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ABSTRACT

Urban river catchments are often severely affected by human activities but may still retain
significant biodiversity. Surprisingly little is known about the behaviour of urban fishes, even
those popular with anglers. Key environmental variables that trigger fish behaviour, such as river
flow, are highly affected by instream structures including weirs and changes in the natural flow
regime. Here, we used acoustic telemetry to examine the movements of Australian bass in a river
located in suburban Sydney, Australia. We found that fish tended to be nocturnally active,
however, small-scale movements were highly idiosyncratic and less associated with river flow
than other factors. Larger-scale movements associated with spawning migrations were strongly
correlated with winter floods. Half of the tagged fish migrated to the confluence of the river with
Sydney Harbour to breed. Their return migration was hampered by a weir, but the provision of a
new fish way facilitated successful return to freshwater at high tide. Despite occupying a highly
affected, urban catchment fish behaviour showed similarity to those occupying more natural
drainages. Our results highlight the importance of maintaining natural river flows in urban
catchments and sustaining fish movement and migration capabilities through the installation of
appropriate fish passage devices.

Keywords: activity pattern, animal movement, biotelemetry, fish, freshwater, migration, tele-

ost, urban environments.

Introduction

Freshwater fish movements are often related to environmental cues and tend to occur on
two scales. First, many fish make large-scale migrations, primarily for reproductive
purposes and often at a certain time of the year (Bronmark et al. 2014; Secor 2015).
Second, smaller-scale movements occur within a defined home range as part of a daily
routine. For example, fish respond to daily rhythms in environmental factors, including
light and temperature, showing crepuscular escalation in activity levels when environ-
mental conditions may enhance foraging success and mitigate predation risk (Lgkkeborg
et al. 2000; Myers et al. 2016). The environmental triggers of movement are many and
varied, but flow is particularly important for large-scale mating migrations for many
species (Sykes et al. 2009; Bronmark et al. 2014). Periods of high rainfall and associated
flood waters provide access to, or generate, productive nursery areas and may help
migrating adults overcome obstacles, both natural and man-made (Baumgartner et al.
2014; Harris et al. 2017). River flow is heavily affected by human activities such as water
extraction and dam building, and in urban environments, impervious surfaces further
disrupt natural flow regimes. Furthermore, climate change is inducing large shifts in
weather patterns, particularly in Australia where rainfall is becoming more infrequent
and unpredictable (Lough and Hobday 2011).

Many fish species migrate between marine and freshwater habitats as part of their life
cycle (diadromy; Potter et al. 2015). In Australia, for example, there are ~42 species of
diadromous fish species (Harris et al. 2017). Given the importance of migration in the
life-history of diadromous fish species, any obstacle to migration can have a severe effect
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on both local and broad-scale population viability and spe-
cies diversity. Following dam building in three rivers in the
US, diadromous species suffered population declines of
between 95 and 99% (Limburg and Waldman 2009). Dams
and weirs present a physical barrier to migration, but also
interfere with important migration cues, such as water flow
and temperature (Harris 1983; Walsh et al. 2012). Such
structures are extremely common in urban areas, where
fish face additional problems because the entire catchment
may be heavily modified and urban runoff contains high
levels of pollutants and nutrients. In addition, high propor-
tions of impermeable surfaces within urban river catch-
ments cause water to be delivered to the local streams far
more quickly than in natural systems, thus flash flooding is
commonplace (Li and Wang 2009). This altered hydrology
can interfere with migratory behaviour. As such, urban
streams are among the most heavily affected environments
from anthropogenic activities and modifications (Angermeier
1995; Jonsson et al. 1999; Walsh et al. 2005).

The problems associated with barriers to fish migration
have been known for a long time. In response to this, fish
ladders are commonly installed to facilitate fish passage
(Larinier 2001). In addition, river flow management strate-
gies have started to incorporate scheduled water releases

into the river from impoundments to mimic natural flow
regimes and stimulate natural fish migration cues (so called
environmental flows; e.g. Kiernan et al. 2012). In Australia,
many of the early fish ladder designs were based on north-
ern hemisphere models used for salmon. However, these
northern hemisphere designs were largely ineffective for
native Australian fish, owing to the steep inclines and high
water velocities and turbulence characteristic of these
designs (Mallen-Cooper and Brand 2007; Harris et al.
2017). As such, these ladders are gradually being replaced
with systems better suited to Australian species
(Baumgartner et al. 2014).

