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Abstract
Deoxygenation events within the Swan-Canning Estuary are a severe and potentially
lethal threat to the resident aquatic fauna and an ongoing concern for management.
Hypoxic conditions develop in the upper estuary following heavy rainfall events that
deliver an influx of freshwater into the system, stratifying the water column. When
tidally driven seawater and freshwater discharge meet, haloclines are formed, creating a
barrier to vertical mixing. Organisms living within the stratified bottom waters can
rapidly deplete oxygen reserves, eventually causing the lower layers to become hypoxic.
The frequency and severity of these events are projected to increase due to climate
change as associated reductions in surface runoff reduce river flow (a remediate of
hypoxia) and allow deeper penetration of the marine salt wedge, causing prolonged and
more intense stratification of the system. In response to this threat, artificial
oxygenation plants have been installed in two regions of the upper estuary known to
experience hypoxic conditions most frequently in an attempt to maintain dissolved
oxygen concentrations appropriate for fauna.
Using acoustic telemetry, we tracked fifty-five Acanthopagrus butcheri over a 116-day
period between autumn and winter with the aim to relate the patterns of movement
(including residency, habitat use and movements on daily and seasonal scales) to a suite
of environmental variables commonly associated with the movement of fishes in
estuaries, and determine whether the spatial residency of this species is influenced by
the operation of the artificial oxygenation plants. The study revealed that detection of A.
butcheri was significantly influenced by hypoxia, habitat complexity, salinity and flow,
while the operation of the oxygenation plants did not significantly influence A. butcheri
detection. Acanthopagrus.butcheri avoided areas wherein large proportions (>20%) of
the available habitat was occupied by hypoxia, instead favouring those with <5%. Areas
of high habitat complexity owing to the abundance of large woody debris were
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associated with high numbers of A.butcheri and salinity was a significant predictor of
A.butcheri presence with the species being found to favour areas of salinities between
10-20ppt, rarely being detected in waters of <5ppt and >25ppt despite their extreme
euryhaline physiology.
Thus, the results highlight the species vulnerability to hypoxia and provides further
evidence supporting the hypothesis that the habitat compression of A.butcheri is heavily
responsible for declines in its condition within the Swan River Estuary. Hence, ongoing
management of the Swan-Canning Estuary should aim to mitigate the factors
exacerbating hypoxia within the system and incorporate protection and restoration of instream woody habitats and riparian vegetation given its importance to native fishes such
as A.butcheri as critical refugia. More research will be required to accurately quantify
the benefits of artificial oxygenation to estuarine species within the Swan-Canning
Estuary.
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1.0 Introduction
1.1 What is an estuary?
The term estuary encompasses a vast range of water bodies that contain a feature of
highly variable biophysical components (Tagliapietra et al. 2009; Potter et al. 2010)
Formerly, the definition of an estuary as proposed by Pritchard (1967) states: “An
estuary is a semi-enclosed coastal body of water, which has a free connection with the
open sea and within which seawater is measurably diluted with freshwater derived from
land drainage”. While this definition is mostly applicable to northern hemisphere
estuaries that are often large, macro-tidal systems, it has limited relevance to many
estuaries from southern hemisphere that tend to be micro-tidal systems; often becoming
isolated from the ocean via the formation of a sandbar at their mouths (Cooper 2001;
Potter et al. 2015a). Potter (2010) proposed a broader and more encompassing
definition of an estuary that takes into account the systems of the southern hemisphere;
“ A Partially enclosed coastal body of water that is permanently or periodically open to
the sea and which receives at least periodic discharge from a river(s), and thus, while its
salinity is typically less than that of natural sea water and varies temporally and along
its length, it can become hypersaline in regions when evaporative water loss is high and
freshwater and tidal inputs are negligible”. This definition better reflects the dynamic
nature of water exchanges and physiochemical conditions of estuaries in the southern
hemisphere, which in turn determines the biological and ecological characteristics of
these systems.

1.1.1 Ecological significance of estuaries
Estuaries are ecologically important components of coastal catchments. They contain
unique habitats such as salt marshes, mangrove forests, seagrass meadows, swamplands,
1

sandy beaches, and shallow open water environments (Beck et al. 2001; Barbier et al.
2011; Sheaves et al. 2014). These habitats, in turn, support thousands of different plant
and animal species including a large proportion of the world’s recreational and
commercial fish stocks that rely upon estuarine systems as breeding grounds and
juvenile nurseries (Potter et al. 1990; Sheaves et al. 2014). Providing a number of
critical ecosystem functions such as water filtration and habitat protection (Edgar et al.
2000; Kennish 2002), estuaries are among the most highly productive environments
globally (Cai 2011; Elliott and Whitfield 2011; Merrifield et al. 2011). Estuaries and
near-shore environments are critical for human food security and livelihoods and
currently support more than 75% of the human population (Vitousek et al. 1997), and
can be thought of as the biological and economical centres of coastal communities.

1.2 Estuarine dynamics
Influenced by the tides, either permanently or periodically, and mixing of fresh and salt
water, estuaries vary considerably in regard to their physical and chemical
characteristics. Temperature, salinity and dissolved oxygen (DO) tend to exhibit
pronounced spatial variability through horizontal and vertical gradients (Paerl et al.
1998; Uncles and Stephens 2001; Kurup and Hamilton 2002; Drewry et al. 2010;
Wooldridge and Deyzel 2012; Potter et al. 2015a). These water quality parameters are
also subject to considerable temporal variability on daily and seasonal scales via the
tidal cycle and local climatic conditions (D’Avanzo and Kremer 1994; Lopes and Silva
2006; Tyler et al. 2009; Tweedley et al. 2016). In turn, these characteristics strongly
influence estuarine faunal populations and communities (Harrison and Whitfield 2006)
as environmental preferences and tolerances can differ markedly among taxa
(Wannamaker and Rice 2000).
2

1.2.1 Oxygen dynamics

Dissolved oxygen is particularly important in aquatic ecosystems, as it can influence
habitat suitability, metabolic efficiency of organisms and the biochemical processes
within estuaries (Hasler et al. 2009; Lee et al. 2015; Claireaux and Chabot 2016).
Oxygen dynamics in estuaries are influenced by physical mixing processes and the
biological and biochemical components that consume and produce oxygen (Kuo et al.
1991; Robson et al. 2008; Roberts et al. 2012; Hipsey et al. 2013). Estuaries receive DO
through atmospheric replenishment, photosynthesis by aquatic autotrophs, and flushing
by seawater and freshwater run off (Deeley and Pailing 1999). Oxygen is metabolised
within the water column through the biological oxygen demand (BOD) of living
organisms and the oxidation and reduction processes exerted within the bottom
sediments (Lee et al. 2000; Lee et al. 2015). Oxygen concentrations in estuaries are
highly variable, influenced by the tidal cycle, the degree of vertical mixing (Taft et al.
1980; Kurup and Hamilton 2002; Tyler et al. 2009) and the prevailing climate (Lopes
and Silva 2006). As a result, oxygen availability for aquatic biota can differ temporally
and spatially, and fluctuate on a daily and seasonal basis.

1.2.2 Hypoxia

Within aquatic environments ‘hypoxia’ describes concentrations of DO < 2.0 mg/L or <
30% saturation (Diaz et al. 1995; Diaz and Rosenberg 2008; Vaquer-sunyer and Duarte
2008). When tidally driven saltwater inputs and freshwater inflows meet, it can create
strong haloclines that stratify the water column in the form of a salt wedge and act as a
barrier to vertical mixing (Paerl et al. 1998). Organisms living within the stratified
bottom waters can rapidly deplete oxygen reserves, eventually causing the lower layers
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to become hypoxic (Powers et al. 2005). Given that estuaries are regularly stratified,
hypoxic conditions can commonly eventuate.
Hypoxic events in estuaries are capable of rendering large proportions of estuarine
habitat uninhabitable, a condition that can last from days to weeks (Lenihan and
Peterson 1998; Diaz and Rosenberg 2008). Hypoxia can also promote the release of
harmful compounds such as hydrogen sulphides into the system (Boynton and Kemp
1985; Eggleton and Thomas 2004; Banks et al. 2012). Resident ichthyofaunal
communities are particularly impacted by hypoxia as it can reduce habitat availability
and food resources, induce many sub-lethal effects and ultimately lead to the death or
displacement of fish (Cottingham et al. 2016; Tweedley et al. 2016). The physiological
effects of hypoxia upon fish have been well studied and include: inducing stress
(Kramer 1987; Flint et al. 2015; Claireaux and Chabot 2016), decreasing growth rates
and reproductive output across different life stages (Wannamaker and Rice 2000;
McNatt and Rice 2004; Hassell et al. 2008), and shifts in bioenergetic budgets
(Furimsky et al. 2003; McNeil and Closs 2007). There is also serious risk of direct
mortality under extreme hypoxic conditions (Pihl et al. 1991; Plante et al. 1998; Smith
et al. 2007; Chabot and Claireaux 2008).
Dependent upon a number of biotic and abiotic variables, the indirect effects of habitat
compression may include the creation of barriers to migration, increased metabolic costs
(Chabot and Claireaux 2008; Claireaux and Chabot 2016) and intensification of
resource competition (Werner and Hall 1979; Persson and Eklöv 1995; Cottingham et
al. 2014; Cottingham et al. 2016). A decline in the condition and growth of fish exposed
to hypoxic environments have been attributed to a decreased metabolism and a
reduction in quality and availability of food resources caused by habitat compression
(Pichavant et al. 2001; Eby et al. 2005; Cottingham 2014; Cottingham 2016).
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1.3 Influence of hypoxia on fish behaviour
Fish are able to detect decreases in DO through chemoreceptors (Perry and Gilmour
2002) and can exhibit avoidance behaviours when DO conditions become unfavourable,
moving in response to respiratory and physiological stress (Claireaux et al. 2000;
Wannamaker and Rice 2000; Eby and Crowder 2002; Hasler et al. 2009; Stierhoff et al.
2009). The movement of fish into shallow oxygenated waters in response to hypoxia
has been documented in a number of studies (Pihl et al. 1991; Lenihan and Peterson
1998; Eby and Crowder 2002; Eby et al. 2005; Cottingham et al. 2014; Beerkens 2016).
Hypoxia-avoidance behaviour has been documented in the laboratory in a number of
estuarine fishes (see Wannamaker and Rice 2000; Herbert et al. 2011) while field
studies have documented fish to move along a DO gradient; moving from the deeper
hypoxic waters to shallow oxygenated areas and returned when DO in deeper waters
became sufficient (i.e > 4mg/L) (Pihl et al. 1991; Howell and Simpson 1994; Lenihan
and Peterson 1998; Eby and Crowder 2002; Prince and Goodyear 2006).
Diel vertical migrations (DVM’s) are a known ecological strategy for numerous marine
and estuarine fish and often occur for feeding and predator avoidance, or to improve
bioenergetic efficiency (Scheuerell and Schindler 2003; Mehner et al. 2007). In some
species, individuals may alter their vertical position in the water column by hundreds of
metres in order to reach a more desirable environment (Brierley 2014). Diel vertical
migrations have also been linked to the diel cycle of oxygen levels (Tyler et al. 2009;
Brady and Targett 2013). Within estuaries, daily fluctuations in oxygen levels are
capable of influencing the distributions and movement patterns of many organisms
(Keister et al. 2000; Mehner et al. 2007; Parker-Stetter et al. 2009). Diel-cycling
hypoxia is driven primarily by the DO production by aquatic macrophytes (D'Avanzo
and Kremer 1994), with lowest concentrations usually occurring at dawn following
night-time respiration and highest concentrations in the late afternoon following
5

daytime production by algae (D’Avanzo and Kremer 1994; Beck and Bruland 2000).
This can influence the DVM’s of fish and species interactions (Parker-Stetter et al.
2009). For example, if predators and prey are both intolerant of hypoxic conditions, the
two may be constrained to a smaller, shared region of the water column and result in
higher prey mortality (Prince and Goodyear 2006).

