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River flows affect the growth of a tropical finfish in the wet-
dry rivers of northern Australia, with implications for water
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Abstract Freshwater is a critical input to estuaries
but is under increasing demand to support upstream
human activities. In this study, otolith biochronology
was used to quantify the relationship between river
discharge and juvenile growth rates of barramundi
(Lates calcarifer) in three regions of the Gulf of
Carpentaria in northern Australia. In all regions, river
discharge had a strong positive effect on juvenile
growth rates. Models were also developed which
incorporated the Southern Oscillation Index (SOI) and
the Madden—Julian Oscillation (MJO). SOI values
corresponding to La Nifia events had strong positive
consequences for juvenile barramundi growth rates in
all regions, and the intensity of positive wet season
MIJO pulses had a strong positive effect on growth
rates in the perennially flowing river, but not the
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intermittently flowing rivers. The consequences of
three hypothetical water development scenarios were
estimated for the perennial river. The model predicted
a 12%, 8% and 1% reduction in annual barramundi
growth rates under proposed scenarios for 18%, 8%,
and 3% reduction in river discharge, respectively. Fish
growth is a robust, quantitative metric that can be
monitored pre and post water resource development to
identify the least impactful development scenario and
monitor its compliance and success through time.

Keywords Barramundi - Otolith increment
analysis - Water harvesting - SOI - MJO - Gulf of
Carpentaria

Introduction

Freshwater is a crucial resource for life and is often a
limiting factor for ecological processes and human
needs. In estuarine systems, freshwater inputs increase
aquatic primary productivity by increasing submerged
habitat availability through inundation, and in some
cases by stimulating growth of primary producers via
nutrient inputs (Davies et al., 2008; Pettit et al., 2017).
This supports increases in spawning, recruitment, and
growth of species at higher trophic levels (Pettit et al.,
2017).
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Humans benefit from freshwater flows through the
many ecosystem services provided by wetland areas
(Mitsch et al., 2015). However, these ecosystem
freshwater needs can be in direct opposition to
freshwater extraction demands for human use (Grey
& Sadoff, 2007; Stewart-Koster & Bunn, 2016).
Balancing the competing demands on finite water
resources is key to sustainable freshwater use (Ste-
wart-Koster & Bunn, 2016). There are numerous
global examples where the overallocation of freshwa-
ter resources for upstream human purposes have
severely stressed downstream ecosystems and have
proven difficult to undo or restore, notably the
Colorado River (Kendy et al., 2017), and the Mur-
ray-Darling River (Kingsford et al., 2011).

The Gulf of Carpentaria and associated river
catchments in northern Australia are an example of
where finite water resources support a variety of
ecosystem services but where there is also increasing
demand for upstream development of freshwater
resources for irrigated agriculture (Petheram et al.,
2018b), and potentially mining. Like many jurisdic-
tions worldwide, government legislation requires the
sustainable use and management of freshwater
resources, with management decisions needing to
actively balance upstream use against the needs of
downstream ecosystems and assets (Acreman et al.,
2014; McGregor et al., 2018). The Gulf of Carpentaria
has a coastline over 2,000 km long, and receives
freshwater input from over 25 major catchments with a
total area of approximately 647,000 km* (Bureau of
Meteorology, 2012a). Rainfall and associated river
flow is the main source of freshwater input and occurs
in a distinct wet-dry cycle (Warner, 1986; Warfe et al.,
2011) aligned with the monsoonal wet season in the
austral summer. Rainfall patterns are variable between
catchments and years but occur almost exclusively
between November and April, with average annual
totals of 650 to 1,200 mm (Bureau of Meteorology,
2012a). The resulting river flows and flooding are
crucial for inundating floodplains, connecting water-
ways that are disconnected in the dry season, and
stimulating primary productivity (Whitehouse, 1943;
Davies et al., 2008; Warfe et al., 2011; Pettit et al.,
2017; Burford et al., 2020). Seasonal flooding is an
important driver of high-value inshore finfish and
offshore penaeid shrimp fisheries in the Gulf of
Carpentaria (Vance et al., 1985; Halliday et al.,
2012). However, harvesting and storage of wet season
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river flows are prerequisites for proposed major
developments in northern Australia (Petheram et al.,
2008, 2018b). There are potential implications of
upstream development on downstream ecological
processes and fisheries that rely on the same river
flows (Gillanders & Kingsford, 2002; Stewart-Koster
& Bunn, 2016; Broadley et al., 2020).

Barramundi [Lates calcarifer (Bloch, 1790)] is a
key commercial fishery species in the Gulf of
Carpentaria, and is also important recreationally,
socially and culturally to regional communities
(Campbell et al., 2017) and more broadly throughout
northern Australia (Streipert et al., 2019). Barramundi
is a facultative catadromous species (i.e. non-obligate)
with a spatially and temporally variable proportion of
individuals accessing freshwater habitats during their
life (Pender & Griffin, 1996; de Lestang et al., 2001;
Milton & Chenery, 2005; Milton et al., 2008; Halliday
etal., 2012; Crook et al., 2016). River flows have long
been considered highly beneficial to barramundi
populations (Dunstan, 1959). Seasonal freshwater
flows provide connectivity between upstream and
downstream habitats, and cause changes in food
availability with impacts on growth, survival, recruit-
ment, and year-class strength (Robins et al. 2005). In
particular, river flows can increase growth rates of
barramundi (Robins et al., 2006), with access to the
freshwater habitats increasing juvenile growth rates by
25% compared with estuarine habitats (Roberts et al.,
2019). Water resource development has the potential
to modify and impact negatively on these mechanisms.

Regional or continental-scale atmospheric indices
have also been correlated to fish growth rates (Martino
et al., 2019) and catch rates (Balston, 2008). Atmo-
spheric indices can serve as a proxy for a conglomerate
of local environmental conditions over various periods
of time, which in some cases can serve as better
predictors of ecological processes than direct mea-
sures of local conditions (Hallett et al., 2004). A
number of atmospheric indices influence conditions in
northern Australia (Lisonbee & Ribbe, 2021), and are
critical to informing rainfall predictions (Hudson
et al,, 2017) and making recommendations around
agricultural planning decisions (Cobon et al., 2020;
Cowan et al., 2020). Atmospheric indices can there-
fore provide both a proxy for river flow data that is
incomplete, and potentially a tool for predicting
seasonal river discharge.
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Growth rates in fish can be measured directly
through mark-recapture studies (e.g. Robins et al.,
2006) or inferred through measurements of otolith
increment widths (e.g. Roberts et al., 2019). Otolith
increment widths are correlated with somatic growth
(Pannella, 1971; Casselman, 1990; Campana & Thor-
rold, 2001) and have been extensively used across a
wide range of species to identify favourable conditions
for growth at daily and annual timescales (LeBreton &
Beamish, 2000; Sponaugle, 2009; Morrongiello et al.,
2012; ICES, 2014; Tonkin et al., 2017). Although
otolith increment widths may not be as accurate as
direct measurement of changes to fish length over time
(Booth, 2014), using otolith increment widths as a
proxy for growth is cost effective, and can take
advantage of historical otolith collections to recon-
struct growth rates over years and regions for which
adequate samples are available.

