
http://creativecommons.org/licenses/by/3.0/au
http://creativecommons.org/licenses/by/3.0/au

C. Huveneers et al.

March and most states restricted access to national parks as well as
recreational boating and fishing to uphold physical distancing regula-
tions. Changes in human activity on waterways and marine environ-
ments were anticipated to have resulted in reduced vessel noise (e.g. jet
skis, ski boats) (Depellegrin et al., 2020; Thomson and Barclay, 2020)
and catch of marine species, particularly in states where recreational
fishing was not allowed. In Queensland, recreational boating was only
permitted if fishing for sustenance (i.e. deemed a component of the food
supply), with required adherence to physical distancing rules. Anecdotal
reports of increased fishing activity since March were likely influenced
by excellent weather, school holidays, and fewer fishers per vessel.
Analysis of June boat ramp survey data identified a significant increase
in boat trailer numbers (index of effort) at 10 of the 42 monitored boat
ramps (Fisheries Queensland, 2020), which may be biased if more boats
with less people were being used to abide by social distancing rules.
National analysis of AIS data indicated ~34% increase in recreational
boat activity within the 8 km buffer of the Animal Tracking Facility
network between January-June 2019 and 2020 (Fig. 2b). In contrast,
lockdowns in Victoria prohibited recreational boating and fishing
resulting in a complete cessation of these activities. While there was not
a complete cessation of boating and fishing in Tasmania, vessels
generally could only be launched from local municipalities given gov-
ernment restrictions on human movement. While there was anecdotal
evidence that this resulted in an increase in urban fishing, there was a
25% decline in recreational southern rock lobster catches in the
2019-20 season compared to the previous season, which was directly
attributed to COVID-19 restrictions (Lyle et al., 2020). Additionally, the
opening of the Tasmanian recreational scallop fishery was delayed from
April 2020 until June 2020 (Tasmanian Department of Primary In-
dustries, Parks, Water and Environment, unpublished data). However,
other states enacted limited restrictions with recreational fishing in
Western and South Australia being allowed locally, if physical
distancing was adhered to. Although recreational fishing activities were
not restricted in NSW, other than the requirement to comply with so-
cially distancing, the sales of recreational fishing licenses in March-
—April 2020 was down by ~35% compared to March-April 2019. This
was followed by an increase of ~22% in recreational fishing licenses
sales in May-June 2020 compared to the same period in 2019 (NSW
Department of Primary Industries, unpublished data). This may reflect
the impact of reduced regional tourism during the core lockdown
period, followed by increased tourism afterwards, particularly due to
continuing prohibitions on international travel.

Combined with the preceding bushfires, tourism in Australia suffered
from a global reduction in international travel and localised restrictions
caused by COVID-19. International arrivals sharply decreased with the
tightening of restrictions at the end of March 2020, from 3% and 5.4%
less travellers in February and March 2020 compared to 2019, which
increased to 99.7% less travellers in April 2020 (Tourism Australia,
2020a). As of February 2021, international arrival in Australia is still
banned. Australia’s tourism sector is worth $60.8 billion to the national
gross domestic product with 44% of tourist dollars spent in regional
areas (2018-19, Tourism Australia, 2020b). Regional tourism in
Australia diminished considerably. Even with some relaxation of border
closures enabling inter-state travel, operators in Queensland-based
ecotourism hubs such as Cairns and the Whitsunday Islands in the
northern Great Barrier Reef experienced drastic reductions in visitor
numbers. The Great Barrier Reef Marine Park Authority collects data on
numbers of annual visitors to the reef through an Environmental Man-
agement Charge, providing a resource for quantifying tourism activity
on the Great Barrier Reef (see gbrmpa.gov.au/our-work/reef-strategies/
visitor-contributions/numbers). Finer-time scale data that exclusively
capture COVID-19 were obtained from the operators. For example, data
from five tourism vessels visiting reefs and islands of the Great Barrier
Reef reveals tourism dropped from 80939 visitors in March-June 2019
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to 9327 for March—June 2020, an 88% reduction in visitor numbers. The
Whitsundays bareboat charter fleet consists of 140 boats and tourism
data were obtained for a subsample of 35 boats. Boat usage dropped
from 194 trips for 1791 nights at sea for the 1st of April to June 20th in
2019, to 33 trips for 325 nights for the same period in 2020, a decrease
of 83% in trips and 82% in nights at sea. The operators stated that this
decrease likely reflected the reduction in tourism for the entire fleet (T
Rees, pers. comm.). At Lady Elliot Island, in the southern Great Barrier
Reef, tourism activity ceased for the first time in 20 years between the
1st of April to June 12th 2020 due to the lockdown. This included a
100% reduction in overnight guests (~1090 per month) and day visitors
(~570 per month) for that period, a 95% reduction in tour boats and
airplanes operating in the area, and an 80% reduction in staff present on
the island. During the period of reduced tourism activities, increased
illegal fishing activity and coral damage were reported, highlighting the
role of tourism in discouraging illegal fishing and boating practices (P
Gash and A Gash, pers. comm.). The whale watching industry was also
impacted by the COVID-19 pandemic throughout the east coast of
Australia. In Hervey Bay, for example, Pacific Whale Foundation Eco
Adventures experienced a 42% reduction in the number of boat tours
conducted for the 2020 season, with onboard passenger capacity
reduced by a further 36% due to social distancing restrictions in place (A
Ellis, pers. comm.).

