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Abstract Estuaries are particularly susceptible to cli-
mate change and drought resulting in atypical changes
to freshwater flows. How such changes in flow impact
on the ecology of estuarine fishes may depend on how a
species moves in response to changing flow conditions.
Acoustic telemetry was used to interpret fine-scale
movements of two co-inhabiting estuarine fish species,
black bream, Acanthopagrus butcheri and estuary
perch, Macquaria colonorum in relation to freshwater
flows, season and moon phase. We found black bream
to be highlymobile, regularly travelling the length of the

estuary and into the neighbouring estuaries. In contrast,
estuary perch had particular home ranges and made
occasional, upstream or downstream movements. Pos-
sibly influenced by freshwater flows, estuary perch
moved at greater rates in the Tambo compared to fish
in theMitchell. Black bream resided in the upper estuary
during winter and spring and the lower estuary during
summer and autumn, whereas estuary perch remained in
the upper estuary throughout the year, with occasional
downstream movements in winter and spring. This
study revealed 1) significantly large increases in fresh-
water flows result in mass downstream movements in
both species, 2) fish moved upstream during full moons
and 3) there are contrasting spatio-temporal patterns in
movement between species. The results from this study
highlight that estuarine fishes are likely to show differ-
ential sensitivity to the impacts of drought and climate
change and illustrate how acoustic telemetry methods
can be used to determine the environmental needs of
fishes and help efforts to conserve and manage estuaries
worldwide.
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Introduction

Understanding how animals move and interact in their
changing environment is an important component of
ecological science (Peterson et al. 2001; Nathan et al.
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2008; Patterson et al. 2008; Izzo et al. 2016).
Characterising movements and behaviour of animals
facilitates insight into the ecology of a species, which
allows for better management and conservation prac-
tices (Peterson et al. 2001; Jonsen et al. 2003; Patterson
et al. 2008; Izzo et al. 2016). Modern technology and
statistical methods now provide a mechanism to track
the location, movement and behaviour of animals over
extended periods of time and on fine spatial scales. In
the aquatic environment, there are many capture inde-
pendent and capture dependent methods to study the
spatial behaviours of fishes at a range of temporal scales
(Lucas and Baras 2000). A popular method, acoustic
telemetry, can record the presence of up to hundreds of
tagged animals over defined temporal and spatial scales
(Heupel et al. 2006). Acoustic telemetry has been wide-
ly applied in marine, freshwater and estuarine environ-
ments to establish patterns of habitat use, behaviour,
migration and distances moved by fish (Arendt et al.
2001; Childs et al. 2008; Hindell et al. 2008; Crook et al.
2010;). More recently, researchers have been linking
acoustic telemetry data with environmental data to es-
tablish interactions between species and their environ-
ment (Childs et al. 2008; Crook et al. 2010; Sakabe and
Lyle 2010; Bendell et al. 2011).

Estuarine environments are highly dynamic and var-
iable with large vertical and horizontal gradients in
salinity, temperature, dissolved oxygen, turbidity and
chlorophyll a (Kurup et al. 1998; Whitfield 1999;
Gillanders and Kingsford 2002). How a species interacts
with its habitat within an estuary is dependent on life-
stage, prey, predators and environmental conditions
(Blaber and Blaber 1980; Whitfield 1999; Secor and
Rooker 2005). A predominant factor that explains much
of an estuary’s dynamic nature is variability in freshwa-
ter flows (Gillanders and Kingsford 2002). Therefore, it
is likely that freshwater flows will have an influence on
the spatial distribution of fishes within estuaries
(Whitfield 1999). Interpreting the link between freshwa-
ter flows, environmental gradients and movement of
fish within estuaries is crucial to the management and
conservation of estuaries as they undergo change due to
climate change, particularly in regulated river systems
(Hughes 2003; Bates et al. 2008). Conservation and
management of estuarine fish species is particularly
important as many species of environmental, social
and economic significance, including important
recreationally and commercially targeted species, utilise
estuaries at some stage during their life cycle.

Two fish species of temperate Australian estuaries are
the black bream, Acanthopagrus butcheri (Sparidae)
and es tua ry pe rch , Macquar ia co lonorum
(Percichthyidae). Although the ecology of black bream
has been well studied (Newton 1996; Hindell 2007;
Hindell et al. 2008; Sakabe et al. 2011), very little is
known about the ecology of estuary perch (McCarraher
and McKenzie 1986; Walsh et al. 2010; Walsh et al.
2013), particularly in relation to movement patterns.
Black bream is an estuarine resident species, completing
its entire life cycle within an estuary (Newton 1996;
Potter andHyndes 1999). They can tolerate a wide range
of salinities but are commonly found in salinities of 15–
25. In contrast, estuary perch is a euryhaline species and
along with Australian bass, Macquaria novemaculeata
are the only two known catadromous percichthyids
worldwide. Both species share similar morphology, hab-
itat and geographical distribution (Harris 1986; Jerry
et al. 1999; Trnski et al. 2005). There is a degree of
spatial overlap between the two species and it is known
that hybridisation between the species can occur (Jerry
et al. 1999).