The goals of the current study were (1) to quantify
the relationship between river discharge volume and
timing and juvenile growth of barramundi across three
wet-dry tropical catchments with differing flow
regimes, and (2) to subsequently use the identified
relationships to assess the relative impact of hypo-
thetical water development scenarios on growth rates
of juvenile barramundi. Three catchments in the Gulf
of Carpentaria, northern Australia, that are the subject
of water resource planning for potential freshwater
harvesting (Burford et al., 2020), were selected as
study regions. Barramundi growth was derived from
otolith increment widths from a large-scale historic
fishery monitoring collection sampled between 2000
and 2018 by the Queensland Department of Agricul-
ture and Fisheries (DAF). We also assessed the timing
of marginal increment formation to confirm annuli
deposition for Gulf of Carpentaria barramundi. Mea-
surement of increment widths to assess growth
variability were focused on the first three annuli. We
expected interannual differences in growth rates
resulting from river flows would be most apparent
during this ontogenetic stage, whether through habitat
availability (Russell, 2014; Roberts et al., 2019) or
increased food availability (Davies et al., 2008; Pettit
et al., 2017).

Methods
Study area

The current study focuses on three regions along a
600 km north—south latitudinal gradient of the Gulf of
Carpentaria, where three large rivers (the Mitchell,
Gilbert and Flinders) discharge into marine waters
(Fig. 1). The Mitchell, Gilbert, and Flinders rivers
have mean annual end of system discharge of 13,000
GL/year (1 gigalitre = 10° L), 5,304 GL/year, and
1,982 GL/year respectively (Broadley et al., 2020).
The three regions experience the wet-dry cycle typical
of northern Australia (Warfe et al., 2011), with
generally summer-associated flow events. In some
years, large river flows (i.e. discharge volume) result
in extensive inundation of floodplains across tens of
thousands of square kilometres associated with the
lower river deltas (Warfe et al., 2011), supporting high
primary productivity and widespread habitat connec-
tivity (Whitehouse, 1943; Warfe et al., 2011; Burford
et al., 2020). The Mitchell River has year-round flow
(Class 3: perennial river, summer runoff dominant,
Kennard et al., 2010) due to rainfall in the upper
catchment, which borders the very high rainfall
(> 1200 mm/year) Wet Tropics region around Cairns
(Fig. 1). The Flinders and Gilbert rivers have more
intermittent river flows, typically with 100 to 200
zero-flow days per year (Class 10: highly intermittent
river, summer runoff dominant, Kennard et al., 2010).

Study species

The barramundi is a protandrous and facultative
catadromous species (Dunstan, 1959; Moore, 1979;
McCulloch et al., 2005; Russell, 2014). It displays
characteristics consistent with a periodic life history
strategy, i.e. slow growing, long lived, delayed
maturation, and variable recruitment (Winemiller &
Rose, 1992; King & McFarlane, 2003). Barramundi
spawning grounds are typically in the mouths of rivers
and features of the coastal foreshore (e.g. sand banks,
gutters, embayments). Spawning events are closely
related to lunar and tidal cycles in spring and summer
(Moore, 1982; Garrett, 1987), which precedes and
overlaps with the austral summer wet season (Novem-
ber to March). Experimentally, optimal hatching
success of fertilized barramundi eggs occurs at
salinities of 20 to 30 ppt (Maneewong, 1987), and in

@ Springer



Hydrobiologia

15°S

[N

A

Gulf of
Carpentaria

16°S

17°S

’77/,/7\
SN
2o
rumba
(] @
69

Ao

[ ]
Burketown Normanton

8°S

1

19°S

20°S

F/iﬂders

Mourjtisa Clonclur ulia Cre

21°8

eorgetow

8

MiiE/, el /)

reebaca'ms

L] .
Townsville

Hughenden

"/ /| Relevant logbook grid cells

0 50 100 200,
Km
L L L L L

140°E 141°E 142°E 143°E

Fig. 1 Regional map with the location of the study regions and
their major watercourses, and Queensland commercial fishery
logbook grids from which otoliths were selected for each region

wild environments barramundi can spawn well
upstream in estuaries when salinities are high (i.e. 28
to 36 ppt, Maneewong, 1987). During their first few
years of life, juvenile barramundi can be found in a
variety of habitats. Initially juvenile barramundi use
seasonally high tides to access supralittoral nursey
habitats including swamps (Russell & Garrett, 1983),
with subsequent upstream movement to brackish or
freshwater habitats enhanced and facilitated by wet
season flooding (Davis, 1985). Individuals typically
return to saltwater between 2 to 5 years of age, which
coincides with male sexual maturity, and then transi-
tion to mature females at five to seven years of age
(Moore, 1979; Grey, 1987; Russell, 2014).

Otolith data

Commercial catches of barramundi from the Southern
Gulf of Carpentaria genetic stock have been monitored
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(details in Supplemental Material 1). Major townships are
included for context. Inset: location of the study regions in the
context of the Australian continent

annually for length, age and sex since 2000 (Fisheries
Queensland, 2010). This includes collection and thin-
sectioning (350 to 400 um) of sagittal otoliths for age-
determination as per standard protocols (Fisheries
Queensland, 2010; 2012) that have been reported on
elsewhere (Wright et al., 2021). Thin-sectioned bar-
ramundi otoliths were retrieved from this historic
collection for collection years between 2000 and 2018
(Supplementary Material 1). Samples were supple-
mented with thin-sectioned barramundi otoliths col-
lected between March 2008 and January 2011 from the
Flinders and Mitchell rivers by a Queensland Depart-
ment of Agriculture and Fisheries research project
(Halliday et al., 2012).

Age estimates and increment width measurements
were taken from still images of transverse otolith
sections viewed using reflected LED light at
16 x magnification on a Leica MZ6 microscope and
captured on a Leica DFC295 camera (Leica-
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Microsystems, Germany). When viewed using
reflected light, annual increments in barramundi
otoliths appear as pairs of wide translucent (fast
growth) and narrow opaque (slow growth) zones
(Stuart & McKillup, 2002). In northern Australia,
barramundi growth rates are highest during the hot wet
season (peaking in February/March, Xiao, 1999),
during which time the wide translucent zone is formed
on the otolith. Growth rates slow during the cool dry
season from approximately May to October (Xiao,
1999, 2000), during which time the narrow opaque
zone is formed (Staunton-Smith et al., 2004). Barra-
mundi spawn in the southern Gulf of Carpentaria
between November and March each year, with a peak
in December/January (Davis, 1985). We assigned
individuals to year classes based on standard protocols
for Queensland barramundi, whereby the nominal
birth date is 1 January (Fisheries Queensland, 2012). A
year class includes all individuals from the same
spawning season (i.e. November to March).

Age was estimated from two readings carried out in
separate sessions by a single reader. The Index of
Average Percent Error (IAPE) was < 3%, which is
considered to indicate sufficiently precise age esti-
mates (Chilton & Beamish, 1982; Robertson &
Morison, 1999), and is a quality assurance standard
for barramundi ageing in Queensland (McDougall,
2004; Fisheries Queensland, 2012). If the age esti-
mates differed between reading sessions, the otolith
section was read for a third time by the same reader
and the consensus age was used. The relative
frequency of otolith edge types in samples collected
between January and October was assessed to confirm
the timing of formation of the slow growth opaque
band.

