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ABSTRACT: Movement and migration are fundamental activities in the life history of fishes. It is
therefore critical in species conservation that there is a clear understanding of why movements or
changes in habitat occur. The aim of the present study was to quantify the movement patterns and
habitat selection of the Endangered eastern freshwater cod Maccullochella ikei in relation to river
discharge, water temperature and season. Twenty-five adult M. ikei were implanted with radio
tags and tracked for 12 mo in the Mann River, Australia. Fish were located manually once a week,
whilst larger inter-pool movements were monitored continuously by automated tracking stations.
Ten 24 h continuous tracking events were undertaken to quantify diel movement patterns. Underwater cameras were used to verify fixes and observe behaviour. Based on weekly fixes and tracking station data, 2 main types of behaviour were observed: extended periods of restricted movement and strong home-site fidelity, and short periods of relative high mobility and home-site
shifts. Larger intra- and inter-pool movements were most often related to rises in river discharge.
There was also increased movement and home-site shifts by males but not females during the
breeding season. Diel behaviour was typified by sedentariness during the day and increased crepuscular and nocturnal activity. Habitat selection was for deep pools, and large boulders and
woody debris were preferred as cover. These results suggest that the maintenance and restoration
of quality habitat and natural flow regimes are essential for the ongoing conservation of remnant
populations of M. ikei and for the successful reestablishment of the species in areas where it has
become extirpated.
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The entrainment of waterways and ecologically
unsustainable land-use practices have permanently
disrupted the movement patterns of many aquatic
and terrestrial animal species (Jefferies et al. 2004,
Thirgood et al. 2004, Quinn 2005). The effect of these
activities has been a marked decline in the abundance of many species, particularly those that have
extensive home ranges and those that migrate as part

of their natural life history. As has been the case in
many river systems throughout the world, the
damming and regulation of Australia’s streams and
rivers has affected the movement and migration patterns of native fish species (Cadwallader 1978,
Walker 1985, Arthington & Pusey 2003). River regulation — in combination with, among other issues, the
loss of habitat, overfishing and the introduction of
non-native fish species — has brought about a dramatic decline in the abundance of many of the conti-
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nent’s freshwater fish species. It is estimated that
around 27 of Australia’s 300-odd freshwater fish species are now considered threatened with extinction
(Froese & Pauly 2013).
The movement behaviour and habitat use of freshwater fish has been the focus of extensive research
throughout the world, including Australia, mainly
because of the many issues now surrounding river
systems and naturally impounded waters. Such
research has included investigations of species that
migrate over many thousands of kilometres, through
to species in streams and impoundments, where individuals may move only a few hundred metres
throughout the entire study (McFarlane et al. 1990).
Fish move for a variety of reasons that can include:
obligatory migrations to spawning grounds (e.g.
Kynard 2003, Quinn & Myers 2004, Whitfield et al.
2012); voluntary movement when undertaking ontogenetic niche shifts (e.g. Kynard et al. 2003, Rosenberger & Angermeier 2003); or resource limitations
or disturbance compelling an individual to shift to
alternative habitats (e.g. Greenberg 1991, Harvey et
al. 1999, Crook 2004, Leigh & Zampatti 2013). However, while the reasons may be many, understanding
when and why an individual species moves or
changes habitat is an essential component of ensuring its long-term conservation.
The eastern freshwater cod Maccullochella ikei
Rowland 1985 is an Endangered species endemic to
the Richmond and Clarence River systems of northern New South Wales (Rowland 1993, Harris & Rowland 1996). One of the largest freshwater fish species
in Australia, M. ikei can attain lengths in excess of
1 m and weights over 40 kg (Rowland 1993, Butler &
Rowland 2008). A number of natural and anthropogenic-induced environmental events during the
20th century, which included combinations of
droughts, bushfires, flooding and releases of mining
waste, resulted in a significant reduction in the abundance and range of M. ikei. By the late 1970s the species was considered extirpated in the Richmond
River system, and only small extant populations
remained in isolated sub-catchments of the Clarence
River system (Rowland 1993, Butler & Rowland 2008,
2009). M. ikei is protected under State (Fisheries
Management Act 1994) and Commonwealth (Environment Protection and Biodiversity Conservation
Act 1999) threatened species legislation, and a range
of conservation actions have been implemented to
assist in the long-term conservation of the species
(New South Wales Fisheries 2004). These actions
include a total year-round ban on the take or targeting of M. ikei throughout its original range, restock-

