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Abstract

Greater Sydney is the largest coastal city in Australia and is where bull sharks (Carcharhinus leucas) are present every
summer and autumn. A decade of acoustic telemetry data was used to identify drivers of space use for bull sharks and
their potential prey, according to standardised 6-h intervals using dynamic Brownian bridge movement models. Influences
of environmental, physical, and biological variables on the areas of space use, location, and predator—prey co-occurrence
were investigated with generalised additive mixed models. Rainfall in the catchment affected space use for all animals (i.e.
teleost species and both sexes of sharks), with varying temporal responses. Male sharks responded most promptly to high
rainfall moving upstream in < 1 day, followed by teleosts (2 to 7 days), and female bull sharks after 4 days. Environmental
luminosity affected male shark dispersal and space use, possibly indicating use of visual cues for foraging. Physical char-
acteristics of habitat were important factors driving spatial overlaps between predator and prey in estuarine areas. In sandy
embayments < 10-m deep, males and female bull sharks overlapped with different species, whereas males and silver trevally
(Pseudocaranx georgianus) co-occurred in deep holes (> 30 m). Shark size influenced overlap between sexes, with smaller
females less likely to co-occur with larger males (~ 50 cm). Variability in space use suggests spatial segregation by sex and
size in bull sharks, with individuals targeting similar prey, yet either in different areas or at different times, ultimately enabling
them to exploit different resources when in the same habitats.

Keywords Acoustic telemetry - Bull sharks - Climate change - Movement patterns - Predator—prey interactions - Intra-
specific interactions - Urbanisation - Refined shortest paths (RSP)

Introduction with biological factors (Schlaff et al. 2014). In South Afri-

ca’s thicket biome, for instance, lions (Panthera leo) choose

A variety of abiotic cues underpin behavioural responses in
animal movement; however, effectively determining their
effects on habitat use is hindered by complex relationships
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their kill sites based on higher vegetation density which
might facilitate predator concealment and affect the ability
of prey to escape from an attack (Davies et al. 2016). Prey
abundance and distribution is an important factor influenc-
ing the movements of marine predators (Taylor et al. 2018a),
with foraging success directly related to particular environ-
mental conditions (Cherry and Barton 2017). For example,
white sharks (Carcharodon carcharias) are seasonally pre-
sent in False Bay, South Africa, to prey on Cape fur seals
(Arctocephalus pusillus) and rely on low-light periods to
increase attack success rate (Hammerschlag et al. 2006).
The moon can affect predator occurrence in coastal waters
indirectly through tide levels and behaviour of potential prey
shoals and directly through visibility (Afonso et al. 2014,
Wintner and Kerwath 2018; Niella et al. 2021a). Bull sharks
(Carcharhinus leucas) are attracted to estuarine areas fol-
lowing heavy rainfall events, and this has been attributed
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to elevated biological productivity leading to an increase in
prey abundance (Werry et al. 2018).

The large-scale movements of marine predators towards
higher latitudes are often affected by seasonal changes in
water temperatures (Block et al. 2011; Smoothey et al. 2016,
2019), but the extent to which this is related to physiological
constraints on metabolism (Payne et al. 2018) or to seasonal
presence of potential prey (Barnett et al. 2010) is yet to be
fully understood. At smaller geographical scales, for exam-
ple, within estuaries, animal movements are influenced by a
complex interplay of factors such as tide (Walsh et al. 2013;
Smoothey et al. 2019) and freshwater runoff and their associ-
ated effects such as salinity levels (Childs et al. 2008; Taylor
et al. 2014). Heavy rainfall may override regular behavioural
patterns of estuarine teleosts, with fish using deeper areas
and becoming more active at night following periods of
intense rain (Payne et al. 2013). In addition, fine-scale diel
variability (i.e. over the circadian cycle of 24 h) in move-
ment is closely related to energy expenditure, facilitating
biological processes such as foraging (Hammerschlag et al.
2006; Taylor et al. 2018a) and reproduction (Walsh et al.
2013; Gannon et al. 2015).

Intra-specific variation in animal movements is common
in marine species (Speed et al. 2010; Hussey et al. 2015;
Chin et al. 2016; Espinoza et al. 2021). In sharks, juveniles
tend to move across smaller areas in comparison to adult con-
specifics (Bansemer and Bennett 2011; Heupel et al. 2015;
Lea et al. 2018; Lee et al. 2019), and in wide-ranging spe-
cies, both sexes are capable of extensive dispersal associated
with reproduction (Papastamatiou et al. 2013; Espinoza et al.
2016; Phillips et al. 2021), such as towards mating grounds
or to give birth in the same nursery areas. Sympatric marine
predators might reduce predation risk and avoid competition
for resources by occupying different niches, including target-
ing different prey, occupying distinct areas or occurring in
the same areas but at different times (Trystram et al. 2017,
Heupel et al. 2019; Niella et al. 2021b; Riverén et al. 2021).

