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Abstract. Anthropogenic changes to river flows can alter hydrological connectivity and cues necessary for themovement
of fish to complete their life cycles. Quantifying flow-related movement ecology of fish and understanding how this varies

between species and river systems is important for effective environmental flow management. This study aimed to
determine hydroecological factors that influence fish movements in an unregulated, perennial river and to compare these
findings to fish from regulated river systems. Broad-scalemovements of the endangeredMaccullochella ikei and Tandanus

tandanuswere recorded over 3 years in the unregulated, perennial Nymboida River, Australia. The limitedmovements both
species exhibited were infrequent and over short distances. Although M. ikei movements appeared mostly unrelated to
environmental changes, T. tandanusmoved on flow pulse peaks and were more likely to move during the breeding season.

These findings contrast with previous studies of the same or similar species in differing flow regimes, suggesting that fish in
perennial, highly connected rivers may not need to move as frequently as those in more regulated or intermittent systems.
Should these disparate behaviours be present in other species occurring among contrasting flow regimes, it will be
challenging to define generalisable environmental flow rules to inform river management.
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Introduction

Movement is a key component in the life history of most
organisms. The ability to move allows organisms to locate new
resources, escape unfavourable biotic or abiotic conditions and

to avoid inbreeding (Nathan et al. 2008). In riverine environ-
ments, animal movements are often cued or facilitated by
changes in environmental conditions, such as increases in flow.
For riverine fish, flow pulses can cue both fine-scale activity

(Cocherell et al. 2011; Capra et al. 2017; Carpenter-Bundhoo
et al. 2020a) and broad-scale movements (Simpson and
Mapleston 2002; Koehn 2004; Young et al. 2010). Elevated

river flows also enhance longitudinal connectivity, allowing fish
to disperse from dry season refuges, access feeding and breeding
sites and, for some species, facilitate downstream dispersal of

pelagic eggs and larvae (Chapman and Kramer 1991; Koster
et al. 2014; Lechner et al. 2016). In addition to flow magnitude,
the frequency, timing, duration and rates of change of flow
events have been shown to influence the movements of riverine

fish (Reinfelds et al. 2013; Marshall et al. 2016).
Anthropogenic changes to river flows caused by the con-

struction of dams, and the diversion and extraction of water, can

severely affect important hydrological cues for movement, as

well as hydrologic connectivity (Poff and Zimmerman 2010;

Pelicice et al. 2015; Rahel and McLaughlin 2018). To mitigate
the ecological effects of these hydrological changes, there is
considerable effort and investment now being directed towards

attempting to maintain or restore critical aspects of flow vari-
ability in rivers, including those relating to facilitating or
triggering movement (Arthington 2012; Bond 2016).

Environmental flows are often released from water storages

with the intention of benefitting multiple species but, for
riverine fish in particular, these flows are often aimed at
maintaining or increasing longitudinal connectivity, and stimu-

lating reproduction (Arthington 2012). To deliver environmen-
tal flows effectively, knowledge is required about the life
histories of targeted species and how variations in the magni-

tude, timing, frequency and duration of flow events affect fish
movement behaviour over a range of spatiotemporal scales. This
knowledge may be obtained by long-term studies assessing fish
movement behaviours in response to variations in river flow

(Konrad et al. 2011; Olden et al. 2014).
An important question for such studies is whether flow-

related movement responses quantified in regulated river

systems with modified flow regimes are representative of
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movement behaviours in more natural systems and vice versa.
Over evolutionary time scales, long-term variability and

predictability of critical flow regime characteristics (e.g. mag-
nitude, frequency, duration, timing and rate of change in low-
and high-flow events) impose strong selective filters on mor-

phological, life history and behavioural adaptation of species
(Poff et al. 1997; Lytle and Poff 2004). Over ecological time
scales (i.e. the life span of an individual), variations in these flow

regime characteristics are also important determinants of fish
movement behaviour, within the constraints of evolutionary
history. Fish populations in regulated systems may exhibit
atypical behaviours in response to flow events and therefore

provide inadequate benchmarks for developing environmental
flow recommendations. For example, regulated rivers may lack
critical flows to stimulate spawning movements (Bunn and

Arthington 2002) and fish occupying degraded habitats in
regulated rivers may be less likely to establish a local home
range (e.g. Albanese et al. 2004; Crook 2004). Understanding

the generality and transferability of flow–ecology response
relationships is critical for establishing robust and defensible
environmental flow rules for rivers (Chen and Olden 2018).

