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Abstract

Common carp Cyprinus carpio are well established within many of Australia’s rivers and lakes and
are now dominant parts of aquatic ecosystems. Reducing the biomass of this species is integral
in returning waterways to pre-European conditions. Removal of carp from waterways may
benefit the aquatic ecosystems but based on the area covered and the resources needed,
traditional removal methods are not feasible. Biological control of common carp using a virus
would permit widespread coverage with minimal resource use. The virus kills up to 80% of
common carp drastically reducing its biomass in the water bodies, but the fate of these carcasses
within the lake remains poorly understood. This thesis aimed to better understand the fate and
impact of decaying fish carcasses in lakes. This included the influence of this nutrient pulse on
water quality and microbes using manipulative mesocosm studies in lakes and field monitoring

of fish biomass and carcass movement and scavenging in south-east Australia.

The mesocosm studies with common carp carcasses showed a rapid drop in dissolved oxygen
concentrations in all treatments to levels that would not sustain fish or invertebrates. The
addition of dead carp biomass led to changes microbial assemblage structure, which shifted from
a community comprising typical lake bacteria, to a eutrophic signature community, including
higher relative abundance of environmental copiotrophic bacteria. Following the microbial shift
phytoplankton began to dominate in all treatments and correlated positively with increasing
carcass biomass as did total nitrogen, total phosphorus and chlorophyll a. Several bacterial and
algal species correlated with the odour causing compounds geosmin and 2-Methylisoborneol

(MIB) in dead carp treatments.

Field monitoring of dead carp fate at different depths revealed that once the carcass had sunk to
the lake bottom interactions with large scavengers was limited to 5 m, and beyond that depth
microbes were the main driver of decomposition. Depth of the carcass in the lake was significant
in determining if it would resurface, with carcasses less likely to float from microbial bloating with
increased pressure at greater depths. Field surveys of biomass showed that lake depth was a
factor in determining the biomass of common carp. Large lakes with increased volume and low

biomass of carp would have reduced water quality impacts and an increased number of carcasses
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not returning to the surface due to fish sinking below levels where pressure overrides microbial
bloating of the carcass. Small shallow lakes had higher carp biomass and would be at greater risk

of catastrophic water quality changes if the virus was implemented.

This thesis contributes to a more comprehensive understanding of fish kills and water quality and
ecological responses from the input of decaying carp derived nutrients. The fate and impact of
fish carcasses will be influenced by the depth profile and size of lakes. The results highlight areas
of concern from a virus driven carp biocontrol management program and suggests some control

strategies to minimise potential impacts.
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Chapter 1: General Introduction

Australian rivers and lakes have been negatively impacted by a range of anthropogenic stressors.
These include river regulation and water extraction, increased nutrients and eutrophication,
climate change as well as introduced aquatic species (Mac Nally et al., 2011, Prosser et al., 2021,
Mosley et al., 2023). The most significant introduced aquatic species by biomass in Australia is
the freshwater fish the common carp Cyprinus carpio and its distribution covers the full extent of
the Murray-Darling Basin (Stuart and Jones, 2002, Stuart et al., 2021). Management of the impact
of introduced impact carp has been limited to physical removal and screening and in some areas
only, as both are cost prohibitive for the whole basin. The discovery in 1998 of a new herpes
virus which was specific to common carp allowed Australian authorities to investigate the use of
this virus as a biological control (McColl and Crane, 2013), however, the water quality and
ecological risks of possible mass fish deaths need to be considered (Davie and Pera, 2021,

Sheldon et al., 2022).
1.1  Fish in Australia; native and introduced

Australia's freshwater fish species composition and distribution is in part due to desert and semi-
arid conditions found over much of the country (Allen, 2003). The lowest annual rainfall in
proportion to landmass and least surface runoff have also shaped Australian freshwater
ecosystems. This combined with Australia’s separation from Gondwana 99 million years ago have
contributed to the species endemism patterns that were likely established in the distant past as
early as the Miocene (23.03 to 5.332 million years ago) (Unmack, 2001, Allen, 2003). This long
isolation has meant Australian fish have adapted to very specific conditions presented by
Australia’s climate and geography (Unmack, 2001). Fish species diversity in Australia is historically
low, with only 302 species recorded compared to North America, South America, China and Africa

which have 600, 2000, 600 and 1400 species, respectively (Allen, 2003).