The Lane Cove River in Sydney, Australia is one such
example where initial improper fish ladder design appeared
to be impassable to native fish. The Lane Cove River is a
relatively small catchment (95 km?) which drains into the
northern side of Sydney Harbour (Fig. 1). Most of the catch-
ment is highly urbanised, despite much of the river being
surrounded by national park. Nevertheless, a resident popu-
lation of Australian bass (Percalates novemaculeata, Family:
Percichthyidae) inhabits the river. At the upper limits of the
estuarine influence, a large weir was constructed in 1938
and likely presents a considerable barrier for fish migration.
The weir was initially fitted with a steep sided, stepladder
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Fig. 1. Map of study site with the weir location indicated by an arrow. Locations of receivers are indicated by black

diamonds, with receiver numbers and names provided adjacent to locations (DPI, Department of Primary Industries
Lane Cove; MP, Mann’s Point; Gl, Goat Island). Location of Sydney Harbour Bridge is indicated by a black line (adjacent
to Gl receiver). Confluence of the Lane Cove River with Sydney Harbour (i.e. proposed breeding location) is

highlighted by a red ellipse.
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fish passageway of northern hemisphere design, but local
fisherman reported continued declines in the local
Australian bass population (Bass Sydney Fishing Club,
pers. comm.). In 2009, this fish ladder was replaced by a
ramp with a more moderate incline and instream boulders
to provide flow refuges. However, it remains unconfirmed
whether this updated design allows fish to migrate upstream
past the weir.

Australian bass are catadromous and found along the
east coast of Australia. Adults typically inhabit the upper
freshwater reaches of coastal rivers and make winter migra-
tions to estuaries to spawn (Harding et al. 2017). Larvae
develop in estuaries and juveniles return to upstream fresh-
water habitats (Harris 1983). Most of Australia’s human
population also occurs in the south-east of the continent
and has heavily affected the rivers in the region (van Dijk
et al. 2013; Mayer-Pinto et al. 2015). Numerous populations
of Australian bass have declined over recent decades pri-
marily due to dams, weirs and insufficient river flow dis-
rupting their annual breeding migrations and limiting
access to freshwater habitats for juvenile recruitment
(Jerry and Cairns 1998). Harris (1983) estimated that as
much as half of the available freshwater habitat within the
species range is impeded by artificial barriers. Australian
bass are highly prized by recreational anglers and can reach
60 cm long. They are aggressive predators and, therefore,
likely play important roles in maintaining ecosystem health
through mediating prey population sizes and behaviour
(Dill et al. 2003; Pusey et al. 2004). Breeding occurs from
May to September in the Sydney area (Harris 1983). The
timing of breeding in south-east Queensland to the north
appears to be somewhat later (June-September; Harding
et al. 2017), whereas to the south, in Victoria, breeding
can continue into December (McCarraher 1986). In all
cases, the downstream migration is initiated by flood events
and spawning occurs in the estuary. Little is known about
the general activity patterns of this species, but it also likely
that small-scale movements in the upper reaches of the
catchment occur in response to rainfall outside of the breed-
ing season. Although anecdotal evidence from fishermen
has suggested that this species is crepuscular, it has never
been verified empirically.

There has been considerable recent research resulting in
significant new information on movements of Australian
fish, though for many species there are still large knowledge
gaps (Koehn and Crook 2013). In particular, little is known
about the movements and migration of endemic Australian
freshwater fish species in the context of urban environ-
ments. Here, we use acoustic biotelemetry tags to monitor
the movements of adult Australian bass within the Lane
Cove River in relation to various environmental cues.
Specifically, we aimed to ascertain whether downstream
spawning migrations and daily small-scale movements
were influenced by river flow and assess if these movements
were affected by the fish ladder installed on the weir.
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Materials and methods

