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Summary
Background
North Central CMA and Goulburn Murray Water (GMW) implemented a ‘Murray cod hydrograph’ for
the first time over the 2013–14 irrigation season (i.e. mid-August 2013 to mid-May 2014). The objective
of the ‘Murray cod hydrograph’ is to embed environmental water into the prescribed irrigation flow
regime of Gunbower Creek to facilitate successful spawning and recruitment of Murray cod. In late 2013
a monitoring program was designed and implemented to test the conceptual model of Murray cod
flow/life history requirements. This program used the occurrence of Murray cod larvae during the
delivery of the Large-Bodied Fish (LBF) hydrograph as direct evidence for the occurrence of Murray cod
spawning during the delivery of the optimised hydrograph. The monitoring program detected larval
Murray cod at the majority of sites and concluded that the 2013/14 flow manipulation was a success.
Since 2013 a concerted effort has been made to optimise flow delivery to match the spawning and
recruitment requirements of Murray cod. In 2018/19 an altered version of the LBF hydrograph was
delivered due to watering of Gunbower Forest via the Hipwell Road Channel and associated capacity
constraints. The altered hydrograph entailed a lower target flow rate over spring/summer than was
used in 2013/14. The objective of this study was to replicate the larval fish sampling approach used
during the previous monitoring program, to compare spawning and recruitment of the fish community
in Gunbower Creek during the delivery of the altered hydrograph (2018/19), with that of the optimised
LBF hydrograph delivered in 2013/14. No larval monitoring was undertaken during the 2014/15–
2017/18 period.
Results
There were some similarities and a number of notable differences between the results of the current
study (spring 2018) and the previous (spring 2013) study. Most notably, much less Murray cod larvae
were detected; 123 in 2013 versus 22 in 2018. Other notable differences included:


The 2018 peak spawning date for Murray cod in Gunbower Creek was limited to a single peak
(30 October) compared with two peak periods in 2013 (21–29 October and 22–23 November);



No Murray cod were detected at the control sites (i.e. upstream of Cohuna Weir) in 2018 (11
were detected in 2013);



Most Murray cod larvae were detected at the Koondrook boat ramp site in 2018; in contrast,
this was the only site where Murray cod larvae weren’t detected in 2013;



A much higher number of Carp Gudgeon and Flatheaded Gudgeon were captured in 2018
compared with 2013;



No eggs were detected in drift samples in 2018 (21 were detected in 2013);

Notable similarities included:


Murray cod spawned throughout the November to early December sampling window;



The relatively poor performance of drift nets compared with light traps; and



The Yarran Creek site being a hotspot for Murray cod larvae (relative to other sites).
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Discussion and recommendations
Our analysis could not detect an effect of the flow scenario on the spawning intensity of any of the
species observed in our data set. We found that while spawning intensity changed for some species
between 2013 and 2018, it changed equivalent in both the flow-effected sites (treatment) and the flowunaffected sites (control).
It is plausible that the significant decrease in the abundance of Murray cod larvae in 2018 compared
with 2013, could be partially or entirely explained due to Murray cod spawning earlier (e.g. due to an
earlier rise in water temperatures) and the peak period for larval cod abundance was subsequently
missed. This possible explanation is supported by higher temperatures in October 2018 compared with
October 2013 and by the higher larval Murray cod abundance detected during the first sampling event
compared with the subsequent three events.
Despite a significant reduction in the abundance of larval Murray cod in 2018 compared with 2013, the
data analyses indicate that the differences cannot be attributed to the altered hydrograph. This was
expected considering Murray cod larval abundance has previously been shown to be highly variable in
time and space and not correlated to discharge, but better explained by factors such as year, day length
and moon phase, all variables that may override within season variations such as daily flows and
temperatures. It is likely that additional control sites and multiple seasons of data under each flow
regime would be required to ascertain the influence (if any) that the altered LBF hydrograph (compared
with the fully implemented LBF hydrograph) has on the spawning success of Murray cod in Gunbower
Creek.
This study confirmed that Murray cod still spawn in Gunbower Creek during implementation of the
altered hydrograph. Critical components of the hydrograph were still implemented, such as maintaining
winter baseflows and a reduction in daily flow variation. Murray cod spawning is known to occur under
a range of flow, so it should be remembered that the provision of elevated flows in spring/early summer
is not intended nor expected to provide a flow cue to spawn, but to improve habitat hydrodynamic
diversity and stimulate increases in productivity and food resources for larval and juvenile Murray cod,
enhancing their prospects of survival and recruitment into the population. A range of factors including
flow conditions, water temperature, habitat availability, food availability and predation are expected
likely to influence Murray cod larvae and juvenile survival rates and recruitment.
The earliest larval stages (protolarvae and flexion) of Murray cod were only captured in drift nets.
However, the results of this study again demonstrated the high efficacy and cost effectiveness of light
traps relative to drift nets, for sampling larval Murray cod in Gunbower Creek. The use of drift nets for
future monitoring should essentially be avoided unless there is a particular desire to capture Murray cod
from the earliest larval stages, in which case they should only be used in sections of the creek where
hydraulic diversity is sufficient (i.e. where there are areas with higher flow velocities) to warrant and
facilitate their effective use.
Future larval monitoring should incorporate a greater proportion of the Murray cod spawning season
(i.e. October to December), otherwise it is unknown whether differences between years are real or a
reflection of whether the peak of the spawning season was captured or missed. In this regard, a
fortnightly sampling frequency over a longer sampling window is likely to be superior to a more
intensive sampling frequency over a smaller sampling window.
Final 1
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Additional control sites, additional gear replication and the collection of monitoring data from additional
seasons and hydrograph delivery scenarios is likely to be required to improve the statistical power of the
sampling design and enabling the program to determine the influence of the delivery of different
hydrographs. In addition to increasing statistical power, the deployment of a greater number of light
traps per site may allow microhabitat preferences (e.g. macrophytes, woody debris) and the relative
performance of deployment position (e.g. placed on substrate or suspended in water column) to be
determined.
The current study has demonstrated that Murray cod are still able to successfully spawn under the
altered hydrograph (an average daily flow of 400 ML/day at Cohuna Weir), a hydrograph that may
continue to be required during years where the Hipwell Road Channel is used to water Gunbower Forest
until capacity constraints are addressed.
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1
1.1

Introduction
Overview
North Central CMA and Goulburn Murray Water (GMW) implemented a ‘Murray cod hydrograph’ for
the first time over the 2013–14 irrigation season (i.e. mid-August 2013 to mid-May 2014). The
hydrograph was devised and implemented to address concerns about the low abundance and fractured
population structure of Murray cod in Gunbower Creek as had become evident during the annual TLM
(The Living Murray) condition monitoring. The hydrograph was developed by expert fish ecologists,
North Central CMA Gunbower Forest project staff and GMW water operations staff at a ‘fish and flows’
workshop in June 2013. The objective of the ‘Murray cod hydrograph’ is to embed environmental water
into the prescribed irrigation flow regime of Gunbower Creek to facilitate successful spawning and
recruitment of Murray cod. The hydrograph subsequently became known as the large-bodied fish
hydrograph (referred to hereafter as the LBF hydrograph) in recognition of some broader potential
benefits to other large-bodied native fish species.
In late 2013 a monitoring program was designed and implemented to test the conceptual model of
Murray cod flow/life history requirements, by examining the hypothesis that ‘Native fish populations at
Gunbower Island are constrained by limited spawning success in Gunbower Creek, as a result of an
inappropriate flow regime’ (Sharpe et al 2015). This program used the occurrence of Murray cod larvae
during the delivery of the Large-Bodied Fish (LBF) hydrograph in 2013 as direct evidence for the
occurrence of Murray cod spawning during the delivery of the optimised hydrograph, based on the
assumptions that larval drift from the Murray River (~60 km upstream of the study area) was unlikely
because there was minimal chance of downstream drift due to the distance involved, slow flows and
five upstream impeding barriers. Sharpe et al (2015) included two sites within a control reach; with the
control reach not being directly influenced by the flow manipulation of the optimised hydrograph.
Sharpe et al (2015) detected larval Murray cod at the majority of sites and concluded that the 2013/14
flow manipulation was a success. A series of recommendations were made including further
development, implementation, evaluation and revision of the LBF hydrograph in consultation with North
Central CMA and GMW.
Since 2013 a concerted effort has been made to optimise flow delivery to match the spawning and
recruitment requirements of Murray cod. In 2018/19 an altered version of the LBF hydrograph was
delivered due to watering of Gunbower Forest via the Hipwell Road Channel and associated capacity
constraints. The altered hydrograph entailed a lower target flow rate over spring/summer than was
used in 2013/14.
The objective of this study was to replicate the larval fish sampling undertaken by Sharpe et al (2015), to
compare spawning and recruitment of the fish community in Gunbower Creek during the delivery of the
altered hydrograph (2018/19), with that of the optimised LBF hydrograph delivered in 2013/14. No
larval monitoring was undertaken during the 2014/15–2017/18 period.