Australian freshwater ecosystems are vulnerable to stressors such as eutrophication, land-use
change, changes in temperature and introduced species (Angeler et al., 2014). In the past 200
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years since European colonisation there have been over 20 species of fish introduced into
Australian freshwaters (Allen, 2003, Lintermans, 2023). Acclimatisation societies encouraged the
introduction of non-native species mainly from Europe as they believed that would enrich the
waterways, with examples including salmonids, cyprinids and perch (McDowall, 1980). In the last
50 years popular aquarium species have also been released into streams by irresponsible

hobbyists (Allen, 2003).

Large scale damming of many of the rivers on the eastern part of Australia for irrigation and
drinking water have made lakes more common than prior to European settlement and lakes and
reservoirs now make up a sizeable part of Australian freshwater ecosystems. This has potentially
increased habitat for non-native species that are not well adapted to deal with Australian

conditions such as drought (Greenhalgh, 1999).

Once introduced, fish species enter waterways and expand in biomass and they can affect

ecosystems in various ways including:

J Modify the behaviour of native species by dominating through being more aggressive
than native species, introducing new selection pressures as they now have to avoid a new
predator, distributional effects on native species by decreasing their abundance through
predation and by displacing them from preferred habitats through competitive exclusion

(Cucherousset and Olden, 2011).

. Species extinction such as with the introduction of Nile Perch to Lake Victoria (Africa).

This has caused one the largest vertebrate extinctions (Kitchell et al., 1997).

J Modification of biochemical cycles such as modified nutrient regimes by increasing

nitrogen and phosphorus availability in waterways via excretion, promoting algal growth and

contributing to eutrophication (Cucherousset and Olden, 2011).
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J Introduction of diseases in Australia, such as the viral disease epizootic haematopoietic
necrosis with the introduction of Redfin Perch Perca fluvaitilis which is fatal to native Macquarie

Perch Macquaria australasica (McDowall, 1980).

J Habitat alteration by engineering species. A number of case studies have reported that
non-native fish species such as common carp can act as engineering species. Carp modifies
aquatic vegetation (submerged macrophytes) directly through uprooting or eating and indirectly
via bioturbation and excretion of nutrients, changing the trophic status of water from clear to

turbid (Matsuzaki et al., 2009).

. Specialist species are increasingly showing to be declining and experiencing higher
extinction risk than relative to generalist species (Devictor et al., 2010). Thus, the introduction
of a generalist species such as carp with high tolerances to water quality variation, allows them
to survive in highly variable, modified and changing environments. Through its morphological,
behavioural and physiological adaptions it can engineer change in ecosystems and has the

potential to dominate Australian ecosystems for millennia.
1.2 Carpin Australia

Common carp are one of the most commercially important and widely cultivated freshwater fish,
contributing to 11% of the total world freshwater aquaculture production (FAO, 2012). Common
Carp were introduced to central Europe from Asia about 2000 years ago and are one of the oldest
farmed fish (Greenhalgh, 1999). They were introduced into Australia in the 19th Century as part
of a push to bring animals and plants from Europe and to make Australia seem more like the
United Kingdom. There were no major environmental problems until the 1960s when a strain
adapted for European aquaculture, known as the Boolara strain, escaped from farm dams into
the Murray-Darling River, the population exploded during major floods in the mid 1970s. This
triggered a major population increase over the following decades and carp can now make up to
90% of the animal biomass in many lakes and rivers (Shearer and Mulley, 1978, Smith, 2005). The

rapid expansion was assisted by the Boolara strain being more invasive in nature. Interbreeding
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of the Boolara carp with the other two strain of carp already in the Murray (Prospect and Yanco
strains) resulted in increased fitness of the cross-bred offspring which increased survivability.
Large floods in the Murray— Darling Basin in 1974/5 and again in 1993 also helped the rapid
spread of carp throughout the basin. A combination of other events such as deliberate and
accidental release contributed to the expansion (Shearer and Mulley, 1978, Smith, 2005). Carp
have also spread to the eastern draining catchments such as the Hawkesbury-Nepean and

Shoalhaven.