Fish tagging and tracking

All work with animals was conducted under a Macquarie
University Animal Ethics Committee permit (2015/015).
Wild Australian bass were captured using barbless lures by
members of the Bass Sydney Fishing club in the upper
reaches of the Lane Cove River. Upon capture, fish were
held in a 20-L live well, supplied with fresh water and
transported (up to 2km) to researchers on the riverbank
for tag implantation. Fish fork length and total length
were measured, and fish were anaesthetised in a 150 mg L.~ *
bath of ethyl 3-aminobenzoate methane sulfonate 98%
(MS-222) until they lost buoyancy control. They were then
placed in a V-shaped holder and running freshwater was
passed across their gills during surgery. A small incision
(~10mm) was made on the ventral surface anterior to the
anal fin, and an acoustic tag (Vemco V7, Innovasea Systems,
Inc., Nova Scotia, Canada) was inserted into the abdominal
cavity. The incision was sealed with a single Monosyn
absorbable monofilament suture (Q463 MonoWeb, Patterson
Veterinary, Devens, MA, USA) and cyanoacrylate (Loctite
Super Glue, Henkel, Diisseldorf, Germany), and fish were
allowed to recover in fresh river water before being released
at the point of capture. We targeted fish with a total length
greater than 25 cm knowing they would be sexually mature
and likely to breed (Llewellyn and MacDonald 1980;
McDowall 1996). Vemco V7 tags weigh just 0.7 g in water
and have a battery life of ~220 days. The fish were tagged
and released at the site of capture on 11 December 2015
providing several months of movement data leading up to
and including the expected winter migration.

Prior to fish tagging, eight acoustic receivers (Vemco
VR2W) were installed throughout the river (Fig. 1), approx-
imately 1 m from the bottom by securing them to a star
picket driven into the sediment. Four were placed upstream
of the weir in the freshwater reach, and four in the estuary
(downstream of the weir). Receiver detection ranges were
determined above and below the weir by submerging a V7
acoustic tag a known distance from receivers. Receiver
detection range exceeded 100 m both above and below the
weir. In addition, receivers were placed in narrow sections
of the river so that fish could not pass receivers at distances
greater than 70 m, making it unlikely for fish to pass receiv-
ers undetected. Due to physical barriers (e.g. waterfall), fish
were unable to pass further than 200 m upstream of the
most upstream receiver. These receivers complemented an
existing array of receivers in Sydney Harbour maintained by
IMOS (Integrated Marine Observing System) (Fig. 1).

Receivers were downloaded 4 months after tagging and
again in December 2016, by which time all tags had ceased
to function. The maximum tag battery life was 238 days
(last detection 5 August 2015); thus, the data covered the
Austral summer, autumn and winter periods.
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Data processing

False detections were removed from the dataset and data
was combined into hourly detections at each receiver before
analysis. False detections were defined as single detections
within a 24-h period, or when two detections obtained by
different receivers were too close in time (e.g. seconds to a
few minutes) for an individual to reasonably travel the
distance separating the receivers. In addition, the first 24 h
of data for each fish were removed to allow fish to recover
from the tagging process (Jepsen et al. 2015).

To quantify fish activity patterns, detections were trans-
formed into binarily coded movements and migration
events. Movements were deemed to occur when individual
fish were detected by one receiver and then by another.
Migration events were deemed to occur when fish were
detected by receivers downstream of the weir, excluding
receiver five (Fig. 1), for at least 24 h. This ensured that
fish had to expand their activity space at least 1 km down-
stream of the weir for the movement to be considered a
migration, thus decreasing the likelihood that exploratory or
non-volitional movements (e.g. being washed over the weir)
were included as migrations. To confirm the timing of
migration events, cumulative linear activity spaces were
estimated and assessed for timing of rapid expansions of
space use. Cumulative activity spaces were estimated by
determining the shortest distance along the river channel
between the outermost location coordinates for each indi-
vidual fish. Fish locations for each acoustic detection were
assumed to be within 150 m of the receivers, and as such
receiver locations were used for fish location coordinates.
The distances between receiver locations were estimated by
measuring the shortest path along the river channel using
Google Earth Pro (Google, USA).