Black bream have been recorded moving large dis-
tances up and down estuaries in excess of 1000 km in
cumulative distance in a year (Hindell 2007; Hindell
et al. 2008; Sakabe and Lyle 2010). In the case of the
Gippsland Lakes, south-eastern Australia, a large tem-
perate estuarine-marine lake system, black bream have
been recorded moving throughout the entire system
(lakes and tributary estuaries) (Butcher and Ling 1958,
1962; Ling 1958). Recent evidence suggests that when
freshwater flows are reduced, black breammove into the
tributary estuaries prior to the spawning season and
remain within the tributary estuary until post-spawning
(Hindell et al. 2008). Environmental factors have a
significant influence on the movement of black bream
during the spawning season, in spring and early sum-
mer, as they seek preferred salinities and water temper-
atures (Butcher 1945; Sherwood and Backhouse 1982;
Haddy and Pankhurst 1998; Sarre and Potter 1999;
Nicholson et al. 2008; Sakabe et al. 2011; Williams
et al. 2012).

Relatively little is known about the movement and
habitat utilisation of estuary perch. Adult fish have been
caught in freshwater through to coastal waters, but are
more commonly found in brackish estuarine water
(McCarraher and McKenzie 1986). Adult fish are
thought to make multiple downstream migrations
throughout the year to spawn in the middle to lower
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sections of an estuary. Furthermore, it is hypothesised
that increases in freshwater flows and displacement of
the salt-wedge estuary trigger these spawning migra-
tions (Harris 1986). Spawning occurs during the winter
months from July to August in New South Wales,
eastern Australia, at latitudes of 34–36°S and from July
to November in western Victoria, south-eastern Austra-
lia, at latitude of 38°S (McCarraher and McKenzie
1986; Newton 1996). Eggs and larvae of estuary perch
have also been found in coastal waters (McCarraher and
McKenzie 1986).

Given our current knowledge of the ecology and
biology of black bream and estuary perch, we
hypothesised that freshwater flows are an important
factor in influencing the location of fish within an estu-
ary, particularly during the spawning season. Therefore,
the aim of this study was to use acoustic telemetry to
determine the location and movements of black bream
and estuary perch over a 16-month period in the Mitch-
ell and Tambo estuaries within the Gippsland Lakes.
This study focussed on these two estuaries as previous
research has indicated they encompass important
spawning habitat for black bream (Williams et al.
2012, 2013), and we have previous knowledge that
black bream move throughout the lakes during non-
spawning periods (Hindell et al. 2008). The upper estu-
aries also provide habitat for the more resident estuary
perch (Harris 1986).

The passive acoustic telemetry technology used in
this study can establish approximate locations of tagged
fished for up to 16 months, if individuals remain within
the array of receivers. In the present study, acoustic
receivers were used to determine the locations and
fine-scale movement patterns (<2 km) of both fish spe-
cies in relation to changes in freshwater flows in the two
estuaries. To incorporate broad temporal patterns, this
study investigates seasonal and monthly locations of tag
fish in relation to distance from the estuary mouth.
Moon phase was also included in the analyse as we
hypothesised that fish would move more or less during
a full moon when compared to the new moon.

Materials and methods

Study sites

This study was conducted from August 2008 through
to December 2009 in the estuarine reaches of the

Mitchell and Tambo Rivers, two major rivers that flow
into the Gippsland Lakes in south-eastern Australia
(Fig. 1). The Mitchell River is classified as the longest
unregulated river in the state of Victoria with a catch-
ment size of 4778 km2. The estuary section is long
(~25 km), narrow and slightly winding and has a
manmade rock barrier at ~25 kmupstream that restricts
further movement of saline water upstream and poten-
tially acts as a barrier to fish movement (Fig. 1). The
estuary has an average depth of ~3mwith a deeper 8 m
pool of water between 12 and 14 km upstream. The
TamboRiver catchment is smaller (2867km2) andhas a
slightly shorter estuary (15 km in length). The estuary
has an average depth of 2–3 m but contains a deeper
pool of water ~14 kmupstream.A constantly changing
natural sand barrier prevents further saline intrusion
upstream (Fig. 1). Though this study focuses on the
Mitchell and Tambo Estuaries, we included data log-
gers at the mouth of the Nicholson River to detect any
movements into this neighbouring estuary (Fig. 1). The
Nicholson River is significantly smaller with a catch-
ment of only 530 km2 and an average depth of 2–3 m.
All three estuarymouths arewithin closeproximity and
flow into Lake King (Fig. 1). The Gippsland Lakes are
Australia’s largest estuarine-marine lagoon systemand
cover approximately 340 km2 (Fig. 1). The lakes con-
sist of three large shallow coastal lagoons 69 km long
and 10 km at the widest point. The entire system is
connected to the ocean through a single, narrow, per-
manently open entrance to the far east of the system.
The lake system is recognised under the Ramsar Con-
vention as a site of international importance,
supporting rare, endangered and threatened species of
flora and fauna.