Carp are considered the fourth major invasive invertebrate in Australia and are the dominant
species in many systems where they are introduced (Barwick, 2016). They have been considered
a major contributor to the deterioration of water quality, bank erosion, and habitat destruction
around the world and within Australia’s major rivers and lakes (Vilizzi and Tarkan, 2015). They
are listed as a noxious species in New South Wales, Victoria and Queensland, and a declared
exotic species in South Australia and a controlled fish in Tasmania (VFA, 2010, DPI, 2014, DAF,
2022, NRE, 2023, PIR, 2023). Their importation is prohibited by the Commonwealth government
(BICON, 2023).

1.3 Carp as Ecosystem Engineers

Invasive species can alter ecosystems via a number of pathways. Catastrophic ecological impacts
are often completed by ecosystem engineering (Matsuzaki et al., 2009). Common carp have been
identified as one of the main causes of loss of biodiversity and water clarity in shallow lakes and
ponds worldwide (Zambrano et al., 2001). Common carp can dominate rivers, wetlands and lakes
because of their long life spans and large size (Baldry, 2000). They reduce water quality through
their feeding activities by physically disturbing sediments and recycling nutrients. These activities
can result in an increase in chlorophyll a, nutrient concentrations and turbidity, and a decrease
in macrophytes (Chumchal et al., 2005). By carp reducing submerged macrophyte abundance it
changes the role macrophytes have in freshwater ecosystems. Their role is diminished in the
amount they influence water clarity and nutrient dynamics and the diversity of the physical

habitat (Matsuzaki et al., 2009).
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The number of carp in a system rather than just their presence is a key factor in their ability to
engineer and alter ecosystems (King et al., 1997, Huser et al., 2016). This combined with their
differing feeding approaches compared to Australian native fish approach as well as their
tolerance to differing water quality means they can survive the changes in water quality that they
help create. Biomass changes of omnivorous fish such as carp in lakes can change the nutrient
pathways of the water body. It has been found that in shallow eutrophic lakes, water
transparency is inversely related to the biomass of omnivorous cyprinids as they increase

turbidity through bioturbation and soft plant removal (Tatrai et al., 2003).
1.4 Carp and Algae

Algae play an important role in freshwater ecosystems. They are the primary producers which
supply energy to the bottom of the food web and their composition and biomass will depend on
environmental factors such as flow, light and nutrient availability (Bellinger and Sigee, 2015).
Depending on the prevailing conditions such as calm weather and warm surface waters algal
blooms can occur (Mitrovic et al., 2011). This can lead to blooms largely comprised of
cyanobacteria such as Microcystis aeruginosa and Dolichospermum circinale which can produce
toxins such as hepatotoxic microcystins or neurotoxic saxitoxins. Carp have a competitive
advantage in dealing with cyanobacteria as they are agastic (have no stomach) and their digestive
tract is neutral or basic (Carbis et al., 1997, Billard, 1999). This limits the absorption of
microcystins, which requires an acidic environment. The carp’s digestive tract rather than being
a point of break down for cyanobacteria, may actually be a source of nutrients for the
cyanobacteria. Viable cyanobacteria have been found in the gut passage of the filter-feeding fish
Atlantic menhaden, Brevoortia tyrannus (Friedland et al., 2005) and Cyprinids such as silver carp
Hypophthalmichthys molitrix (Gavel et al., 2004). After digestion of Microcystis colonies by silver
carp it was shown that larger colonies (>1000 cells) were disintegrated to smaller colonies of up
to 50-100 cells/colony. These smaller colonies remained viable and actively growing, seven days
after excretion by silver carp (Gavel et al.,, 2004). Additionally, Kolmakov and Gladyshev

(Kolmakov and Gladyshev, 2003) found that the dominant phytoplankton species in a reservoir
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near the township of Krasnoyarsk in Russia, M. aeruginosa, showed a significant increase of

growth after passage through the intestine of crucian carp Carassius auratus.