ing programs (Rowland 2013), as well as a complete
fishing closure from August to October to protect
breeding individuals across the area encompassing
the species’ main remnant population (Butler & Rowland 2009).
There is little information available relating to the
movement patterns and habitat use of Maccullochella ikei (Butler 2009). A study by Butler (2001)
used radio tags to monitor the diel movements of 6
adult M. ikei over 2 mo within the lower sections of
the Mann River. No inter-pool movements were
recorded, and comparisons of movements in relation
to river discharge and water temperature were not
attempted. Unlike M. ikei, the other Australian freshwater cod species (M. peelii, M. macquariensis and
M. mariensis) have all been the subject of a number
of studies in regards to their movement and habitat
selection. In general, all 3 species exhibited similar
behaviours. Movement patterns were most often
characterised by long periods of relatively high
home-site fidelity interspersed with rapid and, in
some cases, long-distance movements (Simpson &
Mapleston 2002, Ebner & Thiem 2009, Koehn et al.
2009, Leigh & Zampati 2013). There were also generally strong associations with instream structure such
as woody debris for all 3 species (Simpson & Mapleston 2002, Ebner & Thiem 2009, Koehn 2009).
River discharge is one of the key parameters that
dictate the ability of fish to efficiently disperse in
lotic environments (Taylor & Cooke 2012, Radinger
& Wolter 2013). Whilst this applies particularly to
migratory species, potadromous fishes such as Australia’s freshwater cod species have also been
shown to use increases in river discharge to disperse (Simpson & Mapleston 2002, Koehn et al.
2008, Leigh & Zampatti 2013). A recent review of
the current environmental flow regulations for
Maccullochella ikei as part of the Water Sharing
Plan process in New South Wales (NSW Water
Management Act 2000) highlighted the poor understanding of the species-specific flow requirements
(Butler 2009). Additionally, the long-running proposal to dam and divert the waters of the Clarence
River and its tributaries (e.g. Page 1944, Rankin
and Hill Pty Ltd 1981, Snowy Mountains Engineering Corporation 2007) also has the potential to
threaten the long-term conservation of M. ikei if
the species is shown to undertake obligatory migrations or is reliant on flow to disperse.
The aim of the present study was to quantify the
movement patterns and habitat selection of Maccullochella ikei in relation to river discharge, water temperature and season.
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MATERIALS AND METHODS
Study area
The Mann River is located on the north coast of
New South Wales, Australia, and combined with the
Nymboida River makes up the largest sub-catchment
of the Clarence River system. The Mann River is considered relatively pristine and is largely unregulated,
with only light agriculture carried out throughout
most parts of the catchment and only small numbers
of low-level weirs, dams and road crossings affecting
fish passage across its headwaters (Ferguson et al.
1999a). The Mann River rises along the top of the
Great Dividing Range and in comparison to many
Australian rivers is relatively short and steep, falling
around 1500 m over a distance of about 200 km.
The lower Mann River catchment is classified as
confined river valleys with bedrock-controlled discontinuous floodplains (Ferguson et al. 1999a). The
channel morphology of the lower Mann is typified by
slow-flowing pool-runs up to 2 km in length and
100 m wide, separated by equally long stretches of
shallow rapid−riffle zones. Depth in pools can range
up to 11 m, with a mean of ~3 m (Butler 2001). Discharge can be highly variable in a typical year, with
seasonal rains often resulting in rapid rises in stream
heights of up to 12 m over periods of less than a
week. Generally, the highest discharge events occur
in autumn and early winter, with spring storms also
producing moderate rises of 1 to 3 m.
The focal area of the present study was approximately 30 km above the confluence of the Mann and
Clarence Rivers (29° 32’ S, 152° 29’ E) and included 3
consecutive pools ranging from 1.2 to 2 km in length
(see Butler & Rowland 2009). Sequences of rapid−
riffle−run habitats (see Armantrout 1998 for description) of varying length (100 to 500 m) and flow velocity separated the 3 pools. Instream substrate was primarily bedrock, boulders, cobbles and gravel, with
smaller areas of sand, mud and silt also present.
Bedrock shelves, boulders and small amounts of
woody debris provided the majority of instream
cover, with relatively large macrophyte beds also
present within all 3 pools. Riparian vegetation was
relatively sparse, and contained a mix of both native
and exotic plants.

Capture and tagging
Twenty-five Maccullochella ikei were captured for
tagging in late 2004 using boat electro-fishing and
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angling. Eight individuals were taken from each of
the 3 pools within the study area, with one taken
from a small pool between the 2 upstream pools. All
fish had a passive integrated transponder (PIT) tag
inserted in the dorsal muscle following capture and
were transported the same day to Grafton Fisheries
Centre (29° 37’ S, 152° 57’ E). Fish were housed in individual, aerated and partially covered 1000 l tanks,
with salt (NaCl) added to the water and maintained
at 2.5 to 3 g l−1 to reduce stress, prevent infection by
pathogens and promote healing (Selosse & Rowland
1990).
Fish were implanted with single-stage pulsing radio
tags (Model LT1 trailing whip antenna, 151 MHz,
Titley Electronics) 10 to 14 d post-capture. Tags
weighed on average (± SE) 20.7 ± 0.19 g in air and
had a predicted transmitting life of 365 to 420 d. Tag
implantation procedures and post-operative care followed those suggested by Butler et al. (2009). Fish
were sexed during the implantation procedure using
methods described by Rowland (1983). Fish were on
average 560 ± 60.8 mm in total length (TL) (range =
462−790 mm) and 2613 ± 1110.3 g in weight (range =
1133−6987 g) for females (n = 5), and 535 ± 18.1 mm
TL (range = 441−688 mm) and 1044 ± 233.5 g (range
= 968−4156 g) for males (n = 20).