1.4 South-western Australian estuaries
The high energy coast, low tidal amplitudes and strongly seasonal rainfall, typical of
Australia’s south-west region, interact to influence the dynamics of oceanic exchange in
these estuaries (Hodgkin and Hesp 1998; Cooper 2001). Only those estuaries in the
western portion of the region that receive >700mm of rainfall per year or with entrance
channels located behind headlands that interrupt longshore drift of marine sediment
have a permanent connection to the sea (Hodgkin and Hesp 1998). Thus, the prevalence
of estuaries that become closed to the sea increases from west to east; correlating with
the natural decline in rainfall that follows the same pattern along Western Australia’s
south coast (Hodgkin and Hesp 1998).
South-western Australian estuaries experience strong seasonality in freshwater inputs
(Hoeksema and Potter 2006) with inflow typically peaking between mid-winter and
early spring (Department of Water 2016a). Because of the micro-tidal nature of these
systems, the majority of mixing within the water column occurs through wind and wave
action rather than tidal forces (Schroeder et al. 1990). As a result of the weak tidal
influence and restriction of freshwater inputs to the winter months, poor flushing rates
result in long residency times, causing large bodies of water to become stagnant for
prolonged periods (Chan and Hamilton 2001; Robson et al. 2008). Furthermore, urban
and agricultural development, along with increasing commercial and recreational use of
6

estuaries, has also drastically increased the input of organic and inorganic nutrients to
these systems through surface run off and groundwater discharge (Seitzinger et al.
2000). Together, these conditions enhance the rate of accumulation of organic matter,
making these systems increasingly susceptible to hypoxia.

1.4.1 Fish fauna of the Swan-Canning Estuary

The Swan-Canning Estuary (32.055°S, 115.735°) (Fig. 1.1) is an iconic system for
Western Australians, as it is renowned for its natural beauty, ecological importance and
cultural and recreational significance (Brearley 2005). The Estuary flows through the
city of Perth and, as a result of historical dredging now has a permanently open
connection with the Indian Ocean at Fremantle harbour (Brearley 2005).
Morphologically, the system is a drowned river valley that is relatively linear in nature
with a total surface area of ~55 km² and an average depth of six metres (Brearley 2005).

Figure 1.1 The Swan-Canning Estuary.
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The lower, middle and upper regions of estuaries differ morphologically, hydrologically
and in sediment composition, which often results in spatially distinct fish communities
with different life history strategies (Table 1.1) (Loneragan and Potter 1990; Potter and
Hyndes 1999; Potter et al. 2015b) and species diversity tends to decrease in an upstream
direction (Hallett and Tweedley 2014).
The system supports dozens of species with varying life cycle categories (see Potter et
al. 2013). Of particular interest, in this case, are estuarine resident species that are
capable of completing their entire life cycle within the estuarine environment (Elliott et
al. 2007). Examples of such species within the Swan-Canning Estuary include
Gilchrist’s Round Herring (Gilchristella aestuaria), Black Bream (Acanthopagrus
butcheri), Wallace’s Hardyhead (Leptatherina wallacei), and the Swan River Goby
(Pseudogobius olorum,).
Considering the environmental disturbances that the Swan-Canning Estuary currently
experiences, fish community indices have been developed as indicators of estuarine
health (Hallett and Tweedley 2014). Fish community indices combine species diversity,
abundance, and numerous other biological variables that quantify aspects of the
ecological function of estuarine fish communities. While these are useful, they have
limited value in addressing effects and responses of individual species to the highly
variable physio-chemical conditions, including hypoxia, which has not yet been
examined in the Swan-Canning Estuary.
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Table 1.1: The total number of species and individuals, and their respective percentage
contributions, to each life cycle category in shallow inshore and deeper offshore waters
of the Swan River Estuary. (Adapted from Potter and Hyndes 1999).
Shallow
Life Cycle Category
Marine
Marine straggler
Marine - estuarine opportunist
Estuarine
Estuarine and Marine
Solely estuarine
Semi anadromous
Freshwater

n
47
28
19
19
9
10
1
4

Total number of species

71

Deep
%
66.2
39.4
26.8
26.8
12.7
14.1
1.4
5.6

n
15
4
11
6
4
2
1
0

%
68.2
18.2
50
27.3
18.2
9.1
4.5
0

22

1.4.2 Hypoxia and artificial oxygenation in the Swan-Canning Estuary

In recent decades, there has been a major decrease in rainfall across southwestern
Australia (Australian Bureau of Meteorology 2016) leading to concomitant reductions
in surface runoff and thus reduced flows within estuaries (Silberstein et al. 2012). A
reduction in freshwater flow, along with the regulation of river flows via dams and
drains, have reduced the flushing of nutrients and organic matter from the system,
allowing higher levels of nutrients to accumulate within the waterways (Brearley 2005;
Kurup and Hamilton 2002; Robson et al. 2008). There has also been a large increase in
nutrient inputs into the Swam-Canning Estuary predominantly from fertilisers used in
agricultural and residential gardens; the most common forms of land use within and
surrounding the Perth metropolitan region (Peters and Donohue 2001). Together, these
changes have resulted in the frequent occurrence of hypoxia in the Swan-Canning
Estuary for several decades (Kuo et al. 1991; Kurup and Hamilton 2002; Tweedley et
al. 2016).
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Hypoxic conditions within the Swan-Canning Estuary typically develop in the upper
regions during late autumn and winter (DPaW 2016). These follow frequent and heavy
rain events that deliver an influx of freshwater into the system causing vertical
stratification of the water column. Periods of elevated flows within these upper reaches
result in greater stratification and retention of large quantities of organic matter. High
levels of nutrients coupled with increased temperatures and higher availability of
sunlight during summer can also trigger large blooms of dinoflagellates and
cyanobacteria (Atkins et al. 2001; Robson and Hamilton 2004), which have become an
increasingly frequent event over the last decade due to anthropogenic input of nutrients
(Pollock et al. 2007). The eventual collapse of these blooms creates hypoxic and anoxic
conditions within the system and is often associated with the large-scale death of
benthic invertebrates and fish (Hodgkin and Hamilton 1993).
Deoxygenation events are a frequent threat to the health of the estuary and occur
throughout the year. As such, hypoxia within the Swan-Canning Estuary is now an
ongoing management concern due to the many lethal and sub-lethal effects hypoxia can
have on the estuarine biodiversity and overall health of this iconic system. Two regions
in the upper estuary (at Guildford and Caversham) are known to experience hypoxia
most frequently (Swan River Trust 2000) and oxygenation plants have been installed
(see Fig. 2.1) in an attempt to mitigate this risk of hypoxic events and maintain DO
levels appropriate for fauna. Since 2009, the operation of the two artificial oxygenation
plants has been successful in improving dissolved oxygen concentrations, particularly in
the lower water column where DO concentrations commonly drop below the critical
2mg/L

(Department

of

Water

2015).
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1.5 Acanthopagrus butcheri
Black Bream (Acanthopagrus butcheri) is a euryhaline species belonging to the
Sparidae family (Figure 1.3) and is endemic to temperate southern Australian estuaries.
The species is known to grow up to 53cm, attaining a maximum weight of 3,450g
(Hutchins and Thompson 2001) and is a commercially and recreationally fished species
(Sarre and Potter 1999). Within Western Australia, its distribution extends throughout
most river/estuarine systems in the south-west region, including the Swan-Canning
Estuary where it is a prized recreational species (Potter and Hyndes 1999; Norriss et al.
2002).
Acanthopagrus butcheri is an obligate estuarine species, completing its life cycle within
its natal estuary (Norriss et al. 2002). As a result, little to no mixing occurs between
populations among estuaries (Chaplin et al. 1998). Spawning and reproductive success
for this species are closely associated with seasonal changes in estuarine conditions
(Nicholson et al. 2008; Williams et al. 2012). The species typically resides in the uppermiddle reaches of estuaries, migrating into regions with a salinity of 15-25ppt in late
spring and early summer to spawn (Sarre and Potter 1999; Nicholson et al. 2008;
Williams et al. 2012). Within the Swan-Canning Estuary, the size and age at which 50%
(L50) of female A. butcheri matures is approximately 21.8cm total length (TL) and two
years respectively, and for males is estimated to be 21.2cm TL and two years of age
respectively. By four years of age, almost 100% of the population of both sexes are
mature (Cottingham et al. 2014).

11

Figure 1.3: A large Black Bream Acanthopagrus butcheri.
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1.5.1 Effects of hypoxia on A. butcheri

Hypoxia can lead to reduced growth rates of predatory estuarine fishes (Bejda et al.
1992; Petersen and Pihl 1995; Eby et al. 2005; Cottingham et al. 2016) through causing
mass mortalities of key prey such as benthic invertebrates (Tweedley et al. 2016).
Acanthopagrus butcheri is an opportunistic carnivore, typically feeding on shellfish,
polychaetes, crustaceans, small fish, plankton and macro algae (Sarre et al. 2000;
Chuwen et al. 2007). The dietary compositions of the species can vary markedly,
including natural ontogenetic changes (Sarre et al. 2000; Chuwen et al, 2007). This is
thought to help reduce intraspecific competition within a population and benefit
populations living in estuaries where diversity of prey is limited (Chuwen et al. 2007).
The amount of low-calorie plant matter found in the gut of A. butcheri in the SwanCanning Estuary has doubled between 1993-95 and 2007-11, whereas high-calorie prey,
such as bivalve molluscs has declined from 64% to 19% (Sarre et al. 2000; Linke 2011).
A decrease in the availability of prey resources due to environmental change,
particularly hypoxia, is thought to be responsible for the increase in the volumetric
contributions made to the diets of A. butcheri by low-calorie food (Cottingham et al.
2016). In turn, this is believed to have caused a decline in the growth rate and body
condition of A. butcheri (Cottingham et al. 2016). Growth rates of male and female A.
butcheri have significantly declined over the course of ~15 years and the condition of
females and males have declined by 6% and 5%, respectively (Cottingham et al. 2014).
Predicted lengths at 1 year of age were markedly less in 2007-11 than 1993-95 and
lengths at 3 and 6 years decreased by 30% and the L50’s (length at which 50% of the
population first mature) decreased by approximately 20mm in both males and females
(Cottingham et al. 2014). Moreover, Cottingham et al. (2014; 2016) also suggested that
hypoxic conditions may be forcing large numbers of A. butcheri to move into shallower,
oxygenated waters subjecting them to habitat compression and density dependent
13

factors such as increased predation competition and recreational fishing mortality.
Along with reducing growth rates, hypoxia may also impact recruitment rates of A.
butcheri as it can reduce embryo survival in the species by 15%, and average hatch rates
by between 10-28% compared to embryos held in normoxic conditions (Hassell et al.
2008). Therefore, hypoxia can have multiple negative direct and indirect impacts on the
biology and ecology of A. butcheri and it represents an ideal model species for
examining the behavioural response of an obligate estuarine fish to hypoxia.

1.6 Gaps in the literature
The considerable amount of environmental heterogeneity within estuaries exists due to
the spatial and temporal variation of different abiotic and biotic factors and creates areas
of optimal, sub-optimal or stressful habitats. This introduces a number of challenges for
the resident fish communities, to which individual species may display both
physiological and behavioural responses. Although many of these responses have been
demonstrated under laboratory settings, investigation of the behavioural responses in the
field are relatively scarce, and the responses are poorly understood.
Studies of this nature require accurate information on the movement of fishes in relation
to the fluctuating environmental factors characteristic of estuarine environments. Such
high-resolution studies can only be conducted using telemetry techniques. Recent
innovations in the development and manufacturing of telemetry technology allow for
the acquisition of important data relating animal movements to environmental factors
(Adams et al. 2012). The use of biotelemetry to study the movements and habitat use of
fish populations has been around for many decades (Stasko and Pincock 1977) and is
rapidly evolving (Ebner 2009). In contrast to traditional study methods, telemetry
studies are able to show animal movements over the course of a number of months or
14

years. Interactions between habitat quality and species-specific preferences can drive
the fine-scale distribution of fish in their natural environment (Hayes et al. 1996;
Rosenfeld 2003). Hence, biotelemetry has become the leading technique for studying
movement patterns of freshwater, marine and estuarine fish species in their natural
environment.
While a considerable amount of literature exists that have used telemetry to track fish
movements in response to environmental variables within aquatic ecosystems (Almeida
1996; Childs et al. 2008; Hindell et al. 2008; Sakabe and Lyle 2010; Walsh et al. 2013;
Horká et al. 2015), previous investigations of behavioural responses of fish to changes
in dissolved oxygen have been largely undertaken in the laboratory. Of those studies
that have attempted to quantify the effects of hypoxia on fish movements in the field,
most have been undertaken outside of Australia (e.g. Eby and Crowder 2002; Taverny
et al. 2002; Hasler et al. 2009; Tyler et al. 2009). Moreover, there is no literature
focussing on the influence of artificial oxygenation on fish movements within estuaries.
This is likely due to the fact that oxygenation of rivers and estuaries for environmental
purposes is a delicate and highly specialised management strategy (Department of
Water 2016b).