To determine if the time of return from migrations was
associated with tidal cycles, we established the time the fish
moved from receiver five (below the weir; Fig. 1) to receiver
four (above the weir; Fig. 1) and compared it to local tide
timetables. Our focus was on the high tide since this is when
the bottom of the fish ladder was underwater, and thereby
accessible to the fish. Thus, we calculated the difference
between the movement of fish over the weir and high tide.
River tidal data was obtained from Willy Weather (http://
www.willyweather.com.au).

Drivers of activity, movements and migration

Three different models were fit to determine the influence of
environmental and temporal factors on the activity and
migrations of Australian bass. For each model, a set of
candidate models containing all possible combinations of
covariates was assessed (Supplementary Tables S1-S3). All
models were then ranked based on comparison of corrected
Akaike’s Information Criterion (AAICc), and the importance
of each variable was determined by summing the AICc
weight across all models that the variable occurred within

the top ranked models (i.e. models within A4 AICc of the top
model), giving the probability that the covariate would
occur in the top ranked model (Burnham et al. 2011). A
reduced model was then constructed including all covariates
that had a greater than 50% probability of being selected
for in the top AICc ranked model. Model fit was further
assessed using log-likelihood estimates, with maximum log-
likelihood indicating a more parsimonious fit. All models
were fit in R (ver. 3.5. 2, R Foundation for Statistical
Computing, Vienna, Austria) and using a value of 0.05.

To examine the fine-scale (hourly) activity patterns of fish,
we used a generalised additive mixed model (GAMM; ‘mgcv’
package, ver. 1-7, S. Wood and M. S. Wood, see https://cran.
r-project.org/web/packages/mgcv/index.html). Occurrence
of movements within an hour were modelled as a function
of hour of the day, date, moon phase (i.e. new, waxing, full,
waning), and an interaction between time of the day and
moon phase, with individual ID included as a random effect.
Time of the day and date were fit using a cyclic and p-spline
respectively. Moon phase was fit as a categorical variable.
The model was fit assuming a binomial distribution.

To determine how daily movements varied temporally
and were influenced by environmental and temporal factors,
we used a generalised linear mixed-effect model (GLMM,;
Ime4 package, ver. 1.1-27.1, see https://cran.r-project.org/
web/packages/lme4/index.html; Bates et al. 2015).
Movements were pooled into daily bins and modelled as a
function of daily rainfall (mm), day of the year (Julian day),
and moon phase, with individual ID included as a random
effect. Daily rainfall data was obtained from the Australian
Bureau of Meteorology (http://www.bom.gov.au) from sta-
tion 660011, located ~2.5km from the weir. The GLMM
was fit assuming a Gaussian error distribution.

To examine the influence of environmental factors on the
timing of migrations, we applied a logistic regression by
employing a GLMM with a binomial distribution and logit
link function. The onset of migration events were modelled
as a function of daily rainfall, day of the year (Julian day),
moon phase, with individual ID included as a random effect.
Given that migrations and spawning have been shown to be
influenced by high flow during the winter, initial models
also included an interaction between date and moon phase
and between date and daily rainfall. After fitting prelimi-
nary models, inclusion of the interaction between date and
moon phase resulted in models predicting unrealistic abso-
lute probabilities (i.e. 0 or 100%). Therefore, to avoid over-
fitting, this interaction was removed, and the model
selection was conducted as per above.

Results

Detections and home range

Tagged fish were detected for periods ranging from 39 to
236 days (mean * s.d.: 153.40 + 60.77 days), producing a
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total of 167 424 detections (16742.40 + 21 666.84) that
were combined into 8705 hourly detections (870.50 =
911.59) (Table 1). Receiver seven did not record any detec-
tions, despite no apparent gear malfunctions (Fig. 2). Fish

Table |I. Metadata for all tagged fish.
Tag ID TL (cm) Days Total Migrated
monitored detections

36739 28.0 177 4921 (5044) +

36740 355 190 68441
(2517)

36741 30.5 223 7240 (603) +

36742 35.0 39 3540 (172)

36743 355 168 514 (51) +

36744 34.0 145 38530
(2331)