This study focused on the movement behaviour of two

species of freshwater fish, namely the eastern freshwater cod
Maccullochella ikei and freshwater catfish Tandanus tandanus.
Both species are endemic to eastern Australia, with M. ikei

restricted to two coastal rivers in northern New South Wales
(NSW) and T. tandanuswidespread in easternAustralian coastal
rivers and in theMurray–Darling Basin (MDB).Maccullochella

ikei is an internationally and nationally listed threatened species
(Butler 2019). It has undergone a marked decline in population
size since European settlement, due in part to habitat alteration

and river fragmentation (Rowland 1993). Tandanus tandanus
remains relatively abundant in coastal rivers, but it has declined
in the MDB and is currently listed as an Endangered Population
in the NSW portion of the MDB (Threatened Species Scientific

Committee 2008). In some catchments, T. tandanus is consid-
ered a target species for environmental flow deliveries
(Southwell et al. 2019). Relatively little is known about the

movement biology of both species. Neither T. tandanus nor
M. ikei exhibit obligate large-scale migrations for reproduction,
and both typically inhabit confined home ranges (Reynolds

1983; Butler et al. 2014; Carpenter-Bundhoo et al. 2020a).
However, M. ikei has been recorded making occasional long-
distance movements in response to increases in river discharge
(Butler et al. 2014).

Using acoustic telemetry, this study examined the move-
ments of T. tandanus and M. ikei in response to variations in
river flows and other biotic and abiotic factors in an unregulated

perennial river. The aims of this study were to: (1) quantify
movement behaviours; (2) determine hydroecological factors
that influence movements in a perennial system where connec-

tivity is largely unconstrained; and (3) compare thesemovement
behaviours to similar studies undertaken in regulated, intermit-
tent rivers involving like species. The findings of this study will

contribute important knowledge about how fish subject to
different flow regimes respond to environmental variability.
Information gained from this study will help inform better
restoration and management of flow regimes in regulated rivers

tailored to specific species.

Materials and methods

Study area

The Nymboida River has a catchment area of 1732 km2 and is a

largely unregulated, perennial river located in the Clarence
Basin,NSW,Australia (Fig. 1). The study reach spanned a 68-km
section of the river commencing ,30 km upstream of the con-

fluence of the Mann and Nymboida rivers (Fig. 1b). There were
no major natural barriers to fish movement (e.g. waterfalls, rock
bars) in the study reach; however, several shallow riffle areas
may restrict fish movements during low-flow periods. In addi-

tion, the reach encompasses the Nymboida Weir, the only arti-
ficial barrier in the Nymboida River (Fig. 1c). The Nymboida
Weir (wall height 4.25 m) forms a barrier to fish movements

during low-flow periods, but has little effect on the flow regime
downstream. Within the study reach, wetted channel width ran-
ged from 20 to 95 m, and depth ranged from 1 to 5 m under base

flow conditions. River discharge during the study period (May
2016–December 2018) usually remained,1000MLday�1, with
periodic small flow pulses (up to 10 000 ML day�1) and three
large flow events (.50 000 ML day�1) that were sufficient to

drown-out the weir (Fig. 2a). The weir drown-out events typi-
cally lasted 1–3 days. Daily average water temperature ranged
from 13.7 to 30.38C (Fig. 2b).