Final 1

11

Murray Cod larval monitoring: Spring 2018

1.2

Large-bodied fish hydrograph (LBF hydrograph)
The conceptual Murray cod hydrograph was devised by Stuart (2012) and is shown in Figure 1.

Figure 1

Gunbower Creek Murray cod hydrograph conceptual diagram (Stuart 2012)

The initial seven components of the hydrograph outlined by Sharpe et al (2015) are:


Lowering of the Koondrook weir pool for 5 months during the breeding season to reduce the
extent of the weir pool and provide increased hydrodynamic diversity;



A relatively smooth irrigation ramp up/spring rise over 6 weeks to facilitate Murray cod egg
maturation and stimulate littoral production processes;



An October ramp up (2 weeks) intended to cue fish to move to spawning habitat and to
spawn;



A steady elevated flow over mid-October to mid-December for the males to guard the nest,
and larvae to emerge. The objective is to prevent drops in river level of 0.3 m, which causes
adult fish to abandon the nest;



A gradual drawdown over 8 weeks for larvae to feed and move into littoral areas;



End of system flows at over Koondrook weir to maintain elevated water levels and
hydrodynamics in the weir pool during the spawning period; and



Autumn/winter baseflow over 5 months to enhance larval fish survival.
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The LBF hydrograph has been further developed and refined over time by North Central CMA in
consultation with GMW to ensure that the hydrograph includes adequate consideration of operational
constraints such as the periodic operation of the Hipwell Road channel regulator and mitigation of
flooding risk for private properties downstream of Cohuna Weir (North Central CMA 2017). Further
minor refinements are made as required and are included in annual Environmental Water Delivery
Plans. An example of the refined LBF hydrograph included in the 2017–18 plan (North Central CMA
2017) is presented below in Figure 2.

Figure 2

Refined LBF hydrograph (Mean ML/day at Cohuna Weir) based on due consideration
of operational constraints, with flow components (North Central CMA 2017).

The refined LBF hydrograph includes five components based on the original components and listed as
follows:


Spring rise



Stable flows



Littoral zone



Ramp down



Winter flows

The differences between the refined LBF hydrograph (Figure 2) and the original (Figure 1) include the
missing two components (end of system flow and lower level of Koondrook Weir) together with some
differences in the flow levels and flow duration. Most notably:


The retention of elevated flows (600 ML/day) until late February (Littoral zone) instead of a
gradual drawdown between mid-December and mid-February; and



The retention of elevated flows (400 ML/day) between March and May (Ramp down), rather
than a gradual drawdown to normal operations (without the high daily fluctuations) occurring
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between mid-December and early February, followed by commencement of winter baseflows in
April.

1.3

Operational constraints and the altered LBF hydrograph
The following operational constraints and principles have been identified and agreed to between North
Central CMA and GMW (North Central CMA 2017):


Delivery of the LBF hydrograph remains a priority even if the Hipwell Road Channel is
operated;



In planning for the operation of the Hipwell Road Channel, a target flow rate for Gunbower
Creek at Cohuna Weir will be agreed. Nominally, the minimum flow rate at Cohuna Weir
should not be less than 300 ML/d but this will be negotiated at each operation;



There is a capacity constraint of 700 ML/d downstream of Cohuna Weir to prevent flooding of
private land;



There is also a flow constraint of 800 ML/d at Gunbower Weir, also to reduce flooding risk;



Ramp up and ramp down between flow components should not exceed greater than 50
ML/d; and



If a hypoxic blackwater event occurs and water quality in the Murray River is extremely poor,
consider halting environmental water deliveries in Gunbower Creek to preserve water quality;



At Thompson’s Weir, preemptive rights impact on the ability to deliver more than 800 ML/d
passing the weir;



GMW operations require a minimum of 10 days notice for operational orders or changes from
the time an order is made; and



Flows take approximately 4 days travel time to reach Hipwell Road and 7 days travel time to
reach Koondrook Weir

In 2018–19 the operation of the Hipwell Road Channel resulted in the delivery of the altered LBF
hydrograph. This hydrograph is essentially a flattened and simplified version of the LBF hydrograph,
consisting of a target flow rate of 400 ML/day at Cohuna from mid August to mid March, followed by a
two month autumn flow rate of 300 ML/day and three month winter flow rate of 200 ML/day (see
Figure 3).
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Figure 3

The altered Gunbower Creek hydrograph delivered in 2018/19 due to operation of the
Hipwell Road Channel.

In 2018, GMW revised their maximum environmental flow target at Cohuna Weir, down from a holding
discharge of 700 ML/day to 500 ML/day (Will Honybun pers. comm. 2019). This necessitated a further
revision of the operational LBF hydrograph for 2019/2020. Although, yet to be finalised, an example
under consideration is as follows:

Figure 4

Final 1

Example of a draft revised operational LBF hydrograph incorporating the new 500
ML/d constraint at Cohuna Weir
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In addition to the peak flow rate decreasing from 700 ML/day to 500 ML/day, this hydrograph uses a
lower flow for the littoral zone component (400 ML/day instead of 600 ML/day and a lower flow for the
autumn ramp down component (300 ML/day instead of 400 ML/day).

1.4

LBF hydrograph implementation summary
The LBF hydrograph has been implemented every year since 2013–14, with the exception of 2014–15
due to the installation of the Hipwell Road weir, regulator and fishway. In 2018–19, North Central CMA
delivered environmental water to Gunbower Forest via the Hipwell Road Channel and this necessitated
the delivery of the altered hydrograph (Figure 3). Further details of the actual flow hydrographs
achieved are provided in Section 3.1.
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2
2.1

Methods
Sampling design
The same eight sites were sampled as described in Sharpe et al (2015). The sampling design includes six
treatment sites located between Cohuna Weir and Koondrook Weir, and two control sites located
upstream of the direct influence of flow manipulation. A list of the sites sampled is provided below in
Table 1 and Figure 5. As per Sharpe et al (2015), each sampling site spanned approximately 300 m of the
creek, however Yarran Creek was an exception to this due to low flows and a relative lack of suitable
snags (to attach the drift net to) necessitated a longer sampling reach.
Table 1

Gunbower Creek larval monitoring sites 2018 listed in order of upstream to
downstream