For all samples, increment widths were measured
from a polyline laid along the reading plane for otolith
ageing, which is the clearest path near the ventral edge
of the sulcus acusticus, perpendicular to the axis of
increment formation (Supplementary Material 2, sim-
ilar to Matta et al., 2010; Morrongiello et al., 2014;
Rountrey et al., 2014; Katayama, 2018; Martino et al.,
2019). We define the first increment width as the
measured distance between the otolith core to the area
of heightened luminosity (i.e. most opaque area) in the
first opaque zone (i.e. increment 1) to capture the fast
summer and slow winter growth experienced by the
fish in its first year of life. The distance between the
area of heightened luminosity in the first opaque zone

to the area of heightened luminosity in the second
opaque zone (i.e. increment 2) represented growth in a
fish’s second year of life, and so on for growth in its
third year. Image-Pro Plus 7.0 (Media Cybernetics,
USA) was used to identify changes in luminosity
associated with opaque zones and thus assist in the
placement of a point marker from which to measure
increment widths (Supplementary Material 2).

Measurements of small morphometric characteris-
tics are disproportionately vulnerable to measure-
ment-effect errors (Yezerinac et al., 1992). This is
especially the case in otolith increment width studies,
where measurements are on the order of hundreds of
micrometres. In the biochronology literature, the
number of times increment widths are measured is
variable, ranging from once (e.g. Black et al., 2005;
Doubleday et al., 2015; Roberts et al., 2019), twice
(e.g. Black et al., 2011; Gillanders et al., 2012), to
three or more replicate measurements (e.g. Coulson
et al., 2014; Herdter, 2014; Nguyen et al., 2015; Ong
et al., 2015) which are then averaged prior to analysis.
We adopted stringent quality control measures to
maximise the precision (i.e. repeatability as per
Chilton & Beamish, 1982) of increment width mea-
surements. Measurements were taken twice by a single
reader in separate measuring sessions. If the difference
between the first and second measurement sessions for
each of the three increments of any given otolith
was < 15%, then the final value of each increment
width was calculated as the mean of the two measuring
sessions. If any increment widths differed by > 15%
between the two measuring sessions, then the otolith
was measured a third time. As above, where the
difference between the first and third session for each
of the three increments was < 15%, the value of each
increment width was calculated as the mean of the first
and third measuring sessions, and similarly for agree-
ment between the second and third measuring ses-
sions. Finally, if the measurements of any increments
differed by > 15% between all three combinations of
measuring sessions, then the otolith was excluded
from the dataset (N =2, N = 6, and N = 7 samples
removed from the Mitchell, Gilbert, and Flinders
datasets, respectively). This quality control procedure
resulted in an increment width dataset of 332 individ-
uals in the Mitchell region, 295 individuals in the
Gilbert region, and 863 individuals in the Flinders
region (Table 1).
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Table 1 Details of the otolith dataset used to build statistical models for each region

Mitchell Gilbert Flinders Total
Total number of otoliths measured 334 301 870 1,505
Total number of otoliths retained after quality control (consensus) 332 295 863 1,490

procedure

Growth years represented by > 10 increment measurements

Total number of otoliths retained after removing data-sparse years

Total number of otoliths retained after removing statistical
outliers

Total number of increment measurements used in growth models

Mean (and range) of decimal age-at-capture

1997 to 2009 2006 to 2013 1997 to 2014

325 283 860 1,468
324 282 859 1,465
935 825 2,320 4,080
4.73 (2.33 to 4.82 (233 to 4.04 (2.00 to
10.00) 10.33) 11.33)

Environmental data collection
Water availability

The focal metric for the current study is river discharge
(GL per quarter), which refers to both volume and
seasonal timing (i.e. hydrology) of flows. There is
strong evidence that physical characteristics (i.e.
hydraulics) of freshwater flows are also important to
the growth and survival of fish (Mallen-Cooper &
Zampatti, 2018, 2020). However, the hydraulic
aspects of river flows are beyond the scope of this
study, and a time-series of such data are not available
for the study catchments.

Modelled daily End of System (EOS) river dis-
charge (ML, i.e. 10° L, per day) was retrieved from the
Commonwealth Scientific and Industrial Research
Organisation (CSIRO) Northern Australia Water
Resources Assessment (NAWRA) River Model App
(https://nawra-river.shinyapps.io/river/, node
9190000, Hughes et al., 2017) for the Mitchell River.
Modelled daily EOS river discharge was available for
the Gilbert and Flinders river systems from the
Queensland Department of Environment and Science
(Queensland Hydrology, unpublished data). These
hydrodynamic models are designed for scenario test-
ing of water development planning in each region, and
provide simulated river discharge at continuous daily
time steps under a range of water extraction scenarios.
The modelled daily river discharge volumes used in
the current study incorporate historical and current
water extraction activities in each region.
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River discharge data were reclassified from calen-
dar years to hydrological years, which begin in
October and end in September and are enumerated
by the calendar year value in January (i.e. the
hydrological year from October 1995 to September
1996 is referred to as “1996”). Hydrological years are
better aligned with seasonal patterns in barramundi
growth rates than are calendar years (Xiao, 1999).
River discharge in July, August and September was
minimal or absent for all study years (1997 to 2014)
and regions, with the exception of a single small pulse
flood event in the Flinders River in July 2007. July,
August, and September were therefore excluded from
further analyses. Total river discharge was summed by
quarter, with discharge in October—November—De-
cember representing an early start to the northern wet
season, January—February—March capturing the peak
wet season flows and April-May—June capturing a late
end to the northern wet season, as well as the natural
end-of-season draining of each catchment. River
discharge is reported in GL (10° L) per quarter
(three-month period) unless otherwise specified. Total
discharge in each quarter was natural log transformed
to improve variable distribution.

Alternative discharge variables, as well as temper-
ature variables, were developed and tested but were
not used in the models presented here (Supplementary
Material 3). Juvenile barramundi growth rates are
likely influenced by a number of factors not addressed
in this project, including water temperature, prey
availability, competition, and risk of predation. How-
ever, historical data for each of these variables in the
Gulf of Carpentaria region is extremely limited.
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Furthermore, many of these variables are likely to be
strongly collinear, with wet season flooding coincid-
ing with warm summer temperatures, and resulting in
wetland inundation that is likely to dramatically
increase food availability. Therefore, total river
discharge in each quarter for each region was used
as the best available historical proxy for environmen-
tal conditions affecting juvenile barramundi growth
rates, while also being the most relevant metric for
planned water resource development.

Atmospheric indices

The Southern Oscillation Index (SOI) is an indicator
of El Nifio Southern Oscillation (ENSO), an important
ocean—atmosphere process in the tropical Pacific
Ocean moderated by sea surface temperature and
atmospheric pressure, and associated with changes in
precipitation patterns and wind strength across the
tropical Pacific. Sustained negative values of SOI
< — 8 are indicative of El Nifio events which are
associated with hotter and drier than normal condi-
tions in northern Australia. Sustained positive SOI
values > 8 are indicative of La Nifia events, which are
associated with cooler and wetter than normal condi-
tions in northern Australia (Bureau of Meteorology,
2012b). Although SOI values can be indicative of
ENSO climate events, the unpredictable paths of
cyclones in the Gulf of Carpentaria can produce large
rainfall events in coastal catchments that are not
aligned with SOI values or ENSO events. Monthly
SOI values were retrieved from the Australian Bureau
of Meteorology (bom.gov.au/climate/current/soiht-
ml.shtml). Monthly SOI data were aligned to hydro-
logical years, and monthly SOI values between
October and March (= austral summer) were aver-
aged to provide an annual metric of SOI for analysis
against juvenile barramundi growth.