Linear acoustic telemetry array and explanatory
environmental data

Broad-scale fish movements were recorded from May 2016 to
December 2018 using an extensive linear array of 31 Vemco
VR2W 69-kHz acoustic telemetry receivers. These were

deployed at varying intervals (mean 2.3 km) along the 68-km
study reach (Fig. 1). The receiver array recorded binary presence
or absence data when a tagged fish entered the reception range

(maximum range,400 m) of a given receiver. Total daily river
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Fig. 1. (a) Location of the Nymboida River in eastern coastal Australia. (b)

Nymboida River (bold line) within the Clarence River Basin. The box

indicates the location of the linear acoustic arraywithin theNymboidaRiver.

(c) Extent of the linear acoustic array in the Nymboida River. Grey points

denote the position of acoustic receivers and the triangle indicates the

location of Nymboida Weir.
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discharge data were sourced from Water NSW stream gauge
#204069, situated approximately at the midpoint of the telem-
etry array. Mean daily water temperature data were sourced

from the closest NSW Water gauge (#204400 at Grafton), sit-
uated ,170 km downstream (or 37 km north-east) of the
telemetry array in the Clarence River. Over the duration of the

study, data from all receivers in the array were downloaded
approximately every 3–6 months and uploaded into a purpose-
built database.

Fish collection, surgical tagging and recording

In all, 58 adult fish were collected, tagged and released over
three trips conducted 17–24 July 2015, 23–29 July 2016 and 26–
27 July 2017 (27M. ikei and 31T. tandanus; for full details of the

fish tagged and detected during the study, see Table S1of the
Supplementary material). Fish were sampled in a 1-km reach of
the river spanning the NymboidaWeir and were collected using

a boat-mounted electrofisher (Smith-Root GPP 2.5 KVA unit).
Upon capture, fish were anaesthetised, measured to the

nearest millimetre (total length) and surgically implanted with

acoustic transmitters as described in Carpenter-Bundhoo et al.

(2020b). Transmitters were either a VemcoV9 or a V13 69-KHz
acoustic telemetry transmitter, with selection based on keeping
under the recommended 2.25% of bodyweight (Jepsen et al.

2002; Butler et al. 2009; Wagner et al. 2011). During surgery,
each fish was sexed by internal examination of the gonads
(M. ikei) or by external examination of the genitalia

(T. tandanus). After the completion of surgery, each fish was
held in one of several open-mesh floating cages in the river and
kept under observation for,1 h until normal behaviour resumed.

Fish were then released close to the point of original capture.

All studies were performed in accordance with the relevant
guidelines and regulations, reviewed and approved by the NSW
Department of Primary Industries Animal Care and Ethics

Committee (Permit numbers 06/06 and 98/14).

Data analysis

The distance of each acoustic receiver location from the most

downstream receiver was calculated by digitising satellite
images of the study reach into a spatial object in ArcGIS (ver.
10.4, ESRI, Redlands, CA, USA). The spatial object was then

converted into a distance matrix using the V-Track package
(ver. 1.2.1, see https://github.com/RossDwyer/VTrack; Camp-
bell et al. 2012) in R (ver. 3.4.4, R Foundation for Statistical
Computing, Vienna, Austria; see www.r-project.org/). Indi-

vidual fish detections were then matched with the distance
matrix and the distance between detections was calculated. A
single movement was defined as an individual fish consecu-

tively detected on two receivers. A daily sum of distance moved
and displacement upstream or downstream was then calculated
for each individual fish. Total linear range was calculated as the

river distance between the most upstream and downstream
detections for each fish for the entire study period, and cumu-
lative distance moved was calculated as the sum of all upstream
and downstream movements for each fish for the entire study

period.
For each day of the study period, total daily river discharge

(ML day�1), limb of the hydrograph (rising, receding, peak or

base flow), absolute rate of change in discharge events and
frequency of antecedent flow pulses over a 30-day period
were calculated. Each day was assigned as either a base flow,

rising, peak or receding limb. A base flow magnitude
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Fig. 2. (a) Total daily river discharge and (b) mean daily water temperature over the study period.