Rainfall and freshwater flow in the Gippsland Lakes
has been reduced considerably since 2000 due to an
extended period of drought affecting south-eastern Aus-
tralia. Average annual daily discharge in 2008 for the
Mitchell River had decreased by 40% from the long-
term average (Since August 1937; 17.43 m3.s−1 com-
pared to 28.62 m3.s−1; www.vicwaterdata.net) and in the
Tambo River had decreased by 56% (3.98 m3.
s−1compared to 8.94 m3.s−1; www.vicwaterdata.net).
Monitoring stations within the lakes have recorded an
increase in salinities from 20 to 30 and there has been
further movement of the salt-wedge inland along the
major tributaries, including the Mitchell and Tambo
Estuary (unpublished data, Environmental Protection
Agency).
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Setup of acoustic receiver array

Acoustic receivers (Vemco, VR2) were placed at approx-
imately 2 km intervals with 12 receivers in the Mitchell
(M1 –M12) and 9 receivers in the Tambo Estuary (T1 –
T9; Fig. 1). Two receivers were placed at themouth of the
Nicholson Estuary (N1 –N2) to detect movements in and
out of this neighbouring estuary (Fig. 1). The receivers
were strategically placed tomaximise detection ranges by
attaching them to solid structures such as pier pylons,
woody debris and navigational markers at approximately
1–2 m depth on straight sections of the rivers. These
estuaries are narrower than the detection range of the
receivers and therefore a receiver acts as a detection gate.
The receivers work by detecting and recording informa-
tion from ultrasonic signals (69 kHz) emitted by acoustic
transmitters implanted in fish. Range testing within this
system, and reported in other studies, found that the
detection range for transmitters was up to 400 m despite
the effects of possible interferences from wind and tur-
bulence (Hindell 2007). Therefore, if a fish is within
400 m of the receiver a ‘detection’ will be recorded each
time a tag transmits. Due to the 2 km spacing there were
small 200 m gaps in detectability of fish between
receivers.

Receivers were deployed from July 2008 until De-
cember 2009 to allow sampling over two spawning
seasons as the tags used have a lifespan of 16 months.
Each receiver was downloaded in the field on three
occasions, late February 2009, July 2009 and December
2009. The final download took place after the life ex-
pectancy of the tags had expired. Receivers at M4 and
M5 were not initialised until 23 October 2008. Receiver
and battery failure led to several gaps in the data set at
T2 from 4 March until 30 July 2009 and M7 from 4
November 2009 until the end of the study. The receiver
at T4 had failed completely until replaced with another
receiver on 29 July 2009 (Fig.1).

Fish tagging

Fish were caught using either otter trawl, seine or mesh
nets of various mesh sizes. Tagging of fish occurred
from late July to early September 2008 prior to the
spawning season, which is between September and
December (Williams et al. 2012). The justification for
tagging fish so close to the start of the spawning season
was to allow for the transmitters, with a battery life of up
to 450 days, to be active over two spawning seasons.
Fish were predominately collected from the upper

Fig. 1 Map of the study site showing the location of individual
acoustic receivers (●) that were placed in the extent Mitchell
Estuary (labelled M1 upstream to M12) and Tambo Estuary (la-
belled T1 upstream to T9) estuaries and at the mouth of the

Nicholson Estuary (labelled N1 upstream to N2). M12 marks the
upper estuarine extent in the Mitchell River and T9 marks the
upper estuarine extent in the Tambo River
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estuary, in the vicinity of deeper pools, as this is where
large numbers of fish occurred and could easily be
caught and released. Previous research indicates that
black bream are highly mobile and collecting fish from
only a couple of sites would not bias the fish in regards
to size, sex or reproductive state. Only fish larger than
150 mm were tagged, as we were particularly interested
inmovements of mature fish. Fish that were to be tagged
were immediately removed from the nets and placed in a
0.75 m3 holding pen until surgery. Fish were individu-
ally anaesthetised to stage III sedation (Ross and Ross
1999) with Benzocaine (2 g in 10 L estuarine water).
Once fish were sedated, fork length and weight were
recorded. A small incision was made 2–3 cm off-centre
ventral into the peritoneal cavity and a single, individu-
ally coded, acoustic transmitter (VEMCOV9-2 L coded
with a random signal delay of 50–130 s; 9 × 21 mm in
size and 1.6 g in weight) was inserted. The incision was
closed with 2–3 simple sutures (Braided Polyglycolic
Acid Suture, 3/8 circle, USP 3/0). Post-surgery the
wounds on the fish were swabbed with antiseptic and
then the fish was placed into a holding pen to monitor
recovery. Once fish had recovered and were able to
maintain balance they were released at the site of cap-
ture. Total time of surgery, including time in holding
pens, varied from 5 to 15 min.

Environmental data

Freshwater flow (discharge in m3.s−1) is recorded daily
for each river and stored at the Victorian Water Re-
sources Data Warehouse (www.vicwaterdata.net).
Daily freshwater flow data were extracted from this
database.

Moon phase, sunrise and sunset data were extracted
fromwww.timeanddate.com. Day length was calculated
by subtracting the sunrise time from the sunset time to
give the length of daylight hours. The percentage of
moon exposed was used as the moon phase.

Data analysis

Descriptive data analysis was used to characterise the
spatial and temporal patterns of movement for tagged
black bream and estuary perch. Minimum distance trav-
elled was calculated for individual fish by adding to-
gether the distance between receivers that the fish was
detected. Detection days were calculated as the number
of days individual fish were detected and the detection

period was calculated as the number of days between
first and last detection. A detection index was calculated
by dividing the detection period by detection days. The
detection index gives the percentage of days that each
fish was detected within its detection period.