1.7 Aims
As A. butcheri is an obligate estuarine resident and has recently been shown to have
undergone biological changes thought to be related to the effects of hypoxia on habitat
use in the Swan-Canning Estuary (Cottingham et al. 2016), it is therefore a prime model
species for exploring the effects of hypoxia and artificial oxygenation on the movements
and habitat use of an estuarine fish at the individual level. Knowledge gained in the
response of estuarine fishes to changes in environmental conditions will not only
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enhance our biological understanding of estuarine fish but will contribute to our
understanding of the potential effects of anthropogenic impacts on estuarine fish
species.
Using acoustic telemetry tags, this study aimed to track A. butcheri within the Swan
River Estuary during the autumn and winter period, when extensive areas of the river
are affected by hypoxia. The study aimed to relate the patterns of movement (including
residency, habitat use and movements on daily and seasonal scales) to a suite of
environmental variables commonly associated with the movement of fishes in estuaries.
By quantifying these relationships, the study aimed to determine whether the spatial
residency of the species is influenced by the operation of the artificial oxygenation
plants.

The knowledge provided by this study will be useful in assessing the

effectiveness of oxygenation plants in estuaries in influencing habitat availability to
fish.

Hypotheses:
The hypotheses of this thesis are that:


The habitat use by individual A. butcheri can be predicted by key environmental
variables.



The habitat use by A. butcheri in the Swan River Estuary will be directly
influenced by hypoxia.



The operation of the oxygenation plants in the Swan River Estuary will
influence the habitat use by A. butcheri.
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2.0 Materials & Methods
2.1 Site Description
The Swan-Canning Estuary is composed of three ecologically and morphologically
distinct regions (Fig. 2.1). The lower estuary consists of a short (~7km) and narrow
(~200m) entrance channel, and two much longer (~12km) and wider (1.5-2km) central
basins, the middle estuary contains a long (~11km) and narrow section of the Swan
River tributary and the upper estuary comprises a narrow 38km stretch of the Swan
River tributary (Fig. 2.1). The system has two main tributaries, the Swan and Canning
Rivers and a catchment of 2,090 km² of the total catchment are in the Swan-Avon
system of approximately 126,000 km² (DPaW 2015). For the purposes of this study, the
lower reaches of the Swan and Canning rivers will be referred to as the Swan River
Estuary and Canning River Estuary, respectively. The study focussed on A. butcheri in
the Swan River Estuary and not the Canning River Estuary to avoid the likely
confounding effects of the Kent St Weir (located in the Canning River, immediately
downstream of the oxygenation plant in that system) on the movement patterns of the
species in the latter system.
The hydrology of the estuary is strongly influenced by Perth’s Mediterranean climate.
The system receives strongly seasonal freshwater inputs; nearly two-thirds of the annual
rainfall occurs during the winter months. Mean rainfall within the surrounding
catchment varies considerably, from around 860mm in Perth to <300mm in the most
inland regions (Australian Bureau of Meteorology 2016). The salinity of the system
undergoes pronounced seasonal changes as a result of the highly seasonal rainfall;
during summer, when freshwater inputs are minimal, a marine salt wedge penetrates up
to 55 km upstream
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As the Swan-Canning Estuary is a micro-tidal system (~1m spring tides), most water
column mixing occurs through wind and wave action rather than tidal forces (Schroeder
et al. 1990). A weak tidal influence coupled with the strongly seasonal rainfall results
in long residence times of the water body, especially in the upper reaches (Chan and
Hamilton 2001).
Two oxygenation plants are currently in operation within the Swan River Estuary.
These plants work by pumping oxygen depleted water from near the riverbed,
supersaturating it with oxygen within a land-based plant, before returning oxygen rich
water back to the lower water column via a distribution pipe (Department of Water
2016b). Up to 10km of the river can directly benefit from their operation (A. Hams, S.
Hoeksema, Pers. Comm.).

2.2 Acoustic array
Thirty VEMCO model VR-2W acoustic hydrophone receivers operating at a 69 kHz
frequency were deployed in the Swan-Canning Estuary in March 2016 (Fig. 2.1). The
distance between receivers varied from 850 m to 5.4 km, providing extensive coverage
of the system. Each receiver was fastened to a weighted mooring and an orange surface
float suspended by 10mm diameter nylon rope (Fig. 2.2). Twenty of these Receivers are
used to monitor the Swan River Estuary seven of which (13-19) occur within the two
oxygenation plants combined zone of influence.
The hydrophones detected thirty V9-2L and twenty-five V13-AP-1H (VEMCO) 69 kHz
acoustic transmitters (Fig. 2.2) surgically implanted in Acanthopagrus butcheri (see
Sampling and Tagging section below). The V9 transmitters provide information
regarding fish location, whereas the V13 transmitters also provided information
regarding depth and activity levels in the form of acceleration. V9 transmitters were
18

programmed to emit an acoustic signal or ‘ping’ at a random interval between 90-150
seconds (to avoid signal clashes between transmitters), and each had an estimated
battery life of 802 days. V13 transmitters were also programmed to emit an acoustic
ping at a random interval of between 90-150 seconds, and each had an estimated
operation life of 366 days. The receivers continually monitored and recorded data
regarding location, movement, depth and activity of tagged fish within the detection
range

of

the

unit

over

a

4-month

period.
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Scale (1km)
_____

Figure 2.1: The Swan-Canning Estuary outlining the three subregions of the system (i.e., lower estuary, middle estuary and upper estuary)
displaying the locations of all 30 hydrophone receivers, the two oxygenation plants and the three release sites. Adapted from the Department
of Parks and Wildlife.
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2.3 Range testing
In order to estimate the minimum detection range of tagged fish, range testing was
conducted at 6 acoustic receivers using a V9-2L range test. In order to compare the
detection range between two main zones of acoustic detections (see Results), the testing
occurred at three receivers in the upper section (i.e., receivers 14,19 and 20) and three in
the middle sections (i.e., receivers 8, 9 and 10). A single blank hydrophone receiver was
moored at each of those receiver locations and was suspended below a subsurface float
(to ensure that the receiver remained upright in the water column, similar to the moored
receivers) using 10mm nylon rope and anchored to the river bed by a 5.5kg lead weight
(Fig. 2.3). A Lowrance HDS 9 Gen 3 Combo GPS and Sounder unit was used to
position the test tags at progressive distance intervals of 100m, up to a maximum
distance of 500m upstream and downstream of each receiver (starting at the receiver).
The V9-2L test tag was suspended within the water column to a depth of 0.5 to 1.0m
(depending on the depth of the sample location and to ensure the test tag was not
submerged in the sediment) and left to transmit for 5 minutes at each distance. The test
tag transmitted a signal approximately every 12 seconds, therefore the number of
detections recorded by the test receiver at each distance was compared to the expected
number of transmissions sent by test tag over the 5-minute period (i.e., 25 expected
transmissions).
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Figure 2.2: The two types of acoustic transmitters implanted within A. butcheri. (Left)
Vemco V9-2L acoustic transmitters alongside V13-AP-1H transmitters (Source: Alex
Hams). (Right) Vemco V13-AP-1H acoustic transmitter.

Figure 2.3: The acoustic receivers installed by DPaW and range testing equipment. (Top left,
photo by DPaW) an acoustic receiver attached to its mooring before being deployed. (Top right,
Photo by DPaW) one of the surface buoys that was attached to each receiver. (Bottom) the
receiver mooring designed for range testing.
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2.4 Sampling and tagging
Sampling for A. butcheri occurred at three sites in the upper Swan River Estuary
between March and May 2016 (Fig. 2.1). Nearshore habitats were sampled using a
41.5m seine net consisting of two 20m wings (25mm mesh) and a 1.5m bunt (9mm
mesh). The seine net was deployed in a semi-circle from the bank using a small boat
and manually hauled onto the shore, sweeping an area of (~275m2). Additional fish
were collected using rod and line, which was undertaken by members of local fishing
group ‘Breammaster’ (Breammaster.com) during the WA Bream Classic fishing
competition.
Fifty-five A. butcheri were captured and implanted with acoustic transmitters (Mean
size = 291 ± 6.39mm (± SE), size range = 213-390mm total length (TL). Only fish
>200mm were selected for tagging purposes, as individuals are mature (Cottingham
2016) and of sufficient weight to minimise the effect of the tag mass (Jepsen et al. 2005;
Brown et al. 2006; Thorstad et al. 2013). V9 tags (4.7g), were implanted into fish
between 200 and 300 mm TL and V13 tags (12.3g) were implanted in 25 fish >300mm.
This ensured that the maximum tag: fish mass ratio was ~3.26% (see Table 3.3 in
Results).
Once caught, fish were placed immediately into a live-well tank aboard the boat that
had a flow-through pump to constantly exchange water from the estuary and transported
promptly to the on-shore surgery station. Individuals were then held in an aerated 110L
holding tank. Prior to surgery each fish was individually anaesthetised by emersion in
3mg/L AQUI-S® solution in estuary water and monitored until signs of sedation were
apparent. Following the loss of movement and equilibrium, the fish were measured to
the nearest 1mm TL, weighed and placed into a plastic lined ‘V’ shaped sponge cradle
where its gills were constantly irrigated with 3mg/L AQUI-S® solution (Fig. 2.4).
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An incision approximately 1.5x the width of the transmitter was made in the abdominal
wall, allowing the transmitter to be inserted into the peritoneal cavity. The incision was
closed with either one (V9 tagged fish) or two (V13 tagged fish) sutures (gluconate
monofilament size 4/0) and swabbed with an antibiotic (Betadine®) to reduce chances
of infection. An external T-bar tag (Hallprint Australia®) was also inserted adjacent to
the dorsal fin to allow identification of individuals carrying transmitters. Each fish was
then placed into a 110L holding tank and monitored until recovery was achieved (which
was deemed to have occurred following return and maintenance of equilibrium in the
water column and full fin movement and swimming ability resumed). Recovered fish
were subsequently released at the surgery site, which was within ~1km of the capture
location.

Figure 2.4: (Top left) An A. butcheri being measured and weighed prior to surgery, (top
right, photo by Alex Hams, DPaW ) suturing following implantation of the acoustic
transmitter, (bottom left), the largest tagged fish of the study, (bottom right, photo by
Alex Hams), a release after a successful tagging.
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2.5 Habitat mapping
As A. butcheri are known to favour complex aquatic habitat (Norriss et al. 2002),
potential differences in habitat complexity around each receiver in the acoustic array
were determined to add as a predictor variable in the subsequent modelling of fish
residency throughout the array (see Data analysis below). The aquatic habitat adjacent
to each acoustic receiver was mapped using a Lowrance HDS 9 Gen 3 Combo GPS and
Sounder fitted with a structure scan sonar. Up to five transects, 1km in total length and
36m wide (18m either side of the boat) were recorded upstream and downstream of each
acoustic receiver travelling at a speed of approximately 2.5-3 knots to ensure the that
the majority of sub-surface habitat within the average minimum detection range of the
receivers was accurately mapped. The data was then downloaded and underwater
habitat images merged using the Reef Master® Sonar Viewer software and a semiquantitative analysis was then conducted on the habitat complexity around each receiver
(Appendix 2). Each image was independently scored by five researchers from the
Centre for Fish & Fisheries Research (Murdoch University) on a scale of 1-10 being
based on the level structural complexity being offered by large woody debris such as
snags and jetty pylons (1 = no complexity and 10 = greatest complexity).

A mean

complexity score was then calculated for the habitat around each receiver.