The Madden—Julian Oscillation (MJO) describes an
eastward moving body of moist air that results in
locally increased sub-equatorial cloud cover and
rainfall in a 30-60 day recurring cycle (Madden &
Julian, 1972). The MJO has been linked to climate,
wind, and oceanographic conditions in the Gulf of
Carpentaria preceding and during the Australian
monsoon season (Oliver & Thompson, 2012). Phases
4 and 5 of the MJO capture the intensity of the MJO-
related enhanced convective activity over the Gulf of
Carpentaria region (Wheeler & Hendon, 2004). MJO

intensity values in the Phase 4 region (centred on 140°
East) were available every five days from the United
States National Weather Service (https://www.cpc.
ncep.noaa.gov/products/precip/CWlink/daily_mjo_
index/pentad.html). MJO values were averaged within
a shorter wet season period (January to March) to
provide an index of MJO intensity during the peak wet
season quarter (defined above).

Other atmospheric indices known to affect the Gulf
of Carpentaria (e.g. Australian Monsoon Index, Paci-
fic Decadal Oscillation) are not presented here as they
displayed strong statistical collinearity with SOI
during the study period, and could therefore not be
distinguished from the influence of SOI.

Growth rate modelling

A Gamma generalised linear mixed-effects model
(GLMM) with a log link function was used to test the
hypothesis that otolith increment widths in juvenile
barramundi were influenced by quarterly river dis-
charge (Eq. 1). Fixed covariates were increment
number (categorical with three levels), total river
discharge in October, November, and December
(Donp, continuous), total river discharge in January,
February, and March (Dygy;, continuous), fotal river
discharge in April, May, and June (D oy, continuous),
and age-at-capture (continuous). Age-at-capture (as
decimal age) was included as a covariate to account
for any age selectivity in the samples (Morrongiello
et al., 2012). This model term accounts for potential
bias in the dataset, possible in a size-selective fishery,
in which individuals with rapid or slow growth
trajectories recruit to the fishery and occur in the
dataset at disproportionately younger or older ages,
respectively (i.e. the Rosa Lee phenomenon), poten-
tially skewing growth rate reconstructions (Mor-
rongiello et al., 2012). To incorporate dependency
among measurements from the same fish, we used
FishID as a random intercept. The model specification
for the Gamma GLM using river discharge variables
is:

width;; ~ Gamma (,u,-j, v)

2
E(width;;) = p; and var(width;;) = %
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log () = oo + Incij + Donp, + Dyru, + Damy,
+ AgeAtCapture;; + FishID;

(1)

where width is the jth measured increment width for
individual fish i and FishID; is the random intercept,
which is assumed to be normally distributed with
mean 0 and variance 2. The v term is analogous to the
dispersion parameter k in a negative binomial distri-
bution (Zuur et al., 2009), oy is the model intercept,
and Inc stands for increment number.

A separate Gamma GLMM with a log link function
was used to test the hypothesis that atmospheric
indices could be used instead of river discharge to
model otolith increment widths. Fixed covariates were
increment number (categorical with three levels), SOI
(continuous), MJO (continuous), and age-at-capture
(continuous). To incorporate the dependency among
measurements from the same fish, we used FishID as a
random intercept. The model specification for the
Gamma GLM using atmospheric indices is:

width;; ~ Gamma (,u,-j, v)

2
E (widthy) = p; and var (widthy) = %

log(w;) = a0 + Incij + SOI; + MJO,;
+ Age At Capture;; + Fish ID; (2)

where width is the jth measured increment width for
individual fish i and FishID; is the random intercept,
which is assumed to be normally distributed with
mean 0 and variance G°.

Important differences in flow regime (Kennard
et al., 2010) and total discharge volumes (Fig. 2)
among the focal catchments made it inappropriate to
pool the regions into a single model with “region” as a
covariate or random effect. Furthermore, interpreta-
tion of model coefficient outputs for water develop-
ment scenarios and extension of results to water
development planning would be made unnecessarily
complex by the addition of multiple two-way interac-
tions with a region factor. Therefore, separate models
were built for each region.

All GLMMs were implemented using integrated
nested Laplace approximation (INLA) for Bayesian
inference in R-INLA (Rue et al., 2009; Martins et al.,
2012) using default priors for FishID random effects.
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Only growth years which were represented by > 10
increment measurements were included in analyses
(Table 1, Supplementary Material 4), as recommended
by Smolinski et al. (2020) for representative sample
sizes in biochronological studies. Predictor variables
were inspected for data range, distribution, and
collinearity, and outliers in the response variable were
removed (N = 1 outlier per region) prior to inclusion
in the models. River discharge in October—November—
December in the Gilbert River and river discharge in
April-May—June in the Flinders River were excluded
from models due to high collinearity with January—
February—March discharge in each region (r > 0.60,
Dormann et al., 2013; Zuur et al., 2013). All contin-
uous predictor variables were standardized using the
scale function in the base R package to have a mean of
zero and a standard deviation of one to assist
interpretation and comparison of model coefficients.
River discharge variables were selected a priori for
inclusion based on their relevance to water develop-
ment planning, while atmospheric indices were
selected to facilitate model incorporation into future
climate-based forecasting. Variable reduction meth-
ods or model selection procedures were therefore not
applied.

Water development scenario testing

Multiple hypothetical water development scenarios
have been proposed for the Mitchell, Gilbert, and
Flinders rivers to inform water resource and agricul-
tural development planning in northern Australia
(Hughes et al., 2017; Petheram et al., 2018a, b; Pollino
et al.,, 2018; Broadley et al., 2020; Burford et al.,
2020). These represent a range of surface water
allocations and utilisation, surface water harvesting
via pumping or instream dams, and different thresh-
olds for minimum instream discharge levels prior to
beginning harvesting (“pump start threshold”). In the
current study, the effect of three different water
development scenarios on juvenile barramundi growth
rates were explored for the Mitchell River, represent-
ing a range of high, medium, and low extraction
development proposals (Table 2). Daily timeseries of
river discharge for the Mitchell River under each
scenario were generated by the NAWRA River Model
App (https://nawra-river.shinyapps.io/river/). The
effect of modified flow scenarios on juvenile barra-
mundi growth rates was not explored for the Gilbert
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and Flinders rivers, as timeseries of daily river dis- summed by quarter (October—November—December,
charge for each development scenario did not coincide January—February—March, and April-May—June) for
with the full period for which otolith increment width each hydrological year, natural log transformed, and
data were available. For the Mitchell River water scaled and centred using the mean and standard
development scenarios, total river discharge was deviation of the base scenario over the period for
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Table 2 Water development scenarios used to model the effect of changes in river flows on otolith increment widths of juvenile
barramundi in the Mitchell region

Scenario Description Mean annual flow reduction
Base case Current allocations and usage 0%
High extraction Construction of multiple major in-stream dams (Chillagoe, 18%
Nullinga, Pinnacles, Rookwood, and Palmer River dams)
No additional surface water harvest
Medium extraction No dam construction 8%
Surface water harvest, maximum 200 GL/year at each of
three nodes (9190092, 9193090, 9190090)
High pump start threshold (1,800 ML/day)
Low extraction Construction of Nullinga dam (high in the catchment) 3%

No additional surface water harvest

which matching otolith data were available (Table 1).
We then used the fitted Bayesian model for the
Mitchell River to predict median otolith increment
widths under each water development scenario.