A Bayesian state-space model was used to estimate
species-specific detection probabilities at individual re-
ceivers, movement rates for each species and locations
between detection events (refer Appendix 2 Tracey et al.
(2011) for model description). Uninformative priors
were used for each of the parameters. For this analysis
each estuary were divided into 1 km segments and time
was considered in ten-minute intervals. Consequently
the movement rates estimated are in the natural units of
the model, which give the probability of a fish moving
from its current location to an adjacent segment in the
next ten-minute interval. Similarly the detection rates
are the probability of a fish being detected by the receiv-
er (if one is present) in its current location in a ten-
minute interval.

The relationship between season, freshwater flows,
moon phase and fish location in the estuary was ex-
plored using generalised linear models (GLM). The
daily median fish location (as estimated by the state
space model) was regressed against season (categorical),
freshwater flows, moon phase, with coefficients estimat-
ed separately for each species and estuary. The GLM
allowed the individual factors influencing fish location
to be considered separately. To consider seasonal signals
in more detail a separate GLM was conducted with
month (categorical) instead of season. Using these
models we tested the hypotheses that; a) the median
location of fish within each estuary is different between
seasons, b) increasing freshwater flow changes the lo-
cation of fish within each estuary; and c) the location of
fish changes with moon phase. Analyses were conduct-
ed in R Project Software (R: A Language and Environ-
ment for Statistical Computing 2010).

Results

Environmental context

During this study freshwater flows in both the Mitchell
and Tambo estuaries were well below the long-term
averages with the exception of a few flow events that
lasted no longer than a month and occurred between
September and January in both years (Fig. 2). The
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lowest flows occurred between February and July (Fig.
2). Freshwater flows in theMitchell Estuary varied from
0.12 to 127.92 m3·s−1 and in the Tambo estuary between
0.29 to 215.90 m3·s−1 (Fig. 2).

Spatio-temporal patterns in black bream movement

During this study 19 black bream were tagged in the
Mitchell Estuary and 22 in the Tambo Estuary over two
tagging sessions approximately five weeks apart
(Table 1). Fish fork lengths ranged from 220 to
390 mm FL with a mean size of 262 mm and 257 mm
for the Mitchell and Tambo Estuary’s respectively
(Table 1). All fish were detected post release and the
total detection period ranged from 4 to 454 days with all
but two fish being detected at more than two receivers.
In total the receiver array made 739,264 detections for
black bream throughout this study, with 294,686 detec-
tions in the Mitchell Estuary, 437,003 detections in the
Tambo Estuary and 7575 detections at the mouth of the
Nicholson Estuary. The receiver 10 km from the estuary
mouth (M6) received the highest number of detections
in the Mitchell Estuary and the receiver 16 km from the
estuary mouth (T9) received the highest number of
detections in the Tambo Estuary.

The mean daily distance travelled by black bream
was estimated to be 1.7 km·d−1 and 2.1 km·d−1 in the
Mitchell and Tambo Estuary, respectively, with some
fish covering over 1000 km·y−1 (Table 1). In general,
black bream were highly mobile, regularly moving up
and down each estuary and on occasions into Lake

King (Fig. 3). At least 34 (83%) tagged black bream
moved into the Lake King during this study and at
least 12 (30%) tagged black bream moved between
estuaries. Black bream displayed strong estuary fidel-
ity with the majority of fish returning to the estuary in
which they were tagged. Despite being highly mobile,
tagged fish tended to return regularly and spend con-
siderable time (>12 h) within the area they were
tagged.

The detection profiles provide a visual snapshot
of the number of detections (logged) across all sites
(Fig. 3). The number of detections across sites was
highly variable for black bream with some degree of
seasonality present (Fig. 3). Based on the number of
detections, fish appear to be moving to the upper
estuary between June and November (Fig. 3). Be-
tween November and the following June there are
several noticeable up- and down- stream migrations
of fish with more detections occurring at the estuary
mouth (M1 and T1).

The median location of tagged fish was calculated
using both raw and modelled data that were de-
trended for the significant effects of freshwater flow
and moon phase. Plotting the median locations of
fish showed a very similar temporal pattern in both
estuaries with the median location of fish between
December and April being in the lower half of the
estuaries (0–7 km from the estuary mouth), while
from May to November the median location of fish
was in the upper half of the estuaries (>7 km from
the estuary mouth; Fig. 4).

Fig. 2 Freshwater flow for the
Mitchell River (red solid line) and
Tambo River (green dashed line)
during this study. Flow data are
collected and stored in Victorian
Water Warehouse
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Table 1 Summary of descriptive statistics for each tagged black bream, Acanthopagrus butcherii, including the mean standard deviation
(SD) of all black bream