36745 28.0 146 24 166 +A
(1144)

36746 32.0 236 123 954 +
(1190)

36747 29.5 133 2634 (177)

36748 28.0 77 5044 (277)

Days monitored indicates the total days between the first and last detection
for a fish. Total detections for each individual are presented with number of
hourly detections indicated in parentheses. ‘+’ indicates that an individual
demonstrated a migratory movement (i.e. >1.5 km downstream of the weir).
AMigrat:ion likely not associated with breeding given timing of year (see Fig. 5).

remained in the freshwater reaches (i.e. upriver of the weir)
from tagging until early June, except when a single fish was
briefly detected below the weir for 10 h (Fig. 2). The home
ranges of fish for the first 6 months of the study (outside the
spawning season) showed that fish varied in their spatial
habitat use, with spatial use ranging from remaining in the
vicinity of just two receivers to use of the full freshwater
reach of the river (Fig. 3). Four fish had a core home range
(=50% KUD) around receiver three, one fish had a core
home range only consisting of the pool immediately under-
neath a large waterfall (marking the uppermost navigable
portion of the river), two fish around receiver two and two
fish around receiver four, just above the weir (Fig. 3). Fish
36742 used the entire length of the freshwater reach fairly
equally, with a core home range including all four receivers
above the weir (Fig. 3).

Activity patterns

The most parsimonious GAMM describing activity
included effects of time of the day (i.e. hour; F = 5.02,
P < 0.01), month (F = 16.26, P < 0.01) and moon phase
(t=-10.287, P <0.01) (Table 2, Supplementary
Table S1). Fish demonstrated a nocturnal activity pattern,
increasing activity in the evening and decreasing activity
after early morning until early afternoon (Fig. 4a). Fish
also demonstrated a seasonal activity pattern, with higher
activity in the austral summer, and activity decreasing
through the autumn to a low during winter (Fig. 4a).
Lastly, activity of fish varied between moon phases but
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only significantly differed between new moon and waning
moon phases, when activity was highest and lowest respec-
tively (Fig. 4a).

Daily movement drivers

Daily movements were significantly influenced by daily
rainfall (t = 4.94, P < 0.01) and moon phase (t = 4.58,
P < 0.01) (Table 2, Supplementary Table S2). Rainfall had
a positive, albeit minor effect on fish movement frequency,
with the number of movements increasing from approxi-
mately one movement every other day at low rainfall
amounts to fish moving slightly more than once per day at
high rainfall amounts (Fig. 4b). Fish tended to move the least
during waning moons but moved similarly through other
moon phases (Fig. 4b). The number of daily movements

between or away from receivers did not show a seasonal
pattern (i.e. model selection did not support inclusion of time
of the year) (Table 2, Supplementary Table S2).

Migration (timing, drivers and location)

Individual cumulative space use remained relatively stable
until early June, when dramatic increases were observed,
indicating migratory movements. Of the six fish that were
monitored through early June, five fish demonstrated
migratory movements into the estuary (Table 1, Fig. 2).
Timing of migrations were significantly influenced by
moon phase (z = —3.40, P < 0.01) and were marginally
influenced by an interaction between time of the year and
daily rainfall (z = 1.80, P = 0.07) (Table 2, Supplementary
Table S3, Fig. 4c). All except one migratory movement
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Table 2. Model selection tables.
Fixed effects Random logLik AAICc AlCc
effect weight
Hourly activity - GAMM
Hour + Julian day + moon phase ID -1333.85 0.00 0.50
Hour + Julian day + moon phase + hour X moon phase ID -1333.85 0.10 0.49
Hour ID -1343.86 13.68 <0.01
Daily movements — GLMM
Rainfall + moon phase ID -1004.11 0.00 0.51
Rainfall ID -1007.22 0.12 0.48
Moon phase ID -1010.76 11.25 <0.01
Migration — logistic regression
Rainfall + month + moon phase + Julian day x rainfall - -17.07 0.00 0.69
Rainfall + moon phase + Julian day - -19.25 2.20 0.23
Rainfall + moon phase -21.40 4.37 0.08