The disparity of restrictions across states (Fig. 1) illustrates the
complexity of understanding how COVID-19 restrictions affected human
behaviour and the importance of selecting suitable datasets when
choosing to quantify changes in anthropogenic activities and appropri-
ately infer impact on animal movement. Datasets that could be used as
covariates to contextualise changes in human activity in marine envi-
ronments during the COVID-19 pandemic are provided in Table 1.

3. Experimental design considerations to assess impacts of
changes in human activity

The precipitous and sudden change in human behaviour caused by
the COVID-19 pandemic has resulted in what has been referred to as a
Global Human Confinement Experiment (Bates et al., 2020) enabling the
assessment of the impacts of human activity on biological systems. The
sudden reduction in human activity, however, provides unique chal-
lenges in formulating effective experimental designs to leverage the
power of monitoring marine organisms via acoustic tracking that are
perhaps different to established techniques.

3.1. Before-after response

The simplest way, in logistical terms, to assess how changes in
human behaviour may impact animal movement would involve using a
“before, during and after” design (Fig. 4). In the fortuitous case where an
acoustic tracking study was initiated prior to the COVID-19 pandemic,
this provides an opportunity to detect immediate changes before and
after restrictions were in place, assuming transmitter battery life span-
ned the desired period. Although such an approach is logistically simple,
it suffers from potentially confounding factors. Given that restrictions on
human activity lasted many months in some places, it is conceivable that
changes in movement and distribution are a consequence of other
environmental factors not related to COVID-19, such as seasonality and
stochasticity in environmental conditions.

Traditionally, impact assessments use controls to avoid confounding
variables hampering the quantification of effects. The same also applies
to assessing the effects of a reduction in human activity on wildlife. In
the context of acoustic tracking, two distinct controls can be considered,
spatial and temporal. Experimental designs that include spatial control
require a similar site to the site impacted by COVID restrictions. Com-
parisons of the response between the two study sites is expected to
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Table 1
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Potential changes in human activity due to COVID-19 restrictions grouped by direct vs. indirect
impacts with an explanation of each activity and associated data type. The arrow on the left-hand
side illustrates the scale at which the human activity and associated data type occurs, from detailed

to coarse.
Human activity Explanation Data type
Detailed | Direct impact
Fishing Recreational, commercial, and Recreational fishing: number of
charter fishing activities are likely | trailers at boat ramps, number of
to have been affected through boats logging in to Marine
specific regulations prohibiting Rescue services, fishing club
the activity, travel restrictions, or | records, creel surveys.
social distancing rules
Commercial fishing: catch and
effort reports, quota usage, fish
market sales, boat automatic
identification system (AlS, e.g.
Queiroz et al. 2019), vessel
monitoring system (VMS)
Shipping Changes to the amount of Automatic identification system
intensity imported and exported goods (AIS), vessel monitoring system
might have led to changes in (VMS)
shipping intensity
Indirect impact
Tourism/outdoor | Trade restrictions and social Number of people visiting
activities distancing rules have hindered marine parks, snorkelling or
tourism companies. Travel diving, visiting offshore islands,
restrictions and bans have also going on guided tours,
hampered access to tourist undertaking wildlife tourism;
destinations or outdoor activities | number of beach users
Pollution While carbon emissions can Amount of litter and debris on
provide a proxy for general beaches; water quality
human activity, the amount of
coastal pollution can also provide
a proxy for human use of the
marine environment
Mobility Changes in human movement Number of planes, trains,
due to travel restrictions can be coaches; number of passengers
used as a proxy for overall human | Mobile phone density data (e.g.
activity Thums et al. 2018)
Restrictions COVID-19 restrictions can be State and federal COVID-19
used as a proxy for overall human | restrictions
activity
Coarse