2.6 Environmental data
Water quality profile data for the Swan River Estuary were obtained from DPaW and
the Department of Water (DoW) collected as part of their extensive weekly water
quality sampling regime. Information on salinity, temperature, pH, oxygen
concentration (mg/L and %), depth and chlorophyll fluorescence were acquired using a
YSI 6600 V2 multi-parameter water quality sonde. The water quality profiles used were
25

those coinciding with the detection period that was analysed for A. butcheri (i.e.,
between 11/04/2016 – 25/7/2016 dates) and included 16 weekly water quality readings
at 14 of the 20 receivers active within the Swan River Estuary (i.e. a total of 224 data
profiles).
In order to quantify spatial and temporal changes in hypoxia around each receiver at
each of the 16 weekly DPaW/DoW profile measurement period, the total volume of
hypoxic water as a percentage of total water volume around each receiver was
determined.

Bathymetry data was extracted from the recorded habitat mapping

transects (see section 2.4) around each receiver using the Sonar-TRX software program.
Ten cross-sectional depth profiles and river-widths were measured around a 1000m
section of river centred at each receiver.

Both the overall volume (around each

receiver) and the volume of hypoxic water (<30% saturation or <2mg/L) was
determined using the formula VT = W x D x 1000, where V = volume (m3) of water
around a 1000m river-length section, W = mean width of the river around the river
section, and D = mean depth of the river section or hypoxic layer. The volume of
hypoxic water was then expressed as a percentage of the total reach volume.
Environmental variables were then plotted over space and time to provide a visual
representation of the conditions in the Swan River Estuary over the study area and
period (using Microsoft Excel and Sigma Plot).

2.7 Data analysis
Detection data were downloaded from each receiver over a 3-day period between the
27th, and 29th of July 2016 and compiled using the VEMCO VUE software package. In
total 116 days of data were analysed between 5th April and 29th July 2016, however as
tagged fish were released into the system at three separate intervals, the number of days
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at liberty for the three groups differed. Fish released on the 31/03/16, 21/04/16 and
1/05/16 were thus monitored for 116, 95 and 85 days respectively.
Detection data in the first five days post tagging were not included in the analyses in
order to account for any unusual behaviour that may occur following implantation of the
tags and to allow the population to mix within the system. Similarly, thirteen of the 55
fish tagged were excluded from the data analyses as they were either not detected after
the first 14 days following release or were detected on less than 20 separate days during
the study period. The data of two more individuals was also excluded as they were
detected at a single receiver in a continuous and uninterrupted manner for the duration
of the study period and were assumed to have died or shed the acoustic tag.
Data were time adjusted and exported to a Microsoft excel spreadsheet and visually
explored. Descriptive statistics (i.e., detection summaries) were undertaken using pivot
tables. Data were then formatted appropriately within Microsoft Excel, prior to
exportation into the R (studio version 3.2.4) software. Residency index’s and distance
calculations for individual fish were generated using the package ‘VTrack’ (Campbell et
al. 2012) within R. To calculate residency, the number of days a fish was detected at
each receiver was divided by the total number of days detected over the total number of
days at liberty (i.e., since release date). Distances travelled were calculated using a
circuitous distance matrix composing the total minimum distances required to travel
between each receiver. Total distances were summed based upon the number of visits to
each receiver (e.g., if a fish was detected at receiver 9, then 10, then 11 the distances
required to travel from receiver 9 to 10 were summed with the distance required to
swim between receiver 10 and 11). Linear regressions were used to investigate any
relationships between fish length, distance travelled, and residency.
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2.7.1 Generalised Additive Mixed Models

To investigate relationships between environmental variables and the spatial and
temporal patterns in distribution of A. butcheri, negative binomial generalised additive
mixed models (GAMMs) were employed using the R 3.2.4 software (mgcv package).
Negative binomial GAMMs were selected as they can account for over-dispersed count
data and also non-linearity of the relationship between continuous predictor variables
and response variables while automatically controlling for model complexity (Venables
and Dichmont 2004). The number of fish detected at each receiver on each of the 16
weekly water quality profile sampling events was set as the dependent term in the
models. The predictor variables included the following continuous variables: mean
salinity (mg/L), days since tagging began (in order to account for the changes in the
number of detections due to fish mortality and movement outside of the array), distance
from mouth of the estuary (km), proportion of habitat hypoxic (%), habitat complexity
(1-10) and discharge (m3/s). Temperate was excluded as it had insufficient variability in
that it could be expressed as a combination of the other variables. Receiver number was
set as the random effect in the models.
Several model combinations were generated and compared using the Akaike
Information Criterion (AIC) (Akaike 1974) value. Visual analysis of diagnostic
residuals and quantile-quantile plots was used to ensure all assumptions of the GAMM
were met. Partial response curves can be interpreted by examining the change in the
standardised partial residuals which measure the marginal effect of each variable on the
model (at the average effect of the other variables). If the residual value is 0 (including
confidence intervals), then that predictor has an influence on the dependent variable
(estimated UD) at that particular predictor value. The larger the partial residuals (as long
as they are greater than zero), the greater the influence of the predictor on the dependent
variable partial dependence plots.
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An additional GAMM (with a negative binomial distribution) was fit to the data to
determine whether the operation of each oxygenation plant significantly influenced the
number of fish detections in the Guildford oxygenation zone. This was only undertaken
for Guildford as the Caversham oxygenation plant was largely un-operational during the
study due to technical difficulties and therefore there was no data for analysis (see
section 3.1.2 ‘Effect of oxygenation plants on dissolved oxygen’ ).

The response

variable for the GAMM was the number of daily detections (all days throughout the
study period) at receivers in the Guildford oxygenation zone of influence (i.e., 13-16)
and the fixed predictor variable was Guildford plant being operational (on or off) on
each day, with the smoothed continuous terms: days since tagging began, distance from
mouth of the estuary (km), percentage of area hypoxic (%) and discharge (m3/second),
with the random effect of receiver. Temperature, salinity and proportion of hypoxia
were excluded from the model as they were not measured on all the days that the
response variable was recorded.

3.0 Results
3.1 Environmental variables
Mean salinity differed over time among the three estuarine regions (Fig 3.1). Highest
salinities over the period of the study occurred in the lower estuary and lowest in the
upper estuary. Similarly, mean salinity followed a similar downward trend over time
regardless of region. Also note a sudden decrease in mean salinity within the upper
region towards the beginning of July.
Mean salinity around each receiver decreased with increasing distance upstream (Fig.
3.2). Mean salinity ranged from ~32,000 mg/L near the entrance of the estuary to
~11,000 µS/cm in the uppermost reaches. Also, note the sudden drop in salinity to
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<5000 mg/L at the beginning of July. Mean temperature around the receivers within the
system tended to decrease slightly with distance upstream; however, the total
temperature difference was no more than 1ºC (Fig. 3.1).
Flow rate in the Swan River Estuary remained relatively constant during the study until
mid-May when it increased to approximately 15m3/second for a short period time.
Flows then decreased to approximately 10m3/second until early to mid-July. Flows
dramatically increased after that date, reaching a peak flow rate of 53.8 m3/second on
the 19th July (Fig. 3.2).
Mean habitat complexity around the acoustic receivers within the system tended to
increase with distance upstream. Large woody debris was the main component of
complex habitat. Areas with the highest complexity occurred within the upper region of
the Swan River Estuary while areas with low habitat complexity were found to frequent
the lower region of the Swan River Estuary (Fig. 3.2).
Dissolved oxygen concentrations within the Swan River Estuary varied both temporally
and spatially. From the beginning of the study period (11th April), an extensive hypoxic
plume (<30% DO) existed within the middle and upper estuary, while the lower estuary
was well oxygenated throughout the study (Fig. 3.3.1 – 3.3.3). Over time, the hypoxic
zone moved further downstream and began to dissipate around the 9th May (Fig. 3.3.1).
In the following week, the hypoxic zone re-developed and occupied much of the
majority of the lower water column within the middle estuary (Fig. 3.3.1, 3.3.2) until
~25th July when it was no longer present within the Swan River Estuary (3.3.3).
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Figure 3.1: Mean salinity over time in the three sections of the Swan River Estuary. N.B.
the sharp decline as a response to rainfall events in mid-May and early July.
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Figure 3.2: Environmental variables within the Swan River Estuary during the study
period. N.B. Daily discharge was the daily discharge at Walyunga gauging station
(station number: 616011), habitat complexity was the mean complexity score for
each receiver, mean temperature and salinity were calculated for each receiver over
the entire study period from the profiles measured by DPaW (see text for details)
Note: X Axis Shading delineates the stretch of river influenced by the oxygenation
plants
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Figure 3.3.1: Dissolved oxygen profiles of the Swan River Estuary for the period
between 11th April and May 9th 2016. Note the extensive area of hypoxia within the
lower water column within the middle and upper estuary.
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Figure 3.3.2: Dissolved oxygen profiles of the Swan River Estuary for the period
between 16th May and 13th June 2016. Note the redevelopment of hypoxia within the
middle estuary and gradual downstream movement of the hypoxic plume.
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Figure 3.3.3: Dissolved oxygen profiles of the Swan River Estuary for the period
between 20th June and 25th July 2016. Note the gradual dissipation of the hypoxic
plume as it moves further downstream.
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3.1.2 Effect of oxygenation plants on dissolved oxygen

Apart from two sample dates (18th April and 2nd May) the mean proportion of hypoxia
within the oxygenation zone of the Guildford plant was always lower than the mean
proportion of hypoxia outside this zone (Fig. 3.4). This was also the case for the area
within the Caversham oxygenation plants zone of influence, with the exception of one
period (11th April) (Figure 3.4). It should be noted that the Caversham oxygenation
plant was rarely operational due to a number of maintenance issues during the study.
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Figure 3.4: Mean proportion of hypoxic water (% total volume) at receivers within and
outside of the zone of influence of the Guildford and Caversham oxygenation plants
compared to mean proportion of hypoxia across all receivers within the array over the
monitoring period. N.B. also shown the days when each plant was operating for any
period of time on each day.
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3.2 Range testing
Range tests demonstrated that on average 83%, 61% and 23% of tag transmissions
could be detected 100, 200 and 300m upstream of receivers, while 99%, 84%, 75%,
27% and 11% of tag transmissions could be detected 100, 200, 300, 400 and 500m
downstream of receivers (Table 3.1). Thus the probability of detection seems to be
slightly influenced by the direction of streamflow. However, assuming the minimum
detection radius of receivers is 200m, it is still far greater than the width of the river at
any of locations of the tested receivers (greatest width = 148m at receiver 9). There was
a small difference in average detection rates between estuarine regions. The middle
Estuary on average detected 57% of transmissions up to 500m while the upper estuary
detected on average 65% of all transmissions up to 500m (Table 3.2).
Table 3.1: Detection probability of V9-2L acoustic tags at 100m distance intervals
upstream and downstream of acoustic receivers from the middle Swan River Estuary
(8,9,10) and upper Swan River Estuary (14,19,20).
Receiver

Distance upstream (m)
Distance downstream (m)
0
100 200 300 400 500 100 200 300 400 500
8
100
96
92
60
0
0
100
92
92
52
64
9
100
28
0
0
0
0
100 100 84
24
0
10
100
88
56
0
28 0
100
28
84
88
0
14
96
88 100 80
0
0
100
76 100
0
0
19
100
100 84
0
0
0
96
108 80
0
0
20
100
100 32
0
0
0
100 100
8
0
0
Average detection rate (%) 99.33 83.33 60.67 23.33 4.67 0.00 99.33 84.00 74.67 27.33 10.67

Table 3.2: Average detection probability (%) of V9-2L acoustic tags at 100m distance
intervals for the middle Swan River Estuary and Upper Swan River Estuary
Region
Distance
Middle Estuary Upper Estuary
0
100.0
98.7
100
85.3
97.3
200
61.3
83.3
300
53.3
44.7
400
32.0
0.0
500
10.7
0.0
Average Detection rate (%)
57.1
64.8
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3.3 Spatial patterns in detections
The 40 tagged fish used for analysis were detected 733,604 times in total within the
Swan River Estuary and 7,756 times within the Canning River Estuary (Table 3.3). Of
those fish, 32 (80%) were last detected within 2 weeks of the receivers being
downloaded; indicating that the tags remained functional for the duration of the study
period. Mean detection frequency per fish within the Swan River Estuary was 17,893 (±
2,560.4 SE) and ranged from 2,753 – 60,050 detections. Mean detections per fish within
the Canning River Estuary were 2585 (± 2197.9 SE) and ranged from 363– 6,981
detections (Table 3.5).
Mean detection frequency for receivers deployed in the Swan River Estuary was 38,611
(±12,256 SE) and ranged from 1- 204,526 detections per receiver (Fig. 3.4). Canning
River Estuary receivers had a mean detection frequency of 776 (± 694 SE) and ranged
between 28-7010 detections per receiver (Table 3.2).
Most detections were recorded in the middle and upper Swan River Estuary (i.e.,
between receivers 8 – 20) (Fig 3.4, 3.5). No fish were detected at the two most
downstream receivers located within the entrance channel (receivers 1 and 2), or at
Heathcoat (receiver 5) located at the southern end of the basin just west of the mouth of
the Canning River (Figs 2.1, 3.5, 3.6). Receiver 18 located at Caversham had the
greatest number of detections (204,526), and receiver 17 located at West Midland Pool,
the second greatest with 114,516 detections. In total, these two receivers accounted for
43.5% of all detections within the Swan River Estuary. Receiver 15 located near
Meadow Street, was faulty and no data was recorded for this section of the river.
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Figure 3.5: Total number of detections recorded by each acoustic receiver in the Swan
River Estuary from the 31st March until the 29th July 2016. Note: rectangular box
indicates the receivers which are influenced by the oxygenation plants.