Site code

Site name

Site type

UHR

Upstream of Hipwell Road

Control

6/1C

Downstream of 6/1 channel

Control

DCW

Downstream of Cohuna Weir

Treatment

YCK

Yarran Creek

Treatment

RLA

Reedy lagoon

Treatment

BSW

Black Swamp

Treatment

GBI

Gunbower Island

Treatment

KBR

Koondrook boat ramp

Treatment

The sites were sampled on four occasions between 13 November and 14 December 2018, broadly
comparable with the timing of Sharpe et al (2015) (i.e. 5 November to 10 December 2013). Site sampling
times and site sampling order were consistent between each of the four sampling trips, with site
sampling order from upstream to downstream. Net and trap deployment times (‘soak times’) were
standardised ± 0.5 hr. Larval sampling techniques used at each site included drift nets and light traps.
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Figure 5
Final 1

Gunbower Creek larval fish sampling locations (spring 2018)
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2.1.1

Drift nets
As per Sharpe et al (2015), three drift nets were deployed overnight at each site. Drift nets were
constructed of 500 µm mesh and were 1.5 m long with an opening of 50 cm in diameter. The net
tapered into a removable mesh jar. Bycatch such as adult Carp Gudgeon Hypseleotris spp. and
Freshwater Prawn Macrobrachium australiense were removed from the sample and the remaining
samples were transferred to ethanol filled collection jars. Drift nets were attached to snags that were in
areas of suitable flow. A large float was used to assist in maintaining the net position in the top 50 cm of
the water column (see Plate 1). Three replicate spot measurements of flow velocity were taken at the
mouth of the drift net upon deployment using a OSS-PC1 Pygmy Current Meter. Drift nets were not used
at the two control sites (UHR and 6/1C) on the first sampling event because flow was insufficient to
support the drift net position in the water column.

Plate 1

Final 1

A deployed drift net in Gunbower Creek
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2.1.2

Light traps
Four quatrefoil light traps were deployed overnight at each site in slackwater littoral habitats, typically
among woody debris and/or macrophyte microhabitats. A yellow light stick was positioned within the
central tube of each trap. Up to half of the light traps at each site were suspended in the water column
rather than placed directly on the substrate; traps deployed in this manner were noted. The light traps
were of a standard quatrefoil design and dimensions (see Plate 2) and included the 3 mm exclusion
mesh as used by Sharpe et al (2015). The base of the light trap consists of a 500 µm mesh stainless steel
sieve. Upon retrieval the following morning, the base of the light trap was removed and the trap
contents transferred to sample collection jars using an ethanol filled wash bottle.

Plate 2

2.2

A deployed light trap in Gunbower Creek

Data collection
Geotagged photos were taken of every deployed light trap and drift net and water quality
measurements were made at each site using a calibrated Horiba U52 water quality meter.
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2.3

Sample processing
Samples were processed in accordance with DPI NSW laboratory processing protocols as used for similar
projects. In summary, samples were transferred from collection jars to sorting trays. Samples were then
scanned for fish and eggs with the aid of a Maggie lamp. Fish and eggs were transferred to a petri dish
to be identified to species and larval stage (protolarvae, flexion, post-flexion and metalarvae) under a
dissection microscope with the aid of identification keys (e.g. Serafini and Humphries 2004) and other
reference material. A number of QA/QC procedures were followed to ensure fish and eggs weren’t
missed, identifications were accurate and cross contamination of samples was avoided. Back-calculation
of approximate spawning dates was undertaken using the same approach as used by Sharpe et al
(2015). This entailed the use of average age and length data from Serafini and Humphries (2004), as
follows:


Protolarvae (day 1).

Average length: 7.4mm



Flexion (day 6).

Average length: 8.2mm



Post flexion (day 12).

Average length: 9.0mm



Metalarva (day 16).

Average length: 9.7mm

2.4

Data analyses

2.4.1

Model overview
To evaluate the effects of flow scenarios on spawning intensity, we constructed a Bayesian hierarchical
multi-species abundance model similar in structure and purpose to King et al. (2016). The model was
parameterized to evaluate patterns in fish eggs and larvae abundance in the water column as an index
of fish spawning intensity to be compared between two flow scenarios (hereafter referred to as spawn).
Our model has several characteristics that make it ideal for this application. Firstly, the multi-species
framework specifies species-specific parameters as random effects drawn from hyper-distributions
governed by hyper-parameters. This structure formalizes the assumption that patterns in species
spawning are neither equivalent nor independent but related according to distributional assumptions
(i.e. random effects). This aspect of the model allows information to be exchangeable among species
resulting in the desirable model properties of increased statistical power and reduced likelihood of
spurious results, particularly for species with sparse data (e.g. Beesley et al. 2014, Gwinn et al. 2018).
Secondly, the model separates the abundance process from the sampling process in two distinct
hierarchical layers. This aspect of the model allows us to account for variation in catches due to variation
in sampling efficiency inherent in all fish sampling methods removing this potential source of bias
(Gwinn et al. 2016). Furthermore, this aspect of the model allows for the integration of multiple
sampling methods into one unified analysis without the need for consistent use of each method across
sites and through time allowing for sampling to be tailored to the specific times and sites.

2.4.2

Model structure
Our model assumes that species-specific spawning intensity is a latent random variable that can be
described by a Poisson distribution as 𝑁𝑖,𝑗,𝑘 ~Poisson(𝜆𝑖,𝑗,𝑘 ), where 𝜆𝑖,𝑗,𝑘 is the mean of the Poisson
distribution representing the expected abundance of spawn for fish species i, at site j, for flow scenario
k. We reduced our count data to incidence data and summed it across replicate samples collected with
each sampling method. This data represents the number of detections of spawn for each species and
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can range from zero to the total number of replicate samples collected. We assumed that our
summarized detection data (𝑦𝑖,𝑗,𝑘 ) was the result of a binomial sampling process as,
𝑦𝑖,𝑗,𝑘,𝑔 ~Binomial(𝐾𝑗,𝑘,𝑔 , 𝑝𝑖,𝑗,𝑘,𝑔 ), where 𝐾𝑖,𝑗,𝑘 indicates the number of replicate samples collected with
each gear and 𝑝𝑖,𝑗,𝑘,𝑔 is the species-specific probability of detecting spawn with each sampling gear
(indexed as g). We linked the binomial sampling process to the abundance process by the assumed
𝑁𝑖,𝑗,𝑘
relationship between detection probability and abundance, 𝑝𝑖,𝑗,𝑘,𝑔 = 1 − (1 − 𝑟𝑖,𝑔 )
, where 𝑟𝑖,𝑔 is
the average probability of capture of spawn for each species with each sampling method (i.e. the
proportion of eggs and larvae captured as opposed to the probability of detecting eggs and
larvae)(Royle and Nichols 2003). This equation describes the probability of detecting spawn as a
saturating function of abundance of spawn, where 𝑝𝑖,𝑗,𝑘,𝑔 = 0 when 𝑁𝑖,𝑗,𝑘 = 0 and 𝑝𝑖,𝑗,𝑘,𝑔 approaches
an asymptote of one as 𝑁𝑖,𝑗,𝑘 increases.
Our experimental design was organized as a BACI (Before After Control Impact) style experiment
(Eberhardt 1976, Conner et al. 2016) where two sites outside of the influence of the flow manipulation
were established as control sites and six sites were established as treatment sites. To evaluate the
difference between the spawning intensity resulting from the flow intervention, we incorporated four
standard BACI design covariates into the abundance model with a log link as:

𝑠𝑖𝑡𝑒
log(𝜆𝑖,𝑗,𝑘 ) = 𝛽1,𝑖 + 𝛽2,𝑖 𝑡𝑟𝑒𝑎𝑡𝑘 + 𝛽3,𝑖 𝑎𝑓𝑡𝑒𝑟𝑗 + 𝛽4,𝑖 𝑎𝑓𝑡𝑒𝑟𝑘 𝑡𝑟𝑒𝑎𝑡𝑗 + 𝜀𝑖,𝑗

(1)

where 𝛽1,𝑖 is the species-specific intercept, representing spawning intensity at the control sites prior to
the flow intervention; 𝛽2,𝑖 represents the species-specific difference in spawning intensity between the
treatment and control sites prior to the flow intervention; and 𝛽3,𝑖 models the potential change in
spawning intensity in the control sites between 2013 and 2018 that is not due to the flow intervention.
The parameters 𝛽4,𝑖 represent the difference in the species-specific spawning response to the flow
intervention between the treatment and control sites and are the primary parameters of interest as
𝑠𝑖𝑡𝑒
they represent the effect of the flow manipulation. The parameter 𝜀𝑖,𝑗
is a random effect across sites
to account for any possible dependencies among samples collected within a given site (as could result
from a non-uniform spatial distribution of eggs and larvae in the water column relative to site locations).
We incorporated the potential for a sampling method effect into the capture probability sub-model with
a logit link as:
logit(𝑟𝑖,𝑔 ) = 𝜑1,𝑖 + 𝜑2,𝑖 𝑔𝑒𝑎𝑟𝑗,𝑘

(2)

where 𝜑1,𝑖 is the species-specific intercept of the capture probability model representing the logit-scale
capture probability of each species sampled with light traps and 𝜑2,𝑖 represents the difference between
the capture probability for light traps and drift nets on the logit scale. Thus, our model explicitly
accounts for variation in the detection probability of spawn among species and due to the magnitude of
eggs and larvae at the sample sites (i.e. 𝑁𝑖,𝑗,𝑘 ) and the efficiency of the sampling methods used. All
species-specific parameters (i.e. 𝛽1,𝑖 , 𝛽2,𝑖 , 𝜑1,𝑖 , and 𝜑2,𝑖 ) were specified as random effects across species
as, 𝜃𝑘 ~Normal(𝜇𝑘 , 𝜎𝑘 ), where 𝜃𝑘 is the species-level parameter and 𝜇𝑘 and 𝜎𝑘 are the community-level
hyper-parameters, representing the mean and standard deviation of the covariate effect across species
which are estimated in the model. All model code is presented in Appendix A.
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The posterior distributions of all parameters were estimated using a Gibbs sampler implemented in
JAGS (Plummer, 2003). We called JAGS from program R (R Core Team, 2015) using the library R2jags (Su
and Yajima, 2015). All prior distributions of log-scale hyper-parameters were specified as diffuse normal
distributions (Normal(0,100)). Priors for logit-scale hyper-parameters (i.e., community level covariate
parameters) were set as t-distributions with σ = 1.566 and ν = 7.763 as per Dorazio et al. (2011) such
that back-transformed values assigned equal probability for all values between zero and one. Standard
deviation parameters including all random effects were specified as scaled half Student-t distributions
with input parameter values chosen to stabilize fit while inducing negligible parameter shrinkage (i.e.
𝜇 = 0, 𝜏 = 2.78, 𝑘 = 2). Inference was drawn from 10,000 posterior samples taken from two chains of
106 samples. We discarded the first 500,000 values of each chain to remove the effects of initial values
and thinned the chain to every 100th value. Convergence of all models was diagnosed by visual
inspection of trace plots and Gelman-Rubin statistic ( R̂ ≤ 1.1 indicate model convergence, Gelman et al.
2004).
2.4.3

Model fit evaluation
We evaluated the fit of our model with the posterior-predictive distribution of the data (Gelman 2004).
This process involves using the fitted model to simulate fake data and comparing the distribution of the
simulated data to the observed data. The simulated data are considered perfect because they are
generated directly from the model and, thus, represent the expected data character when all model
assumptions are met. Because our data contained many zeros, we evaluated the fit of zero and non-zero
detections with two different fit metrics. Observed detection data with a value of zero were compared
to the posterior distribution of their predictions by determining the percent of MCMC samples that
resulted in a predicted value of zero. If a zero was predicted by our model at a rate of ≥ 50%, we
considered this data point to be explained acceptably well by the model. For non-zero data, we
considered a data point to be acceptably explained by the model when it was included within the 95%
credible intervals of the predicted data point. If the fit criterion of our data were met for ≥ 95% of our
data, we considered the model to have adequate fit.
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3
3.1

Results
Hydrological summary
The LBF hydrograph was first implemented over the 2013-14 irrigation season and over every irrigation
season since. An altered LBF hydrograph was implemented in 2014-15 and in 2018-19 due to operation
of the Hipwell Channel Road Channel. A series of hydrographs are provided to show the flow regime
over the three irrigation seasons prior to development and implementation of the LBF hydrograph,
together with the flow regime over every irrigation season since (see Figure 6). The target LBF
hydrograph is shown over the actual hydrographs and the altered target LBF hydrograph is also shown
over the most recent actual hydrograph. The dramatic shift in the shape of the hydrograph towards and
typically closely matching the LBF hydrograph target is evident from 2013-14 onwards. A notable
reduction in daily variation in flow is evident from 2014-15 onwards and particularly during the most
recent 2018-19 season, where in most instances the variation was kept within 100 ML/day.
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Figure 6

Final 1

Average daily discharge (ML/day) Gunbower Creek hydrographs at Cohuna (site
409330) and Koondrook (site 407209) for the last nine irrigation seasons, showing the
target LBF hydrograph and modified altered LBF (2018-19 only) in red. Hydrograph
manipulation occurred from 2013-14 to 2018-19.
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3.2

Hydrology during sampling
During the 2018 larval sampling, Gunbower Creek flows (discharge at Cohuna Weir) were highest during
the 2nd and 3rd sampling events and were lowest during the 1st and 3rd sampling events (see Figure 7).
Flow typically fluctuated between 150–200 ML/day during any 24 hr period.
The average daily flows during the 2018 larval sampling were 354–540 ML/day but were generally below
450 ML/day. This was expectedly notably lower than the 487–921 ML/day and generally over 700
ML/day experienced during the 2013 larval sampling.

Figure 7

Final 1

Gunbower Creek hydrograph showing the variability in flow (ML/day) during each of
the four sampling events.
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3.3

Drift net flow velocities
Flow velocities were low and in many instances the current was only just sufficient to hold the drift net
in the top of the water column; however in some cases the nets were noted to have dropped
substantially by morning. This was reflected in the flow meter measurements obtained upon
deployment of the drift nets (Table 2 below), where velocities averaged from as low as 7 cm/s to a high
of 38 cm/s. The highest flow velocities were consistently recorded from Gunbower Creek at Reedy
Lagoon, a site that was notably narrower than the other sites.
Table 2

Spot check measurements of Gunbower Creek flow velocities taken from the drift
nets upon deployment (Spring 2018).