Fish location techniques
All fish were released on the same day in midMarch 2005. No tracking was undertaken over the
first 10 d after release; 24 of the 25 fish were located
on Day 11 (Day 1 is 1 d post-release). Fish were subsequently located once weekly by boat or from the
bank (±1 to 2 m) using a hand-held Yagi antenna and
an Australis 26K Scanning Receiver (Titley Electronics). A Garmin GPS unit set to AMG WGS 1984
Datum was used to record the position at each fix
(± 6.0 m). Mobile underwater cameras (Sunkwang
Electronics) were also used throughout the study
to validate the positioning of fish and to observe
breeding behaviour (see Butler & Rowland 2009 for
detailed methodology). A number of meso- and
micro-habitat parameters were recorded at each
fish’s weekly location to determine habitat selection,
including cover type and stream channel type. Water
temperature was recorded every 4 h using a Gemini
Tinytalk TK-0014 data logger (Hastings Data-Loggers), positioned in the middle of the 3 pools in
~2.5 m of water.
Four fixed listening stations were placed at the
junctions and ends of the 3 pools to monitor inter-
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pool movements. Stations contained 2 independently tuned Australis 26K scanning receivers
attached to a data logger. Each logger continuously
scanned across all tag frequencies on a 3-s holdand-scan cycle, with arrival and departure times
recorded when a tagged fish passed. Signals were
received by two 3-element fixed Yagi antennas
(Model AY-3), positioned approximately 5 m from
the ground and directed upstream and downstream
of the tower. Based on dummy tag trials, the detection range of stations ranged from 200 to 400 m of
river length.
To determine the diel movement patterns of Maccullochella ikei, continuous tracking events were
undertaken within a single diel period in each month
from April to December (total = 10). Individuals were
located every 2 h within each period, starting and
ending at 17:00 h on successive days. All tracking
was carried out primarily in the uppermost of the 3
pools, but also in adjacent pools if tagged fish moved
out of the focal pool during the sampling period. Only
male fish were tracked during diel sampling, due to
the absence of females in the focal pool. The number
of individuals tracked within each sample was as follows: 7 in the first 3 events, 6 in the following 6 events
and 4 in the final event. Water depth was also
recorded at each fix.

Habitat availability
The line-transect method as described by Simonson et al. (1994) was used to provide an estimate of
the proportion of each cover type available within the
study area. Stations were established at 2 pool-run
sections (> 2 km) within the area occupied by tagged
fish during the study. Transects were 90° to stream
flow, and were spaced within each station at distances of 2 times the mean river width. The first and
last transects were at a distance of one-half the mean
width of the pool-run from the station’s start and end.
All cover types directly below the transect line were
measured to the nearest 50 cm. The start and end of
each cover type was estimated visually from the surface or by an underwater camera where water depth
exceeded 3 m. Cover types were: open water, bedrock (shelves), large boulder (> 500 mm), small boulder (200 to 500 mm), macrophytes and woody debris
(Armantrout 1998). Depth was also recorded across
each transect at intervals of 5 m.
A survey was undertaken of the total stream
length occupied by all tagged fish (n = 22.45 km) to
estimate the proportion of each stream channel

type available. Channel types were: pool, glide,
run, riffle, rapid, cascade and waterfall (see Ar mantrout 1998 for definitions). The survey involved
following the main thalweg of the river and recording the location of significant changes in the channel morphology across the stream width as a
whole. The start and end of each channel type was
estimated visually, and the position was recorded
using a Garmin 72 GPS unit.

Statistical analyses
Multilevel (among fish, within individual fish)
multinomial (movement: up, down, none) logistic
regression (MLR) modelling (MLwiN 2.02; Rasbash
et al. 2005) was used to compare the weekly movement patterns of Maccullochella ikei in relation to
river discharge, water temperature, season, sex and
TL. ‘Movements’ were considered only as those relocations greater than 100 m, primarily to establish
which parameters determined larger intra- and interpool home-site shifts. The distance moved was considered as the shortest length of stream between successive locations. River discharge was considered as
the peak discharge (height in m) for each week,
which was subsequently assigned to 1 of 4 categories: below the 70th percentile (< 0.656 m), between the 70th and 50th percentiles (0.656−0.821 m),
between the 50th and 30th percentiles (0.821−
1.243 m) and above the 30th percentile (>1.243 m).
Water temperature was taken as the mean for the
week, and seasons were classified as spring, summer, autumn and winter. The Wald statistic was calculated for each combination of factors and significance was tested using a Z normal distribution
(Rasbash et al. 2005). Wald statistics ≥1.96 were considered to be significant (2-tailed, p < 0.05). Least
squares regression analysis was used to determine
whether there was any relationship between the TL
of individual fish (ln) and the total stream length (ln)
it occupied across the entirety of the study.
Binomial (move, no-move) logistic regression (BLR)
modelling (MLwiN 2.02; Rasbash et al. 2005) was
used to compare the diel movement patterns of Maccullochella ikei in relation to season and TL. Additionally, multilevel linear models (MLM) were used
to establish relationships between diel activity and
both distances moved and water depths selected. For
the analysis, night was considered as 17:00−04:59 h
and day as 05:00−16:59 h. To allow for GPS and location errors, only those relocations greater than 10 m
were considered as a movement. Following initial
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analysis, only movement in spring was found to be
significantly different among seasons, allowing summer, winter and autumn data to be combined into 1
group.
Estimates of total available cover were calculated
by summing the occurrence of each cover type across
all transects combined and expressing the result as a
percentage of the total length of all transects. Total
available channel types were calculated as a percentage proportion of the total stream length surveyed. Cascades, waterfalls and rapids were combined for the analysis because of their relative low
occurrence. Selection ratio analysis (FishTel 1.4;
Rogers & White 2007) was used to determine cover,
channel type and depth choice. Bonferroni confidence intervals on the selection ratios were calculated to ensure all intervals contained their true values (Rogers & White 2007). Selection of a habitat type
was considered significant if the ratio was greater
than 1, or if the confidence interval on the ratio did
not contain the value 1. Conversely, avoidance was
demonstrated when ratios were less than 1 (Rogers &
White 2007). Kruskal-Wallis H-tests were used to
determine the significance of differences between
the weekly depths used by individual Maccullochella
ikei. Linear regression analysis was used to determine the relationship between the TL of individual
fish (ln) and the mean water depth (ln) in which they
were located.