The bull shark is a euryhaline species capable of tol-
erating extreme salinity gradients (Pillans et al. 2008).
While juveniles tend to remain within their natal estuaries
(Werry et al. 2011), adults also make use of these ecosys-
tems (Werry et al. 2018; Smoothey et al. 2019). Mature bull
sharks can transit between freshwater and marine habitats
within hours (McCord and Lamberth 2009) or remain in
low salinity areas for days (Niella et al. 2017). While infor-
mation at species level on diet composition of bull sharks
is limited, studies in the Atlantic (Cottrant et al. 2021) and
both eastern and western Pacific (Werry et al. 2011; Tillett
et al. 2014; Estupifian-Montaiio et al. 2017; Espinoza et al.
2019) showed that teleost fish are an important component
(i.e.> 83% contribution) of their diet. Along eastern Aus-
tralia, bull sharks undertake seasonal migrations from the
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tropical Great Barrier Reef southward to temperate waters of
Sydney during the summer (Smoothey et al. 2016, 2019; Lee
et al. 2019; Espinoza et al. 2021). As oceans are gradually
warming due to climate change, bull sharks are expected to
spend more time at higher latitudes in future years, includ-
ing the Sydney region (Niella et al. 2020b). Thus, there is
a need to understand how predicted increases in the occur-
rence of bull shark for longer periods of time may influence
ecosystem function.

This study uses acoustic telemetry to investigate fine-
scale space use between bull sharks and five potential prey
teleost species, tracked in estuarine and adjacent coastal
waters off Sydney, over the decade 2009 to 2018. Identify-
ing the environmental and biological (i.e. sex-specific dif-
ferences and possible correlations with prey movements)
drivers of space use and inter-group overlap will help reveal
how intra-specific variation in predator movement patterns
influences spatial segregation in highly urbanised coastal
regions. It is predicted that (i) predators will target specific
habitats (i.e. mangroves, rocky reefs) when influenced by
environmental cues (e.g. tide and rainfall). Proximity to
these habitats will increase prey encounter probability if
putative prey moves closer to these habitats as these cues
change (Sims et al. 2006; Gannon et al. 2015). (ii) Predator
behaviour will differ between biological classes according
to how resources are distributed in space and time (Ward
et al. 2006); in particular, males and females will display
divergent movement patterns and predator—prey relation-
ships (e.g. targeting different species), due to different
energetic demands between sexes (Austin et al. 2004) and
to reduce intra-specific competition (Schlaff et al. 2020);
and (iii) predator movement patterns will be influenced
by environmental gradients due to the associated effects
upon foraging success, or as a consequence of their prey
responding to changes in such conditions (Jonsen et al.
2019).

Materials and Methods
Study Area

Sydney Harbour is a large, drowned river valley 30-km
long, covering an area of 55 km? from four catchment
basins (Fig. 1) with freshwater influence mostly from the
Parramatta and Lane Cove Rivers (Roy et al. 2001). This is
the busiest estuary in Australia with 90% of its coastal mar-
gin urbanised (Johnston et al. 2015) (Fig. S1). The entrance
is 3-km wide with a depth of 30 m, and its complex topog-
raphy is composed of deep holes up to 47-m deep and shal-
low embayments, with patches of mangrove and rocky reef
habitats interspersed among modified areas (Fig. 1).
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Fig.1 Map of the study area comprising Sydney Harbour (estuarine
habitat) and adjacent coastal waters (coastal habitat) off Sydney, Aus-
tralia. Circles represent the deployment locations of acoustic stations.
Contour lines depict fine-resolution bathymetry. The sampling loca-

Acoustic Telemetry

Between 2009 and 2018, adult and sub-adult bull sharks
were caught using 200-m bottom set-lines consisting of 15
circle hooks (16/0) deployed with maximum soak times of
around 2.5 h during summer and autumn months. Captured
sharks were restrained alongside the research vessel and
inverted to induce tonic immobility; total length was meas-
ured to the nearest centimetre and sex recorded. The teleost
fish were caught using hook-and-line during trips guided by
anglers experienced in the Sydney Harbour, during periods
when capture was expected to be most successful. Teleost
species included yellowfin bream (Acanthopagrus austra-
lis), yellowtail kingfish (Seriola lalandi), sea mullet (Mugil
cephalus), silver trevally (Pseudocaranx georgianus), and
mulloway (Argyrosomus japonicus). Sharks and teleosts
were surgically implanted with acoustic transmitters (Inno-
vasea V16 transmitters for sharks, expected battery life
of 3,260 days; V9 and V13 transmitters for teleost fish,
expected battery lives of 670 and 935, respectively). Shark
transmitters were programmed on a pseudo-random repeat

T T
151.2 151.3

tions of environmental data are also represented by triangles. Line
boundaries delimit the catchments of (A) Parramatta River, (B) Lane
Cove River, (C) Middle Harbour, and (D) Port Jackson

rate of 30-90 s or 40-80 s, whereas fish transmitters pulses
were set at 180-300-s intervals. Details on fishing and han-
dling procedures can be found in Smoothey et al. (2016,
2019) and Taylor et al. (2018b).

A total of 177 tagged animals (Table S1) were monitored
using an array of 105 acoustic receivers (Innovasea VR2W)
deployed in Sydney Harbour and adjacent coastal waters, at
depths ranging from 3 to approximately 80 m (Fig. 1). Data
were downloaded every 6—12 months and managed by New
South Wales Department of Primary Industries Fisheries and
the Integrated Marine Observing System Animal Tracking
Facility.