Discharge data were sourced from NSW Water streamflow gauge #204069, situated in the Nymboida

River at the approximate midpoint of the acoustic telemetry array. Water temperature data were sourced

from the closest NSWWater gauge (#204400 at Grafton), situated,170 km downstream of the acoustic

telemetry array in the Clarence River (37 km north-east).
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threshold was calculated for the study period using the

Hydrostats package in R (ver. 0.2.7, N. R. Bond, see https://
cran.r-project.org/web/packages/hydrostats/index.html).
Rising limbs were above base flow and increased from the

previous day, and receding limbs were above base flow and
decreased from the previous day. Peaks were above the base
flow, increased on the previous day, decreased on the follow-
ing day and were independent of a larger peak 7 days before or

after. The nominal breeding period of each species was
designated as the first time water temperature reached 188C
in late winter and lasted 63 days for M. ikei (Butler and

Rowland 2009) and 248C in spring and lasted 70 days for
T. tandanus (as reported in Carpenter-Bundhoo et al. 2020a).

We examined how the likelihood of movement varied in

response to environmental and biological variables using a
mixed-effect logistic regression model in the lme4 package in
R (ver. 1.1-23, https://cran.r-project.org/web/packages/lme4/

index.html; Bates et al. 2015). In this model, a binary response
of movement (the presence or absence of movement) was the
dependent variable and daily river discharge, average daily
water temperature, fish size, sex and breeding period were the

independent variables. Continuous independent variables were
centred and scaled to ensure model convergence. Fish identity
(ID) and year of release were included as random effects in the

model. Temporal autocorrelation was apparent when examining
model residuals at various time lags. We then introduced Lag-1
into the models, a variable characterising the movement state of

a fish on the previous day. This would account for a possible
Markov process in which future movement states depend on the
preceding state and temporal autocorrelation in movement
observations (Bestley et al. 2010). Temporal autocorrelation

was no longer present when re-examining the residuals after the
inclusion of Lag-1. All possible models and interactions were
examined, and the best model was selected using the Akaike

information criterion (AIC). Following the protocol of Zuur
et al. (2010), data were checked for outliers and collinearity
among predictor variables was assessed using variance inflation

factors (VIF) in R.
Unless indicated otherwise, data are presented as the

mean � s.e.m.

Results

Scale of fish movements

No fishwere detected by the terminal receivers, implying that all

fish remained within the array boundaries for the duration of the
study. On average,M. ikei individuals were detected in the array
for 301 � 49 days and T. tandanus individuals were detected in

the array for 107 � 28 days (Table 1). One tagged M. ikei (ID
30198) and five T. tandanus (ID 23054, 23059, 23061, 23062
and 30192) were not detected during the study. In addition, all

but two T. tandanus individuals released in 2015 stopped being
detected within 15 months, well before the expected 24-month
battery life of the acoustic tags.

M. ikei inhabited an average total linear range of 1.7� 1.1 km.

Of the 26 individuals detected, most were highly sedentary, with
no movement detected between receivers for 18 individuals.
Seven individuals were detected inhabiting a range of between

1 and 6 km, and one individual ranged over 27 km (Fig. S1a of the
Supplementary material). T. tandanus was also generally seden-
tary, inhabiting a similar average range asM. ikei (1.5� 0.5 km).

Of the 26 individuals detected, nomovement was recorded for 14
individuals, 11 individuals were detected inhabiting a range of
between 1 and 4 km and the remaining individual ranged over
11 km (Fig. S1b).M. ikei moved a mean cumulative distance of

7.5� 3.6 km and amaximum of 83.5 km, and T. tandanusmoved
a mean cumulative distance of 3.4 � 1.7 km and a maximum of
37.1 km (Fig. S1).

Effects of environmental and biological factors on fish
movements

Of the 52 fish detected over the 3-year study period, movements

occurred very infrequently, with individual fish detected moving
on only 90 days for M. ikei and on 45 days for T. tandanus
(Fig. 3a, b). During the study, one M. ikei (ID 15781) and one

T. tandanus (ID 23035) crossed the weir, all in the upstream
direction. These crossings all coincided with large drown-out
flow events occurring in June 2016 or March 2017 (Fig. 3a–c).