Sampling
event

Sample
1

UHR

6/1C

DCW

YCK

RLA

BSW

GBI

KBR

D1

0.12

0.13

0.16

0.13

0.12

0.08

D2

0.10

0.10

0.25

0.12

0.09

0.12

D3

0.08

0.14

0.26

0.14

0.07

0.10

0.10

0.12

0.22

0.13

0.09

0.10

Mean
2

D1

0.15

0.11

0.23

0.13

0.38

0.18

0.12

0.11

D2

0.11

0.12

0.16

0.17

0.27

0.14

0.13

0.12

D3

0.12

0.12

0.15

0.10

0.23

0.16

0.08

0.14

0.13

0.12

0.18

0.13

0.29

0.16

0.11

0.13

D1

0.13

0.08

0.12

0.11

0.31

0.16

0.14

0.10

D2

0.15

0.14

0.14

0.13

0.10

0.09

0.12

0.10

D3

0.13

0.07

0.16

0.14

0.20

0.12

0.13

0.08

0.14

0.10

0.14

0.13

0.20

0.12

0.13

0.09

D1

0.10

0.10

0.22

0.13

0.33

0.17

0.09

0.17

D2

0.07

0.09

0.15

0.13

0.26

0.14

0.14

0.15

D3

0.17

0.13

0.22

0.10

0.29

0.15

0.07

0.10

0.11

0.10

0.20

0.12

0.29

0.15

0.10

0.14

0.12

0.11

0.15

0.13

0.25

0.14

0.11

0.11

Mean
3

Mean
4

Mean
Mean (all
events)
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3.4

Water temperature
The average daily water temperature of Gunbower Creek at Cohuna Weir during the 2018 sampling
period was 18.5–25.6 °C, slightly higher than for the 2013 sampling period (18.3–23.9 °C). Although the
average daily water temperatures were considerably higher in September 2013 than in September 2018
(see Figure 8), the water temperature averages were generally 1–2 °C higher in October 2018 compared
with October 2018 (Figure 9).

Figure 8

Daily temperature averages at Cohuna Weir from September to December in 2013 and
2018.

Figure 9

Hourly temperature averages at Cohuna Weir in October 2013 and October 2018.
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3.5

Larval fish abundance and distribution
The drift nets and light traps captured 803 fish from six species, including 22 Murray cod (Table 3 and
Plate 3). The captures were dominated by carp gudgeon and flatheaded gudgeon, together comprising
over 95% of the fish captured. Distinguishing between these two species was difficult for earlier larval
stages (protolarva and flexion) and damaged specimens. No eggs were detected in samples. Murray cod
larvae were only detected at four sites, all of which were treatment sites (i.e. downstream of Cohuna
Weir). Most Murray cod larvae (i.e. 15 of 22) were collected from the Koondrook boat ramp site and five
Murray cod larvae were detected at the Yarran Creek site.
Table 3

Total number of fish captured by drift nets and light traps from Gunbower Creek in
spring 2018
unspecked
hardyhead

Site name

carp

Upstream of Hipwell Road

carp
gudgeon
11

D/S of 6/1 channel

178

D/S of Cohuna Weir

25
10

Yarran Creek
1

Reedy lagoon
1

Black Swamp

Plate 3
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1

21

3

5

4
1

1

94

Koondrook boat ramp
1

flatheaded unknown Australian unidentified
gudgeon gudgeon
smelt
(too small)
2
92

5
5

Gunbower Island
Grand Total

Murray
cod

1

2

3

2

79

7

7

2

128

15

62

23

3

456

22

263

47

1
10

1

Field photo (left) and microscope photo (right) of Murray cod larvae detected in
Gunbower Creek in spring 2018
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Only two Murray cod were collected in drift nets (from Black Swamp and Yarran Creek sites), with the
remaining 20 collected in light traps (see Table 4). Most Murray cod larvae (14 of 22) were metalarva.
Six Murray cod larvae were post-flexion. Only two Murray cod larvae were earlier life stages
(protolarvae and flexion) and both were collected from drift nets.
Table 4

Murray cod larval stages captured by drift nets and light traps in Gunbower Creek in
spring 2018

Date, method and site

Protolarvae

Flexion

Post flexion

Metalarva

Totals

1

0

0

0

1

1

0

0

0

1

13-16/11/2018
Drift nets
Black Swamp
Light traps

0

0

4

13

17

Koondrook boat ramp

0

0

4

10

14

Yarran Creek

0

0

0

3

3

1

0

4

13

18

0

0

2

0

2

Downstream of Cohuna Weir

0

0

1

0

1

Koondrook boat ramp

Total
27-30/11/2018
Light traps

0

0

1

0

1

Total

0

0

2

0

2

Total

0

0

0

0

0

0

1

0

0

1

0

1

0

0

1

0

0

0

1

1

0

0

0

1

1

0

1

0

1

2

1

1

6

14

22

27-30/11/2018

11-14/12/2018
Drift nets
Yarran Creek
Light traps
Yarran Creek
Total
Total
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3.6

Timing of spawning
Back calculation of spawning dates using the approach of Sharpe et al 2015, reveals that the peak
spawning dates for the Murray cod collected during this study was 28–29 October 2018 (see Figure 10).
However, the data indicates that Murray cod were spawning in low levels throughout November and as
late as around the 7th December 2018.

Figure 10 Back-calculated spawning dates for the Murray cod larvae collected in spring 2018.

3.7

Young of Year Murray cod records from TLM data
An overview of Murray cod Young of Year (YoY) detections from Gunbower Creek during the annual TLM
sampling is provided in Table 5 below. The cutoff length used to classify juvenile Murray cod as YoY was
150 mm TL; the same as that used by Sharpe et al (2015). Murray cod YoY were rarely detected from
2009–2012, but have been detected every year since 2013, with seven being the highest number
recorded (in 2018). Most Murray cod YoY, have been detected from Reach 6 — Cohuna Weir to Spences
Bridge, while none have yet been detected from Reach 7 (Spences Bridge to Koondrook Weir).
Table 5

2009–2018 TLM monitoring records of juvenile Murray cod < 150 mm TL. Note that
no TLM monitoring of Gunbower Creek was undertaken during 2015.

Year

GCR1

2009

1

GCR2

GCR3

GCR4

GCR5

GCR6

1

GCR7

Total
2

2010

0

2011

0

2012

0

2013
2014
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Year

GCR1

GCR2

2016
2017

GCR4

1

1

GCR5

1

2018
Total

GCR3

2
1

2

4

1

3

GCR6

GCR7

Total

2

4

1

2

5

7

11

0

22

The Sharpe et al (2015) study included an autumn 2014 targeted YoY survey of Gunbower Creek nine
sites including sites adjacent to the TLM Gunbower Creek sites for reaches 2, 3, 5,6 and 7 and an
additional three sites within Reach 6. A total of nine YoY were captured, with six of these from Reach 6,
two from reach 5 and 1 from Reach 2.

3.8

Summary comparison with Sharpe et al. (2015)
There were some similarities and a number of notable differences between the results of the current
study (spring 2018) and the previous (Sharpe et al 2015)(spring 2013) study. Most notably, much less
Murray cod larvae were detected; 123 in 2013 versus 22 in 2018. Other notable differences included:


The 2018 peak spawning date for Murray cod in Gunbower Creek was limited to a single peak
(30 October) compared with two peak periods in 2013 (21–29 October and 22–23 November);



No Murray cod were detected at the control sites (i.e. upstream of Cohuna Weir) in 2018 (11
were detected in 2013);



Most Murray cod larvae were detected at the Koondrook boat ramp site in 2018; in contrast,
this was the only site where Murray cod larvae weren’t detected in 2013;



A much higher number of Carp Gudgeon and Flatheaded Gudgeon were captured in 2018
compared with 2013;



No eggs were detected in drift samples in 2018 (21 were detected in 2013);

Notable similarities included:


Murray cod spawned throughout the November to early December sampling window;



The relatively poor performance of drift nets compared with light traps; and



The Yarran Creek site being a hotspot for Murray cod larvae (relative to other sites).