RESULTS
Initial post-release movements
Dispersal and settlement of tagged Maccullochella
ikei post-release was primarily within release pools,
with individuals moving both upstream and downstream from their release points. Only one fish moved
out of its release pool during the first 11 d, moving
upstream through a series of riffles, rapids and pools
before establishing a home site in a large and relatively deep pool. On average, tagged M. ikei moved
507 ± 144 m (mean ± SE) from their respective
release sites over the 11 d post-release (range =
5−2583 m). Only 1 ind. returned to its original capture site, while 8 others were located within 100 m of
their original capture sites, a further 9 within 200 m
and the remaining 6 ranging from 250 to 2521 m.
During the 3 mo period following release, signals
from 7 of the tagged fish were lost. Missing fish were
not recorded moving past any of the listening stations, and losses were attributed to either transmitter
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failure or illegal retention by fishers. These fish were
subsequently excluded from any analyses. The remaining 18 (15 male, 3 female) individuals were
monitored up until Week 40. Signals from a further 7
individuals were then lost over the following 6 wk;
the remaining 11 (9 male, 2 female) fish were tracked
until Week 52 (Fig. 1).

Weekly movement patterns
Maccullochella ikei moved both upstream and
downstream throughout the study, and within pools
as well as among pools. Mean weekly movements of
tagged fish varied considerably for both males (range
= 36−1549 m) and females (range = 3−2417 m; Fig. 1).
Movement patterns were typified by extended periods of relatively sedentary behaviour and high homesite fidelity, followed by rapid, often large-scale, relocations. Waterfalls and riffle−rapid sections of the
river often halted relocations, and individuals in
many cases remained immediately downstream of
these barriers for extended periods until rises in river
height allowed passage. Larger longitudinal relocations tended to occur during periods of abovemedian discharge but in most cases after discharge
had peaked (Fig. 1). Movement before and during
large discharge events was mostly restricted to lateral relocations, often to flooded riparian vegetation.
Considerable among-individual differences were
recorded in the total stream length occupied, ranging
from 11 to 34 500 m (mean = 6938 ± 2627 m) for males
and 500 to 5700 m (mean = 2313 ± 1694 m) for
females. There was no significant relationship
between the size (TL) of individual fish and the total
length of stream it occupied (R2 = 0.1443).
Data collected from the fixed stations showed that
inter-pool movements occurred mainly at night
(17:00 to 05:00 h). Fish were also often recorded moving to the top or bottom of pools during the night
without moving into adjoining pools. In the few
instances where inter-pool movement was recorded
in daylight hours, it was generally in association with
high-discharge events. Discharge varied considerably throughout the year, with the most significant
rise occurring in June (Fig. 1). There were also
smaller increases in discharge throughout spring and
summer, driven primarily by localised storm events.
The lowest discharges were recorded in the months
immediately before and after the large flood event in
June. Daily river discharge ranged from 0.51 to
3.29 m height and 187 to 61 679 Ml flow, with means
of 0.85 ± 0.019 m and 2006 ± 261 Ml, respectively.
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Fig. 1. Maccullochella ikei. Mean (± SE) weekly movement (upstream: light grey bars; downstream: dark grey bars) of (a)
female and (b) male Mikei in the Mann River, Australia; (c) shows temperature (grey line) and river height (black line) data.
Vertical dotted lines indicate change in the number of tagged Maccullochella ikei over time

The larger intra- and inter-pool weekly movements
by Maccullochella ikei (>100 m) were primarily
related to increases in river discharge (Table 1). This
was particularly the case with upstream movements,
as there was significantly more movement when
discharge was above the 50th percentile compared
with when it was below the 70th percentile (MLR,
p < 0.01). Downstream movements were also influ-

enced by discharge, with flows > 30th percentile
resulting in significantly increased activity (MLR,
p = 0.02). There was significantly more movement
upstream in winter and spring than in summer
(Table 1). The greatest cumulative increase in distance moved by males also occurred during winter
and spring in comparison to other seasons (Fig. 1).
There was no significant difference in downstream
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Table 1. Partial coefficients and probability values for multinomial logistic regression analysis of weekly movement patterns
of Maccullochella ikei. The reference categories for discharge and season are: below the 70th percentile and summer,
respectively
Variable

No vs. upstream movement
Coefficient (± SE)
p

Discharge
Between 70th & 50th percentiles
Between 50th & 30th percentiles
Above 30th percentile

No vs. downstream movement
Coefficient (± SE)
p

0.245 (0.302)
1.072 (0.365)
0.995 (0.351)

0.42
< 0.01
< 0.01

–0.218 (0.275)
0.329 (0.358)
0.770 (0.320)