Notably, four fish were detected within the lower reaches of the Canning River Estuary
(ID 2440, 2446, 2460 and 54533). After having spent a period of time in the upper
Swan River Estuary, three of these fish (ID 2440, 2446 and 2460) moved downstream,
crossed the basin and entered the Canning River Estuary. Fish 54533 was last detected
in the Swan River Estuary on 4th April at receiver 8 and was not detected at receivers 6
or 7 before being detected on the 17th June at receiver 26 over 2 months later. For the
purpose of analysis, the individual was not included as it had acquired insufficient data.
Two fish left the acoustic array, travelling beyond receiver 20. Fish 54539 was last
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detected at receiver 20 on the 23rd April and remained at liberty for approximately 2
months before being redetected by receiver 20 on the 26h June. Similarly, Fish 54540
was last detected at receiver 20 on the 16th April and was not detected again until the
19th June by receiver 20. Only one fish (ID 54546) was detected within the Swan basin
at Point Walter and Pelican Point (i.e., receivers 3 and 4).

Figure 3.6: Percentage of tagged A. butcheri (n=40) detected by each acoustic receiver in
the Swan River Estuary between the 31st March and 29th July 2016. Note: Rectangular box
indicates the oxygenation plant zone of influence.
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3.4 Movement
The mean total distance travelled by A. butcheri over the study period was 33.48km
(±3.91km) ranging between 2.8-128.9km (Table 3.3). Mean minimum daily movement
rates of A. butcheri (Dmin/day) were 0.54km per day (±0.06km). Maximum and
minimum movement rates were 1.57km/day and 0.07km/day respectively (Table 3.3).
The minimum total distance (Figure 3.7) and minimum distance travelled per day
(Figure 3.8) by individual fish displayed a weak negative correlation with fish length
(mm) (Pearson Correlation = -0.31 and -0.26 respectively), and neither relationship was
statistically significant.
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Table 3.3: Detection data from the 40 acoustically tracked A. butcheri used for analysis within the Swan River Estuary over a 116
day period between 31st March and 29th July 2016. (GBS= Guildford Boat Shed, CR= Claughton Reserve, BSS= Bayswater Sea
Scouts. RI (Residency Index) is the average proportion of time a tag was detected within the array over the study period. D min/day
is the average minimum distance travelled per day by each fish.
ID
54555
54554
54553
54552
54551
54550
54549
54548
54547
54546
54545
54543
54542
54541
54540
54539
54537
54535
54532
54531
2472
2468
2466
2462
2460
2458
2454
2450
2446
2444
2442
2440
2438
2436
2434
2432
2430
2428
2426
2424
Mean
Max
Min

Tag Location
GBS
GBS
GBS
GBS
GBS
GBS
GBS
BSS
CR
GBS
GBS
GBS
GBS
GBS
CR
CR
CR
CR
CR
CR
CR
CR
CR
BSS
BSS
BSS
CR
CR
BSS
BSS
BSS
BSS
BSS
BSS
BSS
BSS
CR
BSS
BSS
BSS

Tag Type
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V9
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13
V13

Total Length (mm) Tag to Weight %
215
2.60
240
2.14
280
1.33
273
1.46
248
1.81
251
1.70
252
1.94
290
1.25
271
1.42
230
2.32
232
2.25
250
1.94
240
2.20
283
1.30
267
1.67
276
1.52
301
0.94
332
0.79
265
1.50
245
2.01
344
1.70
305
2.65
323
2.27
390
1.29
380
1.43
310
2.96
306
2.70
315
2.42
375
1.40
330
2.07
315
2.27
340
1.95
330
2.07
355
1.70
390
1.43
330
2.32
302
2.70
350
1.81
320
2.44
350
1.71
300.025
1.88
390
2.96
215
0.79

Days detected
86
84
75
95
54
94
95
29
33
77
95
65
95
24
22
30
113
115
36
116
116
98
116
37
78
26
52
25
43
81
24
35
85
61
74
81
110
81
46
73
69.375
116
22

Total detections
25801
33733
3389
40305
2753
42826
16970
13885
2791
20859
41969
29313
48346
3063
5936
7145
8460
10632
4149
23065
60050
40254
52241
6486
3118
2904
6110
9033
3634
20879
4095
2947
42650
9670
23743
13881
11358
18903
3218
13040
18340.10
60050.00
2753.00

Min Total Dist (km)
49.87
46.43
4.79
48.85
43.40
46.20
51.21
4.01
15.08
79.53
40.25
37.15
36.04
23.04
29.68
34.27
128.89
15.18
39.44
31.30
23.13
20.23
83.86
7.69
28.88
7.69
47.20
7.64
30.73
61.84
37.69
29.34
2.83
37.68
21.50
19.52
32.56
24.29
5.22
5.16
33.48
128.89
2.83

Min Dist/ Day (km)
0.58
0.55
0.06
0.51
0.80
0.49
0.54
0.14
0.46
1.03
0.42
0.57
0.38
0.96
1.35
1.14
1.14
0.13
1.10
0.27
0.20
0.21
0.72
0.21
0.37
0.30
0.91
0.31
0.71
0.76
1.57
0.84
0.03
0.62
0.29
0.24
0.30
0.30
0.11
0.07
0.54
1.57
0.03

RI
0.09
0.07
0.06
0.07
0.08
0.08
0.07
0.06
0.06
0.11
0.07
0.07
0.07
0.10
0.12
0.10
0.08
0.06
0.10
0.07
0.06
0.06
0.08
0.06
0.06
0.06
0.09
0.07
0.06
0.08
0.10
0.05
0.05
0.08
0.06
0.06
0.06
0.06
0.05
0.05
0.07
0.12
0.05
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Severa

Figure 3.7: The relationship between fish length and minimum total
distance travelled by A. butcheri in the Swan River Estuary. (y = -0.59 +
319.89, df = 38, R2 = 0.096, P-value = 0.051)

Figure 3.8: The relationship between fish length and minimum
distance travelled per day. (y = -32.10 + 317.44, df = 38, R2 =
0.067, P- value = 0.107)
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l individuals displayed high degrees of mobility over relatively short time frames. Most
notable was fish 54539, which moved from receiver 10 to receiver 18 in less than 15
hours (Table 3.4), covering a minimum distance of ~11 kilometres.

Table 3.4: Individual A. butcheri that displayed the highest levels of short-term mobility
during the study.
Fish ID
2454
2460
2466
2444
54551
54539
54532
54541

Starting receiver
10
6
10
13
10
10
10
11

Ending receiver
14
22
17
20
18
18
18
18

Time
frame
<10 hours
<24 hours
<12 hours
<12 hours
<24 hours
<15 hours
<24 hours
<24 hours

Min distance
(km)
5.50
9.31
9.63
9.60
10.98
10.98
10.98
9.07

Km/hr
0.55
0.39
0.80
0.80
0.46
0.73
0.46
0.38

3.5 Residency among estuarine zones
Receivers 18 and 10 had the greatest RI (0.218 and 0.207) among all stations (Table 3.5,
Fig. 3.9). RIs within the lower regions of the Swan River Estuary (LSE) 1,2,3,4 were
<0.002, the lowest among others. The middle section of the Swan River Estuary (MSE;
receivers 7-11) the highest average RI value (i.e., 0.112) followed by the upper Swan
River Estuary oxygenation zone (USE (OXY): receivers 13-19) with an RI 0.101
(USE). The lower Swan River Estuary had the lowest RI of 0.002.
Results of an ANOVA revealed significant differences in the average number of fish
detected each day within each estuarine zone (p = 0.025, F= 4.13, df = 3). The average
number of fish detected per day within the LSE, MSE, USE(OXY) and USE were 0.03,
2.47, 2.55 and 1.70 respectively.
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Figure 3.9: A heat map of the Swan-Canning Estuary overlaid by the locations of
acoustic receivers within the Swan River Estuary and their associated mean
Residency Index for A. butcheri over the study period.
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Table 3.5: Acoustic detection data for receivers within the Swan River Estuary and their
associated environmental management zones (LSE= Lower Swan River Estuary, MSE= Middle
Swan River Estuary, USE (OXY) = Upper Swan Estuary Oxygenated and USE = Upper Swan River
Estuary Un-oxygenated.
Management Zone

Receiver

Detections

Total detections (%)

Mean detections/day

No. of fish detected (n=40)

% fish

RI (SE)

LSE
LSE
LSE
LSE
LSE
LSE
MSE
MSE
MSE
MSE
MSE
USE
USE (OXY)
USE (OXY)
USE (OXY)
USE (OXY)
USE (OXY)
USE (OXY)
USE (OXY)
USE
TOTAL
MEAN
LSE
MSE
USE (OXY)
USE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0
0
1
1
0
610
4618
55885
32224
78107
48224
94213
13892
9354
N/A
17389
114518
204526
51031
9011
733604
38610.73684
612
219058
410710
103224

0.00
0.00
0.00
0.00
0.00
0.08
0.63
7.62
4.39
10.65
6.57
12.84
1.89
1.28
N/A
2.37
15.61
27.88
6.96
1.23
100.00
5.26
0.08
29.86
55.99
14.07

0.00
0.00
0.01
0.01
0.00
5.26
39.81
481.77
277.79
673.34
415.72
812.18
119.76
80.64
N/A
149.91
987.22
1763.16
439.92
77.68
6324.17
5.28
1888.43
3540.60
889.86

0
0
1
1
0
5
10
17
22
36
32
27
26
23
N/A
21
21
21
13
10
15.05
-

0
0
2.5
2.5
0
12.5
25
42.5
55
90
80
67.5
65
57.5
N/A
52.5
52.5
52.5
32.5
25
37.63
-

0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0.012 (0.007)
0.050 (0.020)
0.062 (0.025)
0.088 (0.031)
0.207 (0.040)
0.15 (0.039)
0.114 (0.034)
0.064 (0.014)
0.081 (0.023)
N/A
0.082 (0.026)
0.12 (0.037)
0.218 ( 0.054)
0.04 (0.018)
0.034 (0.017)
0.002 (0.002)
0.112 (0.029)
0.101 (0.021)
0.074 (0.04)
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3.6 Residency among fish
Mean RI among A. butcheri was 0.07 (± 0.002 SE) and ranged between 0.05 and 0.12
(Table 3.3). There was a significant negative relationship between fish length and
residency within the array (Pearson’s correlation = -0.467, y = -1299x + 393.10, R =
0.198, p = 0.002 (Figure 3.10).

Figure 3.10: A linear regression displaying the relationship between fish
length (TL) and the residency index (RI) for A. butcheri within the Swan
River Estuary.