Fish number FL (mm) Release date Nearest reciever at release Total detections No. of recievers TP (d) DD (d) Di

b1 260 31/7/08 M8 31,079 10 450 169 0.38

b2 270 31/7/08 M8 3221 4 11 9 0.82

b3 390 31/7/08 M8 43,040 10 443 167 0.38

b4 250 31/7/08 M8 607 1 4 4 1.00

b5 250 31/7/08 M8 20,407 8 88 49 0.56

b6 230 31/7/08 M8 23,022 4 26 8 0.31

b7 240 31/7/08 M8 3993 8 94 21 0.22

b8 235 31/7/08 M8 8473 8 75 40 0.53

b9 250 31/7/08 M8 26,310 9 375 154 0.41

b10 245 31/7/08 M8 9053 6 113 29 0.26

b11 245 31/7/08 M8 7919 7 70 20 0.29

b12 240 31/7/08 M8 75,771 9 206 175 0.85

b13 330 31/7/08 M8 53,417 12 450 303 0.67

b14 240 1/8/08 T9 5589 8 315 33 0.10

b15 265 1/8/08 T9 26,976 17 70 55 0.79

b16 220 1/8/08 T9 17,758 10 367 227 0.62

b17 280 1/8/08 T9 17,393 13 166 139 0.84

b18 240 1/8/08 T9 15 1 51 4 0.08

b19 225 1/8/08 T9 5677 7 51 17 0.33

b20 230 1/8/08 T9 121,103 6 436 325 0.75

b21 360 1/8/08 T9 16,642 7 89 55 0.62

b22 375 1/8/08 T9 20,179 6 74 70 0.95

b23 245 1/8/08 T9 38,367 13 57 46 0.81

b24 255 4/9/08 M8 19,985 18 450 118 0.26

b25 240 4/9/08 M8 56,818 10 454 338 0.74

b26 235 4/9/08 M8 7446 9 163 44 0.27

b27 295 4/9/08 M8 6572 5 46 31 0.67

b28 270 4/9/08 M8 47,198 10 230 140 0.61

b29 255 4/9/08 M8 5689 10 28 19 0.68

b30 255 5/9/08 T8 14,779 8 80 59 0.74

b31 230 5/9/08 T8 2328 7 9 9 1.00

b32 255 5/9/08 T8 41,659 13 347 118 0.34

b33 255 5/9/08 T8 23,266 17 426 148 0.35

b34 245 5/9/08 T8 5779 10 73 30 0.41

b35 245 5/9/08 T8 24,272 14 140 118 0.84

b36 240 5/9/08 T8 41,436 8 227 201 0.89

b37 240 5/9/08 T8 41,927 10 122 88 0.72

b38 275 5/9/08 T8 19,381 13 447 211 0.47

b39 245 5/9/08 T8 29,176 10 402 277 0.69

b40 250 5/9/08 T8 59,453 9 449 273 0.61

b41 243 5/9/08 T8 25,731 9 380 201 0.53

Mean (SD) 260 (38) 25,583 (23,822) 9 (4) 209 (167) 111 (98) 0.6 (0.2)

FL = folk length; TP = total detection period in days; DD = total number of days detected; Di = detection index (DD/TP)
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Spatio-temporal patterns in estuary perch movement

During this study eight estuary perch were tagged in the
Mitchell Estuary and 17 in the Tambo Estuary over two
tagging sessions approximately five weeks apart
(Table 2). Fish fork length ranged from 200 to 305 mm
with a mean length of 241 mm and 278 for the Mitchell
and Tambo Estuary, respectively (Table 2). All fish were
detected post release with the exception of two fish that

were presumed not to have survived the first month post-
release. The detection period ranged from 35 to 450 days.
The receiver array made 570,006 detections for estuary
perch throughout this study, with 285,523 detections in
the Mitchell Estuary, 284,483 detections in the Tambo
Estuary and no detections at the mouth of the Nicholson
Estuary. The receiver 14 km upstream from the estuary
mouth (M8) received the most number of detections in
the Mitchell Estuary and the receiver 16 km upstream
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Fig. 3 Aggregated detection profile of the 41 black bream
Acanthopagrus butcheri tagged at each receiver in the Mitchell
(M1-M12; refer Fig.1), Nicholson (N1-N2; refer Fig. 1) and

Tambo estuaries (T1-T9; refer Fig. 1). The colour graduate scale
represents the number of detections logged at each receiver
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from the estuary mouth (T9) received the most number of
detections in the Tambo Estuary.

The mean daily distance travelled by tagged estuary
perch was estimated to be 0.5 km·d−1 and 1.8 km·d−1 in
the Mitchell and Tambo Estuary, respectively, with
some fish moving over 200 km·y−1 (Table 2). At least
15 (60%) tagged estuary perch moved to the lakes
during this study and no tagged fish visited or moved
to another estuary.

The detection profiles provide a visual snapshot of
the number of detections (logged) for estuary perch
across all sites (Fig. 5). The profiles demonstrate that
there was a high degree of site fidelity for estuary perch
(Fig. 5). Fish spent extended periods of time within the
vicinity of where they were caught, tagged and released
(Fig. 5). Fish in the Mitchell Estuary moved consider-
ably less than fish in the Tambo Estuary (Fig. 5). In the
Mitchell Estuary, fish made occasional short-distance
movements upstream or downstream over short periods
of time. In the Tambo Estuary fish made more regular
and longer trips downstream throughout the study.

The median location of tagged fish was calculated
using both raw and modelled data that were de-trended
for the significant effects of flow and moon phase. Plot-
ting themedian location of fish showed that estuary perch
were located further upstream than black bream (Fig. 6).
In the Mitchell Estuary, fish remained in the upper

estuary (>10 km from the estuary mouth) throughout this
study (Fig. 6). In comparison, estuary perch in the Tambo
Estuary occurred in the upper estuary (>10 km from the
estuary mouth) with the exception of July, December and
January where the median location of fish was in the
lower estuary (<10 km form the estuary mouth; Fig. 6).