Criteria for all selection of the most parsimonious model of environmental and temporal drivers of daily activity patterns (top panel), number of movements
(middle panel) and occurrence of migratory movements (bottom panel). Tables are not exhaustive, full tables are provided in online supplementary material. The
listed model structures shown include the top ranked model set (AAICc < 4). The first model structure with a AAICc > 4 is also included for comparison. Final

reduced model structure is highlighted in bold.

occurred during new moons (Fig. 5). Interestingly, the one
other migration event occurred in January during a waning
moon, however, this migration event was particularly short,
with the fish only moving downstream to receiver six and
returning upstream of the weir 10h later (Fig. 2). The
probability of migrations increased with increased rainfall,
however, the probability was dependent on time of the year
(Fig. 5). For instance, during a new moon in early January,
the probability of migrating increased from 3.07 to 5.37%
with daily rainfall increasing from 0 to 25mm.
Comparatively, during a new moon in early June, the prob-
ability of migrating increased from 7.50 to 61.65% with
daily rainfall increasing from 0 to 25 mm.

Most of detections in the estuarine reaches of the river
(~85%) occurred at the receiver directly below the weir
(receiver five; Fig. 1), but there were also detections at
receiver one (8%) and at the DPI receiver (5%) suggesting
that the spawning ground for this population is in the lower
reaches of the Lane Cove River. One fish was detected at the
Goat Island receiver adjacent to the Sydney Harbour Bridge
before returning to the river.

Fish returning from movements into the estuarine
reaches of the river successfully navigated past the weir,
as indicated by detections at the receiver immediately below
the weir (receiver 5), shortly followed by detections above
the weir (Fig. 2). None of the movements upstream over the
weir were associated with rainfall events. Rather the timing
of return to the freshwater section of the river appeared to
be associated with tidal cycles. The mean time between high
tide and passage through the fish way was 0.17 min (s.d.:
16.45 min); ~10 s after peak high tide.
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Discussion

Australian bass in the urbanised catchment of the Lane Cove
River undertook migrations that were consistent with previ-
ous studies of this species in more natural and other catch-
ments (Brown 2011; Harding et al. 2017). The fish were able
to overcome the weir in both downstream and upstream
directions. Their downstream migration was associated
with large rainfall events during winter, with the majority
of migrations extending to the lower estuarine portion of the
river, indicating the spawning location was likely near the
confluence with Sydney Harbour. On the return migration,
fish spent considerable time at the base of the weir but
passed through the fishway shortly after high tide. In the
freshwater reaches of the river, Australian bass also showed
small-scale movements in response to light levels and rain-
fall, but their response to these environmental variable
where highly individualistic. Australian bass were most
active in the late afternoons and early evenings. Four of
the ten acoustically tagged fish disappeared from the
upper reaches of the river before the winter migration,
and we assume they were taken by anglers.

Many freshwater fish around the world migrate in
response to a range of environmental cues (e.g. Lucas and
Baras 2008; Sykes et al. 2009; Skov et al. 2010; Harris et al.
2017). Here, we found that the timing of migration for
Australian bass occurred following high river flows associ-
ated with large rainfall events (greater than ~25mlL), but
the likelihood of migrating was much higher during the
winter, particularly during a new moon. These results sug-
gest fish rely on a complex interaction of multiple
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Fig. 4. Influence of abiotic factors on the hourly activity (a), daily number of movements (b), and occurrence of migrations (c) of

fish. Movements between receivers and movement away from receivers were used as proxies of activity, and large continuous
increases in activity spaces were used to indicate migrations. Influence of time of the day (hour), date and moon phase on hourly
activity was examined using a GAMM (a). Influence of daily rainfall, date and moon phase on daily movements (b) and migrations
(c) were examined using GLMMs. Individual ID was included as a random effect in all models.