Standardised Analysis of Fish Fine-Scale Movements

All analyses were performed in the software R (version
4.0.5; R core Team 2020). The raw acoustic data were ini-
tially filtered using the actel package (Flavio and Baktoft
2020) to identify and exclude any flawed detections, i.e.
single daily detections or which constituted biologically
impossible swimming speeds. The acoustic receivers were

@ Springer



1468

Estuaries and Coasts (2022) 45:1465-1479

divided into two arrays, i.e. estuarine and coastal (Fig. 1),
to account for differences between these habitat types.
Here, we define estuarine as the region located > 1 km
upstream from the entrance of the estuary, whereas coastal
was defined as directly from the entrance of the estuary to
the surrounding northward and southward coastal regions
(Fig. 1). Each array was analysed separately; however,
since the effective detection range of acoustic receiv-
ers inside of Sydney Harbour was known to be 250 m
(Smoothey et al. 2019), this same detection probability
was considered for the coastal array.

Since bull sharks are seasonally present in Sydney
waters (Smoothey et al. 2016, 2019), the movement pat-
terns of the teleost fish were only analysed for the days
when at least one bull shark was present in the study area.
Dynamic Brownian bridge movement models (dIBBMM)
were calculated for each group of animals (Table S1)
according to standardised timeframes with the RSP pack-
age (Niella et al. 2020a), in which the total monitoring
period was divided into 6-h intervals, i.e. four daily time-
frames 1=00:00:00-05:59:59, II1=06:00:00-11:59:59;
[II=12:00:00-17:59:59; and IV =18:00:00-23:59:59. The
total number of individuals detected in each timeframe for
each group was collated, together with their areas of space
use in squared metres for the 50% contours of the dBBMM,
i.e. the areas where animals spent half of the tracking time
during each timeframe. Since the study area habitat varies
more considerably across longitude (Fig. 1), centroid lon-
gitude positions were calculated for each group including
all estuarine 50% contour dBBMM and considered repre-
sentative of movement during the respective timeframes.

Biological Variables

Predator—prey co-occurrence was measured in both space and
time during each daily timeframe. Using the 50% dBBMM
space use contours, the sizes of the overlapping areas between
female and male bull sharks and each teleost species, as well
as between the shark sexes, were calculated in pairs for each
daily timeframe with RSP (Niella et al. 2020a).

To investigate for possible effects of shark size on the spatial
overlaps between males and females, the average sizes of all
male and female individuals detected in each timeframe were
calculated. A derivative variable was then calculated to repre-
sent the standardised size differences between sex classes by
subtracting the average male size from the average female size.

Physical Variables
To investigate the influence of habitat type on the co-occur-

rence between bull sharks and teleosts, the characteristics of
the study area where the biological groups overlapped were
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used. For this purpose, the raster areas where the groups over-
lapped at the 50% contours of dBBMM were used to obtain
the following information, in pairs and for each timeframe: (i)
aspect, number of unique depth contour lines; (ii) maximum
depth; (iii) area of mangrove habitat; and (iv) area of reef habi-
tat (https://researchdata.edu.au/australian-coastal-waterways-
aggregated-product/817074, accessed on 5 February 2020).
The areas of each habitat (i.e. mangrove and reef) directly
correlated with the size of the overlapping areas, which meant
that larger areas would directly implicate larger habitat values.
Consequently, these two habitat variables were standardised by
using the percentage of each habitat type in relation to the total
size of the correspondent overlapping area.

Environmental Variables

While temperature is an important driver of ectotherm
marine animal movements (Otway and Ellis 2011; DiGi-
rolamo et al. 2012), water temperature measurements were
not available across our study area with sufficient fine-scale
resolution to be included in the analyses. Daily rainfall
and solar exposure data were obtained from the Australian
Bureau of Meteorology (http://www.bom.gov.au/climate/
data/, accessed on 3 July 2020) for nine stations located in
the study region (Fig. 1). While many studies have included
the amount of daily rainfall in their analyses, here, we tested
this component with both spatial and temporal gradients.
First, since this is a large area (i.e. ~ 640 km?), we hypoth-
esise that rainfall at the catchment (Rain catchment, Fig. 1)
will have a more pronounced effect upon this system, e.g.
through leaching and nutrient transport, than rainfall directly
upon the main river channel (i.e. Port Jackson catchment;
Rain harbour, Fig. 1). Secondly, not only the amount of rain
in the catchments would be important, but these should be
considered according to temporal intervals, which could
then allow this hydrological cycle to influence the fish move-
ments. Therefore, rainfall was considered as two independ-
ent variables: (i) rain harbour, daily means between three
stations located at the Port Jackson catchment; and (ii) rain
catchment, daily means between four stations located at the
Parramatta, Lane Cove, and Middle Harbour catchments
(Fig. 1). To investigate for possible intervals between rain-
fall in the catchment and fish movements, this variable was
tested with temporal lags ranging from O (i.e. on same day)
up to 8 days, as this interval has previously been identified
to influence bull shark movements towards estuarine areas
following high rainfall events (Werry et al. 2018).