0.40
0.36
0.02

Mean weekly temperature

−0.105 (0.041)

0.01

−0.003 (0.044)

0.97

Season
Spring
Autumn
Winter

−0.758 (0.356)
−0.722 (0.457)
−1.200 (0.611)

0.03
0.11
0.05

0.316 (0.362)
0.029 (0.456)
0.398 (0.642)

0.38
0.95
0.54

movement in any season. Likewise, there was no significant relationship (p > 0.05) between movement
and size (TL) or sex.
Water temperature varied considerably throughout
the study. The lowest temperature was recorded in
the first month of winter (June = 12.2°C) and the
highest in mid-summer (January = 31.6°C; Fig. 1).
Changes in water temperature, while primarily
related to seasonal variations, were also influenced
by changes in river discharge. River rises in most
cases resulted in a corresponding decline in temperature by up to 7°C (Fig. 1). Water temperature also
influenced the movement of Maccullochella ikei, as
there was a negative relationship between rising
water temperature and upstream movement (MLR,
p = 0.01; Table 1). There was no significant relationship between water temperature and downstream
movement (MLR, p = 0.97).

3920 m (mean = 945 ± 527.7 m), and the longest
movements were upstream. Nesting lasted between
4 and 5 wk, and there was little or no apparent movement during this period. Nest sites were subsequently abandoned at the completion of the breeding
cycle. Only one fish subsequently returned to its
breeding site during the remainder of the study. Over
a 2-wk period following the abandonment of nesting
sites, all individuals returned to the general area they
occupied prior to breeding. No significant increase in
activity by females was observed during this period.

Diel movement patterns
There were significantly more movements >10 m
during the night than during the day (BLR, p = 0.02;
Fig. 2). The longest mean movements occurred between 05:00 and 07:00 h (mean = 90 ± 16.3 m) and
17:00 and 19:00 h (mean = 88 ± 18.7 m), while the

Spawning season movements

Mean distance moved (m)

120

Based on visual observations by
underwater camera, 7 of the 15 tagged
male Maccullochella ikei spawned during September, and a further 4 males
established nesting sites but did not
spawn. All males that successfully
spawned had relocated from their previous week’s position, moving both
upstream and downstream and within
pools as well as among pools. All sites
used for breeding had not been used by
any of the tagged males previously during the study. Distance moved from the
previous week’s fix ranged from 31 to

100
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Fig. 2. Maccullochella ikei. Distance moved by fish during diel sampling
(night: grey; day: white). Data are means ± SE
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Selection ratio

Table 2. Partial coefficients and probability values for binomial logistic regresleast amount of movement occurred
sion analysis and multilevel linear modelling of diel movement patterns of
between 11:00 and 13:00 h (mean =
Maccullochella ikei. The reference categories for time and season are day and
26 ± 6.1 m; Fig. 2). There was also
spring, respectively. Length: total length
significantly more activity in spring
compared with autumn, winter and
Model and variables
Coefficient (± SE)
p
summer (BLR, p < 0.01; Table 2). Increased activity during early spring
Model 1: Movement (>10 m) vs. no movement (binomial)
coincided with the breeding season,
Time
4.609 (1.901)
0.02
Length
0.003 (0.002)
0.22
and 2 of the tagged fish included in
Season
1.113
(0.180)
<
0.01
diel tracking spawned in early SepTime × Length
−0.007 (0.004)
0.04
tember. Movement of nesting males
Model 2: Distance (ln) moved (linear)
during diel tracking was negligible,
Time
3.914 (0.116)
< 0.01
with no movements >1 m recorded
Model 3: Water depth (ln) (linear)
from the nest site.
Time
1.219 (0.151)
< 0.01
There was no significant relationship between diel movement and size
4
(TL) (Table 2). However, when size and time (day,
night) were considered together, smaller males were
3
significantly more likely to undertake movements
>10 m at night than during the day (BLR, p = 0.04).
2
Overall, the distances moved by Maccullochella ikei
were significantly greater at night than during the
1
day (MLM, p < 0.01). There was also a significant
relationship between movement and water depth
used by M. ikei during the day and night (MLM, p <
0
Fast
Riffle
Run
Glide
Pool
0.01). The behaviour was consistent across 6 of the 7
Channel
type
fish monitored, while the remaining fish used the
Fig. 3. Maccullochella ikei. Selection ratios and Bonferronisame mean depth (6.8 m) during both day (± 0.40 m)
adjusted 95% confidence intervals of channel type used by
and night (± 0.38 m). On average, M. ikei used water
M. ikei (n = 18; total number of observations = 807)
depths of 4.36 ± 0.145 m during the day and 3.81 ±
0.145 m at night.
for pools (Fig. 3), with 88% (n = 18, number of observations = 807) of all weekly fixes within pool habitats.
Habitat selection
Fast water, riffles and glides were rarely used (< 3%)
in comparison to their relative availability (42%).
Generally, Maccullochella ikei utilised slow-water
There was neither a preference nor avoidance of run
habitats, most often in association with cover. Habitat
habitats (Fig. 3).
shifts occurred regularly for some individuals, while
Maccullochella ikei used a range of cover types
others changed rarely and often for only short periincluding boulders, woody debris, macrophytes and
ods before returning to their original site. During
bedrock shelves. A number of individuals were also
high-discharge events M. ikei mainly occupied
located at times in open-water habitats, and these
ephemeral backwaters and edge habitats, with inunlocations were often associated with water depths
dated riparian vegetation often used as cover. During
> 3 m. M. ikei exhibited a significant preference for
the breeding season, males continued to use poollarge boulders (used = 35%; expected = 9%) and
run sections of the river, and all nesting sites (n = 7)
woody debris (used = 8%; expected = <1%) (Fig. 4).
were located under either large boulders or bedrock
All other cover types were avoided in comparison to
shelves.
their relative availability (Fig. 4).
The river channel was dominated by slow-water
There were significant differences between the
habitats: pools (49%), glides (18.3%) and runs
weekly water depths used by Maccullochella ikei
(7.5%). Riffles (12.7%) and rapids (12.2%) were the
(Kruskal-Wallis H, p < 0.01). The mean depths used
most abundant of the faster water habitats, while casby individual fish ranged from 1.7 ± 0.12 to 7.6 ±
cades and waterfalls made up < 0.5%. Maccul0.37 m, compared with the mean available depth of
lochella ikei demonstrated a significant preference
1.9 ± 0.07 m. There was a significant avoidance by M.
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ikei of waters less than 1 m, but all other depths were
used in relative proportion to their availability
(Fig. 5). M. ikei were most frequently associated with
water depths between 1 and 3 m (67%), while only
10% of locations were in waters exceeding 5 m.
There was no significant relationship between body
length and the mean depth of water used (R2 = 0.002).