The sediments of still water ecosystems are known to be a store of resting stages (cysts) of
cyanobacteria and other algae (Bellinger and Sigee, 2015). Microcystis is regarded as a typical
planktonic alga, but may also occur as granular masses on lake bottoms and over winter on lake
sediments rather than in the water column (Bellinger and Sigee, 2015). Inflows can bring turbid
water, which potentially can smother the lake sediments. Thus, the importance of the
bioturbation processes in releasing algal colonies below the surface sediments can in turn
potentially increase the numbers of resting cyanobacterial colonies recruited due to bioturbation
of bottom sediments. The feeding habits of benthivorous fish, predominantly in the shallow
littoral zone during the summer period (Persson and Nilsson, 2007), can be considered as one of
the important factors contributing to recruitment of cyanobacterial colonies. Therefore, carp
with their predominant benthic feeding are constantly turning over the sediments and releasing

algal colonies into the water column.
1.5 Carp and Turbidity

Benthic fish such as carp play an important role in linking the benthic and the pelagic parts of an
ecosystem. This is performed by disturbing the sediments during feeding. Separating the food by
a winnowing process in the buccal cavity then discharging sediment particles via the gill rakers
causes bioturbation (Sibbing, 1988, Koehn et al., 2000). Bioturbation can be defined as the
reworking and mixing of sediment at the sediment—water interface (Adamek and Marsalek,
2013). This resuspension of the particles affects the ecosystem in two main ways. The first is in
reducing light penetration through the water column. The reduction of light penetration affects
aquatic plant composition and visual predators by reduced visibility. The second is the

resuspension of nutrients from the sediments into the pelagic zone (Huser et al., 2016).
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1.6 Carp and Nutrient Dynamics

Fish are important in nutrient cycling in freshwater ecosystems (Schaus et al., 1997). The main
mechanism is excretory processes that supply nutrients (nitrogen and phosphorus) at rates
comparable to major external nutrient sources. In addition, fish exert strong impacts on the
species composition of primary producers by effecting the nutrient supply rates and ratios (Vanni
et al., 2006). In comparison to most Australian native fish, carp per unit area are relatively large.
The maximum size as recorded in fisheries literature is 760 mm and 8.5 kg (Stuart and Jones,
2002) with an average 1-3 kg. More recent findings suggest that the average carp size is now 4-5
kg (DPI, 2014). Several extremely large carp have been caught in Hawkesbury-Nepean system
one at 900 mm and weighing 18 kg (Griffith et al., 2014) and in Sydney's Centennial Park at a
record of 24 kg. Due to the fact carp are a large freshwater fish means they are particularly
important for potentially stimulating new primary production by increasing nutrients into new
habitats by translocation (Vanni et al., 2006). Nutrient fluxes can also be affected by the impact
carp have on prey and macrophytes. Carpenter (Carpenter et al., 1992) suggest that changes in
trophic structure that derive from trophic cascades can be viewed as changes in the phosphorus

cycle driven by fishes.

Nitrogen (N) and phosphorus (P) cycling by freshwater fish has been estimated to constitute a
major part of the internal nutrient load and can exceed other inputs and nutrient demand by
algal species (Morgan and Hicks, 2013). As external P loading to lakes decreases, benthivorous
fish become an even more important P source to lakes (Hendrixson et al., 2007). In a small 35.1
ha stratified eutrophic lake in central Minnesota, USA, when they reduced carp biomass from
300 to 40 kg/ha total phosphorus reduced, water clarity and aquatic vegetation density increased
(Bajer and Sorensen, 2013, Huser et al., 2016). This suggested that the increase in sediment
mixing depth caused by carp increased the amount of mobile P potentially available for release