3.7 Temporal patterns in detections
Overall, the number of detections and fish present tended to fluctuate considerably over
the 116-day study period, with the exception of receiver 19 which had a relatively
constant number of detections per day (3.11.5). Notably, receivers within the LSE
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(receivers 4-6) were rarely visited by fish. No more than one fish was detected on any
given day within the LSE (at receivers 3,4 or 6) except on the 29th July (last monitoring
day) where two individuals were detected at receiver 6 (Fig. 3.11.1). Receivers 9, 10
and 17 all experienced peaks in the number of detections and number of fish detected
soon after (~1 week) each sampling day (31/3/2016, 21/4/2016 and 1/5/2016) as a direct
consequence of the increased number of tagged fish within the system (Figs 3.11.2,
3.11.3, 3.11.5). These detections tended to decrease and stabilise after a short period of
time (~2 weeks) as individuals mixed within the system.
There was also a marked decrease in the number of detections and number of fish
detected each day between 27th June – 9th July at receivers 16-20 (Figs 3.11.4, 3.11.5).
Subsequently, downstream receivers (9-14) experience considerable increases in the
number of detections and fish detected per day during this period where fish seem to be
absent from the uppermost receivers (Figs 3.11.2-3.11.4). Following this rapid
downstream migration, fish seemed to return upstream, particularly to receiver 18
(3.11.5).
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Figure 3.11.1: Number of daily acoustic detections (bars) and individual fish (dots) at
receivers 3,4 and 6 over the 116-day study period (excluding first 5 days post tagging) in
the Swan River Estuary.
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Figure 3.11.2: Number of daily acoustic detections (bars) and individual fish (dots)
for receivers 7-9 over the 116-day study period (excluding first 5 days post tagging)
in the Swan River Estuary.
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Figure 3.11.3 Number of daily acoustic detections (bars) and individual fish (dots) for
receivers 10-12 over the 116-day study period (excluding first 5 days post tagging) in
the Swan River Estuary.
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Figure 3.11.4: Number of daily acoustic detections (bars) and individual fish (dots)
for receivers 13, 14 and 16 over the 116-day study period (excluding first 5 days
post tagging) in the Swan River Estuary.
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Figure 3.11.5: Number of daily acoustic detections (bars) and individual fish
(dots) for receivers 17-19 over the 116-day study period (excluding first 5
days post tagging) in the Swan River Estuary.

54

Figure 3.11.6: Number of daily acoustic detections (bars) and individual fish (dots)
for receiver 20 over the 116-day study period (excluding first 5 days post tagging) in
the Swan River Estuary.
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3.8 Model comparisons
A series of generalised additive mixed models were first compared in order to determine
which combination of variables best explained the spatial distribution of A. butcheri
(i.e., the number of fish detected at the receivers each day) (Table 3.6). The most
parsimonious and best fit (lowest AIC score) model included the continuous covariates:
salinity, flow, habitat complexity, the proportion of hypoxia, day into the study, and the
distance from the mouth of the estuary, along with the random effect of the receiver
(Table 3.6).

Table 3.6: Summary information and model comparisons for the six best generalised
additive mixed models (GAMMS, using Akaike information criterion) relating to number
of daily detections of A. butcheri at receivers in the Swan Acoustic Array. N.B.
smoothed predictors were: sal = salinity, flow = river discharge, day = day of the
experiment, dist = distance from the mouth of Swan River, hyp = percentage volume of
hypoxia, hab = habitat complexity. All models included receivers as a smoothed random
variable.
Model
sal + day + dist + flow + hyp + hab
sal + day + dist + flow + hyp
sal + day + dist + flow + hab
sal + day + dist + flow
sal + day + dist + hab
sal + day + dist

Df
15
13
13
11
11
9

AIC
637.36
641.60
642.09
647.73
650.84
657.36

3.9 Effect of environmental variables on spatial distribution of A. butcheri
Residency of fish at receivers was best explained (R2 = 0.55) by mean salinity (mg/L),
the level of habitat complexity (1-10), proportion of available habitat which was
hypoxic (%), flow rate (m3/second), distance from the mouth of the estuary (km) and
number of days into the study (Table 3.6). All smooth continuous terms in the model
had a statistically significant effect (p <0.05) on the spatial residency of A. butcheri
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(Table 3.7). The associated response curve showing the effects of individual predictor
variables (while accounting for the effects of the other variables) on the model indicated
that fish were more likely to be associated with higher degrees of habitat complexity
(6+) (Fig. 3.12).

Table 3.7: Summary table of the statistical outputs for each smoothed predictor
variable in the best fitting model. * p<0.05, **p<0.01.

Salinity
Day
Distance
Hypoxia
Habitat
Flow

edf
2.634
1.515
3.998
1
3.153
1

Ref.df
2.634
1.515
3.998
1
3.153
1

F
5
18.389
11.916
6.572
15.016
10.568

p-value
0.0155*
0.0001**
6.97E-09**
0.0111*
2.18E-09**
0.0013**

Distance from the mouth of the estuary also had a significant effect on the presence of
A. butcheri (p <.001). Response curves clearly indicate that the A. butcheri occur more
frequently at receivers located upstream. It is predicted that the greatest number of fish
occur between the middle and upper regions, but a slightly greater presence is exhibited
by the middle region (Fig. 3.12).
Similarly, the day of the study had a strong effect on fish (p <.001). As the duration of
the study increased, fish were predicted to be detected more frequently.
The flow rate of the river significantly influenced the presence of fish within the Swan
River Estuary (p < 0.001). This environmental variable exhibits a negative relationship,
almost linear in nature. Areas with the lowest flow rate (< 20 m3/second) offer the
greatest probability of detecting fish while higher flow rates (>20m3/second) decrease
the probability of fish occurring within that area (Fig. 3.12). Flow rate was also found to
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be a significant predictor of salinity within the upper reaches of the Swan River Estuary
(R2 = 0.61, p <0.001) (Fig. 3.13).
Salinity was shown to be a significant predictor of fish presence. (p = 0.015). The
response curves show that fish occur most frequently in regions where salinity is
between 10,000 and 20,000 mg/L (10-20ppt) (Fig. 3.12). The probability of fish
occurring notably decreases when salinity exceeds 20,000mg/L (20ppt) and continues
along the same trajectory as it approaches similar concentrations to seawater
(~35,000mg/L (35ppt)) (Fig. 3.12).
Hypoxia was found to have a significant effect upon the spatial residency of A. butcheri
(p = 0.011). The model suggests that the majority of fish are most likely to occur in
regions where hypoxia occupies <15% of the available habitat (Fig. 3.12). As the
proportion of hypoxia increases within the area, the probability of fish occurring
decreases. However, the weak relationship suggests some fish can still be found in
habitats wherein hypoxia exceeds 15% of the available area. It should also be noted that
error bars tend to increase at proportions >20% due to a limited number of hypoxic
events which occupied such large proportions of habitat.
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Figure 3.12: Partial dependence plots of the generalised additive mixed model showing
the effect on fish presence ( e.g. negative x axis value = negative fish presence and
positive x axis value = positive fish presence) by mean salinity, day of study, distance
from the mouth of the estuary, proportion of available habitat that is hypoxic, habitat
complexity and flow rate. N.B. solid line = smoother, dashed lines = 95% confidence
intervals.
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Figure 3.13: Linear regression representing the relationship between mean salinity and
flow rate for the upper most receiver (20) within the Swan River Estuary.

3.10 Influence of oxygenation plants operation on spatial distribution of A. butcheri
The GAMM revealed that there was no significant effect of the Guildford oxygenation
plant operation (p = 0.235) on daily detections of A. butcheri within the Guildford zone
of influence. However, there was a significant effect of the smoothed term of day of
experiment (p < 0.001), but not the smoothed term of discharge (p = 0.070).
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4.0 Discussion
This is the first study to investigate the influence of environmental variables on the
movement and spatial residency of an estuarine fish at the individual level in the SwanCanning Estuary. Moreover, despite an extensive literature review, no other published
study has investigated the effects of artificial oxygenation on the movement of estuarine
fish anywhere in the world. Acoustic tracking of individual A. butcheri revealed that
they spent most of the time within the upper and middle regions of the Swan River
Estuary, an observation that is consistent with previous studies on this species in the
Swan River Estuary (Loneragan et al. 1989; Dibden et al. 2000) and the Gippsland
Lakes (Hindell et al. 2008). The species exhibited spatial and temporal variation in
habitat use that was significantly influenced by habitat complexity, freshwater flow,
salinity and amount of hypoxia. Importantly, the species clearly favoured areas with low
levels of hypoxia and the artificial oxygenation plants clearly had a mitigating effect of
the amount of hypoxia within their zones of influence. However, as discussed below,
the study could not definitively conclude that the spatial residency of A. butcheri was
directly influenced by their operation.

4.1 Movement of A. butcheri in the Swan River Estuary
Mean daily movement rates in the current study were 0.54km per day (±0.06km SE),
which was far less recorded by Hindell et al. (2008) for A. butcheri in the Gippsland
lakes (mean = 2.7km/day ±0.40km SE). Although many species of fish are known to
exhibit significant positive relationships between size and home ranges (Auer 1996;
Gowan and Fausch 1996; Diana et al. 2004; Woolnough et al. 2008; Koehn et al. 2009),
this study found no such relationship between fish length and the distance or rate of
movement travelled by A. butcheri, which was consistent with the findings of Hindell et
al. (2008).
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As my study only monitored A. butcheri between April and July, it did not encompass
the species known spawning period (October-December) wherein A. butcheri are known
to undertake migrations into areas of preferred salinities (15-25ppt) (Sarre and Potter
1999; Williams et al. 2012). Thus in the absence of spawning related migrations,
average movement rates were unsurprisingly less in comparison to those revealed by
Hindell et al. (2008). However, the distances calculated in the current study were
derived from a circuitous distance matrix based upon the minimum distance required to
travel between receivers. As such, calculations could not account for movements within
the detection range of the receivers as well as those outside of the array. Minimum
distances and movement rates were also influenced by the number of days each fish was
detected; therefore, fish that were detected on fewer days subsequently had lower total
distance estimates than those detected more often. For these reasons, distances are
likely to have been underestimated.
Consideration must also be made for the length and period of time that the estimate of
fish movements is made. For example, the larger average distance moved by A. butcheri
per day in the study by Hindell et al. (2008) was calculated over a 12-month period. By
comparison, my study only encompassed a four-month period during autumn and
winter. More active periods would be expected to occur in spring/summer following
the spawning season and a re-analysis with a 12-month data set would provide more
accurate and ecologically useful estimates of the movement rates for A. butcheri.
Understanding the patterns of the movement of fishes is central to understanding their
biology and ecology. The movement rate and area a fish uses are influenced by lifehistory requirements, environmental tolerances, individual fitness, and resource
availability, and thus can become impacted by direct and indirect anthropogenic
stressors.
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4.2 Response of A. butcheri to Hypoxia
The abundance of A. butcheri had a negative association with hypoxic conditions (at
volumes >20% of the available habitat) and instead, preferred areas where little to no
hypoxia occurred (<5%). Avoidance of areas dominated by hypoxia has clear
physiological benefits to fish. Since respiratory stress is the main metabolic activity
affected by hypoxia (Kramer 1987), energy is reallocated for use in ventilation in order
to maintain a constant oxygen supply to the tissue that in turn increases total energy
expenditure (McNeil and Closs 2007; Flint et al. 2015).