The amount of light that reaches the surface of the Earth
from any astronomical object increases proportionally to its
angle in the sky (Austin et al. 1976). To calculate a fine-
scale index of environmental luminosity, solar exposure
data were considered for day-time periods, while moonlight
was used for night-time. Solar exposure daily values were
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considered as the mean between the two meteorological sta-
tions (Fig. 1), whereas daily moonlight values were obtained
using the lunar package (Lazaridis 2014) as the percentage
of the moon illuminated by the sun, i.e. continuous rang-
ing from new (0) to full moon (1). Following Niella et al.
(2021b), hourly values of environmental luminosity com-
bined from both daily solar exposure and moonlight vari-
ables were weighted by the respective maximum angles of
the sun and the moon in the sky (Appendix 1). Mean envi-
ronmental luminosity values during the corresponding time-
frames with acoustic data were then used in the analyses.

Hourly tide heights were obtained for a location inside
Sydney Harbour (Fig. 1) using XTide (https://flaterco.com/
xtide/, accessed on 13 July 2020). To account for both height
and direction of tide representative of each timeframe, a
derivative value was calculated by subtracting the maximum
tide height in the timeframe of interest by the maximum tide
height during the previous timeframe. This standardisation
resulted in a derivative tide height variable ranging from
negative (i.e. ebbing tide periods) to positive (i.e. rising tide
periods) values and their respective numeric amplitudes
(Appendix 1).

Analytical Approach

Patterns of space use were analysed using three metrics of
animal movement as the response variables: (i) the size of
the 50% dBBMM areas (in m?), the areas where each group
of animals spent half of their tracking times; (ii) the longi-
tude centroid locations, to investigate fish movements along
the estuary since it runs primarily from east to west; and
(iii) the size of the overlapping dBBMM areas (in m?) at the
50% level, overlaps in space and time in pairs between each
bull shark sex and the teleost species. Generalised additive
mixed models (GAMMs) were run using the mgcv pack-
age (Wood 2017) for each of the three response variables
using Gamma families of error distribution. Models were
fitted separately for coastal and estuarine habitats includ-
ing the variables sampling day and year as random effects
to account for the sampling units. To account for the num-
ber of individuals tracked possibly influencing the response
variables, the logarithm of total individuals detected per
timeframe was included in the models as an offset covari-
ate, i.e. the number of individuals from each group in the
group-specific and longitude centroid models, and the sums
between the respective number of predator and prey indi-
viduals tracked in the overlap models. Multicollinearity was
assessed between continuous variables with Pearson’s cor-
relations and the degrees of the smoothing functions kept
at five (independent effects) and 15 (interacting effects) to

avoid model overfitting. Variables were gradually added to a
previous simpler nested model based on lower Akaike infor-
mation criterion (AIC) values and selected after a significant
analysis of variance (ANOVA) indicated the new model to
be significantly different. Final models were selected based
on higher AIC weights (Appendix 1) and visually inspected
for normal residual distributions.

Modelling Group-Specific Patterns of Space Use

The candidate predictor variables included (i) rain at the
catchment, O to 8-day lag as individual effects; (ii) rain in
the harbour; (iii) derivative tide; and (iv) the interaction
between mean environmental luminosity and circadian
period, timeframe I =1late night, timeframe II=morning,
timeframe I1I = afternoon, and timeframe IV =early night.
The variable circadian period controls for the diel cycle
between day versus night-time periods in number of hours,
and is exclusively temporal, while the variable environmen-
tal luminosity is strongly influenced by fine-scale factors
and equates to the approximate amount of light reaching the
water surface hourly from the sun (weighted by cloud cover)
or the moon (weighted by moon phase) in each of these two
periods (Appendix 1). The total GAMM formula used for
the group-specific models (i.e. including 50% dBBMM area
or longitude centroid location as the response variables) cor-
responded to:

Response ~ Raincatchment, ;,, + -+ + Raincatchmentg
+ Rainharbour + Derivativetide + (Environmentalluminosity
XCircadianperiod) + (1|Samplingday) + (1|Year) + offset

= log,o(numberofindividuals)

Modelling Inter-group Co-occurrence

In addition to the environmental predictors, physical vari-
ables were also tested to assess their possible influence upon
the sizes of the 50% dBBMM overlapping areas between
predators and prey. These included an interaction between
aspect and maximum depth and the corresponding percent-
age areas of mangrove and reef habitat types. The total
GAMM formula used for the overlapping models was:
Response ~ Raincatchment, ,,, + --+ + Raincatchmentg,

+ Rainharbour + Derivativetide + Mangrovearea + Reefarea

+ (Environmentalluminosity X Circadianperiod)

+ (Aspect X Maximumdepth) + (1|Samplingday) + (1|Year)

+ offset = log o(number of sharks + number of teleosts)
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month and (b) year for each of the fish species tracked (I=bull shark,
II=yellowfin bream, III =yellowtail kingfish, IV =sea mullet, V =sil-