Results
Timing of increment formation

Across all study regions, 1,490 otoliths were assessed
for increment count and edge formation and retained
after quality control procedures (Table 1). The
formation of a new opaque band (i.e. narrow edge
type, classified as “newly formed”) was observed as
early as February in 5.8% of fish sampled from that
month (Fig. 3), all of which were from the Flinders
region, which has the highest latitude (~ 17.5°S,
Fig. 1). Narrow edge types became increasingly
common over the following months. By September
(at the end of the austral winter), more than 60% of fish
were classified as having a narrow edge type (i.e.
recent opaque band formation and corresponding slow
growth (Fig. 3a).

A potential latitudinal gradient appeared once
samples were separated by region (Fig. 3b—d),
although this may be influenced by the unequal and/
or low sample numbers available from each region in
each month. The formation of a new opaque band was
observed earliest at the highest latitude region (Fe-
bruary in the Flinders, Fig. 3d, Fig. 1), a month later at
the intermediate region (Gilbert, Fig. 3c), and not until
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another month later at the lowest latitude region
(Mitchell, Fig. 3b). Similarly, more than 50% of fish
displayed a new increment by June in the southern-
most Flinders region, by July in the intermediate
Gilbert region, and by September in the northernmost
Mitchell region (Fig. 3b-d).

River and atmospheric index patterns

Peak river discharge occurred during the January—
February—March quarter in all study regions and
hydrological years, with the exception of the Flinders
region in 2006 (Fig. 2). Quarterly and total End of
System (EOS) modelled discharge was highly variable
across the study years, but was consistently highest for
the Mitchell River (Fig. 2a) as compared to the Gilbert
and Flinders rivers (Fig. 2b and c).

Mean summer SOI across the study period (Fig. 2d)
captured well-known ENSO events, e.g. 1998 El Nifio
summer, 2011 and 2012 La Nifia summers (Bureau of
Meteorology, 2012b). SOI was typically positively
associated with log-transformed early, mid, and late
wet season river discharge in all study regions
(0.19 <r < 0.46), although the correlations were
non-significant (P > 0.20). SOI demonstrated a small
negative non-significant correlation with MJO across
the study period (r = — 0.21, P > 0.05), which is
within the observed range of the highly variable
relationship between MJO and ENSO processes
(McPhaden et al., 2006; Hendon et al., 2007).

Mean MJO intensity during the peak wet season
quarter (January—February—March) ranged from —
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Fig. 3 Otolith edge type frequency histogram indicating
relative frequency of edge types (newly formed, intermediate,
or wide, as per Fisheries Queensland (2012)) across the calendar
year for a the full dataset, b Mitchell region, ¢ Gilbert region,
and d Flinders region. Samples are sparse in October and
unavailable in November and December due to seasonal closure
of the fishery from 7 October to 1 February each year. Samples
collected in January in the Flinders region are from research
activities

0.53 (in 2007) to 0.96 (in 1998) (Fig. 2e). MJO was
generally positively associated with log-transformed
river discharge during the peak wet season quarter in
all regions (0.32 < r < 0.54), although these correla-
tions were non-significant (P > 0.05).

Drivers of otolith increment width

A total of 4080 increment widths were used to
determine the influence of environmental factors on
growth rates of juvenile barramundi. Increment num-
ber and age-at-capture were identified as important

variables (analogous to frequentist statistical signifi-
cance) in both river discharge and atmospheric index
models in all three regions (Table 3). As expected,
increment number had the strongest effect on incre-
ment width by an order of magnitude, due to the
decline in growth rates with age (Stuart & McKillup,
2002). A weaker negative effect of the age-at-capture
covariate indicated that individuals captured at an
older age had narrower early growth increments (i.e.
slower growers were captured older) than fish captured
at a younger age (i.e. faster growers were captured
younger).

Mitchell region

Results from the Gamma GLMM indicate that early
(October—-November—December), peak (January—Fe-
bruary—March), and late (April-May—June) wet sea-
son river discharge are important determinants of
otolith increment widths in juvenile barramundi in the
Mitchell region (Table 3). Larger discharge volumes at
any time during the hydrological year resulted in
larger otolith increment widths (Table 3, Fig. 4a—c).
Atmospheric indices, in particular SOI, were also
important determinants of otolith increment widths,
with the largest otolith increment widths observed in
La Nifia (strongly positive SOI) and intensely mon-
soonal (high MJO) years (Table 3, Fig. 4d and e). The
R? for both the river discharge and climactic models
was 0.90.

Gilbert region

Peak (January—February—March) and late (April-
May-June) wet season river discharge were important
determinants of otolith increment widths in juvenile
barramundi in the Gilbert region (Table 3). Larger
discharge volumes in the peak and late wet season
resulted in significantly larger otolith increment
widths (Table 3, Fig. 4f, g), noting that early wet
season river discharge (October—November—Decem-
ber) was excluded from analyses due to strong
collinearity with peak wet season discharge.

SOI was an important determinant of otolith
increment width in the atmospheric model, with larger
otolith increment widths observed in La Nifia
(strongly positive SOI) years (Table 3, Fig. 4h).
MIJO was not identified as an important variable in
the Gilbert region (Fig. 4i), potentially due to the low
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Table 3 Posterior means
and credible intervals
(0.025 and 0.975 quantiles)
for the river discharge and
atmospheric indices-mixed
effects models for each
region; the response
variable is otolith increment
width, a proxy for somatic
growth rate. Random
intercept effect of FishID
was included in all models.
River discharge and age-at-
capture variables were
natural log-transformed
prior to analysis, and all
continuous predictor
variables were scaled and
centred prior to analysis.
Posterior distributions of
increments 2 and 3 are
relative to increment 1

*Denotes variable
importance, i.e. the 95%
credible interval for the
variable’s posterior
distribution does not
include zero. This is
equivalent to a frequentist
statistical significance
threshold of P < 0.05