DISCUSSION
Movement patterns
The majority of Maccullochella ikei in the present
study returned to the vicinity of their capture site
when released, despite the extended period they
spent removed from the river, suggesting some
degree of homing. The experimental displacement of
the Australian native freshwater fishes trout cod
Maccullochella macquariensis (Ebner & Thiem 2009)
and golden perch Macquaria ambigua (Crook 2004)
resulted in similar behaviour, with both species homing in excess of 2 km after being relocated. Similarly,
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Fig. 5. Maccullochella ikei. Selection ratios and Bonferroniadjusted 95% confidence intervals of depth categories used
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in a separate study involving M. macquariensis in the
highly regulated Murray River, Koehn et al. (2008)
reported that individuals regularly returned to homesites after movements >1 km. Among Australia’s
other cod species, the Mary River cod Maccullochella
mariensis homed to specific log piles after absences
of up to 3 mo (Simpson & Mapleston 2002), and Murray cod Maccullochella peelii has also been reported
to home after taking large-scale, mainly upstream
movements of 50 to 130 km (Koehn et al. 2009, Leigh
& Zampatti 2013).
There was further evidence of post-breeding homing by Maccullochella ikei in the present study. The
relatively large-scale breeding and homing movements by M. ikei have also been reported for other
Australian percichthyids including Maccullochella
peelii (Reynolds 1983, Koehn et al. 2009), Macquaria
ambigua (Reynolds 1983, O’Connor et al. 2005) and
estuary perch Macquaria colonorum (Walsh et al.
2012). All species have been reported to relocate
large distances to breed before returning to the vicinity of their original home-site some months later.
Post-breeding homing by M. ikei in the present study
highlights the need for sufficient river discharge not
only to allow movement to spawning sites but also to
allow individuals to return to pre-breeding areas
after breeding.
The movement patterns of Maccullochella ikei
were somewhat predictable but were also often individualistic in nature, as there was no clearly definable period where all individuals behaved the same.
However, the majority of individuals did exhibit 2
clear patterns of behaviour at different times during
the study: (1) extended periods of restricted movement and strong home-site fidelity, and (2) periods of
relatively high mobility, often resulting in large-scale
relocations and the establishment of new home sites.
The movement patterns of M. ikei somewhat reflect
the ‘restricted movement’ model proposed for the
behaviour of adult stream fishes (Gerking 1959,
Smithson & Johnston 1999, Rodriguez 2002), but are
possibly better described by the ‘home range shift’
model suggested by Crook (2004) to describe the
movements of Macquaria ambigua in the Broken
River, Australia. Crook (2004) proposed that movement of Australian adult riverine fish is primarily
restricted to core areas or home sites in which the
majority of activities occur, and that home-range
shifts are facilitated by factors such as external disturbances, competition or movements associated
with the species’ life history. Recent studies involving
2 of Australia’s cod species, Maccullochella macquariensis (Ebner et al. 2007) and Maccullochella peelii
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(Leigh & Zampatti 2013), have suggested that the
behaviour of these species may be more complex
than that proposed by Crook (2004), and could
include ‘return home-range shifts’ in the case of M.
macquariensis, and differing movement types within
and between anabranch and main channel habitats
in the case of M. peelii. However, as with M. ikei in
the present study, the overall behaviour of both species in these studies still fits the ‘home range shift’
model, in that there were extended periods of
localised small-scale home-range movements, interspersed with home-range shifts for breeding, dispersal or simple ‘exploratory’ movements.
The stream length occupied by Maccullochella ikei
in the present study is somewhat smaller than that
reported for other Australian freshwater cod taxa
(e.g. Simpson & Mapleston 2002, Ebner & Thiem
2009, Koehn et al. 2009). The differing behaviour is
most likely due to the spatially complex nature of the
Mann River, where natural barriers such as rapids
and waterfalls can frequently restrict the movement
of fish. Simpson & Mapleston (2002) reported that the
home range of the closely related Maccullochella
mariensis was often restricted by natural log piles or
riffles, whilst Ebner et al. (2007) proposed that rapids
and riffles may constrain normal ranging behaviour
of Macquaria macquariensis in upland rivers in
south-eastern Australia. Globally, barriers such as
road crossings (Warren & Pardew 1998, Gibson et al.
2005) and rapids and riffles (Schlosser 1995, Schaefer
2001) have been shown to restrict the home range of
stream fishes, resulting in upstream habitats effectively being biologically disconnected for extended
periods of time.
The restricted movement and use of refugia by
Maccullochella ikei during extreme discharge events
has been reported for very few of Australia’s largerbodied freshwater fish. Generally, flooding in Australian rivers has been more often associated with
large-scale relocations of large-bodied fish (e.g.
Reynolds 1983, Koehn et al. 2008, Reinfelds et al.
2013), rather than small lateral movements to refugia, such as M. ikei undertook in the present study.
However, M. peelii (Koehn 2009), and the congeneric
2-spined blackfish Gadopsis bispinosus (Broadhurst
et al. 2011) and river blackfish Gadopsis marmoratus
(Koster & Crook 2008), were reported to use inundated riparian vegetation as cover during high discharge events in a number of rivers in south-eastern
Australia. Fish assemblages in smaller, fast-flowing
systems commonly resist floods by using submerged
riparian vegetation as cover (Matheney & Rabeni
1995, Franssen et al. 2006) or by making small-scale