This is known to be a

contributing factor to the observed decrease in growth rates of fishes exposed to
hypoxia, as respiration requires more energy and takes away from other energy
demanding processes such as growth (McNatt and Rice 2004). Over time this may lead
to decreased fitness of the population. Other physiological responses include a decrease
in cardiac output (Furimsky et al. 2003), decreased movement and a switch to anaerobic
respiration to meet energy demands. Consequently, anaerobic respiration creates a
build-up of lactic acids within muscle tissue and decreases blood pH, (Furimsky et al.
2003; Martínez et al. 2006). Direct physiological responses to hypoxia can have many
deleterious implications for estuarine fish and can result in large-scale mortalities that
may alter the composition of the estuarine fish communities. Hence, the suppression of
these negative effects through behavioural avoidance is physiologically beneficial to
fish.
While these behaviours are thought to be physiologically beneficial and have been
documented by a number of field studies (e.g. Eby and Crowder 2002; Hasler et al.
2009; Brady and Targett 2013), deleterious effects may still ensue if too many fish are
forced to occupy a limited space for an extensive period of time. For example, the
movement of fish from deeper hypoxic water into shallow oxygenated waters are
documented in a number of systems, e.g., Chesapeake Bay (Pihl et al. 1991), Long
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Island Sound (Howell and Simpson 1994), Neuse River Estuary (Lenihan and Peterson
1998; Eby and Crowder 2002) and most recently in the Swan River Estuary (Beerkens
2016).
Many documented declines in the condition and growth of fish exposed to hypoxic
environments have been attributed to a decreased metabolism and, the quality and
availability of local food resources (Pichavant et al. 2001; Eby et al. 2005; Cottingham
et al. 2014). In particular, Cottingham et al. (2014) revealed that the growth rates of
male and female A. butcheri within the Swan River Estuary from 1993-95 compared to
those from 2007-11 had significantly declined over the course of 15+ years. Between
1993-95 and 2007-11 the condition of females and males across their length range
decline by 6% and 5% respectively. Predicted lengths at 1 year were markedly less in
2007-11 than 1993-95. Lengths at 3 and 6 years decreased by 30% and L50’s decreased
by approximately 20mm in both males and females (Cottingham et al. 2014).
Cottingham et al. (2014) proposed that hypoxic conditions may be forcing large
numbers of A. butcheri to move into shallower, oxygenated waters subjecting them to
habitat compression and density-dependent factors (i.e., more intense resource
competition). These results are paralleled by the observations of Eby (2005) in which
the condition and growth of the Atlantic croaker Micropogonias undulatus in the Neuse
River Estuary were least in years when the extent of hypoxia was greatest. Moreover,
McNatt and Rice (2004) also documented severe declines in growth rates of 63% in
Atlantic Menhaden (Brevoortia tyrannus) and 89% in juvenile Spot (Leiostomus
xanthurus) when exposed to extended periods of hypoxia.
Along with increased competition through habitat compression, a decrease in the
availability of prey resources in the Swan River Estuary due to environmental change,
particularly increasing hypoxia, may be responsible for the change in the volumetric
contributions made to the diets of A. butcheri by low-calorie food, such as algae,
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macrophytes and detritus (Cottingham et al. 2016). The amount of low-calorie plant
matter found in the gut of A. butcheri has doubled between 1993-95 and 2007-11,
whereas high-calorie prey, such as bivalve molluscs has declined from 64% to 19%
(Sarre et al. 2000; Linke 2011). Hence, it was hypothesised by Cottingham et al. (2014)
that the increase in the extent and frequency of hypoxia within the Swan River,
particularly in its deeper waters is thought to have caused a decline in the growth rate
and body condition of A. butcheri as a result of forced migration of fish into shallow
oxygenated areas during periods of hypoxia and the associated density dependent
effects. Recently, evidence supporting this hypothesis was brought forward through a
telemetry study undertaken by Beerkens (2016) which revealed that A. butcheri
frequently occupied shallow oxygenated areas during periods of hypoxia within the
Swan River Estuary. Hence, the results of those aforementioned studies along with the
current study supports the theory that A. butcheri tend to avoid hypoxic habitats on an
individual level, suggests that habitat compression within the Swan River Estuary is
highly likely to be increasing metabolic costs, intensifying interspecies interactions and
reducing food availability thus causing reduced growth rates in A. butcheri. Along with
increased risk of targeted fishing practices as fish are forced into shallower habitats,
these effects may impact upon population size ranges, reproduction and therefore the
sustainability of the fishery (Cottingham, et al 2016).

Distinct diel patterns of movement by A. butcheri have also recently been revealed
within the Swan River Estuary and are thought to occur in response to the diel cycling
of hypoxia within the system (Beerkens 2016). Acanthopagrus butcheri were found
migrating into deeper water during the day as oxygen concentrations rise following
photosynthesis of aquatic macrophytes, and moving into the shallower water by night
following a reduction in photosynthetic activity at night.

This form of behaviour
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commonly occurs for the purposes of feeding, predator avoidance or bioenergetic
efficiency (Keister et al. 2000; Scheuerell and Schindler 2003; Mehner et al. 2007;
Parker-Stetter et al. 2009). The latter purpose is the most likely explanation for A.
butcheri within the Swan River Estuary by utilising complex habitats as refuges when
DO levels decrease within deeper waters to minimise the negative physiological effects
of oxygen stress (Beerkens, 2016). These results support the hypothesis proposed by
Cottingham et al. (2014) that habitat compression of this species into shallow waters is
a direct consequence of the development of hypoxia within this system and is a likely
contributor to associated declines in the growth rates of this species (Cottingham et al.
2014).

4.3 Influence of habitat complexity
This study found that the abundance of A. butcheri (in terms of number of fish detected
on the sampling days at the receivers) was positively associated with areas containing
the highest amount of complex habitat (i.e., mostly large woody debris). While the areas
with moderate habitat complexity appeared to have less fish than those with both low
and high habitat complexity, this may be a consequence of these areas being adjacent to
two of the release sites (i.e., receiver 9,10) which experienced hypoxic conditions for a
large portion of the study (Figures 3.3.1-3.3.3). The positive association between habitat
complexity and A. butcheri abundance could be related to both the foraging and
predator avoidance behaviour of A. butcheri. The degree of structural complexity within
aquatic habitats is known to correlate positively with fish diversity (Everett and Ruiz
1993; Roni and Quinn 2001; Newbrey et al. 2005; Schneider and Winemiller 2008) and
the abundance of macroinvertebrates available to fish as food (Angermeir and Karr
1984; Attrill et al. 1999). Studies have also shown that the addition of woody structures
within aquatic habitats increases fish abundance (Kennard 1995; Roni and Quinn 2001)
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and growth rates are also positively influenced by habitat complexity (Schindler et al.
2000) Conversely, the removal of woody debris has been shown to decrease fish
abundance and growth rates, and cause changes in predator-prey relationships (Persson
and Eklöv 1995; Sass et al. 2006; Helmus and Sass 2008). For example, removal of
75% of the woody debris within a freshwater lake resulted in changes in food web
dynamics and diminished the growth of largemouth bass (Micropterus salmoides)
relative to the population in the reference basin (Sass et al. 2006). Yellow perch (Perca
fiavescens) in the treatment basin also declined to extremely low densities as a
consequence of increased predation and low recruitment. Hence, the maintenance,
preservation and restoration of complex habitats within estuarine and riverine
ecosystems such as the Swan River Estuary are of critical value to A. butcheri and the
resident fish community.
Moreover, fish can become confined to these shallow oxygenated regions, an
availability of complex structures would reduce mortality by predation that would have
otherwise been intensified in the absence of these predation refuges. Habitat complexity
is known to have an inhibitory effect on predator success, with predation risk decreasing
with increased structural complexity (Anderson 1984; Persson and Eklöv 1995; Eklöv
1997). Juveniles or small-bodied fishes are known to utilise complex habitat frequently
as predation refuges from larger predators (Eklov and Diehl 1994; Sass et al. 2006).
Greater levels of structural complexity in habitats create barriers to movement and lines
of sight of predators while interstitial spaces act as refuges for prey (Koehn et al. 2004).
Hence, predation success of fishes is inversely related to habitat complexity as a
consequence of reduced visual encounters between predator and prey and the reduced
manoeuvrability of large-bodied predators within dense structures (Babbitt and Tanner
1998). Complex habitats are also thought to provide protection from avian predators
(Everett and Ruiz 1993; Crook and Robertson 1999). This suggests that fish vulnerable
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to predation should choose more complex habitats in order to minimise their risk of
predation. Since piscivorous birds such as cormorants and pelicans are major predators
of A. butcheri within the Swan River Estuary (Sarre et al. 1999; Norriss et al. 2002), it
is highly likely A. butcheri utilise complex habitats as shelter from these visual
predators. Moreover, the abundance of complex structures within shallow areas of the
Swan River Estuary may provide critical shelter and protection from avian predators
during periods of hypoxia.
Since the results of this study have shown the importance of complex habitats to A.
butcheri, future management plans must take into consideration that instream woody
habitat is primarily derived from riparian vegetation that has fallen into the river channel
through a variety of processes (i.e., senescence, wind-throw, bank erosion and limb
shedding) (Murphy and Koski 1989; Marsh et al. 1999). Anthropogenic impacts on the
adjacent riparian environment such as urban encroachment, clearing, erosion, prescribed
burns and changes in freshwater flows will, therefore, effect the availability of complex
habitat to native fish such as A. butcheri (Pusey and Arthington 2003). Long term
implications to native fish of the loss of complex habitat include increased mortality,
shifts in food web dynamics and decreased growth rates and reproduction (Sass et al.
2006) that can ultimately affect the sustainability of the population. Therefore, it is
important that riparian vegetation should be protected along the Swan River Estuary
given its importance to overall ecosystem health and to estuarine fishes, particularly A.
butcheri.
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4.4 Response of A. butcheri to salinity
In the Swan River Estuary, A. butcheri was most likely to occur in water with salinities
ranging between 10 - 20 ppt. This is consistent with other studies that have found A.
butcheri mostly reside in brackish waters (10–25ppt) in the upper and middle regions of
estuaries (Loneragan et al. 1989; Potter et al. 1993; Sarre and Potter 1999; Sakabe and
Lyle 2010). Additionally, this species is known to undertake downstream migrations
away from areas when salinities, when salinities reach <10ppt, and remain in the middle
estuary until salinities in the upper reaches, are >10ppt (Sakabe and Lyle 2010). While
salinity is recognised as a key environmental variable influencing the habitat utilisation
of fish within estuaries (Marshall and Elliott 1998; Childs et al. 2008; Selleslagh and
Amara 2008; Walsh et al. 2013), Acanthopagrus butcheri is capable of persisting in
salinities ranging between 0-60ppt (Partridge and Jenkins 2002) with an extreme upper
limit of 85ppt (Hoeksema et al. 2006). This would suggest that this species is relatively
adaptable in terms of its bioenergetic budgets to accommodate higher energetic
demands of osmoregulatory processes in a range of salinities. Yet the avoidance of fresh
and saline regions may be a mechanism for optimising metabolic efficiency and growth
by decreasing osmotic stress in the wild and although the findings presented by
Partridge and Jenkins (2002) showed A. butcheri are physiologically euryhaline, their
results may have been influenced by the consistent intake of high-calorie food. As fish
were fed daily to satiation, the quality and high availability food may have negated any
deleterious effects of the higher energetic demands required for greater osmoregulation
across a range of salinities due to a nutrient rich diet (i.e., resulting in little difference in
growth rates among subjects). A study by Klaoudatos and Conides (1996) supports this
theory finding that salinity tolerance in the sparid Sparus aurtus was dependent on food
quality and availability. Moreover, A. butcheri that were held in an inland water body
and not supplied with supplemental food, but instead were left to forage on naturally
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occurring food were associated with large mortalities over winter (Partridge and Jenkins
2002). Therefore, under natural conditions where the quality and availability of food is
limiting, A. butcheri will likely select the salinity that is the most efficient for its
bioenergetic budget and its tolerance to environmental stressors would be in part
dependent upon resource availability. Analysing its movement over a longer period of
time than was undertaken in the current study will provide additional information on its
salinity preference in the wild.

4.5 Response of A. butcheri to surface discharge
The detection of A. butcheri in the acoustic array was negatively associated with river
flow and it was least likely to be detected during flows in excess of ~40m 3/second. This
was expected as elevated flows are known to heavily influence detection efficiency as a
consequence of greater turbulence within the water column and associated
environmental noise that in turn reduces the transmission range detection likelihood of
acoustic tags (Steel et al. 2014).
A pronounced downstream migration of fish occurred from the upper estuary to the
middle estuary on the 29th June (Figs 3.11.3-3.11.6). Associated physiochemical data
were not available for this period; however, rainfall data offers a likely explanation. A
heavy rain event of 20.6mm occurred on the 29th June (Australian Bureau of
Meteorology 2016) delivering a large influx of freshwater into the system in which
salinity decreased from 11ppt - 4ppt (Figure 3.1).