State-space model of movement and detection
predictions

The Bayesian state-space model suggests movement
rates for black bream were similar in both the Mitchell
and Tambo Estuary (Fig. 7a). Estuary perch had a lower
movement rate than black bream, particularly in the
Mitchell Estuary (Fig. 7b).

The Bayesian state-space model also showed detec-
tion rates were high, typically around 40% per ten
minute interval, with a single receiver having a lower
detection rate of 20% for both in species in both estuar-
ies (Figs. S1 and S2).

Predictions of fish movements

Results from the GLM support a temporal pattern of
movement that is more significant for black breamwhen
compared to estuary perch (Fig. 8a). Interestingly, the
temporal patterns for black bream were similar for both
estuaries with the median location of tagged fish occur-
ring higher upstream in winter and spring compared to
the median location of fish in autumn and further down-
stream in summer when compared with autumn (Fig.
8a). The median location of estuary perch in the Mitch-
ell Estuary did not display any temporal variability. The
median location of estuary perch in the Tambo Estuary
occurred significantly further downstream in summer
when compared with the median location of fish in
autumn.

The GLM also suggests that there were significant
effects of freshwater flow on the median location of black
bream and estuary perch in both estuaries with the medi-
an location of tagged fishmoving downstreamwhen flow
rates were above the median flow rate detected during
this study (Fig. 8b). The influence of freshwater flows
and a downstream shift in the median location of black
bream and estuary perch was greater in the Mitchell
Estuary compared to the Tambo Estuary (Fig. 8b).

The GLM also supported a significant effect of moon
phase (Fig. 8c). Black bream were located further up-
stream during a full moon when compared to their

Fig. 4 The monthly median (+/− SE) location of tagged black
bream (n = 42) in the Mitchell (solid red lines) and Tambo
estuaries (dashed green line). Locations are de-trended for the
effects of freshwater flow and moon phase and are shown for
median flow and 50% moon phase. (Refer to section: Predictions
of Fish Movements)
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location during a new moon in both the Mitchell and
Tambo Estuary (Fig. 8c). Estuary perch in the Mitchell
Estuary were located further upstream during a full
moon compared to their location during a new moon.
There was no effect of moon phase for estuary perch in
the Tambo Estuary (Fig. 8c).

Discussion

An acoustic telemetry approach was used to monitor the
movements of the well-studied black bream
Acanthopagrus butcheri (Butcher 1945; Morrison
et al. 1998; Sarre and Potter 1999; Walker and Neira
2001; Jenkins et al. 2010; Williams et al. 2013) and the

poorly understood estuary perchMacquaria colonorum
(McCarraher and McKenzie 1986; Walsh et al. 2013)
during a period of below average freshwater flows. The
movements observed for black bream were very similar
to that of previous studies, with defined seasonal move-
ments that reflect their reproductive ecology (Hindell
et al. 2008; Sakabe and Lyle 2010). Overall, black
bream were a more itinerant species covering several
kilometres of estuary within a single day. This reflects
the transient grazing behaviour and it is likely that fish
are searching for prey such as barnacles, mussels, and
crabs (Chuwen et al. 2007; Sarre 1999) that are more
abundant in the lower estuary and the lakes (J. Williams
pers. obs.). In comparison, estuary perch were highly
site attached and remained in the upper estuary for the

Table 2 Summary of descriptive statistics for each tagged estuary perch,Macquaria colonorum including the mean standard deviation (SD)
of all black bream

Fish number FL (mm) Release date Nearest reciever at release Total detections No. of recievers TP (d) DD (d) Di

e1 250 31/7/08 M8 68,160 8 449 254 0.57

e2 240 31/7/08 M8 724 2 16 6 0.38

e3 250 31/7/08 M8 44,442 7 188 151 0.80

e4 210 31/7/08 M8 93,977 8 181 136 0.75

e5 200 31/7/08 M8 47,676 5 449 174 0.39

e6 235 31/7/08 M8 2719 1 6 6 1.00

e7 280 1/8/08 T9 27,171 8 101 98 0.97

e8 295 1/8/08 T9 23,971 8 97 75 0.77

e9 290 1/8/08 T9 37,661 8 101 97 0.96

e10 305 1/8/08 T9 5185 8 96 47 0.49

e11 280 1/8/08 T9 26,164 8 101 78 0.77

e12 285 1/8/08 T9 30,094 8 101 101 1.00

e13 265 1/8/08 T9 21,862 8 102 92 0.90

e14 295 1/8/08 T9 40,726 8 94 66 0.70

e15 285 1/8/08 T9 4510 3 50 48 0.96

e16 255 1/8/08 T9 26,335 8 102 97 0.95

e17 260 1/8/08 T9 29,912 9 435 217 0.50

e18 250 1/8/08 T9 105,157 8 435 385 0.89

e19 260 1/8/08 T9 8107 4 34 34 1.00

e20 265 1/8/08 T9 12,767 3 91 75 0.82

e21 285 1/8/08 T9 15,933 8 63 63 1.00

e22 275 1/8/08 T9 11,632 8 425 72 0.17

e23 265 4/9/08 M8 17,176 7 173 136 0.79

e24 280 4/9/08 M8 10,301 10 82 54 0.66

e25 290 5/9/08 T8 29,725 9 445 255 0.57

Mean (SD) 266 (26) 29,683 (26,425) 7 (2) 177 (157) 113 (88) 0.8 (0.2)