variability in MJO values recorded during years for
which sufficient otolith increment data were available
(2006 to 2013, Table 1, Figs. 2 and 4i).
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Region Model Predictor Q 0.025 Mean Q 0.975 Model R?
Mitchell ~ River discharge Intercept —0.679  — 0.665* -0.651 0.897
Age-at-capture — 0.042 — 0.033* -0.024
Increment 2 — 0.525 — 0.507* — 0.489
Increment 3 —0.813 — 0.794* — 0.775
Donp 0.007 0.016* 0.025
Dirm 0.001 0.010%* 0.019
Dams 0.003 0.011* 0.020
Atmospheric Intercept —0.677 — 0.664* — 0.650 0.902
Age-at-capture  — 0.044  — 0.035* — 0.026
Increment 2 — 0.528 — 0.510% — 0.492
Increment 3 — 0.815 — 0.797* — 0.778
SOl 0.014 0.022%* 0.030
MIJO 0.009 0.017* 0.025
Gilbert River discharge Intercept - 0759 —0742% —0.725 0.868
Age-at-capture ~ — 0.033 — 0.022% — 0.011
Increment 2 — 0.448 — 0.426* — 0.404
Increment 3 — 0.748 — 0.723% — 0.698
Diem 0.015 0.025* 0.036
Damy 0.007 0.019* 0.031
Atmospheric Intercept — 0749 —0733* —0.716 0.860
Age-at-capture  — 0.032  — 0.021* — 0.010
Increment 2 — 0450 — 0.428%* — 0.406
Increment 3 — 0.770 — 0.748% — 0.725
SOl 0.002 0.013* 0.025
MIJO —0.011 0.000 0.012
Flinders  River discharge Intercept —0.723 — 0.715% — 0.706  0.875
Age-at-capture ~ — 0.028  — 0.022% — 0.016
Increment 2 — 0.487 — 0.475% — 0463
Increment 3 —0.826 — 0.812* — 0.798
Donp 0.005 0.010* 0.016
Dyem 0.018 0.024* 0.030
Atmospheric Intercept — 0.724 — 0.715% — 0.706 0.873
Age-at-capture  — 0.028  — 0.022*  — 0.016
Increment 2 — 0478 — 0.465* — 0.453
Increment 3 — 0.837 — 0.823% — 0.809
SOl 0.010 0.015* 0.021
MJO — 0.002 0.004 0.010

Flinders region

Early (October—November—December) and peak (Jan-
uary—February—March) wet season river discharge
were important determinants of otolith increment
widths in juvenile barramundi in the Flinders region
(Table 3). Larger discharge volumes at these times of
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year resulted in significantly larger otolith increment
widths, but with much more distinct and abrupt
flattening of the logarithmic relationship between
river discharge and increment width than was
observed for the Mitchell or Gilbert regions (Fig. 4).
The greatest effect of early wet season discharge
occurred below approximately 500 GL (Fig. 4j). The
greatest effect of peak wet season discharge occurred
below approximately 7500 GL (Fig. 4k). This likely
reflects the more frequent occurrence of seasonal
discharge volumes below these thresholds. Discharge
in excess of 500 GL in the early wet season quarter,
and in excess of 7500 GL in the peak wet season
quarter were recorded just once during the 18-year
study period (Fig. 2c). These single occurrences are
therefore responsible for the long flat “tail” of the
modelled relationship for the Flinders region. River
discharge in the late wet season was excluded from
analyses due to strong collinearity with peak wet
season discharge.

SOI was an important determinant of otolith
increment width in the atmospheric model, with larger
otolith increment widths observed in La Nifia
(strongly positive SOI) years (Fig. 41). MJO demon-
strated a weak positive relationship with otolith
increment width in the Flinders region, but did not
attain the threshold for statistical importance (Table 3,
Fig. 4m).

Water development scenario testing

Wet season End-Of-System (EOS) discharge from the
Mitchell River was reduced by 18%, 8%, and 3%
under the hypothetical high, medium, and low extrac-
tion water development scenarios compared with
existing flow conditions (Table 2). In all three
scenarios, the majority of water extraction, by volume,
occurred during the peak of the wet season (January—
February—March, Fig. 5a). However, the smaller vol-
ume of water harvested early (October—November—
December) and late (April-May—-June) in the wet
season represented a much larger percentage reduction
in discharge during those quarters (Fig. 5a and b).
The Bayesian Gamma GLMM predicted that
otolith increment widths (and thus annual juvenile
barramundi growth rates) in the Mitchell region would
be reduced by 12.7% (range: 11.6 to 13.8%), 6.7%
(range: 6.5t0 6.9%), and 1.25% (range: 1.25 to 1.26%)
under the hypothetical high, medium, and low
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relative to base (existing) water harvesting conditions for each
water harvesting scenario described in Table 2. ¢ Reduction in
median otolith increment widths under each water harvesting
scenario relative to the range of otolith increment widths
observed under base scenario conditions

extraction water development scenarios compared
with existing flow conditions (Table 2, Fig.5).
Although all three wet season quarters were important
contributors to otolith increment widths in the
Mitchell region (Table 3), the predicted reductions in
growth rate under each water development scenario
appear to be approximately proportional to the reduc-
tion in percent river discharge in the peak wet season
quarter (January—February—March, Fig. 5b and c).

Discussion

In this study, we successfully quantified the effect of
wet season river discharge on the first three otolith
increment widths of barramundi in three rivers in the
Gulf of Carpentaria with differing flow regimes.
Models were also developed which incorporated the
Southern Oscillation Index and the Madden—Julian
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Oscillation, and indicated that SOI values correspond-
ing to La Nifla events had strong positive conse-
quences for juvenile barramundi growth rates in all
regions. The river discharge model for the Mitchell
region was used to estimate the relative impact of three
hypothetical water development scenarios on growth
rates of juvenile barramundi. The model predicted a
12%, 8% and 1% reduction in annual barramundi
growth rates under proposed scenarios for 18%, 8%,
and 3% reduction in river discharge, respectively. We
also used otolith marginal increment analysis to
identify the timing of opaque band formation and
confirm annuli deposition for Gulf of Carpentaria
barramundi.

Timing of increment formation

Marginal increment analysis supports the inference
that opaque bands in barramundi otoliths are formed
annually in the Gulf of Carpentaria. The timing of
opaque band formation (February/April through to
October, Fig. 3) is consistent with the timing of
formation of scale checks in barramundi in the
southern Gulf of Carpentaria (Davis & Kirkwood,
1984), the formation of otolith opaque bands in
barramundi reported on Queensland’s east coast
(Stuart & McKillup, 2002; Staunton-Smith et al.,
2004), and with modelled reductions in barramundi
growth rates during the austral winter (Xiao, 1999). A
potential latitudinal gradient in the onset of new
opaque band formation may be related to the earlier
onset of slow growth conditions (i.e. lower tempera-
tures) at higher latitudes (Flinders region, approx.
17.5°S, Fig. 1).

Flow drivers of otolith increment width

The current study has quantified the importance of wet
season river discharge on the first three increment
widths of barramundi in three catchments. These
catchments currently have relatively minor water
resource development, but are focal areas for agricul-
tural and water resource development in Northern
Australia (FGARA, Holz et al.,, 2013; NAWRA,
Petheram et al., 2018b). In the Gilbert and Flinders
regions, which experience highly intermittent seasonal
river flows of just 150 to 250 days per year (Kennard
et al., 2010), the most influential wet season period
was the peak of the wet season (January—December—

March), although this effect may be amplified by the
removal of collinear wet season periods from the
mixed-models i.e. October—-November—December in
the Gilbert region and April-May—June in the Flinders
region. Conversely, in the Mitchell River which is
typically perennial, with low but consistent base flow
and summer dominant flows (Kennard et al., 2010), all
three wet season quarters had similar magnitude
effects on barramundi growth rates (Table 3). The
more extended flow regime in the Mitchell River
potentially enables greater upstream access and
greater longevity of seasonally ephemeral wetlands
(Ndehedehe et al., 2021), possibly enabling extended
periods of growth in juvenile barramundi in the
Mitchell region, compared with the short-lived, all-
or-nothing river flows typical of the Gilbert and
Flinders rivers (Ndehedehe et al., 2020).