The GLMM revealed that larger individuals ofM. ikeiweremore
likely to move than smaller individuals (estimate¼ 1.03� 0.29;
P , 0.01; Table 2). High-magnitude flows events were

Table 1. Summary statistics for tagged M. ikei and T. tandanus in the Nymboida River from May 2016 to December 2018, showing sample size

(number of individuals), length, weight and movement characteristics

See Table S1 for full details of each tagged fish

Length (mm) Weight (g) Number of

detections

Number of days

detected in array

Number of

movements

Cumulative dis-

tance moved (km)

M. ikei

n 27 23 27 27 26 26

Minimum 355 564 0 0 0 0

Mean (�s.e.m.) 475� 18 1360� 172 41 534� 11 563 301� 49 3� 1 7� 3

Maximum 781 4471 250 760 861 30 84

T. tandanus

n 31 31 31 31 26 26

Minimum 353 427 0 0 0 0

Mean (�s.e.m.) 501� 7 1319� 46 26 907� 9742 107� 28 2� 1 3� 1

Maximum 544 1670 228 249 429 17 37
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Fig. 3. Linear movement positions for (a)M. ikei and (b) T. tandanus in the Nymboida River from 2015 to 2018. The dashed lines

at 23 km upstream from the most downstream receiver denote the location of Nymboida Weir. Black points on far right denote

receiver positions. Individual fish that crossed the weir are labelled with tag ID codes. (c) Hydrograph for the Nymboida River

during the study period. (d, e) Cumulative distances movement throughout the study for M. ikei (d) and T. tandanus (e) in the

Nymboida River. Each different coloured line denotes a different individual.
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significantly less likely to elicit a downstreammovement instead
of upstream or no movements (estimate ¼ –16.95 � 2.7l
P , 0.01; Table 2).

Overall, T. tandanus were significantly less likely to move
during periods of higher discharge (estimate ¼ –3.07 � 1.42;
P ¼ 0.03; Table 2), but were more likely to move on higher

discharge events during the breeding season (estimate ¼
4.12 � 1.81; P , 0.01; Table 2). T. tandanus were more likely
to move on the peak of the hydrograph than on rising and

receding limbs or during base flow periods (estimate ¼
1.87 � 0.91; P ¼ 0.04; Table 2), and were less likely to move
on flow pulses with greater rates of change (estimate¼ –1.07�
0.48; P ¼ 0.02; Table 2).

Discussion

Movement ecology of M. ikei and T. tandanus

This study presents the most extensive assessment of the
movement ecology of M. ikei to date; in addition, T. tandanus

movements have been studied for the first time in an unregulated
coastal river system. Considering the duration of recording and
the large number of detections, the extent and frequency of fish

movements throughout this study was generally low, with most
fish confined to relatively small ranges. This finding accords
with prior knowledge of the movement biology of these species,
with bothM. ikei andT. tandanus thought to be largely sedentary

species (Pusey et al. 2004; Butler et al. 2014; Koster et al. 2015).
Using radiotelemetry, Koster et al. (2015) foundT. tandanus in a
temperate river system to mostly use a linear range of ,1 km,

occasionally making larger movements of up to 1.5 km.

Burndred et al. (2018) used acoustic telemetry to document
T. tandanusmovements in a subtropical river system and found
that the mean maximum distance moved by 138 fish was

0.75 km. Using radiotelemetry, Butler et al. (2014) found that
male and female M. ikei occupied an average stream length of
6.9 and 2.3 km respectively over a 12-month period. In that

study,M. ikeiwere also found to occasionally make larger-scale
movements, particularly during the breeding season, but these
movements were atypical. Importantly, these studies were

undertaken in perennial river systems, where habitat quality is
high and riverine connectivity is largely maintained year-round.