FL = folk length; TP = total detection period in days; DD = total number of days detected; Di = detection index (DD/TP)

1130 Environ Biol Fish (2017) 100:1121–1137



majority of the year. Both species moved large distances
(>5 km) downstream in response to increased pulses of
freshwater flows (>58 m3·s−1 in the Mitchell Estuary
and >11 m3·s−1 in the Tambo Estuary). The results from
this study highlight that estuarine fishes are likely to
show differential sensitivity to the impacts of drought
and climate change and illustrate how acoustic telemetry
methods can be used to determine the environmental
needs of fishes (Gillanders and Kingsford 2002; Barletta

et al. 2010; Jenkins et al. 2015; Izzo et al. 2016) and help
guide efforts to conserve and manage rivers and estuar-
ies worldwide.

All tagged black bream were considered mature,
based on the length of fish at the time of tagging,
allowing us to relate seasonal movements to spawning
strategies. Black bream aggregated in the upper estuary
in winter and throughout the spring spawning period,
consistent with previous research (Newton 1996;
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Hindell et al. 2008; Sakabe and Lyle 2010). Black bream
often spawn in the upper estuary at the freshwater inter-
face, an area of the estuary that becomes highly stratified
during spring (Newton 1996; Nicholson et al. 2008;
Williams et al. 2012; Williams et al. 2013). This study
corroborates the findings of Williams et al. (2013), who
demonstrated a close spatial coupling between the eggs,
larvae and the halocline at 9–21 km upstream from the
estuary mouth, as tagged fish were present at the same
location when this occurred. By early summer, black
bream had moved downstream and were residing in the
lower estuary; several tagged fish had even left the
estuary and were most likely residing in Lake King.
Hindell et al. (2008) recorded the same broad scale
movements of fish residing in the lakes during summer
and the river estuaries during winter and spring.

There is little knowledge on the movement and
spawning ecology of estuary perch and there is much
contradiction in the literature (Harris 1986; McCarraher
and McKenzie 1986; Trnski et al. 2005; Walsh et al.
2013). The current study supports the theory that estuary
perch reside in the upper estuary at the freshwater inter-
face throughout the year, with downstream spawning
migrations triggered by increased freshwater flows
(Walsh et al. 2013). Like the estuary perch, both tupong,
Pseudaphritis urvillii and mulloway, Argyrosomus

japonicas used pulse freshwater flows as triggers to
migrate downstream to the estuary mouth and/or ocean
to spawn (Crook et al. 2010; Taylor et al. 2014). In this
instance the ‘home’ of tagged estuary perch in both
estuaries occurred within the vicinity of the deepest pool
of the upper estuary (>4 m) towards the toe of the salt-
wedge. Estuary perch are a nocturnal ambush predator
feeding on shrimp, crabs and other fish (McCarraher
and McKenzie 1986) and therefore the steeper banks of
the pools are likely to provide optimal shelter and prey.
However, estuary perch tagged in the Tambo Estuary
were far more active, moving larger distances, than fish
in the Mitchell Estuary. These differences between es-
tuaries could have been, at least in part, due to fish being
in poorer condition, as while tagging the estuary perch,
we noted that fish in the Mitchell Estuary were thinner
and had large parasites. Why this might be the case is
unknown and beyond the scope of this study.

Striped bass, Morone saxatilis and white perch,
Morone americana are two very well studied species that
reside and migrate between the tidal freshwater region
and the brackish waters of their natal river (Secor 1999;
Wingate and Secor 2007; Kerr et al. 2009). A

Fig. 6 The monthly median (+/− SE) location of tagged estuary
perch (n = 25) in the Mitchell (solid red lines) and Tambo Rivers
(dashed green lines). Data are from both raw and modelled data
that have been de-trended for the effects of freshwater flow and
moon phase. Locations are de-trended for the effects of freshwater
flow and moon phase and are shown for median flow and 50%
moon phase

Fig. 7 Movement rates for (a) black bream and (b) estuary perch
as predicted by the state-space model (solid red line = Mitchell
Estuary, dashed green line = Tambo Estuary). The y-axis gives the
probability density at the movement rates shown on the x-axis.
Movement rates (indicated on the x axis) are the probability of
moving into an adjacent 1 km region of the river in each ten-
minute time step. The height and spread of the curves show how
certain themodel is about the detection probability for each species
in each river
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combination of acoustic telemetry and otolith
microchemistry studies has revealed that both species
exhibit partial or divergent migration behaviours, where-
in one portion of the population migrates and the other is
sedentary (Secor 1999; Secor et al. 2001; Wingate and
Secor 2007; Kerr et al. 2009). Partial migration is often
associated with avian ecology and is a fundamental be-
haviour associated with the evolution of migration (Kerr
et al. 2009, Gillanders et al. 2015). Wingate and Secor
(2007) and Kerr et al. (2009) both suggest that partial

migration could be widespread among other fish species
and that it has important implications for population
dynamics. Gillanders et al. (2015) found evidence of both
resident and migratory contingents in the black bream
population of the Murray River estuary and went on to
suggest that there was variation in the growth and fitness
between the two proportions of the population.While this
study did not test for intra-specific variability, it is highly
plausible that there are resident and migratory propor-
tions to the population of black bream in the Gippsland

Fig. 8 Plots of the model estimates (+/− SE) for the GLM coef-
ficients for both black bream (n = 41) and estuary perch (n = 25).
Coefficients are for (a) season, relative to autumn, (b) freshwater
flows (c) moon phase. Negative numbers refer to a downstream

change and a positive numbers refer to an upstream change in
location and are in km. For example in winter, Black beam in the
Mitchell River are expected to be 3.8 km further upstream than in
autumn
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Lakes. In comparison the population of tagged estuary
perch showed evidence of being solely resident. Howev-
er, for both species, a significant pulse of freshwater flow
was an environmental cue or a physical driver of popu-
lation scale migration downstream.