remove confounding factors related to both seasonality and environ-
mental stochasticity. Although powerful, spatial controls will be difficult
to implement as a result of the requirement for near-identical study sites
that only differ in their degree of the impact from COVID-19 restrictions.
Given that lockdowns were mostly implemented at a national level,
identification of appropriate sites not affected by COVID-19 restrictions
is a challenge. Temporal controls offer an alternative to spatial controls,
because they do not rely on the identification of a control site, instead
using the movement or distribution of animals at the same site in other
years as controls. An important consideration for this type of approach is
inter-annual variability and animal tagging effort across years. Since
environmental conditions in different years do not necessarily mirror
one another, it is imperative that any statistical modelling uses suitable

environmental covariates to reduce the confounding impact of inter-
annual change. The long battery life of some acoustic tags makes tem-
poral controls an attractive solution.

3.2. Comparative approach

Coordinated large-scale national or international acoustic tracking
networks also allow for a comparative approach. In this case, multiple
researchers with the same species in their receiver array can compare
movement and residency metrics to assess how animals responded to
varying degrees of change in human activity as a result of spatial dif-
ferences in COVID-19 restrictions among regions or countries. Similar to
other approaches, habitat and environmental conditions will be
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Fig. 4. Graphical representation of the different experimental designs that can be used in conjunction with acoustic tracking data. a) before-during-after at a single
site; b) before-during-after of impacted and control site (spatial control); ¢) before-during-after with temporal control; and d) comparative analysis.

confounding factors of animal behaviours and, consequently, collection
of environmental data at the scale of each regional array is paramount.
Additionally, for widely distributed species, the potential effects of stock
structure in movement patterns must also be considered.

4. Quantifying the effects of COVID-19 restrictions on the
movement behaviour of marine organisms

Depending on the timing, frequency, and duration of the human
activity, there are a range of ways that marine animals might respond to
lockdown-related shifts in human behaviour. Acoustic tracking data,
especially in the context of national or international arrays, provide an
opportunity to quantify various metrics of animal behaviour, movement,
and distribution (e.g. presence, residency, frequency and duration of
visits, rate or extent of movement, times of departure and arrival from an
area, and home ranges or activity spaces such as 2- or 3-dimensional
kernel utilisation distribution size or centroid). Marine organism re-
sponses can be acute and/or chronic; with acute responses more easily
detectable and changes in chronic responses more difficult to identify as
they take longer to transpire. For example, it is possible that the pres-
ence of marine organisms and residency will increase quickly due to a
reduction in fishing-induced mortality and boat disturbances in areas
with high human population density, whereas increase in the extent and
rate of their movement might take longer to occur.

Understanding the short- and long-term effect of reduction or
absence of human activities on animal behaviour and movement re-
quires an animal response be chosen that reflects the temporal and
spatial scales appropriate to the human activity being assessed,
including the type of activity and its timing, duration, and frequency.
Responses over a small spatial scale are more likely to occur and easier
to detect and attribute to specific changes in human activity types. For

example, an increase in individual presence and residency is expected in
response to a reduction in tourism activity at popular destinations (e.g.
Great Barrier Reef, Ningaloo Reef). In contrast, large spatial scale
changes such as migrations (e.g. speed or routes) will be harder to detect
due to environmental variation and differences in restriction level across
states; for instance aquatic activities and boating were not equally
restricted across all states.

Long-term exposure to human activities may have already irrevers-
ibly changed marine organism movements and distributions, and the
short duration of the drop in human activities due to COVID-19 might be
too brief to see any changes in animal behaviour and movement. For
instance, changes in activity spaces (e.g. for bream, snapper, yellowtail
kingfish) in Sydney Harbour might be harder to detect due to long-term
levels and cumulative impacts of human activities in the area (e.g.
fishing, tourism, shipping, noise pollution). It is also possible, given that
Australia has a relatively low human population density, that levels of
human activities in Australia may have few measurable impacts on
marine organism movements and distributions compared to more
heavily populated coastal regions. Strict management and conservation
policies in place might also be in part responsible for any lack of
discernible marine organism responses to changes as they already con-
trol access to many areas.