environmental cues (i.e. temperature, flow rate and moon
phase) to coordinate their spawning run. The finding that
migration timing is associated with lunar phase in a catad-
romous fish is not unexpected. The new moon means that
light levels are low at night, but importantly tidal range is
much greater (spring tides) which might facilitate move-
ment over obstacles or reduce the costs of long-distance
instream movements. Female tupong (Pseudophritis urvillii),
for example, undertook rapid downstream migrations
through the estuary in response to high river flows, and
movement from the estuary to the sea was associated with
moon phase (Crook et al. 2010). Similarly, migratory activ-
ity in brown trout occurred during the new moon (Slavik
et al. 2012) and the movement of anadromous herring from
rivers to the ocean occurred during the summer on the new
moon during periods of low rainfall (Yako et al. 2002).
Atlantic salmon migration timing has also been linked
with water flow, temperature and moon phase (Thorstad
et al. 2008). A wide range of fish species spawn on specific

phases of the lunar cycle (Taylor 1984; Colin 1992; Donahue
et al. 2015). Japanese eels, for example, likewise spawn on
the new moon (Tsukamoto et al. 2003). This is the first study
to suggest that the migratory behaviour of Australian bass is
also cued into lunar cycles despite occupying an urban
stream.

Migration timing of Australian bass varies across the
species distribution, with migrations occurring later in the
winter at lower latitudes (May, Brown 2011; June, this
study; July, Harding et al. 2017). These differences likely
reflect differences in river discharge and water tempera-
tures, which are widely considered the most important
environmental factors for triggering migrations in most
diadromous species (Davies and Sloane 1987; Quinn et al.
1997; Sims et al. 2004; Taylor and Cooke 2012). For catad-
romous species, increased water levels and river discharge
can be crucial for accessing spawning grounds, as it may
influence the ability of fish to overcome obstacles, such as
shallow riffles, submerged objects (i.e. boulders and trees)
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and weirs (Reinfelds et al. 2010; Koehn and Crook 2013;
Storer et al. 2021). In addition, increased discharge could
decrease energy expenditure by facilitating more passive
downstream transport during migrations (Silva et al.
2020), in turn allowing a greater proportion of energy
intake and stores to be allocated to gamete production.
Notably, one fish in this study moved into the estaurine
section of river, a movement normally characteristic of a
migration, following a large rainfall event in the summer,
supporting that discharge is the primary trigger of migra-
tions in Australian bass. Of course, increased discharge may
also increase productivity in downstream spawning areas
through increased nutrient influx (Harris 1986). Coupling
measurements of productivity at spawning sites throughout
the year with migration timing data would help to under-
stand the relative importance of spawning site condition
(e.g. productivity) v. spawning site access for shaping timing
of migrations. Extending such studies to compare between
species that display different migration timings, within and
across different diadromous types would be particularly
informative for understanding the evolutionary pressures
shaping the timing of migrations in fishes.

The acoustic data from receivers placed in the estuary
suggest that the spawning site of the bass was in the lower
reaches of the Lane Cove River estuary a few kilometres
from where it joins Sydney Harbour. Similarly, Harding
et al. (2017) suggested that the Logan River population
also used the lower estuary for spawning. Although it is
known that salinity in these areas are important for success-
ful spawning and corresponds with peak sperm motility
(Harris 1986), it is unclear if other habitat variables are
important in spawning site selection (e.g. flow, substrate,
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Fig. 5. Cumulative linear activity spaces of individual fish,
which were estimated by determining the shortest distance
along the river channel between the outermost location coor-
dinates for each fish. Large, rapid increases in activity spaces
were indicative of downstream migratory movements. Fish ID is
indicated in the top right of each plot. Note that fish 36745
demonstrated a large downstream movement in early January
that was likely not associated with breeding, given it was outside
normal Austral winter.

woody debris). Identification of the spawning location pro-
vides opportunities to better manage this population, such
as for informing seasonal closures of fishing within the
lower estuarine reaches of the river, however, further tag-
ging of this species would be useful for elucidating the
environmental factors critical to their spawning success.