Although M. ikei only occur in the Clarence and Richmond
catchments of coastal eastern Australia (Rowland 1996), the

congeneric Maccullochella peelii have been recorded making
far larger movements. In addition, studies in intermittent rivers
have reported larger movements by T. tandanus. Carpenter-

Bundhoo (2020) reported bothM. peelii and T. tandanusmoved
higher cumulative distances, and over longer linear ranges, in
the regulated Gwydir River system than their counterparts in the

Nymboida River (Table 3; Fig. 4). In the Nymboida River, we
recorded generally low linear movements and range, with a
smaller proportion of individuals undertaking higher levels of

movement (Fig. 4a–c). This closely matches what is described
by Rodrı́guez (2002), who suggests it is likely that a population
of fish comprises movers and non-movers, with the mobile
proportion of the population being only a small subset. The

movement behaviours of fish in theGwydir River system did not
match this pattern (Carpenter-Bundhoo 2020; Fig. 4d–f); how-
ever, similar behaviours have been recorded in other systems

with limited connectivity. Marshall et al. (2016) reported

Table 2. Mean (±s.e.m.) parameter estimates and significance levels from the mixed-effect logistic regression model

relating to environmental variables, breeding season and fish morphology with the probability of fish movements forM.

ikei and T. tandanus

Continuous predictor variables are scaled. Also shown are attributes of the random effects from each GLMM, including number

of fish IDs and years of release, among-fish ID and release year standard deviation and the number of observations.

M. ikei T. tandanus

Estimate P value Estimate P value

Fixed effects

Discharge (MLday�1) –0.11� 0.2 0.58 –3.07� 1.42 0.03

Limb: peak 1.87� 0.91 0.04

Limb: receding 0.32� 0.54 0.56

Limb: rising 0.9� 0.66 0.17

Discharge rate of change –1.07� 0.48 0.02

Temperature –1.31� 0.49 ,0.01

Breeding period 1.49� 1.01 0.14

Length (mm) 1.03� 0.29 ,0.01

Lag-1 2.54� 0.31 ,0.01 2.16� 0.46 ,0.01

Discharge: breeding 4.12� 1.81 0.02

Discharge: downstream –16.95� 2.7 ,0.01

Discharge: upstream 0.69� 0.67 0.3

Random effects

n (ID) 25 23

s.d. (ID) 1.51 2.43

n (year of release) 2 2

s.d. (year of release) 0.01 1.64

Observations 8107 3290
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T. tandanus in an intermittent river moved an average of 25 km
upstream, and 13 km downstream after flow events. In a study of

M. peelii in the heavily regulatedMurray River and surrounding
anabranches, fish were observed making numerous movements

.50 km, and individuals showed far higher site fidelity in the
anabranches that contained hydraulic conditions similar to the

preregulation main channel Murray River (Leigh and Zampatti
2013). Reynolds (1983) recordedM. peeliimoving up to 214 km
upstream, but also found that many of the individuals in the

study did not move. Both these studies were noted to have
occurred during or immediately after prolonged periods of
low flow, which may be a stimulus for M. peelii to go in

search of higher-quality habitats (Reynolds 1983; Leigh and
Zampatti 2013).

During our 3-year study period, the Nymboida River experi-
enced a wide variation in environmental conditions. Fish were

exposed to several large flow events, which have been docu-
mented to coincide with increased fine-scale activity
(Carpenter-Bundhoo et al. 2020b) and stimulate broad-scale

movements in bothM. ikei and T. tandanus (Butler et al. 2014;
Marshall et al. 2016; Burndred et al. 2018). The disparity
between fish movement in the Nymboida River and that in

regulated, often intermittent, systems like those in the northern
MDB may be due to the greater availability of high-quality
habitat found in unregulated, perennial rivers. This disparity in
movement behaviours has also been observed in other species of