In summary, assessing how marine organisms respond to changes in
human activity types and levels is complex and requires careful study
design. Having access to continuous long-term spatial data such as
acoustic tracking data, especially in the context of large, national, or
international networks provides an opportunity to examine marine or-
ganism movements and habitat use during this unprecedented drop in
human activities levels.
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5. The Integrated Marine Observing System (IMOS) Animal
Tracking Facility

The IMOS Animal Tracking Facility is a permanent array of acoustic
receivers around continental Australia that uses a single technology and
is therefore compatible across receivers deployed nationally (Brodie
et al., 2018; Fig. 2). At the outset, IMOS developed a central national
database to foster collaborative research across the user community and
quantify individual behaviour across a broad range of taxa (Brodie et al.,
2018; Hoenner et al., 2018). The IMOS permanent array of acoustic
receivers is integrated with a large number of independent, project-
based, non-IMOS installations that are deployed by individual re-
searchers and research teams to address regional research needs (Brodie
et al., 2018). This means that array design is dependent upon local and
temporal research objectives. For example, arrays may be deployed as
curtains perpendicular to shore to monitor long-distance migrations
(Heupel et al., 2006; Steckenreuter et al., 2017), deployed as gates
across the entrance to a bay to examine ingress and egress to bays and
harbours (Smoothey et al., 2019; Taylor et al., 2017), or may be ar-
ranged as grids within a focal area such as a fishery or marine park to
examine fine-scale movement and residency within an area (Espinoza
et al., 2015; Fowler et al., 2017; Pillans et al., 2014).

The broad-scale (continental) and long-term (14 years) nature of the
IMOS Animal Tracking network means it is well-suited to address the
question of how pauses or reductions in human activity may influence
coastal marine life, because it is possible to match the scale of potential
human behaviour changes to biologically meaningful changes in animal
behaviour. For instance, alterations in recreational fishing or boating
activity may be detectable from receiver arrays close to areas with
previously high fishing intensity, which enable the research community
to ask questions about fine-scale residency or space use for highly resi-
dent species, while fundamental changes due to broader scale impacts
Australia-wide may be detectable for migratory species. The ability to
answer these questions is enhanced by the recent development of the
Animal Tracking Toolbox (ATT, Udyawer et al., 2018), a standardised
framework and analytical tool-set that comprises a collection of func-
tions to estimate metrics of detection, dispersal, short-term centres of
activity, and home range from passive tracking datasets. The ATT has
the advantage of being able to use standardised metrics to directly
compare the same species at multiple sites; to compare multiple species
tagged at a single study site; and to assess changes in activity space
metrics over time, thereby providing the analytical power to rapidly
address the question of whether there are detectable effects arising from
COVID-19.

Unlike satellite-linked GPS tags (e.g. Iridium, ARGOS, GSM) where
the acquisition of location data is near-instantaneous, acoustic receivers
need to be serviced by researchers to recover acoustic tag detections.
This means that any logistical delays in gaining access to field sites to
download receivers or delays in uploading detection data into the
collaborative IMOS Animal Tracking Facility also delays our ability to
test for COVID-related changes on tagged marine fauna. This is, how-
ever, similar to many environmental data that are often delivered in
delayed mode, but are necessary to account for natural variability due to
changing environmental conditions. With data recently downloaded
from the IMOS Animal Tracking network, we provide a case study as an
example of future analyses that can be conducted across the nation, once
servicing periods are reached for most receiver installations and COVID-
19 restrictions for servicing are lifted.
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6. Case study: residency and activity space of white sharks and
yellowtail kingfish at a popular wildlife tourism site