A comparison of the back calculated spawning dates for 2018 and 2013 is provided below in Figure
11. As previously mentioned, the peak spawning dates for Murray cod collected during this study was
30 October. During the previous study (Sharpe et al. 2015) there were two peak spawning periods,
21–29 October and 22–23 November.
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Figure 11 Back-calculated spawning dates for the Murray cod larvae collected in 2018 during this
study (top) and in 2013 by Sharpe et al (2015)(bottom). Note the slight differences in
sampling timing (13/11–14/12/2018 vs 5/11–10/12/2013).
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3.9

Data analyses
All parameters of the multi-species model converged satisfactorily as indicated by all GR statistics<1.1
(maximum GR=1.09). The fit of our model was not perfect as several data points were outside of the
posterior predicted distributions. However, 94.62% of the zero-value data points met our criterion for
adequate prediction and 98.39% of are non-zero data points met our criterion for adequate prediction.
This suggests that our model structure provides a useful approximation of the data generating process
with adequate model fit to both zero and non-zero data (Appendix 2).
Our analysis could not detect an effect of the flow scenario on the spawning intensity of any of the
species observed in our data set. We found that while spawning intensity changed for some species
between 2013 and 2018, it changed equivalent in both the flow-effected sites (treatment) and the flowunaffected sites (control). For example, we observed an increase in spawning intensity in 2018 for
Flathead gudgeon and Carp gudgeon as indicated by a positive time effect (Figure 12c) and the absence
of a time:treatment interaction effect (Figure 12d). Similarly, we observed a statistically significant
decrease in spawning intensity for Murray cod between 2013 and 2018 (Figure 12c), but again no effect
of the flow scenario on this change (Figure 12d). To better visualize this result, we used our fitted model
to predict the average relative spawning intensity for each species in the treatment sites and control
sites, and for 2013 and 2018 (Figure 13). Additionally, we estimated the percent change in spawning
intensity between 2013 and 2018 for both the control and treatment sites. This exercise suggested that
Murray cod spawning intensity declined by approximately 70% between 2013 and 2018 in both in the
control and treatment sites (Figure 13d and j). Similarly, flathead gudgeon and carp gudgeon spawning
intensity both increased by approximately 400% (Figure 13e,k,c,i). All other fish species demonstrated
no statistically significant change in spawning intensity between 2013 and 2018.

Figure 12 The posterior summaries of model parameters. The lines indicate 95% Bayesian
credible intervals. Estimates that are statistically different than zero are in black
whereas estimates that are not different than zero are in grey.
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Figure 13 Predicted relative spawning intensity. The left column are the predictions of relative
spawning intensity for 2013 and 2018 in the control sites and treatment sites. The
right column is the predicted percent change in spawning intensity in the control and
treatment sites between years.

Our analysis indicated significant variation in capture probability among fish species and between
sampling methods (Figure 14). For example, Murray cod demonstrated the highest capture probability
of approximately 0.09 when sampled with light traps (Figure 14a). Flathead gudgeon and carp gudgeon
had the second highest capture probabilities of approximately 0.06 when sampled with light traps
(Figure 14a). To the contrary, nearly all species demonstrated a lower capture probability when sampled
with drift nets (compare Figure 14a to Figure 14b). The capture probability of Murray cod dropped 3fold to approximately 0.03 with drift nets and Australian smelt, flathead gudgeon, carp gudgeon, and
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hardyhead capture probabilities all dropped to near zero for drift nets. Alternately, carp capture
probability remained constant between the two sampling methods. This suggest that there is no
advantage to sampling the spawn of this fish assemblage with driftnets and that a more efficient
approach would be to sample solely with light traps.

Figure 14 Predicted capture probability of eggs and larvae by light traps (panel a) and drift nets
(panel b).
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4
4.1

Discussion
Comparison with 2018
The intention of this study was to replicate the sampling approach of Sharpe et al (2015), thereby
maximising the ability to make direct comparisons between the two studies and potentially enabling
differences to be attributed to the altered hydrological regimes. This approach made sense in many
respects, however there are some limitations. The primary limitation is that the sampling window in
both 2013 and 2018 covered only part of the Murray cod spawning season. Although some studies have
found Murray cod to be consistently collected from early November to mid-December (e.g. King et al
2008), others have found Murray cod to spawn as early as 7th October and as late as 10 January (Koehn
and Harrington 2006) and at water temperatures as low as 15°C (Koehn and Harrington 2006,
Humphries 2005). The partial coverage of the spawning season by this study and Sharpe et al (2015)
confounds direct comparisons between the two, in that it is unknown what proportion of each of the
spawning seasons was encapsulated within the sampling windows. It is plausible that the significant
decrease in the abundance of Murray cod larvae in 2018 could be partially or entirely explained due to
Murray cod spawning earlier (e.g. due to an earlier rise in water temperatures) and the peak period for
larval cod abundance was subsequently missed. This possible explanation is supported by higher
temperatures in October 2018 compared with October 2013; by the higher larval Murray cod
abundance detected during the first sampling event compared with the subsequent three events; and
by the back-calculated peak spawning date of 30 October. Conversely, the restricted sampling window
and an earlier rise in water temperature could also explain significant increases in the abundance of
flatheaded gudgeon and carp gudgeon; i.e. the 2018 sampling window may have better encompassed
their spawning peak, than it did in 2013.

4.2

Can differences be attributed to the altered hydrograph?
Despite a significant reduction in the abundance of larval Murray cod, the data analyses indicate that
the differences cannot be attributed to the altered hydrograph. This was expected considering Murray
cod larval abundance has previously been shown to be highly variable in time and space and not
correlated to discharge, but better explained by factors such as year, day length and moon phase, all
variables that may override within season variations such as daily flows and temperatures (Koehn and
Harrington 2006). However our result doesn’t necessarily mean that the altered hydrograph didn’t have
an influence because it may reflect insufficient statistical power in the sampling design (e.g. not enough
control sites or temporal replication) to attribute differences to the treatment. It is likely that additional
control sites and multiple seasons of data under each flow regime would be required to ascertain the
influence (if any) that the altered LBF hydrograph (compared with the fully implemented LBF
hydrograph) has on the spawning success of Murray cod in Gunbower Creek.
This study confirmed that Murray cod still spawn in Gunbower Creek during implementation of the
altered hydrograph; which is probably unsurprising considering the primary change between the two
hydrographs was a reduction in peak flows (400 ML versus 550-700 ML). Other, arguably more critical
components of the hydrograph were still implemented, such as maintaining winter baseflows and a
reduction in daily flow variation. Murray cod spawning is known to occur under a range of flow
conditions (King et al 2009, Koehn and Harrington 2006), so it should be remembered that the provision
of elevated flows in spring/early summer is not intended nor expected to provide a flow cue to spawn,
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but to improve habitat hydrodynamic diversity and stimulate increases in productivity and food
resources for larval and juvenile Murray cod, enhancing their prospects of survival and recruitment into
the population. A range of factors including flow conditions, water temperature, habitat availability,
food availability and predation are expected likely to influence Murray cod larvae and juvenile survival
rates and recruitment (Koehn and Harrington 2006).

4.3

Larval sampling technique efficacy
The earliest larval stages (protolarvae and flexion) of Murray cod were only captured in drift nets,
probably reflecting the more passive movements of these stages compared with older and more mobile
stages (post flexion and metalarvae) that are expected to actively enter light traps. On the whole, the
results of this study again demonstrated the high efficacy of light traps relative to drift nets, for sampling
larval Murray cod in Gunbower Creek. As discussed by Sharpe et al (2015), the low efficacy of drift
sampling in Gunbower Creek may be due to larvae passively drifting downstream for only very limited
times due to the system being dominated by still or slow flowing habitats. If so, then we would expect
this factor to have been even more pronounced during the 2018 sampling period, with flows being
notably lower in 2018 than in 2013. On many occasions and at many sites, it was in fact difficult to find a
suitable area where the drift nets could be set with sufficient water velocity to maintain the position of
the net in the upper 50 cm of the water column. Upon retrieval, some nets were subsequently found to
have sunken well below this upper water column position. Although spot check velocity measurements
were made from the entrance of the drift nets upon deployment in both the current study and Sharpe
et al (2015), flow rates have been shown to vary considerably during each of the net soak periods,
precluding the accurate calculation of the water volume sampled and subsequent calculation to
standardise the effort (e.g. catch per volume sampled).