Results from the current study confirm relation-
ships between river flow and barramundi growth rates
reported in other Australian regions (Robins et al.,
2006). They also provide supporting evidence for a
mechanism underlying the correlative relationships
between peak wet season flows and subsequent
increases in barramundi catch rates (Robins et al.,
2005; Balston, 2009). There are multiple ways in
which seasonal river flows can affect barramundi
growth rates. Young-of-the-year barramundi exploit
temporary aquatic habitats on the littoral estuarine
margins, adjacent saltpans and upper reaches of tidal
creeks that occur on the wide (~ 40 km) flat coastal
plains in the southern Gulf of Carpentaria (Russell &
Garrett, 1983). Temporary aquatic habitats are created
(and replenished) by tidal inundation between October
and March on seasonally large spring tides, but river
flows extend their occurrence and accessibility, both
spatially and temporally. These prey-rich habitats are
speculated to support rapid growth, enhanced juvenile
survival and thus enhanced recruitment (Russell &
Garrett, 1983). River flows deliver nutrients critical to
maintaining estuarine primary productivity (Burford
et al., 2020), which then supports higher order
productivity including that of finfish, and also increase
habitat access, including connectivity to upstream
freshwater habitats (Davis, 1985; Blaber et al., 2008;
Roberts et al., 2019). Increased juvenile growth rates
may lead to increased catch rates in later years through
improved survival of juveniles (Perez & Munch,
2010), which can result in a stronger cohort (Campana,
1996) that is later encountered at higher numbers in the
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fishery (Ricker, 1979; Maunder et al., 2016). Fresh-
water flows are similarly important to a number of
commercially targeted fishery species in northern
Australia (Robins et al., 2005; Halliday et al., 2012),
including the high-value banana prawn (Penaeus
merguiensis, de Man, 1888) fishery (Duggan et al.,
2019; Broadley et al., 2020) and mud crab (Scylla
spp.) fishery (Meynecke et al., 2012b).
Biochronological approaches such as the current
study can be powerful tools to retrospectively infer
causative relationships between fish somatic growth
rates and environmental conditions, but can also have
important caveats and should be interpreted with this
in mind. In particular, samples used in the current
study are drawn from a historic otolith collection that
is inherently vulnerable to “survivorship bias” (Del-
gado-Rodriguez & Llorca, 2004). Barramundi har-
vested in the commercial set gill-net fishery in the Gulf
of Carpentaria may have experienced a wide range of
habitat uses as well as flow regimes. Barramundi are
facultatively catadromous, thus juveniles that experi-
ence high river flows in their first wet season may
migrate to freshwater habitats that are intermittently
connected to the main river and estuary. These fish
may become trapped for multiple years if subsequent
wet seasons are poor or insufficient to reconnect such
habitats and allow downstream movement. In poor wet
seasons, previously rich freshwater nursery habitats
can become resource-depleted (Warfe et al., 2011),
and at the extreme, lethal — i.e. hot and anoxic, or
drying out completely. Individuals with this life
history trajectory would not appear in the estuarine
fishery, and would be unavailable to the current study.
In such instances, the multi-year sequence of river
discharge volumes may be more influential than river
discharge volume in any particular hydrological year.
Tag-recapture data for the southern Gulf of Car-
pentaria indicates that > 90% of barramundi remain
within the catchment in which they were tagged
(Sawynok, 2014). However, wet season flows in the
southern Gulf of Carpentaria often result in extensive
inundation of the lower coastal floodplains, particu-
larly in moderate to high-flow wet seasons. River
flows are known to disperse through “breakout”
channels (e.g. Smithburne and Nassau rivers, Fig. 1,
Supplementary Material 1, and Whitehouse 1943),
providing connectivity between adjacent river systems
and facilitating barramundi movement between neigh-
bouring catchments. As such, a small number of
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individuals used in the current study may have been
influenced by flows from an adjacent catchment, but
we suggest the impacts on model results are likely to
be minor for individual regions.

Atmospheric indices as drivers of otolith
increment width

The current study provides atmospheric index predic-
tors of juvenile barramundi growth rates, which can be
used to integrate this relationship into broader-scale
resource modelling, as well as to make predictions
regarding biological changes to these ecosystems
under the effect of climate change. This is particularly
valuable for integration of our results into regional
Gulf of Carpentaria models that are driven by large-
scale atmospheric variables, as well as for cautious
extension of these results into Gulf catchments for
which in situ river gauge data or high-quality river
discharge modelling are unavailable.

SOI was a strong predictor of barramundi growth
rates in Gulf of Carpentaria catchments. A strong
positive effect of SOI was present in all study regions,
with more intense La Nifla wet seasons (sustained
positive values of SOI > 8, Bureau of Meteorology,
2012b) resulting in higher growth rates of juvenile
barramundi (Table 3, Fig. 4e, i, m). This is in line with
the established effects of ENSO on the Gulf of
Carpentaria, and northern Australia more widely
(Holbrook et al., 2009). La Nifia wet seasons are
associated with higher-than-average rainfall across
northern Australia (Bureau of Meteorology, 2012b),
resulting in increased banana prawn catches in the
Gulf of Carpentaria (Vance et al., 1985) and increased
mud crab catches in the western Gulf of Carpentaria
(Meynecke et al., 2012a). The La Nifia ENSO phase is
known to influence growth rates across many taxa in
northern Australia, including adult mangrove jack
[Lutjanus argentimaculatus (Forsskal, 1775)] (Ong
et al., 2015), spangled emperor [Lethrinus nebulosus
(Forsskal, 1775)], Porites spp. corals, and the cypress-
pine tree Callitris columellaris (F. Mueller, 1866) in
Western Australia (Ong et al., 2016). The speculated
mechanistic link between SOI and growth rates of
estuarine/marine taxa is increased freshwater dis-
charge contributing to the downstream movement of
nutrients and inundation of wetland areas, thereby
stimulating high levels of primary productivity on
river floodplains (Davies et al., 2008).
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The effect of the Phase 4 MJO index on juvenile
barramundi growth rates was typically positive, in line
with previous studies (Balston, 2008). However, this
effect was only significant in the Mitchell region,
possibly as a result of the small range of MJO values
during the period for which otolith increment data was
available for the Gilbert region (Table 1, Fig. 4i), or
potentially as a result of the underlying differences in
flow regime between the perennial Mitchell and
intermittent Gilbert and Flinders rivers. The MJO
index quantifies pulses of convective activity operat-
ing on a period of days to weeks (Madden & Julian,
1972). High positive MJO values indicate a probabil-
ity of intense monsoonal downpours, which would
likely have brief but large implications for river
discharge and coastal floodplain inundation. The
difference in the effects of MJO-induced monsoonal
downpours in the perennial and intermittent rivers
may be the result of differences in catchment wetting
processes, or fundamental geomorphological differ-
ences between the river types. In particular, the lower
Mitchell catchment contains extensive productive
floodplain lagoons that respond quickly to wet season
flows and persist well after the peak wet season period
(Ndehedehe et al., 2021). Conversely, the Flinders
catchment typically has deep river channels that
require significant flow events to overtop riverbanks
and inundate wetlands; floodwaters subsequently
recede quickly and floodplain inundation extent
declines rapidly (Ndehedehe et al., 2020).