movements into areas of lower discharge (David &
Closs 2002). It appears that both these strategies are
used opportunistically by Australian fish species,
including M. ikei in the Mann River, to escape high
discharge events.
Increased movement during late winter and spring
by male fish in the present study is comparable to the
behaviour of other Maccullochella taxa during the
same period (Simpson & Mapleston 2002, Koehn et
al. 2008, 2009). Such movement has been hypothesised to be related to breeding, with Australia’s other
freshwater cod thought to migrate and breed before
undertaking a return migration some months later.
While there is no clear delineation between the terms
migration and movement, generally migration is considered to be a continuous and direct movement from
one location to another, and usually from one habitat
type to another, such as from freshwater to saltwater
(Gerking 1959, Tsukamoto et al. 2009). The behaviour of M. ikei males during the breeding season in
the present study was not indicative of migration, as
individuals moved sporadically both upstream and
downstream before spawning. There was also considerable variation in the distances moved, with one
individual moving over 20 km and not spawning,
whilst another moved only 31 m and spawned. Such
behaviour would suggest that movement to breed is
not obligatory for M. ikei, but is related more to the
proximity of suitable spawning sites and as such cannot be considered a true migration.

Movements in relation to river discharge
The strong association shown between river discharge and movement of Maccullochella ikei in the
present study has underlined the importance of protecting flows at all times of the year to allow the species to disperse. Unregulated river systems such as
the Mann naturally have a high level of spatiotemporal heterogeneity (Ward 1989, Richter at al.
1998). During periods of low flow, these types of systems can often become fragmented and as such the
capacity of fish wanting to relocate to undertake
activities such as feeding or reproduction is temporarily diminished (Schlosser 1995). M. ikei used
increases in discharge to move through shallow sections of the river and to move over larger instream
barriers such as rapids and waterfalls. Unlike rivers
such as those in Australia’s heavily regulated MurrayDarling River system, where many of the barriers are
anthropogenic and can be remedied with artificial
structures such as fish ladders, the majority of barri-
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ers restricting the movement of M. ikei in the Mann
River are natural and cannot be removed or justifiably bypassed with similar structures. As such, increases in river discharge are the only means by
which M. ikei can move over larger barriers into
adjoining pools.
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The diel movement patterns of Maccullochella ikei
were dominated by increased nocturnal activity, with
the largest movements occurring around the crepuscular periods of dawn and dusk. Generally, M. ikei
used cover or areas of deeper water during the day
and more open and shallower areas during the night.
Increased nocturnal activity is not uncommon among
stream fishes, as many use the cover of darkness to
move between home sites or to feed (e.g. Matheney
& Rabeni 1995, Beauchamp & Van Tassell 2001,
Koster & Crook 2008, Thiem et al. 2008). Increased
crepuscular activity is also common among many
freshwater fishes (Reebs 2002), including Australian
species such as Maccullochella mariensis (Simpson &
Mapleston 2002), Maccullochella macquariensis
(Thiem et al. 2008), Gadopsis bispinosus (Broadhurst
et al. 2011, Broadhurst et al. 2012) and Australian
bass Macquaria novemaculeata (Harris 1985).
The nocturnal behaviour of Maccullochella ikei is
consistent with that of an active forager, with individuals during the present study roaming over larger
areas, moving into adjoining pools, used shallower
habitats and sharing home ranges at night. Similar
behaviour has been observed in other foraging freshwater fishes, with most reported to move mainly
between dusk and dawn (Matheney & Rabeni 1995,
Beauchamp & Van Tassell 2001, Broadhurst et al.
2011). The foraging strategy used by M. ikei differs
somewhat from the original hypothesis that the species is primarily a solitary ambush opportunist, using
cover to hide and capture passing prey as it presents
(Harris & Rowland 1996). However, the positioning of
some individuals at the base of rapids at night, and
the strong association with cover during the day, suggests that ambushing prey may still play a part in the
species’ overall feeding strategy.