4.4

Future larval monitoring
Larval monitoring and annual TLM monitoring (including detection of Young of Year) provides important
insights into the status and ongoing viability of the Gunbower Creek Murray cod population. We know
that Gunbower Creek is heavily stocked with Murray cod fingerlings and we now know that Murray cod
spawn successfully under both the delivery of full hydrograph and the altered hydrograph. Since delivery
of the hydrograph commenced in 2013–14, recruitment of Murray cod has been detected annually by
TLM monitoring. The larval monitoring provides direct evidence of successful spawning, however it is
unclear what proportion of the recruitment is due to survival of the ‘wild’ larvae versus the stocked
fingerlings. Genetic analyses of Young of Year genetic samples (fin clips) is expected to shed light on this
in subsequent years.
The results of this study and that of Sharpe et al (2015) indicate that that the use of light traps is a more
cost effective approach than drift nets for larval monitoring in Gunbower Creek. The use of drift nets for
future monitoring should essentially be avoided unless there is a particular desire to capture Murray cod
from the earliest larval stages (protolarvae and flexion), in which case they should only be used in
sections of the creek where hydraulic diversity is sufficient to warrant and facilitate their effective use.
Additionally, the drift nets should incorporate a flow velocity meter within the net to enable the volume
of water sampled to be calculated.
Future larval monitoring should incorporate a greater proportion of the Murray cod spawning season
(i.e. October to December), otherwise it is unknown whether differences between years are real or a
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reflection of whether the peak of the spawning season was captured or missed. In this regard, a
fortnightly sampling frequency over a longer sampling window (i.e. October to December) is likely to be
superior to a more intensive sampling frequency (e.g. weekly) over a smaller sampling window. The use
of a fortnightly sampling frequency is fairly typical for larval monitoring programs elsewhere (Rohan
Rewhinkle pers. comm. 2019).
Additional control sites, additional gear replication and the collection of monitoring data from additional
seasons and hydrograph delivery scenarios is likely to be required to improve the statistical power of the
sampling design and enabling the program to determine the influence of the delivery of different
hydrographs. Considering we are aware of considerable differences in instream woody debris loading
between the control and treatment zones of Gunbower Creek (Kitchingman et al 2014), additional
control sites should be selectively located in areas with instream woody debris loads that are
comparable to the treatment sites. In addition to increasing statistical power, the deployment of a
greater number of light traps per site may allow microhabitat preferences (e.g. macrophytes, woody
debris) and the relative performance of deployment position (e.g. placed on substrate or suspended in
water column) to be determined.

4.5

Should changes be made to the hydrograph
The current study has demonstrated that Murray cod are still able to successfully spawn under the
altered hydrograph (an average daily flow of 400 ML/day at Cohuna Weir), a hydrograph that may
continue to be required during years where the Hipwell Road Channel is used to water Gunbower Forest
until capacity constraints are addressed. However, we won’t have any information on whether
successful recruitment has subsequently occurred until after the autumn TLM sampling is undertaken.
Even then, our ability to draw conclusions is compromised by the current inability to readily discriminate
between stocked and wild recruits, (i.e. without genetic analyses – Refer to section 4.4). That said, a
number of changes have already been made to the standard LBF hydrograph, particularly with regard to
the flow constraints of the system and further changes are again required due to a maximum flow
constraint of 500 ML/day now being imposed by GMW at Cohuna Weir. Provided the fundamentals of
the LBF hydrograph are retained, the hydrograph may actually benefit from ongoing experimentation,
monitoring and refinement.
The hydrograph components expected to be of greatest importance to Murray cod and the entire fish
community of Gunbower Creek are those that reduce or avoid the extreme disturbances that used to be
a typical feature of the system. Namely these were very large (>0.5 m) daily fluctuations in water level
and the periods of zero flows at the end of the irrigation season (i.e. over winter). The implementation
of the LBF hydrograph has dramatically reduced these disturbances and these fundamental components
have remained mostly unchanged. A critical component of the hydrograph is to have stable (<0.3 m)
fluctuation in water level during the spawning season (October to mid-December), to prevent nests
being abandoned. Although it would also be beneficial to prevent this extreme daily oscillation all year
round (to prevent rapid stranding of fish in littoral habitats), it would be beneficial to mimic a natural
level of daily/weekly water level fluctuation, particularly over the otherwise unnecessarily static winter
baseflow period. Additionally, any temporary shutdown events (e.g. required for regulator
maintenance) should be minimised, and need to follow a recession hydrograph that includes the
recession hydrograph components outlined by Sharpe et al (2015) in order to encourage and provide
fish with enough time to move into deeper refuge pools.
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The two conceptual hydrograph components that have not been typically included in the operational
hydrograph; i.e. the end of system flows and the lowering of the Koondrook Weir pool, both remain
valid and should be incorporated into the flow delivery where practical. For now, the retention of end of
system flows is important both in terms of maintaining habitat hydrodynamic diversity throughout the
lower part of Gunbower Creek (i.e. above the Koondrook Weir pool and downstream of Koondrook
Weir). In future it is expected that there will be a fishway installed at Koondrook Weir to provide much
needed connectivity with the Murray River, especially to enable upstream movement of large bodied
species such as Golden Perch and Silver Perch. Following fishway installation, the maintenance of end of
system flows would become a critical component of the LBF hydrograph that would need to be
implemented every year to ensure effective operation and benefits of the fishway are realised.
The provision of hydrodynamic diversity was a key element to the development and success of the
conceptual Murray cod hydrograph (Sharpe et al 2015). Hydrodynamics is a term that encompasses
changes in hydraulics (velocity, depth and turbulence) over space and time (Mallen-Cooper and
Zampatti 2018). The provision of hydrodynamic diversity therefore requires not only seasonal changes in
flow, but for flows to be of a magnitude sufficient to provide differences in flow velocity within and
between sites or areas within Gunbower Creek.
The new flow constraint of 500 ML/day at Cohuna Weir reduces the magnitude of the temporal (e.g.
seasonal) change in flows that can be achieved by implementation of the LBF hydrograph and may also
reduce the hydraulic diversity that can be achieved in sections of Gunbower Creek. However, even
under the previous spring rise peak target of 700 ML/day, it is expected that only relatively small portion
of the Gunbower Creek may have a channel profile (e.g. narrow and not too deep) conducive to
providing a range of flow velocities, and a smaller portion again is known to have the instream woody
habitat (Kitchingman et al 2014) required for the full benefits of that velocity (i.e. turbulence and
hydraulic diversity) to be realised. Another approach to increase hydrodynamic diversity with the same
discharge is to add roughness, such as large rocks and large woody debris, which increases mean
channel velocity as well as hydraulic complexity.
We have a good understanding of Gunbower Creek depths and instream woody habitat load based on
the mapping undertaken by Kitchingman et al (2014). From this work and the annual fish monitoring
undertaken under The Living Murray (TLM) program, it appears likely that the reach of Gunbower Creek
between Cohuna Weir and Spences Bridge provides the best hydrodynamic habitat and appears to
support the highest densities of Murray cod. However our understanding of how much hydraulic
diversity is created in Gunbower Creek under different flow rates and at what locations this diversity
occurs is limited by a lack of stream width and channel profile information.
During the sampling event with the highest flows of this study (~ 450–580 ML/day), the average water
velocity readings remained low (0.11–0.15 m/S) at all sites except one (Reedy Lagoon – 0.25 m/S) where
the channel was notably narrower. These low velocities are broadly comparable with those recorded
and estimated at Reedy Lagoon and other sites during hydrological monitoring undertaken at various
stages/components of the hydrograph implemented between 2013/14, 2015/16 and 2017/18 (Jacobs
2017). Although few sites were monitored, the maximum velocities measured were at Reedy Lagoon
(0.40 m/S) and D/S Yarran Creek regulator (0.49 m/S). It appears likely that that the vast majority of
Gunbower Creek is too wide and/or deep for hydraulic diversity to be achieved anywhere but in the
narrow and/or relatively shallow sections of the creek (i.e. without increasing roughness as above), such
as in the upstream vicinity of the Reedy Creek regulator. If so, the reduction in the spring rise flows
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under the altered hydrograph may have localised effects within the areas that have these channel
profile characteristics, but little effect on the number and longitudinal extent of areas with such
characteristics.
As outlined by Mallen-Cooper et al (2014), the provision of hydrodynamic diversity is likely to be of key
importance for Murray cod spawning and recruitment and a range of ecological processes. However, it
is expected that the delivery of flows sufficient to produce hydraulic diversity (in some parts of
Gunbower Creek) may be required throughout a greater proportion of the year (rather than just over
Murray cod spawning season) in order to increase the densities of Murray cod in areas of suitable
habitat. It is unclear whether the 200–300 ML/day winter baseflows have been used to date have been
sufficient to achieve this. Increasing the winter baseflow target to an average 350 ML/day should be
considered, as this may increase the likelihood that such hydraulic diversity is being achieved.
Additionally, a drop in the autumn/early winter component of the winter baseflow period to 200
ML/day for around 1 month at the cessation of the irrigation season may be considered if there are
likely to be potential benefits to aquatic vegetation (e.g. increased diversity, assistance in reducing the
proliferation of hornwort Ceratophyllum demersum and yellow waterlily Nymphaea Mexican) and/or
macroinvertebrate communities. This aspect of the hydrograph may require further consideration in
terms of the likelihood of such benefits occurring, and ascertaining the level of risk to juvenile Murray
cod (and other species) in terms of reduced microhabitat availability and increased exposure to
predation.
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5