6.1. Background

The white shark cage-diving industry began in the late 1970s in
waters off the Eyre Peninsula in South Australia. The industry has been
restricted to the Neptune Islands Group Marine Park located 60-70 km
south of Port Lincoln since 2002, with most cage-diving activities
focused at the North Neptune Islands group (Fig. 2c). After 2007, the
industry expanded from two to three operators and the mean annual
number of days when tours operated rose from 124 (2000-2006) to 265
(2008-2011) (Bruce and Bradford, 2013). Due to concern over the po-
tential impact of the cage-diving industry on white sharks, the number of
days operators are allowed at the Neptune Islands has been limited since
2012, with operators allowed to run trips on 10-12 days per fortnight.
Over the years, operators have used the Neptune Islands relatively
consistently and operated throughout the year on 227-280 days of the
year (mean 256.75 + 7.02 days; 2017-2019; Fig. 5). However, the
COVID-19 restrictions imposed on the 22nd of March 2020 led to op-
erators being unable to take tourists and the industry effectively shutting
down until restrictions were lifted on the 12th of May 2020. As a result,
no tourism boat visited the Neptune Islands for 51 days, the longest
period of industry inactivity for over 12 years. We hypothesised that,
during this absence of cage-diving operations: 1) animal residency
would decrease due to the lack of olfactory stimulus and bait to entice
animals to remain at the Neptune Islands; and 2) for individuals that
remained at the Neptune Islands, activity space would increase from
spending time within the close proximity of cage-diving vessel locations
to swimming around the study site and islands.

6.2. Methods

6.2.1. Receiver deployments and shark tagging

Three VR2AR acoustic receivers (Innovasea Ltd., Halifax, Canada)
have been deployed at the Neptune Islands since July 2016 using a low-
profile subsurface mooring system. One VR2AR was deployed at each of
the main berleying sites at the North Neptune Islands group. In 2018, an
additional array of 13 VR2AR receivers were deployed, and expanded
the acoustic coverage at the North Neptune Islands.

Since 2013, 130 white sharks have been externally tagged with
V16—6H tags (Innovasea Ltd., Halifax, Canada) as part of the South
Australian cage-diving industry monitoring program. Tags were teth-
ered to a Domeier umbrella dart-tag head using a 10- to 15-cm-long
stainless wire trace (1.6 mm diameter) and implanted in the dorsal
musculature of sharks using a modified spear-gun applicator. Biases in
residency estimates can be introduced by targeting specific sharks (e.g.
sharks likely to remain in the Neptune Islands) or due to temporal var-
iations in residency (e.g. sharks are more likely to remain within
Neptune Islands during weaning of New Zealand fur seals). To minimise
the potential impacts of these biases, tags were opportunistically
deployed throughout the year.

Sixteen yellowtail kingfish (Seriola lalandi) were acoustically tagged
between August 2018 and May 2019. Fish were caught using handline
and put onto a paddle cradle. Seawater was circulated across the gills
using a water pump to ensure continuous oxygenation during handling.
A small incision (1.5-2 cm) was made along the central line of the
ventral surface, anterior of the pelvic fins. A V13A or V16A tag was
inserted into the body cavity. The incision was stitched using 2-3 non-
continuous external sutures (3/0 Monosyn absorb violet 70 cm, needle
tapercut). A plastic head conventional identification tag (Hallprint™,
Hindmarsh Valley, South Australia) was inserted into the muscle below
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Fig. 5. (a) Number of days/week operators were present at the Neptune Islands across 2017-2020; (b) mean residency period (days) of white sharks (Carcharodon
carcharias) and yellowtail kingfish (Seriola lalandi) between March 23 to May 12 across 2017-2020; (c) mean residency index of white sharks; (d) mean activity space
(km?) of white sharks; (¢) mean residency index of yellowtail kingfish; (f) mean activity space (km?) of yellowtail kingfish. (c)(d)(e) and (f) are shown from March to

June across 2017-2020. Error bars represent standard error.

the first dorsal fin to identify tagged fish in the event of a recapture. Data
was obtained from the IMOS Animal Tracking web-interface (Huve-
neers, 2020; Clarke et al., 2020)

6.2.2. Data analysis

For each tagged shark and fish, the number of consecutive days that
individuals were present was calculated each time they entered the
study area. A residency period was defined as the number of days be-
tween the first and last detection of a tagged shark, without any gaps in
consecutive days of detection exceeding five days. A five-day period was
selected on the basis of estimated transit times between the North and
South Neptune Islands (Bruce and Bradford, 2013). Where sharks were
not detected over periods of over five consecutive days, individuals were
assumed to have left the Neptune Islands and any subsequent return was
considered to represent a new residency period. The residency of white
sharks is reported for the COVID-19 restriction period from the 23rd of
March until the 12th of May 2020 and compared across years of moni-
toring (2017-2020).