by 55-92%.
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There is a general trend that carp nutrient excretion rates increase as body mass increases (King
et al.,, 1997, Morgan and Hicks, 2013). Larger carp can also mobilise phosphorus through
sediment suspension as well as excretion, whereas smaller carp tend to mobilise phosphorus only
through excretion (Driver et al., 2005). Only 25-30% of the nitrogen (N) and phosphorus (P) in
food is typically retained in carp, the remainder being lost to the environment (Jahan et al., 2003).
The increase in N and P from carp can alter phytoplankton community composition favouring
cyanobacteria (Schaus et al., 1997). This suggests management of N and P can be manipulated
by altering the biomass of fish. Population changes in cyprinids have altered the internal P loading
of lakes and thus changed the size and composition of the algal community (Boros et al., 2009).
Depending on conditions, this can lead to unwanted cyanobacterial blooms, and in particular
toxic blooms (Mitrovic et al., 2011). These conditions can lead to oxygen depletion (hypoxia) and

in turn death for fish unable to tolerate low oxygen levels.
1.7 Carp and Zooplankton

The feeding preferences and diet of carp change throughout its life. Larval carp are visually
orientated predators feeding on zooplankton such as rotifers, copepods and cladocerans (Smith,
2005). The diet of small carp (<30 cm) includes chironomids (their preferred prey item), benthic
macroinvertebrates (Hume et al., 1983, Vilizzi and Tarkan, 2015) and crustaceans (Khan, 2003).
Adult carp generally prefer benthic feeding habitats, feeding on benthic macroinvertebrates.
When plankton and benthic macroinvertebrates are available in the system they will feed on
benthic macroinvertebrates. In the absence of benthic macroinvertebrates, their feeding niche
can shift to the water column and carp can spend 85% of their time feeding principally on
zooplankton (Rahman et al., 2010). When cladocerans and other zooplankton disappear,
phytoplanktonic algae proliferate as they are no longer being actively consumed (Billard, 1999).
Thus carp can alter lake function by feeding predominantly on micro-crustacea, causing a top-

down trophic cascade (Khan, 2003).
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1.8 Carp and Other Fish Species

Carp mature at one year for males and at around two years for females and at only 125-150 mm
in length (McDowall, 1980). Fecundity is very high compared to native fish of an equivalent length
with a female carp of 6 kg having up to 1.5 million eggs. Carp spawn only when the water
temperature exceeds 17-18 °C (Greenhalgh, 1999). Large females may breed more than once in
a season and have been recorded breeding up to three times in a season in Australia. This
reproductive strategy gives carp a competitive advantage over native fish in two ways. Firstly,
with their high fecundity they produce many more eggs than natives. A native silver perch
Bidyanus bidyanus with similar feeding patterns will shed around 300,000 eggs per season
compared to a 6 kg female carp with 3 million (spawning twice in a season). That is 10 times more
juveniles competing for the same zooplankton food source. Secondly, because carp spawn
earlier, their juveniles are at a more developed stage and are capable of feeding on the semi-
buoyant fertilised eggs of the native fish. Silver perch populations in the Murray River have
declined by 93% from 1940 to 1990 (McDowall, 1980). Most native fish species tend to be
specialists whereas carp have a diverse diet and feeding methods. They can feed on bottom
dwelling invertebrates, worms, snails, mussels and crustaceans (Greenhalgh, 1999). When food
in the water column is unavailable, they will feed on soft plants and detritus (McDowall, 1980).
This allows carp to switch diet depending on what resources are available. Another competitive
advantage over natives is due to their size as they have very few predators. Carp make up a large
part of the fish biomass in NSW waters, about 87% of the biomass in the Murrumbidgee
catchment and at last 50% in the lower Murray (DPI, 2010). This domination magnifies the impact

of juvenile recruitment and the fight for food resources.
1.9 Carp and Macrophytes

Aguatic macrophytes have an important role in structuring communities in aquatic
environments. Plants provide physical structure, increase habitat complexity and diversity and
influence the numbers of organisms like invertebrates, fish and water birds (Thomaz and Cunha,

2010). Structural complexity also significantly affects the size structure of animal populations
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and assemblages. In general, more complex habitats support higher densities and a greater
diversity of small-bodied animals (Thomaz et al., 2008). This allows animals to become specialised
to the conditions offered by small curved or geometrical shapes of macrophytes in the
environment mosaic and makes it possible for a level of diversity not found among groups of

larger organisms (Brown, 1981).