Results
Overall Patterns of Detection

Bull sharks were continuously monitored in the study
region between 2009 and 2018, while teleosts were tracked
between 2010 and 2013 (yellowfin bream and yellowtail
kingfish) and between 2015 and 2017 (sea mullet, silver
trevally, and mulloway) (Fig. 2). Although sea mullet were
only detected in 2016, the remaining teleosts were tracked
simultaneously with bull sharks for three to four consecutive
years (Fig. 2). Detections of most teleost species peaked
with the seasonal presence of bull sharks from November
to May, yet yellowtail kingfish were detected more between
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ver trevally, and VI=mulloway) in Sydney Harbour. Please note indi-
vidual panels are missing for 2009, 2014, and 2018 (A) as only bull
sharks were tracked in these years (B)

May and September (Fig. 2). Yellowtail kingfish had the
greatest number of detections across the study region
(combined estuarine and coastal areas; Fig. S2a), yellowfin
bream were detected for longer periods of time (Fig. S2b),
and bull sharks were detected across a greater number of
stations than any teleost species (Fig. S2c).

Group-Specific Patterns of Space Use
Size of Space Use Areas
No significant patterns were found for sea mullet due to

limited detections (Fig. S2). Variation in size of 50% con-
tours dBBMM in coastal habitats was only significant for

Table 1 Generalised additive

X 8 Group Habitat Variable edf Ref.df F P

mixed models of area size

variation at the 50% dynamic Female shark Coastal Rain catchment 4 days 1.21 1.40 8.26 0.004

Brownian bridge movement Estuarine  Rain catchment4 days ~ 3.85  3.98  10.63 <0.001

model contours in the

corresponding significant Male shark Coastal Rain catchment 4 days 3.82 3.98 7.21 <0.001

habitats, including the effective Estuarine Rain catchment 2 days 3.82 3.98 9.27 <0.001

degrees of freedom (edf), Circadian period xenvi-  12.64  13.73 2.44 <0.001

reference degrees of freedom ronmental luminosity

Sf;i?s :;—)values (F), and Yellowfin bream Estuarine Rain catchment 4 days 3.92 3.99 16.56 <0.001

Derivative tide height 2.81 3.31 3.72 0.007

Yellowtail kingfish Estuarine Rain catchment 6 days 1.94 2.13 3.35 0.042
Mulloway Estuarine Rain catchment 7 days 1.31 1.54 19.31 <0.001
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Fig.3 Generalised additive mixed model of variation in size of area
used at the 50% level dynamic Brownian bridge movement models in
coastal habitat for male and female bull sharks, including the signifi-
cant effects of rainfall at the catchment with 4-day lags. Shaded areas
and dashed line represent 95% confidence intervals and null effects,
respectively

male and female bull sharks and influenced by rainfall in
the catchments with temporal lags of 4 days (Table 1). Bull
sharks spent half of their monitored time in larger coastal
areas associated with 4 days after higher rainfall levels in the
catchments, and males exhibited a slightly greater response
than females (Fig. 3). Rainfall in the catchment influenced
estuarine habitat usage for all fish groups with behavioural
responses correlated with different temporal lags (Table 1).
All groups spent more time (i.e. 50% level of dBBMM) in
larger estuarine areas associated with higher rainfall levels,
but male bull sharks responded more rapidly (i.e. 2-day lag)
and exhibited the greatest space use amplitudes (Fig. 4a).

The derived tide height and interaction of environmen-
tal luminosity with circadian period also influenced space
use areas in estuarine habitats for yellowfin bream and
male bull sharks, respectively (Table 1). Bream used larger
areas at either ebbing (negative) or rising (positive) tides
with higher amplitudes (Fig. 4b). Male bull sharks spent
more time and used larger estuarine areas during afternoon
periods (12:00:00-17:59:59) with higher environmental
luminosity and conversely also during darker early nights
(Fig. 4c).

Estuarine Movements

Rainfall in the catchment was the most important vari-
able influencing the variation in longitude centroid loca-
tions for most of the fish groups, but species-specific
temporal lags were observed (Table 2). Male and female
bull sharks responded to temporal lags of 0 and 7 days,
respectively, and showed opposite trends according to
intermediate rainfall levels up to 70 mm, with females
tending to remain downstream and males dispersing fur-
ther upstream (Fig. 5a). Yellowfin bream showed a clear
bimodal pattern in relation to rainfall in the catchment
after 2 days, with these fish remaining downstream when
rainfall was <35 mm and moving further upstream with
increased rain levels (Fig. 5a). Mulloway were influenced
by heavier catchment rainfall following a lag of six days,
and they tended to move further upstream than the other
species (Fig. 5a).