Weekly residency and activity space were estimated for March-May
2020 for each white shark and yellowtail kingfish. Residency index is the
number of days a tag is detected divided by the total number of days it
could be detected (i.e. seven days for each weekly subset). Centre of
activities (COA; Simpfendorfer et al., 2002) were estimated to calculate
activity space for each individual within each weekly subset. Measures
of activity space in this study was defined as the area within the 95%
contour of the Kernel Utilization Distribution using a Brownian Bridge
movement model (henceforth BB-KUD). Both the residency index and
BB-KUD were calculated using the VTrack package (Udyawer et al.,

2018).

We tested the effects of COVID-19 restrictions on the residency
period, residency index, and activity space using a Generalised Linear
Mixed-Model (GLMM) with tag ID as the random effect, year as a fixed
factor and as an interaction term, and the lmer or Ime function in the
Ime4 package (Bates et al., 2014). The error structure of GLMM corrects
for non-independence of statistical units due to shared temporal struc-
ture and permits the random effects variance explained at different
levels of clustering to be decomposed. The inclusion of tag ID as a
random effect enabled the analysis to account for the lack of indepen-
dence in behaviour within each tagged shark and fish. We accounted for
temporal autocorrelation for the residency index and activity space by
using an AR1 correlation error structure in the models (form = ~1|tag/
week). The most appropriate transformation, statistical family, and
validity of the model were determined through an examination of the
distribution of the response variable and a visual inspection of the re-
siduals for the saturated models.

6.3. Results

The reduction in tourism arising from COVID-19 restrictions had no
effect on residency of white shark or yellowtail kingfish (Fig. 5b, c, e;
Table 2), nor on white shark activity space (Fig. 5d; Table 2). However,
there was a reduction in the activity space of yellowtail kingfish in 2020,
coincident with the reduction in tourism (Fig. 5f; Table 2).
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Table 2

Generalised Linear Mixed-Model (GLMM) results showing the effects of COVID-
19 restrictions on white shark (Carcharodon carcharias) and yellowtail kingfish
(Seriola lalandi) residency index and activity space. SE = standard error; CI =
confidence interval; df = degree of freedom. Significant results are highlighted
in bold (Queiroz et al., 2019; Thums et al., 2018).

Parameter Coefficient ~ SE 95% CI t- df P-value
value

White shark (residency period)

Intercept 0.90 0.49 -0.07,1.86 1.82 40 0.069

COVID vs pre- —-0.58 0.63  —1.82,0.65 -0.93 40 0.354
COVID

Yellowtail kingfish (residency period)

Intercept 3.03 0.47  2.11,3.95 6.43 50  <0.001

COVID vs pre- 0.26 0.57  —0.86,1.38 0.45 50 0.653
COVID

White shark (residency index)

Intercept 0.27 0.15  —0.04,0.57 1.75 77 0.083

Week 0.01 0.01 —-0.01,0.03 1.19 77 0.239

Year (2017) 0.41 0.37  -0.32,1,14 1.11 77 0.27

Year (2018) —0.04 092  -1.88,1.80 —0.05 77 0.962

Year (2019) -0.27 0.32 —0.91,0.37 —0.85 77 0.397

Week * year —-0.03 0.02  —0.07,0.02 -1.25 77 0.217
(2017)

Week * year 0.00 0.05 —0.09,0.09 —0.03 77 0.978
(2018)

Week * year 0.02 0.02  —0.02,0.05 0.99 77 0.325
(2019)

Yellowtail kingfish (residency index)

Intercept 0.71 0.1 0.52,0.91 7.26 207  <0.001

Week —0.01 0.01 —0.02,0.00 —2.11 207 0.036

Year (2019) -0.18 0.15  —0.47,0.11 -1.22 207 0.226

Week * year 0.01 0.01  0.00,0.03 1.58 207 0.116
(2019)

White shark (activity space)

Intercept 0.63 0.12  0.41,0.86 5.48 62  <0.001

Week -0.01 0.01 —0.02,0.00 —-1.60 62 0.109

Year (2019) 0.02 0.24  —0.45,0.50 0.09 62 0.925

Week * year —-0.01 0.01 —0.03,0.02 —0.50 62 0.619
(2019)

Yellowtail kingfish (activity space)