Carp have been credited with significant structural damage to macrophytes and wetlands in
Australia and overseas (Williams et al., 2002, Hertam, 2010) partly because they contribute more
to water quality variation such as increases in turbidity. Carp interfere with the recruitment,
growth and diversity of wetland macrophytes (Williams et al., 2002). Swirepik (1999) found that
carp significantly reduced vegetative regrowth of Potamogeton tricarinatus in large ponds and
that this led to increased reliance on seed-bank regeneration. Carp significantly affect species
abundance and diversity of macrophytes (Miller and Crowl, 2006). By decreasing the diversity of
macrophytes they also decrease the diversity of small fish and macroinvertebrates associated
with them. With reduced habitat, larger predatory species lose habitat for their juveniles and
therefore have reduced recruitment. Lower macrophyte densities also allow for increased
predation pressure from birds on fish. Bajer and Sullivan (2009) found that a carp biomass of <30
kg/ha had no discernible effects on vegetative cover (which exceeded 90%) or waterfow! (which
exceeded 150,000 individuals during fall censuses). An increase to 100 kg/ha was associated with
a 50% decrease in both vegetative cover and waterfowl. Carp abundance in the Bogan River, NSW
was estimated at 609 kg/ha (Smith, 2005) and in Sydney Model Yacht pond (Bicentennial Park)
1200 kg/ha and Malluga Passive Park pond (Bankstown) and at 650 kg/ha (Pera, 2007, Pera,
2008). This suggests that many of the rivers and lakes in Australia have carp biomass volumes
that are at or above the biomass needed to significantly impact on macrophytes and thus impact

on the ecosystem.
1.10 Current Status of Carp and Management

Carp have spread to all states and territories except for the Northern Territory and have the

ability to dominate total catch numbers and biomass in a range of catchments from highly
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regulated lowland rivers of the Murray River to the cooler, higher-altitude areas around Cooma
in the Snowy Mountains (Smith, 2005, DPI, 2010). They can tolerate poor water quality including
low oxygen levels, high turbidity, moderate salinities (up to 12.5 ppt at 16-21°C) and high levels
of toxicants (Hart et al., 1991). Carp can be found within all major and minor habitats including
main channels, floodplains, lakes, swamps, billabongs, irrigation channels, undercut banks and
among macrophytes and woody debris. Their environmental tolerances have allowed them to
survive and flourish in relatively pristine streams through to highly degraded waterways. Carp
are bottom feeders, sucking up sediments with their mouths and expelling indigestible material
through their gills, but they can also feed on planktonic crustaceans and rise to the surface to
take hatching midges as well as eating soft aquatic plants (Billard, 1999, Greenhalgh, 1999). Their
ability to tolerate a wide range of habitat, water quality, flow dynamics along with their high

fecundity rate has enhanced their role as ecosystem engineers (Matsuzaki et al., 2009).

With carp having severe impacts on Australian freshwater ecosystems, a Carp Control Group
(CCG) was established in 1999 to look at future directions for carp research. An investigation of
options for controlling carp was undertaken and looked at fishing competitions, commercial
fishing, poisoning, exclusion devices, daughterless gene technology and a kio herpes virus (also

known as cyprinid herpesvirus 3 (CyHV-3)) (DPI, 2010).

Some of the major recommendations and consequences were:

) Commercial harvesting - This approach had little effect on established populations of
carp, due to their high fecundity. Increased food resources that are available to those carp that

escape allowed very rapid repopulation by the survivors (DPI, 2010).

J Daughterless carp - The approach is to control carp by genetically interfering with sex
ratios and biasing towards male-only offspring. If successful over many decades there would be
a gradual reduction in the number of female carp in wild populations, with a reduction in overall

numbers of carp (DPI, 2010).
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J Immunocontraception - This approach to reduce carp fertility is at a very early stage of
development, and still requires more work before being considered for implementation (DPI,

2010).