Freshwater flow was a significant factor influencing
the movement and location of tagged fish in this study.
Freshwater flows account for much of the biotic and
abiotic variability within estuaries (see Gillanders and
Kingsford 2002; Barletta et al. 2005; Barletta et al.
2008; Gillson 2011; Jenkins et al. 2015 for reviews),
particularly in microtidal systems such as the Gippsland
Lakes. Physicochemical variability can be an important
driver of the life histories of estuarine species (Kerr et al.
2009; Dantas et al. 2012). One example of this is salin-
ity, which is widely recognised as being a key factor
influencing movement and spawning of fish in estuaries
(Marshall and Elliott 1998; Barletta et al. 2005;
Selleslagh and Amara 2008). In this instance, the
Mitchall and Tambo estuaries form as highly stratified
salt-wedge estuaries for most of the year (Kurup et al.
1998; Williams et al. 2013). It is only during signifi-
cantly high freshwater flow periods that the salt-wedge
is flushed out of the estuary. This occurred twice during
this study and it is the timing and size of these events
that could have a significant impact on the ecology of
these two species.

Black bream move upstream in winter to spawn in
spring. If a large flow event occurred mid-spawning
season, this would result in fish moving out of their
preferred spawning habitat and the likely flushing of
eggs and larvae out of the upper estuary, which is the
most important nursery habitat for black bream larvae
(Sakabe et al. 2011; Williams et al. 2013). In contrast,
estuary perch rely on these flows to trigger spawning
migrations. In south-eastern Australia freshwater
flows follow a temperate seasonal cycle; however,
there has been a recent shift in the timing and decreas-
ing annual freshwater flows with increased storm
events (Poloczanska et al. 2007). If climate change
results in fewer freshwater flow events and an increase
in intensity when they do occur, this suggests that the
reproductive success of estuary perch is also likely to
be compromised. This highlights the need to take a
multi-species approach to better understand how fish
move in response to natural and anthropogenic envi-
ronmental change and their likely population-level
consequences. This is of great importance as climate
change predictions suggest further decreases in

freshwater flows with more severe storm events across
large parts of the world (Hughes 2003; Pittock 2003;
Bates et al. 2008).

Temperature, turbidity and dissolved oxygen can also
influence the movement and location of fish within an
estuary (Marshall and Elliott 1998; Barletta et al. 2008;
Dantas et al. 2010). Although high-resolution data on
these variables were not available for comparison to the
movement data, it is likely that seasonal rise in temper-
ature acts as a cue for black bream to move upstream to
their preferred spawning habitat similar to the migration
patterns of freshwater roach Rutilus rutilus (Skov et al.
2010). In microtidal estuaries, turbidity and dissolved
oxygen are often regulated by freshwater flows. Periods
of decreased flow can result in increased areas of hyp-
oxia, particularly in the upper estuary where black
bream and estuary perch often reside (Newton 1996;
Nicholson et al. 2008). All of these water quality pa-
rameters will also be influenced by the changing climate
as a result of decreased flows and this will lead to
alterations in movement behaviour and spawning
success.

Moon phase, had a significant effect on the location of
tagged fish with fish occurring further upstream on a full
moon when compared to the new moon. We hypothesise
both species are more active during the full moon cycle
with increased visibility allowing for feeding and
spawning. Sakabe and Lyle (2010) demonstrated a link
between tidal cycles and the movements of black bream,
which is fairly common for other species such as spotted
grunter Pamadasys cammersonnii (Childs et al. 2008).
However, the Gippsland Lakes are a microtidal system
and with the river estuaries being tributaries to an estua-
rine lake it is unlikely that tidal cycles alone influence the
movements of black bream in this system.

In conclusion, the use of acoustic tag technology was
beneficial in monitoring the movements of two species
of fish and how they differ in response to dynamic
environmental variables. Freshwater flows are the dom-
inant factor not only in determining the physiochemical
structure of the estuary but also the location of fish
within an estuary. This study has highlighted stark dif-
ferences in fish movement within an estuary and the
need for a multi-species approach to understand the
impacts of drought, flood and changing climate. These
results in combination with the findings of Jenkins et al.
(2015) suggest that black bream, being more mobile,
would be more adaptable in regards to changes in fresh-
water flows due to climate change altering the physical
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structure of the estuary. Whereas, estuary perch are
likely to be less resilient to changes in freshwater flows
that will alter the physical structure of the sites of resi-
dency and remove potential spawning ques. However,
there is a need for longer term studies (>2 years) to better
elucidate the finer details on what is driving specific
movements and how the population dynamics will
change with further reductions in freshwater flow and
increased flooding events.
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