et al. 2002, Rosenfeld 2003). Fish in rivers and
streams use the concealment provided by instream
structure to ambush prey and avoid predators, and as
shelter in areas of high stream velocity (Grossman &
Freeman 1987, Savino & Stein 1989, Cunjak 1996).
The selection of boulders by M. ikei is, however,
somewhat different to that of the other 3 Maccullochella taxa, which have all been reported to exhibit
a strong preference for woody debris (e.g. Simpson &
Mapleston 2002, Growns et al. 2004, Nicol et al. 2007,
Ebner & Thiem 2009, Koehn 2009). The difference in
habitat selection is most likely a reflection of relative
availability, as woody debris is the most abundant
cover type in the river systems which the other 3 cod
species now principally inhabit (Crook & Robertson
1999). Whilst M. ikei mainly selected boulders and
woody debris, individuals also used macrophytes,
bedrock shelves, and deep and open water as cover
on a number of occasions. Such habitat selection suggests that the quality and proximity of cover can
often be of greater importance than the specific type,
as has been suggested for other fish species (Meffe &
Sheldon 1988, Cunjak 1996, Harvey et al. 1999).
Many potamodromous fish species have been
shown to travel large distances to spawn (e.g. Pellett
et al. 1998, Zigler et al. 2003, Godinho & Kynard
2006). Whilst it is not the situation in all cases, often
these movements involve a shift to different types of
habitat. For example, the Connecticut River shortnose sturgeon Acipenser brevirostrum migrates to
areas containing distinct rocky substrate (Kynard
2003) to reproduce, while northern pike Esox lucius
in the Great Lakes Basin move from the main river
channel into flooded wetlands and marshes to breed
(Casselman & Lewis 1996). However, while all
breeding males in the present study had moved from
their previous week’s position, the habitat selected
was the same as that used outside of the breeding
season. Research into the breeding behaviour of
Maccullochella ikei has shown that there is strong
intra-specific competition for spawning sites (Butler
& Rowland 2009). The pre-breeding movements of
M. ikei may therefore be a case of resident males
simply being excluded from their selected site by
more aggressive conspecifics, necessitating a shift to
the nearest available suitable site.

Habitat selection

Management implications

The strong selection of instream cover by Maccullochella ikei in the present study is not uncommon
among freshwater fish (Pearsons et al. 1992, Talmage

The behaviour of Maccullochella ikei in relation to
river discharge in the present study generally validates previous recommendations made regarding

Diel movement patterns
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the species’ flow requirements (Johnson et al. 1987,
New South Wales Fisheries 2000). One of the key
suggestions made in the past was that flow regimes
should be maintained as near to natural as possible.
However, defining the natural flow in most streams
and rivers throughout the world is now difficult, as
most have been altered or modified to at least some
degree (Walker 1985, Kingsford 2000, Roni 2005).
Poff et al. (1997) stated that successful river conservation or restoration may fail if the dynamic and individual nature of a flowing water system is not recognised. Any flow management strategy implemented
for M. ikei should therefore aim to minimise flow stabilisation and incorporate provisions that will allow
periodic flooding to facilitate dispersal (McMahon
1986, Poff et al. 1997, McMahon & Finlayson 2003).
The selection of pools by Maccullochella ikei has
highlighted the need to preserve and, where possible, restore deep-water habitats as part of ongoing
conservation activities. Many of the coastal streams
and rivers of eastern Australia have been subject to
significant sedimentation and infilling since European settlement (Ferguson et al. 1999b, Dawson
2002). To date, habitat restoration programs for the
species have focused mainly on restoring stream connectivity and revegetating along riparian zones,
rather than activities such as pool reclamation (e.g.
New South Wales Department of Primary Industries
2006). Whilst a catchment-wide approach is required
to ensure the long-term restoration and integrity of
pools, in the short-term a more direct approach could
potentially be implemented. Such a strategy could
include adding physical structures to create pools by
damming, and over the longer term via scouring, or
the direct creation of pools through the removal of
sediment by dredging (Armantrout 1991, Roni et al.
2005).
The information presented in this paper provides
direction for the future conservation and management of Maccullochella ikei, but also for the management of other large freshwater fish species. The
strong relationship shown between increases in river
discharge and increased movement by M. ikei highlights the importance of maintaining or implementing flow regimes that mimic natural flows. River discharge was shown to be particularly important not
only during the breeding season, when M. ikei
moved to locate spawning habitat and to home postbreeding, but also at other times of the year, when
they moved between pools to change home sites or to
feed. The present study also revealed the role natural
barriers play in unregulated river systems in restricting the movements of large-bodied freshwater spe-

cies such as M. ikei. Additionally, the strong preference shown for instream cover and for pools further
reinforces the need to preserve areas of undisturbed
habitat and emphasises that habitat rehabilitation
must play an integral part in any future conservation
programs for the species. The use of inundated riparian vegetation by M. ikei as refugia during high flow
events has also added another dimension to the
importance of preservation and restoration of riparian zones to ensure the conservation of riverine
fishes. In conclusion, the present study has highlighted the need for a holistic approach that encompasses both the terrestrial and aquatic environments
when managing large-bodied riverine fish species
such as M. ikei.
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