Derived tide height and interacting environmental lumi-
nosity with circadian period were also responsible for
estuarine movements of female and male sharks (Table 2).
Female bull sharks remained downstream during both

Standardized partial residuals

20

=

o
tn

Mean environmental luminosity O
n

0 10 20 30 40 50 60 70 &0 g0 100 45 40 05
Rain catchment (mm)

Fig.4 Generalised additive mixed models of variation in size of area
used at the 50% level dynamic Brownian bridge movement mod-
els in estuarine habitat for male and female bull sharks, yellowfin
bream, mulloway and kingfish, including the corresponding signifi-
cant effects of (a) rainfall at the catchment with respective temporal

Derivative tide height (m)

T T T =
0.5 1.0 15 Late night Morning Afternoon Early night

Circadian period

lags per group, (b) derivative tide height, and (c) interactive effect
between environmental luminosity and circadian period. Shaded areas
and dashed lines represent 95% confidence intervals and null effects,
respectively
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Table 2 Generalised additive mixed models of longitude centroid
variation at the 50% level dynamic Brownian bridge movement mod-
els in estuarine habitat, including the effective degrees of freedom
(edf), reference degrees of freedom (Ref.df), F-values (F), and p-val-
ues (p)

Group Variable edf Refdf F P
Female shark Derivative tide 2.69 3.22 6.27 <0.001
height
Rain catchment 3.09 3.52 4.40 0.003
7 days
Male shark Circadian 8.13 8.84 6.46 <0.001
period X environ-
mental luminos-
ity
Rain catchment 2.53 3.04 8.16 <0.001
0 days
Yellowfin bream Rain catchment 3.72 3.95 4.45 0.002
2 days
Mulloway Rain catchment 143 1.73 1035 <0.001
6 days
A B

ebbing and rising tides (Fig. 5b). During periods of higher
environmental luminosity, male bull sharks dispersed fur-
ther upstream during the day and moved downstream late
at night, showing the opposite trend during periods of
lower environmental luminosity (Fig. 5c¢).

Co-occurrence Patterns in Space and Time
Co-occurrence Between Bull Sharks and Teleost

Physical variables were most influential on bull shark and
teleost co-occurrence in estuarine habitats (Table 3). Spatial
overlap of yellowfin bream and female bull sharks occurred
mostly in complex and shallow areas (Fig. 6a), whereas
male bull sharks occurred more prominently in areas with
lower reef coverage (Fig. 6b), 3 days after higher rainfall
in the catchment (Fig. 6¢). Male bull sharks and mulloway
overlapped in both space and time, mostly in more struc-
turally complex and shallow areas (Fig. 6d); however, the

g Standardized partial residuals
g |

(9]

-1 o 1

0204 A
015
010

0.05

Standardized partial residuals

0.00

Mean environmental luminosity

/ i

0 10 20 30 40 50 63 70 80 SO 100 20 45 A8 05
Rain catchment (mm)

Fig.5 Generalised additive mixed models of longitude centroid vari-
ation (high values = downstream movement) at the 50% level dynamic
Brownian bridge movement models in estuarine habitat for male and
female bull sharks, yellowfin bream and mulloway, including the cor-
responding significant effects of (a) rainfall at the catchment with

Table 3 Generalised additive mixed models for variation in area over-
lap at the 50% level dynamic Brownian bridge movement models
in estuarine habitat between shark and teleost groups, including the

00 05 10 15
Derivative tide height (m)

Mbr:rung Afl.erln:.'-ull
Circadian period

Late night Early night

respective temporal lags per group, (b) derivative tide height, and
(c) interactive effect between environmental luminosity and circa-
dian period. Shaded areas and dashed lines represent 95% confidence
intervals and null effects, respectively

effective degrees of freedom (edf), reference degrees of freedom (Ref.
df), F-values (F), and p-values (p)

Shark Teleost Variable edf Ref.df F P
Female Yellowfin bream Aspect X maximum depth 12.38 13.55 126.60 <0.001
Male Yellowfin bream Reef frequency 3.77 3.98 9.76 <0.001
Rain catchment 3 days 3.92 3.99 5.76 <0.001
Male Silver trevally Aspect X maximum depth 13.74 13.99 119.10 <0.001
Male Mulloway Aspect X maximum depth 11.95 13.38 46.72 <0.001
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Fig.6 Generalised additive mixed models of area overlap variation at
the 50% level dynamic Brownian Bridge Movement Models in estu-
arine habitat between (a) female sharks and yellowfin bream, (b—c)
male sharks and yellowfin bream, (d) male sharks and mulloway, and
(e) male sharks and silver trevally, including the significant effects of

co-occurrence of silver trevally with male sharks showed a
bimodal response at depths between 10 and 20 m with lower
complexity and peaked at depths >20 m in areas with more
structurally complex habitats (Fig. 6e).

Co-occurrence Between Female and Male Sharks

In both coastal and estuarine areas, habitat complexity
had the greatest influence on female and male shark co-
occurrence, followed by catchment rainfall with 4-day lags;

Table 4 Generalised additive mixed models of area overlap varia-
tion between female and male bull sharks for the 50% level dynamic
Brownian bridge movement models in the corresponding significant
habitats, including the effective degrees of freedom (edf), reference
degrees of freedom (Ref.df), F-values (F), and p-values (p)

Habitat ~ Variable edf  Refdf F p

Coastal ~ AspectxXmaximum depth 9.97 11.98 31.38 <0.001
Rain catchment 4 days 3.79 397 11.65 <0.001

Estuarine AspectXmaximum depth 10.76 12.58 56.69 <0.001
Rain catchment 4 days 2.84 328 6.01 <0.001
Size difference 1.00 1.01 8.09 0.004