Tandanus for which movements varied between flow regimes
(Beatty et al. 2010; Storer et al. 2021) and levels of river
regulation (Storer et al. 2021). Such differing movement pat-

terns may reflect behavioural plasticity (Sih et al. 2011; Wong
and Candolin 2015) in response to flow characteristics. In
intermittent rivers, the cessation of flow creates impassable

sections of dry or shallow riverbed interspersed with dry season

Table 3. Summary of movements for fish species in the unregulated,

perennial Nymboida River and the regulated, intermittent Gwydir

River system

Data are the mean� s.e.m. T. tandanus were studied in both rivers, and the

congenericM. ikei andM. peelii were studied in the Nymboida and Gwydir

River system respectively. In the Nymboida River, 26 individuals of each

species were recorded for 3 years, and 20M. peelii and 37 T. tandanus

individuals were recorded in the Gwydir River system over 2 years. The

Nymboida River array covered 68 km of river, compared with 39 km in each

river in the Gwydir system. Gwydir River data are from Carpenter-Bundhoo

(2020)
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refugewaterholes (Larned et al. 2010). In such systems, the need
for opportunistic movements to take advantage of temporary

connectivity to neighbouring habitats (e.g. for feeding and
breeding) is likely to be greater than in perennial systems in
which connectivity is not impeded.

Effects of environmental and biological factors on fish
movements

Although both species exhibited relatively low rates of move-

ment during the study period, there were several environmental
and biological factors that were associated with periodic
movement events. For M. ikei, larger individuals were more

likely tomove than small individuals. Although previous studies
found no relationship between fish size and movement likeli-
hood in M. ikei (Butler et al. 2014), larger individuals of the

closely related M. peelii were more likely to undertake broad-
scale movements (Leigh and Zampatti 2013). We also foundM.

ikei to be less likely to move in a downstream direction, com-
pared with upstream or not moving at all, during periods of

higher discharge. This may be explained by individuals actively
trying to maintain their longitudinal position within the river
network during high-flow events. M. ikei are known to exhibit

high site fidelity (Butler et al. 2014). Maintaining longitudinal
position during a flow event (e.g. by moving close to the
riverbank) is likely energetically less costly than returning to a

home range after downstream movement during high flows.
Several factors coincided with an increase in the likelihood

of T. tandanus movement. For example, although T. tandanus

were found to be less likely to move during high-discharge

events, on the flows in which they did move, they were most
likely to do so on peaks of the hydrograph, rather than on the
rising or receding limbs or at base flow. T. tandanus were less

likely to move during warmer temperatures, but more likely to
move during elevated flows in the breeding season. Although
T. tandanus are not known tomake breeding-relatedmovements

(Lake 1967; Davis 1977), similar behavioural patterns have
been noted in the congeneric Tandanus bostocki (Beesley et al.
2019). Being a species that possesses demersal eggs, it is

unlikely that T. tandanus undertakes movements to counteract
downstream larval and egg drift, as seen in many species with
pelagic eggs (Koehn and Crook 2013). As suggested of
T. bostocki (Beesley et al. 2019), greater movement activity

during the breeding period may allow T. tandanus access to
areas of gravel substrate for egg deposition. Although the
Nymboida River is perennial, increased river discharge would

likely result in further inundation of these shallow gravel beds.

Conclusions

The findings of this study indicate that fish movement beha-
viours can vary between populations of a species (T. tandanus)

and between closely related species (M. ikei and M. peelii) in
rivers with contrasting flow regimes. This has important
implications for developing environmental flow rules for river

management because the transferability of flow–ecology rela-
tionships through space and time may be limited for some
species and river systems (Chen and Olden 2018). Furthermore,
this study confirms the absence of an obligate breeding-related

migration for T. tandanus and M. ikei and suggests that, in the

case of T. tandanus, it may not need to move as frequently in
perennial, highly connected rivers compared with intermittent

river systems. Smaller home range sizes and lower movement
frequencies and scales in perennial systemsmay be explained, in
part, by the continuous availability of local resources necessary

for survival, growth and reproduction. Despite there being
several major flow events during the study period, these rarely
triggered or facilitated large-scale movements by either species.

ForM. ikei, T. tandanus and, potentially closely related species
such asM. peelii, our findings suggest that environmental flows
in regulated systems should be used to maintain base flows and
local connectivity.
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