Conclusion and recommendations
This study confirmed that Murray cod successfully spawned in Gunbower Creek during delivery of an
altered LBF hydrograph, a lower flow hydrograph that may become typical in years where watering of
Gunbower Forest occurs via the Hipwell Road channel. Although significantly lower abundances of
Murray cod were recoded compared with previous sampling undertaken during implementation of the
full LBF hydrograph, these differences could not be attributed to the altered hydrograph.
The LBF hydrograph has been refined over time and should continue to be refined as required (e.g. to
accommodate operational constraints). The larval monitoring provides important direct evidence of the
suitability of Gunbower Creek conditions for the Murray cod population and a means by which altered
LBF hydrographs and or implementation approaches can be tested. The monitoring program should
continue periodically as required, with modifications made to the program to improve cost effectiveness
and to enhance the ability to attribute significant changes to the watering regime.
In summary, the following recommendations are made:


Gunbower Creek larval fish monitoring should occur during a range of LBF hydrograph
delivery scenarios including scenarios that are identical or very similar to previously
monitored scenarios (i.e. 2013–14 full LBF hydrograph or 2018–19 altered LBF hydrograph);



Gunbower Creek larval monitoring should be based exclusively on the use of light traps, and
more light traps should be deployed per site;



If drift nets are used for Gunbower Creek larval monitoring (e.g. to collect earliest larval
stages), then sites should be selectively located in sections of the creek where hydraulic
diversity is sufficient to warrant and facilitate their effective use. Additionally, the drift nets
should be set with water velocity meters placed within the net to enable the volume of water
sampled to be calculated;



Gunbower Creek larval monitoring should occur fortnightly from early to mid-October to early
December to reduce the likelihood that peak larval abundances are missed in any given
season;



Determine the areas of the creek that have the cross sectional profile conducive to the
provision of hydraulic diversity and consider undertaking a monitoring program to quantify
the hydraulic diversity provided under differing flow rates;



Follow and further development the preliminary recession hydrograph as outlined by Sharpe
et al (2015);



A number of suggested changes to the LBF hydrograph are provided for consideration. These
include:
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Minimise daily fluctuations in water level all year round, rather than just during the
‘stable flow’ component of the hydrograph;



Ensure that end of system flows are periodically incorporated into the flow delivery
where practicable, and that this component of the LBF hydrograph is permanently
included in the event that a fishway is installed at Koondrook Weir;
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Ensure that the lowering of the Koondrook Weir pool is included in the LBF hydrograph
wherever practical;



Increase the duration over which step change reductions in flow occur;



Split the winter baseflow component into different levels: When irrigation flows cease
in late autumn, switch to a lower winter baseflow of 200 ML/day and retain this flow
for one month before switching to an upper winter baseflow of 350 ML/day and retain
until the spring rise.
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Appendix 1

Model Code

model {
##Predictions
for(k in 1:2){
for(j in 1:2){
for(i in 1:nspec){
log(pred[i,j,k]) <- bet[1,i] + bet[2,i]*(j-1) + bet[3,i]*(k-1) +
bet[4,i]*(k-1)*(j-1)
}}}
##Observation model
for(i in 1:n){
y[i] ~ dbin(p[i],reps[i])
p[i] <- 1-(1-r[i])^N[spec[i],sites[i],after[i]+1]
logit(r[i]) <- eta[1,spec[i]] + eta[2,spec[i]]*method[i]
}
##Occurence model
for(k in 1:2){
for(i in 1:nspec){
for(j in 1:nsite){
N[i,j,k] ~ dpois(lam[i,j,k])
lam[i,j,k] <- exp(loglam[i,j,k])
loglam[i,j,k] <- bet[1,i] + bet[2,i]*trt[j] + bet[3,i]*(k-1) +
bet[4,i]*(k-1)*trt[j] + episite[j,i]
#episite[j,i,k] ~ dnorm(0,tau[1])
}}}
##Hyperdistributions
for(i in 1:nspec){
for(j in 1:nsite){
episite[j,i] ~ dnorm(0,tau[1])
}
bet[1,i] ~ dnorm(betmu[1],bettau[1])
for(k in 2:4){bet[k,i] <- b[k,i]*w[k-1,i]
b[k,i]~ dnorm(betmu[k],bettau[k])}
eta[1,i] <- e[1,i]
e[1,i] ~ dnorm(etamu[1],etatau[1])
eta[2,i] <- e[2,i]*w[4,i]
e[2,i] ~ dnorm(etamu[2],etatau[2])
for(j in 1:4){w[j,i] <-1}#~ dbern(.5)}
}
##Priors
for(i in 1:4){
betmu[i] ~ dnorm(0,.1)
bettau[i] <- pow(betsig[i],-2)
betsig[i] ~ dt(0,2/(.3^2),2) T(0,10)
}
for(i in 1:2){
etamu[i] ~ dt(0,pow(1.566267,-2),7.63179)
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etatau[i] <- pow(etasig[i],-2)
etasig[i] ~ dt(0,2/(.3^2),2) T(0,10)
}
tau[1] <- pow(sig[1],-2)
sig[1] ~ dt(0,2/(.3^2),2) T(0,10)
}
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Appendix 2

Model fit results

Figure 15 The model fit results for each aggregate data point. The top panel presents the
proportion of the posterior distribution of the predicted zero-value data points that
equal zero. Values on the y-axis above the horizontal dotted line (i.e. 0.5) indicate
adequate prediction. The bottom panel presents the upper and lower 95% Bayesian
credible interval of the predicted data points (i.e. the solid lines). The coloured dots
are the observed data points. Adequate prediction is indicated by the observed data
point falling between the lines.
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