Reef area (%)

D (f Standardized partial residuals E
N

10
Aspect

Rain catchment (mm)

f Standardized partial residuals
B

Maximum depth (m)

15 o 5 10 15
Aspect

(a, d, e) interactive effect between maximum depth and aspect, (b)
percentage of reef habitat cover, and (c) rainfall at the catchment with
3-day lag. Shaded areas and dashed lines represent 95% confidence
intervals and null effects, respectively

however, male—female size difference was only signifi-
cant for estuarine overlap (Table 4). This sex class overlap
occurred mostly in>40 m and complex coastal habitats,
with shark co-occurrence in estuarine habitats exhibiting a
bimodal response in relation to complex habitats, either in
areas < 10 m or between 20 and 30-m deep (Fig. 7a). Bull
shark overlap increased in coastal areas with rainfall lev-
els>35 mm, and peak co-occurrence in estuarine habitat
was observed in association with ~50 mm of rain in the
catchment (Fig. 7b). There was greater overlap inside the
estuary when females were ~50 cm larger than males and
lower co-occurrence between smaller females and larger
males (Fig. 7c).

Discussion

While many studies have identified linkages between animal
movements and particular abiotic conditions, it is likely that
concomitant changes in additional drivers such as preda-
tor avoidance or prey availability contribute to the patterns
observed (Schlaff et al. 2014). By using a standardised
method to analyse movements according to fixed temporal
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Fig.7 Generalised additive mixed models of area overlap varia-
tion between female and male bull sharks at the 50% level dynamic
Brownian bridge movement models in the corresponding significant
habitats, including the corresponding significant effects of (a) inter-

@ Springer

Estuarine
Q Standardized partial residuals

T T

25 50 75
Rain catchment (mm)

O -

o

Standardized partial residuals

-50 25 0 25 50
Male-Female size difference (cm)
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and female shark size. Shaded areas and dashed lines represent 95%
confidence intervals and null effects, respectively
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windows (Niella et al. 2020a), we were able to reveal fine-
scale patterns of predator and prey space use and identify
the drivers that subsequently enhance an understanding of
ecosystem dynamics in a highly urbanised coastal region.
Yellowtail kingfish are a high-profile recreational fisher tar-
get species in Sydney Harbour, yet the lack of significant co-
occurrence between bull sharks and yellowtail kingfish indi-
cates that this teleost species is unlikely to be an important
food source for bull sharks as they exhibit different seasonal
occurrences at the latitude of our study site. Conceptual
models that describe spatial segregation in elasmobranch
species are evolving rapidly. In tropical Australian estuar-
ies, differences in nursery habitat use between juvenile bull
and speartooth (Glyphis glyphys) sharks have been related
to distinct diets, leading to the two species occupying sepa-
rate core areas within the same estuary (Dwyer et al. 2020).
While differences in space use of sympatric predators are
often attributed to competition (Niella et al. 2021b), little is
known about how individuals from the same species might
coexist. Our approach accounted for intra-specific variation
(i.e. between sex classes) in bull sharks, revealing that each
group responded to particular environmental gradients.
Rainfall influences fish dynamics and productivity in
estuarine areas by affecting spawning success, dispersal of
eggs and larvae, early-life survival, migration, food sup-
ply, and water quality (Robins et al. 2005; Meynecke et al.
2006; Hoguane et al. 2012). By including rainfall as two
independent variables in our analyses (catchment basins
versus directly in Sydney Harbour), we identified that
fine-scale movements of fish were more closely associated
with rainfall in the catchments, with group-specific lagged
responses. All groups that responded to rainfall made use of
larger areas, as a consequence of higher rainfall in the river
catchments. These findings support earlier studies showing
that salinity and turbidity fluctuations arising from rainfall
are responsible for influencing teleost (Payne et al. 2013;
Taylor et al. 2014) and shark (Werry et al. 2011; Schlaff
et al. 2014) movements in estuarine habitats. During inter-
mediate (~30 mm) and stronger (> 50 mm) rainfall lev-
els, the yellowfin bream became more active and moved
further upstream, while overlapping more with male bull
sharks. Sharks detect and respond (e.g. flight behaviour)
to major changes in environmental parameters, such as
those observed during tropical storms and hurricanes, even
at very early ages (Udyawer et al. 2013; Strickland et al.
2020). Werry et al. (2018) suggested that bull sharks are
attracted to estuarine areas following high rainfall events
due to increased prey availability. Here, we reveal that
their behaviour is more complex than previously reported,
with males responding to high rainfall events more rapidly
(within O to 4 days) than females (within 4 to 7 days), sug-
gesting that they responded to different cues, or to different
gradations of possible cues such as salinity or water opacity.