Intercept 0.78 0.1 0.58,0.99 -1.99 279 <0.001

Week 0.00 0.01 —-0.01,0.01 -3.61 279 0.931

Year (2019) 0.32 0.12  0.08,0.56 -1.36 279 0.010

Week * year —0.02 0.01  —0.03,- 0.58 279 0.007
(2019) 0.01

6.4. Discussion

COVID-19 restrictions led to a dramatic reduction in shark cage-
diving operations at the Neptune Islands. During the early period of
COVID-19 (28th March — 12th May), there was a complete cessation of
boat visits and the longest consecutive period without cage-diving ves-
sels present in over 20 years. Despite this significant reduction in boat
visitation and associated use of food-based (mix of minced southern
bluefin tuna, Thunnus maccoyii, products) and sound attractant, the
residency of acoustically tagged white sharks was not measurably
affected, refuting our first hypothesis. There are two plausible expla-
nations for this result. First, white shark residency is not primarily
driven by the attractants used but is linked to their natural migratory
patterns (Bradford et al., 2020) and their use of the Neptune Islands to
feed on pinnipeds and teleosts (Meyer et al., 2019). Alternatively,
considering the intensity of cage-diving tourism with boats present at
the Neptune Islands nearly every day over the last 12 years (Tanner
et al.,, 2019), it may be that the presence of the cage-diving industry
induced a more pervasive change that was not alleviated by a 1.5-month
break in tourism. The similar nil change in residency behaviour of
yellowtail kingfish also suggests either that the cage-diving industry
does not affect residency or that any effects of near daily operations
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persist through a 1.5-month break in tourism. However, the migration of
a tagged yellowtail kingfish from the Neptune Islands to Batemans Bay
(NSW) in July-August 2020 (P Butcher and C Huveneers, unpublished
data), after the cage-diving industry resumed operations, shows that the
attractants used by the cage-industry does not prevent this fish from
leaving the Neptune Islands and swimming at least 1600 km to NSW.

At first glance, the lack of effect on white shark activity space appears
to contradict earlier research showing that the cage-diving industry in-
fluences the fine-scale spatial distribution of white sharks (Huveneers
et al., 2013). However, this points to the importance of appropriate
temporal and spatial scales. White shark positions in the present study
were estimated using centres of activities that require binning detections
over a time period (typically 30-60 min) (Simpfendorfer et al., 2002).
This results in a limited number of location estimates and this constrains
the calculation of weekly BB-KUD. At the Neptune Islands, operators do
not use fixed moorings but instead anchor at different locations on every
visit (Fig. 2¢). This means that weekly BB-KUDs that include different
daily core areas are unlikely to detect real but fine-scale changes in
white shark distribution. Sampling methodology that allows position
estimates to be captured at a higher spatial and temporal resolution, e.g.
using the Vemco Positioning System (Roy et al., 2014), could improve
our ability to detect potential changes in shark movements and space use
at finer temporal scales (i.e. hours, days), but this study demonstrates
that weekly white shark activity space is not affected by cage-diving
tourism.

In contrast, the weekly activity space of yellowtail kingfish was
greater during cage-diving operations compared to the same period in
2020. This reduction in the area of an individual’s activity space in the
absence of boat operations suggests that yellowtail kingfish movement
increases when boats arrive at the site as the fish are attracted to the
boats and move around and between operators and anchor points. This
is a strong effect and shows a rapid response to changes in human ac-
tivities at this site, and points to the need to measure effects at biolog-
ically meaningful scales. Detections from yellowtail kingfish were
however limited to two years (2019 and 2020), affecting our ability to
account for interannual differences due to environmental conditions.

This case study illustrates how acoustic tracking can be used to
quantify potential impacts of anthropogenic activity (i.e. tourism) on
marine animal behaviour and space use. By focusing on enforced re-
ductions in human activities caused by COVID-19 restrictions, we show
how animal responses to shifts in human disturbance are complex and
can vary between species and across scales. In this case, although white
shark movement patterns were seemingly unaffected by changes to the
cage-diving industry, tagged yellowtail kingfish decreased the extent of
their activity space. The spatial and temporal scale at which the analysis
is undertaken is critical to the ability to detect change and needs to be
tailored to the behavioural ecology of the taxa in question. For example,
while we could not detect any changes in the weekly activity space of
white sharks, this might be a function of resolution and the cage-diving
industry might well affect their distribution if estimated on a shorter
temporal scale, e.g. daily activity space. Importantly, we were able to
assess whether residency and movement behaviour was affected by the
cessation of wildlife tourism thanks to the existing monitoring of the
cage-diving industry and the IMOS Animal Tracking Facility. Had the
acoustic receivers not already been installed, we would not have been
able to deploy them in time to collect ‘before’ data prior to the COVID-19
restrictions being implemented and tourism decreasing. The existing
monitoring of white shark residency, collecting both tracking and
human-use data, also enabled us to compare data to previous years and
account for natural inter-annual variability. Our example showcases the
benefit of long-term observing programs, like IMOS, to record changes
from rapid and unexpected disruptions like those brought by COVID-19
or other disturbance events (e.g. marine heat wave; Oliver et al., 2017).
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7. Limitations