It is well established that water flow is a key environ-
mental cue for instream movement generally, including on
short (hourly to daily) temporal scales (Taylor and Cooke
2012). High flows may aid movement over obstructions and
different flows can be utilised to minimise energy expendi-
ture while moving. As such, it was surprising that rainfall
(i.e. river discharge), had little influence on the daily move-
ment patterns of fish within the upstream reaches.
Moreover, the direction that fish moved in response to rain-
fall was highly variable, where some fish moved upstream
while others moved downstream, indicating highly indivi-
dualised movement and habitat use strategies. Differences in
environmental conditions (e.g. temperature regimes,
resource density, landscape of fear) and timing of environ-
mental cues (e.g. seasonal precipitation), may lead to natu-
ral variation in behavioural strategies between populations
of animals, such as activity and foraging patterns (Nardi
et al. 2003; Cruz-Font et al. 2019; Gamez-Brunswick and
Rojas-Soto 2020). However, as all fish here were similarly
sized and within a single river, it is unclear what caused
such wide variation. Nonetheless, such variation has been
noted before and poses a significant problem for manage-
ment (Bolnick et al. 2003). Koehn et al. (2009), for example,
reported that movement per se in Murray cod is reasonably
predictable, but both the timing and the extent of movement
is highly individualistic within a single river system.
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Mechanistic movement studies quantifying sexual and indi-
vidual differences in metabolic rate, diet and predation risk
would be useful to disentangle the variation in movement
and behavioural strategies attributed to physiological and
environmental processes v. variation owing to personality
differences.

Most of the fish showed discrete preferences for parts of
the river, although one fish utilised the full length of the
freshwater reaches. This observation is generally consistent
with many fish throughout the world which tend to have
relatively small home ranges, but their behaviour can be
punctuated with occasional long distance movements
(Rodriguez 2002). Mary River cod, for example, occupy
relatively small home ranges for most of the year, but then
undertake rapid, large scale movements up to 35km
(Simpson and Mapleston 2002). Given that all bass in our
study were of similar size, they likely competed for similar
prey species and thus by distributing throughout the fresh-
water reach, home range overlap and resource competition
could be reduced (Jetz et al. 2004). Given the lack of any
obvious environmental variability (e.g. light levels, depth,
prey species) and few barriers to movement throughout the
freshwater reaches, it would be expected that the fish home-
range areas would be evenly distributed.

The movement data of the acoustically tagged Australian
bass also provided insights into daily activity patterns. Fish
were most active in the late afternoon and evening until
approximately midnight. This pattern of activity is reasonably
common for large predatory species, which possess morpho-
logical adaptations (e.g. their senses such as vision and lateral
line) that are well adapted for detecting and ambushing prey
during low light periods, when detectability of predators by
prey decreases (Howick and O’Brien 1983; Liang et al. 1998).
For example, large mouth bass (Micropterus salmoides),
which also demonstrate crepuscular and early night foraging
had the highest prey capture success in low light levels
similar to sunset and early night (McMahon and Holanov
1995). Trout cod (Maccullochella macquariensis), which are
also from the family Percichthyidae, are also crepuscular or
nocturnal in their patterns of activity (Thiem et al. 2008). In
addition, small freshwater fish and crustacean species, the
primary prey items of Australian bass rest at night, likely
making them easier to capture, further aiding foraging
success overnight (Bishop et al. 1995).

In river barriers, including low-head weirs are the most
common impediment to freshwater fish movement, espe-
cially during periods of low flow (Crook et al. 2015; de
Leaniz et al. 2019). Here, we show that Australian bass
successfully overcame the weir on their downstream migra-
tion. This is not surprising because during flood events, the
Lane Cove River weir can be under several metres of water.
In 2009, a new fishway was installed to help Australian bass
on their return, upstream migration. Although fish success-
fully navigated the ramp to access the freshwater upstream
reach of the river, the base of the ramp was only accessible

during high tide. Fish spent a considerable amount of time
sitting and waiting for an opportunity to return upstream,
during which they may have been concentrated directly
below the weir, potentially subjecting fish to unfavourable
environmental conditions (de Leaniz et al. 2019) or making
them easier to target by predators, including anglers.
Despite these risks, the success of the redesigned fishway
shows that, with appropriate design, many of the obstacles
preventing fish movement can be overcome. The remaining
issue is to understand how these designs might benefit a
wide range of fish species, not just iconic angling and eco-
nomically important species, such as bass and salmon.

Supplementary material

Supplementary material is available online.
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