Changes in prey capture kinematics when deprived
of visual cues have been observed in species with both
pelagic and benthic feeding strategies (Gardiner et al.
2017), suggesting that vision is an important sense for
some sharks when foraging (Hueter et al. 2004). In Sydney
Harbour, environmental luminosity influenced movement
patterns of male bull sharks, which moved upstream and
used larger areas on days with higher luminosity (i.e. lower
cloud cover). During the day, bull sharks make use of
areas with steep drop-offs (Smoothey et al. 2019), where
they were found to overlap with silver trevally. While this
implies that male bull sharks may use sunlight to detect
prey at deeper depths during the day, it is also possible that
they could be simply seeking cooler temperatures or qui-
eter areas during warmer days. Male sharks were found to
spend most of their time across larger areas during darker
early nights, suggesting a shift towards becoming more
active during these low-light periods when it might be
more difficult for their prey to detect them (Martin and
Hammerschlag 2012).

Growing evidence points to spatial segregation among
sympatric predator species (Waite et al. 2012; Niella et al.
2021b; River6n et al. 2021); however, little is yet known about
intra-specific trends in estuarine habitats. Intra-specific vari-
ation in habitat use in the marine environment is frequently
attributed to one group of individuals having narrower home
ranges than the other within the same region (Field et al. 2005;
Chin et al. 2016; Lea et al. 2018; Schlaff et al. 2020) and/or
to partial migrations, in which only part of a population is
found to move towards different areas driven by an interplay
between seasonality in water temperatures and foraging and
reproduction cues (Papastamatiou et al. 2013; Espinoza et al.
2021). Male bull sharks are more common in Sydney Harbour
than females (Smoothey et al. 2019), and co-occurrence inside
the estuary was higher when females were larger than males.
Sydney Harbour is unlikely to be a mating site (Smoothey
et al. 2016), and we propose that, in the harbour, smaller
females may avoid sharing foraging grounds with larger males
to reduce competition for resources. According to this size
segregation, smaller males would be expected to avoid larger
females; however, this trend could not be found in our study
likely due to the low presence of large female bull sharks in
Sydney waters. We also found evidence that adult bull sharks
may target different teleost prey in shallow sandy embay-
ments, since female and male sharks significantly overlapped
with different teleost species in these habitats. Female sharks
tended to remain downstream during changing tide periods,
coinciding with times when yellowfin bream used larger areas.
Male bull sharks overlap with yellowfin bream when they
moved upstream on the days with heavier rain in the catch-
ments, 1 day before the bream moved across larger areas up
the river (i.e. 3 days after higher rainfall). This suggests that
male sharks may anticipate changes in prey behaviour, which
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could help reduce competition with females for the same
resource. Since teleost fish are an important food resource
for bull sharks (Tillett et al. 2014; Estupifidn-Montaiio et al.
2017; Espinoza et al. 2019; Cottrant et al. 2021), the overlaps
observed between sharks and teleost may, at least in part, be
related to predator—prey relationships. However, we caution
that patterns exhibited here remain hypothetical, since we
could not confirm that these teleost species were targeted by
bull sharks. Similarly, we cannot confirm differences in male
and female diet due to the lack of stable isotope or stomach
content data from this region.

Noise derived from anthropogenic activities affects a vari-
ety of aquatic animals; however, most studies have focused
on marine mammals (Duarte et al. 2021). Previous research
has indicated that human-induced noise impacts fish through
reductions in movement patterns, feeding success, and slower
flight from predators (Payne et al. 2014; Leduc et al. 2021).
Anthropogenic noise also influences elasmobranch behav-
iour, with sharks increasing time spent swimming and avoid-
ing noisier areas when anthropogenic noise levels exceeded
biological noise levels in an aquarium (de Vincenzi et al.
2021). Throughout Sydney Harbour, there is substantially
more boat traffic during day-light hours. Smoothey et al.
(2019) record bull sharks occupying deeper water during the
day, potentially indicating that they, too, may avoid areas
with higher human-induced noise. Additional support for
potential avoidance of noise may be attributed to male bull
shark movement upstream on days of increased sunlight,
when there is increased boating activity in Sydney Harbour,
especially in the main harbour area located within the Port
Jackson catchment (Fig. 1) (Widmer and Underwood 2004).
Although these findings suggest there are potentially adverse
anthropogenic influences on bull sharks in urbanised estu-
aries, their continuing use of this habitat (Smoothey et al.
2019) suggests they are resilient to coexisting with humans.
Bull sharks migrate southwards along the east coast of Aus-
tralia during the austral summer (Lee et al. 2019), and many
individuals display site fidelity to Sydney Harbour, returning
annually (Smoothey et al. 2019). Our results imply that levels
of urbanisation are unlikely to substantially affect the pre-
dicted latitudinal shifts in bull shark presence in response to
poleward extension of warmer waters due to climate change
(Niella et al. 2020b).

Interactions between environmental drivers and the bio-
logical factors that shape the movements of marine preda-
tors are complex (Schlaff et al. 2014), ultimately requiring
data on multiple species and sexes, habitat requirements,
and variation in behaviour. In the face of rapid changes to
marine environments, multi-species studies incorporat-
ing environmental drivers, at appropriate timeframes, are
pertinent. Improvements in fine-scale data and subsequent
analyses, e.g. those derived in this study using RSP (Niella
et al. 2020a), enable us to quantify dynamic relationships
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between predators and prey, across multiple biological
groups, thereby providing a detailed picture of dynamic
intra- and inter-specific interactions across different habitats.
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