This is hypothesised to have

triggered a downstream migration of A. butcheri in response to salinity decreasing in the
upper Swan River Estuary from ~6 ppt (6000 mg/L) to ~2ppt (2000mg/L) between the
weekly profiles taken in early July. Freshwater flows are less favoured by estuarine fish
due to increased energetic costs involved in maintaining their position within an estuary
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(Domenici and Kapour 2010). Moving with the direction of water movement is not
uncommon in estuarine fish, as this is thought to enable fish to explore more extensive
habitats with a minimal energy cost (Gibson 2003). Other advantages include reduced
metabolic stress, as fish do not exert energy maintaining their position within the
estuary and act as vectors for avoiding unfavourable conditions (Almeida 1996; Childs
et al. 2008) (Almeida 1996; Childs et al. 2008). This has been revealed by a number of
estuarine species i.e., European flounder Platichthys flesus (Wirjoatmodjo and Pitcher
1984), European Sturgeon Acipenser sturio (Taverny et al. 2002) Summer flounder
Paralichthys dentatus (Szedlmayer and Able 1993) and Weakfish Cynoscion regalis
(Brady and Targett 2013). Abrupt changes in stream discharge (i.e., elevated flows)
have also been documented to impact community structure and survival following
displacement of juvenile fishes away from preferred habitat due to reduced swimming
performance relative to large-bodied fishes (e.g. Heggenes and Traaen 1988; Vehanen
et al. 2000). However, all A. butcheri in the current study were mature adults and
therefore it is unlikely physical displacement explained all of this movement. Instead, it
was probably undertaken to seek more favourable conditions offered by the relatively
deeper waters within the middle estuary that provided more preferable salinities and
reduced current velocity compared with the upper region. A similar event was
documented by Sakabe and Lyle (2010) in which A. butcheri migrated into the middle
section of the Little Swanport Estuary following the onset of heavy rains that
periodically reduced salinity in the upper reaches to <10ppt. However, this movement
may also depend on the timing of the flow in relation to other factors such as breeding
periods with Hindell (2007) documenting no significant effect of flow on A. butcheri
movement within the Gippsland Lakes.
During periods of elevated stream flow, the relatively lateral position occupied by A.
butcheri may have influenced the number of detections as shallow depth and physical
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structures are factors known to limit signal attenuation of acoustic telemetry tags
(Sakabe and Lyle 2008; Claisse et al. 2011; Gjelland and Hedger 2013). Lateral
movements (i.e., to side channels) by riverine fishes can be an effective behaviour to
avoid elevated flows associated with mainstream channels by sheltering within complex
habitat or hydraulic retention areas (e.g. Simpson and Mapleston 2002; Scruton et al.
2011; Degrandchamp et al. 2008). For example, Murray Cod (Maccullochella peelii
peelii) are reported to shelter within complex habitats such as woody debris during
periods of heavy flow (Koehn et al. 1997). Moreover, the greatest density of complex
habitat (i.e., woody debris) is often situated closest to the shallow banks of rivers (Pusey
and Arthington 2003) and habitat mapping in the current study confirmed this for the
Swan River Estuary (See appendix 1-3). Therefore, while some downstream movement
of A. butcheri occurred as a response to high flow events, its effects may have been
reduced due to the confounding factors such as the species utilising complex nearshore
habitat.
Upstream migration of A. butcheri beyond the detection range of the acoustic array must
also be considered. The typical horizontal salinity gradient exhibited by estuaries tends
to decrease with distance from the mouth (Schroeder et al. 1990; Kurup and Hamilton
2002; Potter et al. 2015). While this is often true, brackish and saline waters can occur
in the uppermost reaches of some south-west Western Australian estuaries and rivers as
a result of secondary salinisation (Morgan et al. 2003; Beatty et al. 2011). Secondary
salinisation occurs following the replacement of deep-rooted vegetation with shallowrooted crops and pastures. These crops use less water than natural vegetation and have
resulted in increased groundwater recharge that brings soil-stored soluble salts to the
surface (Beresford et al. 2001; Williams 2001). These salts then enter the system
following rainfall as runoff, increasing the salinity of these upper regions. This is
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believed to be responsible for the restriction of freshwater endemic fishes to the upper
reaches, and expansion of potential habitats for euryhaline species such as A. butcheri.
Understanding the influence of environmental variables such as flow rates within
estuaries is important for predicting changes in resource structure and function
following environmental perturbations. For example, in the instance that a heavy
rainfall event was to occur over the A. butcheri spawning period in Swan River Estuary,
the sudden change in salinity may cause fish to move downstream and away from the
spawning grounds, presumably interrupting spawning activities. Sudden increases in
river flow (e.g. flood events) during such critical periods may also cause mortality or
advection of fish eggs and larvae into unfavourable areas

(Faria et al. 2006).

Furthermore, the back calculated birth dates of juvenile A. butcheri collected from the
little Swan Port Estuary, showed clear evidence of a resultant lack of successful
recruitment associated with periods of high inflows by suppression of spawning
behaviour and/or by flushing of eggs and larvae out of the system (Sakabe and Lyle
2008), thereby jeopardising the sustainability of the population. The additional data that
will be gathered from the tagged A. butcheri between winter and summer in the SwanCanning Estuary will be highly valuable in further helping to elucidate the movement
patterns in relation to hydrology and life history as it will encompass the peak breeding
period (i.e., October-December) of this species (Sarre and Potter 1999).

4.6 Climate change in south-western Australia
Climate change is exacerbating the impacts of existing anthropogenic stressors on
aquatic ecosystems in south-western Australia (e.g Beatty et al. 2014).

In recent

decades, there has been a major decrease in rainfall across south-west Western Australia
(Australian Bureau of Meteorology 2016). While heavy freshwater flows may have a
73

short-term negative impact on the spawning activity of A. butcheri (Faria et al. 2006),
the implications of drying due to climate change (Hughes 2003) are likely to be a much
greater threat to its long-term viability as it will increase the variability in the volume of
freshwater inflows (Pittock 2003; Pecl et al. 2014). A reduction in freshwater flow
reduces flushing rates, allowing higher levels of nutrients to accumulate within the
waterways (Brearley 2005). As nutrient loads increase within these systems, the
frequency of eutrophication events is likely to increase also (Kurup and Hamilton
2002). South-west Western Australian estuaries are also expected to experience deeper
penetration of the marine salt wedge following delays in autumn and winter rains (Swan
River Trust 2007). This will cause estuaries to become more ‘marine’ in nature and
result in prolonged and more intense stratification of the water column and further
inhibition of mixing between the surface and bottom waters. Reduced inflows combined

with seawater incursion can cause hypersaline and hypoxic conditions in estuarine
ecosystems (Nicholson et al. 2008; Hipsey et al. 2013). These changes are likely to
elevate nutrient accumulation and cause proliferation of algal blooms (Kennish 2001;
Kennish 2002; Hallegraffe et al. 2011; Acharyya et al. 2012; Cosgrove et al. 2015).
These factors combined are highly likely to increase the frequency and severity of
deoxygenation events in south-west Western Australian estuaries including the SwanCanning (Kurup and Hamilton 2002; Vaquer-sunyer and Duarte 2008; Hallett et al.
2016). These projected changes, therefore, have a number of implications for estuarine
fish; including reducing reproductive success and growth of estuarine residents (Hassell
et al. 2008; Nicholson et al. 2008; Cottingham et al. 2014) and frequency and severity
of fish-kill events.

4.7 Influence of oxygenation plants
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Based on the four-month data period in the current study, the operation of the Guildford
oxygenation plant was not shown to have a significant effect on the number of A.
butcheri detected within its zone of influence compared to the areas outside of the zone.
However, the study was not able to specifically partition their effects from other
environmental factors due to the way in which the plants are operated. Firstly, the
operation of the oxygenation plants relies upon a trigger mechanism which is highly
dependent upon local DO concentrations (A. Hams pers. Comm.). As such, when DO
concentrations fall below a critical threshold, the oxygenation plants are set to turn on,
effectively remediating hypoxia within the area. As a result, we were not able to
effectively quantify the effect of artificial oxygenation on A. butcheri due to a lack of a
control period wherein hypoxia would be allowed to develop within the zone of
influence. Hence, effective comparisons could not be made between the spatial
residency of A. butcheri when hypoxia is present in the zone of influence and the plants
are operational versus when they were not operational.
This study and that of Beerkens (2016) gives evidence to suggest A. butcheri avoids
areas with extensive hypoxia in favour of those with normoxic conditions. Therefore, it
suggests that the operation of the oxygenation plants directly benefit A. butcheri in the
Swan River Estuary. The effectiveness of artificial oxygenation within the upper Swan
River Estuary has been shown to drastically improve DO concentrations. For example,
in 2012 water column profiling at Caversham undertaken prior, during and post-plant
operation demonstrated that dissolved oxygen concentrations increased incrementally
each day until the plant was turned off, from which point a rapid decline in oxygen
concentrations was observed (DoW, 2015). Thus, the operation of the oxygenation
plants likely provides an oxygenated refuge within the upper estuary (a critical habitat
for A. butcheri) that would otherwise become hypoxic, allowing A. butcheri to utilise
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these critical habitats, and minimise the effects of habitat compression within the upper
Swan River Estuary, however this was not able to be demonstrated in the current study.

5.0 Limitations and potential for future research
There were a number of limitations associated with this study. Firstly, it should be
acknowledged that since the majority of tagged fish (~75%) were released within the
middle region (receivers 9 and 10) compared to ~25% released in the upper region
(receiver 17), there is the potential for a release bias to have influenced the results. As
the model indicated that the likelihood of occurrence of A. butcheri was extremely low
within lower Swan River Estuary, this may have been an effect of the large proportion
of this region that remains unmonitored by the acoustic array. Moreover, the increase in
the likelihood of fish occurring over time is a direct consequence of the limited number
of tagged fish in the system following the initial release date and the subsequent
increases in tagged fish following each tagging session.
A key aim of the study was to determine if fish directly responded to the operation of
the oxygenation plants. However, the necessity for the plants to operate in a way that
prevents hypoxia from forming hampered an effective study design to specifically
answer this question. Since the study design relative to this aim set out in the current
study was inappropriate, a controlled comparison of the number of fish detections in
those oxygenated zones during periods of hypoxia with the plants on versus off is
recommended in order to specifically answer this question, although it should be
carefully designed (e.g. over short periods) so as to avoid any severe negative impacts
on the fish communities.
The length of the study period also limits the conclusions that the study can draw. A
more comprehensive analysis of temporal trends will be able to be made in 2017 (the
76

battery life of the V9 and V13 acoustic transmitters is approximately 802 and 366 days,
respectively) as it would encompass a full year of tracking and incorporate the species
breeding period in late spring-summer.
Water quality profile data for the Swan River Estuary sourced by DPaW was extensive,
but as a result of a weekly water quality monitoring regime, our analysis had to be
restricted to just 16 separate dates in which we could link environmental variables to the
presence of A. butcheri. The time of day at which water quality profiles were recorded
was inconsistent, and due to the considerable environmental heterogeneity that exists
within estuaries, water quality is known to vary depending on the time of day and hence
must be taken into consideration. More comprehensive environmental data will
strengthen any ascertained relationships and allow for greater confidence in the findings
while the inclusion of additional receivers in specific reaches could be used to
triangulate fish positions more accurately thus allowing for a more effectively
evaluation of the impact of spatially changing environmental variables.

6.0 Conclusions
This study has provided valuable information on how the spatial and temporal
distribution of individual A. butcheri is influenced by a suite of environmental variables
in the Swan River Estuary. The detection of the species was significantly influenced by
the level of hypoxia, habitat complexity, salinity and flow. While more research is
required to specifically quantify their effects, based upon the negative behavioural
responses of fish to low oxygen conditions, it is likely that artificial oxygenation
improves habitat availability to A. butcheri during periods of hypoxia.
In view of anticipated climate change and increased anthropogenic changes to estuarine
ecosystems, it would be very useful to have a long term series of data for a well-studied
species such as A. butcheri. Numerous studies have determined the influences of
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environmental factors on fish distribution and assemblages; however, few have
quantified how these factors have influenced the movements at the individual level. The
study contributes greatly to our understanding of the behavioural responses of estuarine
fishes to environmental stressors such as hypoxia and is the first to examine how the
habitat use and movement of an estuarine fish may be influenced by artificial
oxygenation. It is vital that ongoing management occurs to protect and restore riparian
vegetation and address the causes of hypoxia to help ensure the long-term viability of
estuarine fishes in the Swan-Canning Estuary.
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8.0 Appendix

Appendix 1: An example of an area of habitat with relatively high habitat
complexity (From receiver 18, score = 7.8/10).
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Appendix 2: An example of an area of habitat with moderate habitat complexity
(From receiver 9, score = 4.6/10).
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Appendix 3: An area of habitat with low habitat complexity
(From receiver 3, Score = 1.4/10)
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