Integrating biological responses (e.g. barramundi
otolith increment width) with large-scale atmospheric
and climate processes is key to forecasting the effects
of climate change on ecological and human systems.
Unfortunately, the Gulf of Carpentaria is a highly
variable and unpredictable region on an interannual
timeframe, and the uncertain effects of climate change
will act on this highly variable baseline. Predicted
effects of climate change on the ENSO process and
SOI are complex, but recent studies indicate that SOI
extremes (i.e. severe El Nifio and severe La Nifia
events) and resulting large interannual variation in
precipitation patterns and total rainfall are likely to
become more common (Perry et al., 2017). For
juvenile barramundi, this would result in highly
variable interannual growth rates, with potential
impacts on natural mortality rates and recruitment if
multiple extreme dry years were to occur in succes-
sion. The important potential interactive effects of

river discharge volumes in successive years merits
further research to improve forecasting and inform
more dynamic and adaptive water extraction plans.

Climate forecasting also indicates that the ampli-
tude of the MJO is likely to increase (Bui & Maloney,
2018). A higher amplitude MJO could result in greater
intensity and variability of both pulses of low pressure
(wet conditions) and periods of high pressure (dry
conditions). The increased intensity of low pressure
systems would be expected to increase rainfall, river
discharge, and consequently juvenile barramundi
growth rates in the Mitchell region. However, con-
current changes to wind circulation patterns due to
climate change mean that MJO pulses will be less
predictable and more extreme (Bui & Maloney, 2018),
with low pressure conditions potentially crossing the
line from beneficial to destructive (i.e. cyclonic).

Water development scenario testing

Subsequent scenario testing of a range of hypothetical
water development scenarios in the Mitchell region
indicated that different approaches and targets for
water extraction can minimise the impact of freshwa-
ter harvesting on juvenile barramundi growth rates.
Model results estimated that hypothetical water
development scenarios in the Mitchell region that
reduce EOS discharge by 18%, 8%, and 3% could
result in juvenile barramundi that grow 12%, 7%, and
1% less during each of their first three years of life than
they would have under existing flow conditions,
respectively (Table 2, Fig. 5). Size-selective survival
is important to natural mortality rates of young fish
(Perez & Munch, 2010). As such, reduced growth rates
may negatively impact cohort survival, with subse-
quent deleterious effects on year-class strength
(Staunton-Smith et al.,, 2004; Halliday et al.,
2011, 2012), biomass (Tanimoto et al., 2012), and
catch rates (Robins et al., 2005; Balston, 2008, 2009;
Tanimoto et al., 2012).

Scenario testing is an important component of the
water planning process (McGregor et al., 2018), and
the current study provides a quantitative means of
assessing the relative impact of different water devel-
opment scenarios on juvenile barramundi growth
rates. The model parameters presented here can be
extended to a wider range of water development
scenarios for the Mitchell River, and to water devel-
opment scenarios for the Gilbert and Flinders rivers if
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robust modified river discharge timeseries become
available for those regions. We strongly recommend
replicating the water development scenario testing
component of the current study across the range of
water extraction scenarios proposed for the Gilbert
and Flinders regions, as these rivers are also of interest
for water resource development in northern Australia
(Holz et al., 2013; Burford et al., 2020).

Further scenario testing can also investigate the
relative effect of different water development compo-
nents (e.g. dam number, size, and placement; surface
water harvest volume; pump start thresholds; mini-
mum EOS provisions) on EOS discharge and subse-
quent juvenile barramundi growth rates in order to
determine the ideal water development strategy that
strikes the best balance between human consumption
and environmental requirements. For example, among
the three development scenarios explored in this study,
the smallest impact on juvenile barramundi growth
rates (1% reduction, Fig. Sc) was achieved from the
“low extraction” scenario, which included construc-
tion of the Nullinga dam high in the Mitchell River
catchment (Table 2). It is also important to note that
although the current study has identified the “low
extraction” Nullinga dam scenario as minimally
impacting juvenile barramundi growth rates, we make
no inference about the effects of different water
development scenarios on barramundi natural mortal-
ity rates, spawning success, recruitment success, or
other key life history parameters, or any effects on
other ecological assets in the Mitchell River (Pollino
et al., 2018).

Recommendations

The current study delivers a key step towards provid-
ing environmentally informed growth estimates for
barramundi population models in the Gulf of Carpen-
taria, which has been called for in stock assessments
(Campbell et al., 2017; Streipert et al., 2019). In
addition, our results can contribute to the framework
for ecological assessment of water development
scenarios (McGregor et al., 2018), explicitly incorpo-
rating water harvesting effects on juvenile barramundi
growth rates.

It is important to note that variables included in the
current analyses do not capture the full range of
environmental influences on juvenile barramundi
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growth rates. Water temperature in particular is a
fundamental determinant of growth rates in fish, with
potentially large effects on otolith growth (Gillanders
et al., 2012). Water temperature variables were not
included in current modelling due to insufficient data
at an appropriate timescale, and the limited suitability
of proxy datasets (Supplementary Material 3). The
Gulf of Carpentaria is typical of vast, remote, and data-
sparse parts of the world, where the quality and
accuracy of predictive models are constrained by the
limited spatiotemporal extent and resolution of envi-
ronmental monitoring datasets. In light of this data
scarcity, we strongly recommend increased deploy-
ment of in situ water temperature monitoring stations
across the region to better understand the range and
influence of thermal conditions in these highly vari-
able aquatic systems.

This work also highlights two important knowledge
gaps that are crucial to properly integrate our results
into water resource planning and fishery management
decisions. First, tag-recapture data (Sawynok, 2014)
and otolith microchemical evidence (J. Robins, un-
published data) indicate that adult barramundi can
move between estuaries in the Gulf of Carpentaria,
such that some individuals captured in these study
regions may have spent their juvenile years in
neighbouring catchments. We recommend otolith
microchemical assessments be carried out in each
study region to quantify the relative frequency of inter-
catchment movement and improve predictions of the
effects of river-specific freshwater harvesting on
barramundi. In addition, routine otolith microchemi-
cal assessments should continue after implementation
of any water development plans as part of a compre-
hensive environmental impact monitoring program.
Second, the current study has inferred the magnitude
of the relationship between otolith increment and
actual somatic growth in barramundi, not measured it
directly. Directly relating environmental drivers to
somatic growth in barramundi using tag-recapture
methods (Robins et al., 2006) is not always possible,
with post hoc analysis of otolith archives representing
a cost effective and pragmatic alternative to direct
measurements of fish growth over considerable
lengths of time. We recommend further research in
this space to explicitly link otolith increment widths
and somatic growth in barramundi, in particular
through tag-recapture and otolith marking of juve-
niles. The relationship between otolith increment
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width and somatic growth in barramundi cannot be
adequately addressed using routine samples from the
commercial catch, which are legally restricted to
capturing adult fish, and are thus typically older than
the age ranges necessary to resolve this central
question. Parametrising the relationship between
otolith and juvenile fish growth can inform predictions
of water development scenario effects on barramundi
biomass and fishery harvest rates. Ideally, work
linking otolith increment widths and somatic growth
should be undertaken in all catchments targeted for
water extraction, prioritising particularly data-sparse
regions (e.g. Gilbert), and should also continue after
implementation of any water development plans as
part of a comprehensive environmental impact mon-
itoring program. Once empirically linked to somatic
growth, barramundi growth estimates via otolith
increment widths can provide a robust, quantitative
metric that can be monitored pre and post water
resource development to identify the least impactful
development scenario and monitor its compliance and
success through time.
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