As discussed, the ability to detect changes in animal behaviour as a
result of COVID-19 restrictions is dependent on a number of factors,
including a sufficient sample of tagged animals spanning the period pre
(baseline) vs. during lockdown vs. post lockdown (recovery) with arrays
preferably deployed in areas more affected by lockdowns (i.e. our
treatment group) vs. those less affected (i.e. our control group). How-
ever, there are a number of other factors that need to be accounted for
when investigating disturbance impacts using passive acoustic tracking.
Furthermore, as a tagged organism is only detected when it swims
within the range of a receiver, the accuracy by which movement be-
haviours and space utilisation are represented and the ecological in-
ferences made are dependent on the density, arrangement and extent of
these acoustic receivers (Dwyer et al., 2015; Heupel et al., 2006). It is
therefore critical that the arrangement of receivers is kept consistent
throughout the study period and extent of the acoustic array is large
enough to capture the fate of animals as they move in response to
anthropogenic or natural stimuli.

Temporal and spatial variability in the performance of acoustic re-
ceivers at their deployment site is also important (Huveneers et al.,
2016). Temporal variability in environmental conditions not related to
COVID-19 that may increase the amount of background noise may result
in false positives (type I error) or false negatives (type II error) of an
effect of COVID-19 on area use, rather than some other environmental
feature. For example, reduced anthropogenic noise next to a receiver
due to decreased ship traffic (Thomson and Barclay, 2020) may increase
the detection range of receivers, potentially causing an upward bias on
the number of transmissions detected.

Finally, while acoustic tracking could provide researchers with the
long-term spatially-explicit data necessary to detect changes in the
behaviour, abundance, and distribution of organisms, whether these
changes affect animal fitness (e.g. reduced fecundity, increased mor-
tality) is mostly unknown. For example, increased anthropogenic
disturbance may cause animals to use riskier environments that increase
predation risk (Wittmer et al., 2007), or behavioural changes due to
human disturbance may reduce the time and energy allocated to
important activities such as foraging, resting, or breeding (Barnett et al.,
2016; Frid and Dill, 2002; Gallagher and Huveneers, 2018). Further
studies are needed to determine how short-term behavioural changes in
response to anthropogenic disturbance translate into long-term, bio-
logically significant impacts on individual fitness, performance and
community composition. Such information is of paramount importance
to truly understand the impacts of anthropogenic disturbances on ani-
mal populations.

8. Conclusion

The various restrictions imposed to control COVID-19 infections has
led to unprecedented changes in anthropogenic activities worldwide. In
Australia, changes to aquatic activities have been complex and
regionally-dependent, with effects on marine organisms difficult to
identify. Some impacts to marine organisms are unlikely to be identified
within weeks to months, only becoming detectable several years later.
Environmental stochasticity will also add to the challenges of reliably
being able to infer causation between COVID-19 restrictions and
changes to animal movement behaviour, highlighting the importance of
sustained observing programs.

Here, we have broadly described some of the impacts of COVID-19
restrictions on human activities in Australia and outlined metrics that
can be used to measure changes in animal movement behaviour.
Experimental design considerations are provided in the hope that it will
assist others using acoustic tracking to assess whether aquatic organisms
have been affected by changes in anthropogenic activities during
COVID-19 reductions, or more broadly how acoustic tracking can be
used to quantify the effects of human disturbances on animal movement
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behaviour.

National acoustic tracking networks, like the IMOS Acoustic
Tracking Facility, provide unique infrastructure and datasets to assess
the effects of COVID-19 on aquatic organisms at different locations or
spatial scales while enabling a range of temporal and spatial compari-
son. Only with the existence of long-term, robust monitoring infra-
structure are we able to disentangle the complex interaction between
cumulative impacts, chronic long-term impacts (e.g. climate change,
coastal development, commercial fishing) and short-term, acute impacts
(e.g. noise pollution, heat waves, seismic surveys, oil spills), which may
drive step changes in systems (e.g. trophic cascades).
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