J Environmental restoration - This involves restoring the health of rivers and in the process
making them less attractive to carp and more appropriate for native fish. The reintroduction of
carnivorous native fish such as Murray Cod and Golden Perch, would contribute to a reduction in

carp numbers by predation on young carp (DPI, 2010).

. Exclusion Devices - Carp in Australia have predictable seasonal spawning movements and
display distinctive jumping behaviours that lend them to trapping and screening technologies
(DPI, 2010). These were investigated and trialed including cage and lifting infrastructure
developed for optimised wetland carp separation. It was trailed at Lake Bonney in South
Australia, a 1700 ha shallow freshwater lake fed from the Murray River through the Chambers
Creek Wetlands (IA CRC 2016). Although successful at removing carp, the traps fouled quickly

and trapped non target species including bony bream Nematalosa erebi and turtles.

J Chemical controls - The large amount of ecological work done on carp in the wild shows
that carp release and respond to chemical cues, including pheromones and environmental cues
(Elkins et al., 2009). The Invasive Animal CRC is investigating the isolation and evaluation of these

controls on carp (DPI, 2010).

) Biological control with infectious agents - While spring viraemia (SVCV) of carp virus has
been considered a potential candidate in the past, there are documented limitations with it
(Leong, 2008). For the virus to have a high mortality rate, carp need to be in poor condition to be
affected. Also being a RNA virus, SVCV could adapt to new hosts (Crane and Eaton, 1996). For
that reason, attention in Australia has more recently focused on the Cyprinid herpesvis-3 (CyHV-

3) as a biological control (Stuart et al., 2021).
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Most options above were resource intensive and had large implementation and ongoing costs.
In 2013 the Commonwealth Scientific and Industrial Research Organisation (CSIRO) and the
Australian Animal Health Laboratory (AAHL) released a report into the susceptibility of carp and
the sensitivity of non-target species to the Cyprinid herpesvis-3 (CyHV-3) virus. It found the virus
has the potential to be used for the biological control of carp, and non-target species were

unaffected and did not carry the virus (McColl and Crane, 2013).
1.11 Cyprinid Herpesvirus 3 (CyHV-3)

Cyprinid herpesvirus 3 (CyHV-3) previously known as the Kio herpesvirus is a member of the order
Herpesvirales and newly designated family Alloherpesviridae. Alloherpesviridae viruses can
infect fish and amphibians (Michel et al., 2010). The viruses in the family Herpesviridae are based
upon the presence of a linear, double-stranded DNA (Waltzek et al., 2005). The first outbreaks of
CyHV-3 connected with high mortality of common carp were reported in 1998 in Israel and in the
United States (Pokorova et al., 2005). Since then, several cases have been confirmed all over the
world. Mass deaths caused by CyHV-3 infection of common carp in Lake Biwa, Japan resulted in
a cleanup of an estimated 100,000 dead carp but an estimated 200,000 to 300,000 more carp

died but were not collected from the lake (Matsui et al., 2008).

In the mid-2000s, work began on developing an integrated carp control program (DPI, 2010),
including an investigation of CyHV-3, as a potential biological control agent. The virus is specific
to carp and other cyprinids such as goldfish would not be affected and would not act as carriers.
CyHV-3 was assessed by the Australian Animal Health Laboratory for its potency as a control
agent. Determining the host specificity of a viral biological control agent and understanding the
mortality in the carp target species was critical in approving the virus. Equally as important was
its effect on non-target species (Mcoll and Crane 2013). Thirteen non-target native species of fish
were tested in susceptibility trials and these included rainbow trout, galaxiids, silver perch,
golden perch, Murray cod, eels and catfish. Birds, mammals, amphibians and reptiles have also

been tested including chickens, mice, frogs, turtles and water dragons as representatives of their
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class. The virus showed no effect on the tested animals (CSIRO 2016). The virus is still active in
Israel in aquaculture where workers actively swim with infected fish to remove them without any
ill effects on them. In Singapore if there is an outbreak detected in aquaculture ponds the fish
are harvested and sent to market for human consumption (Barwick, 2016). The testing results in
Australia and overseas experiences have made CSIRO confident the virus would not affect

humans.
1.12 Other Cyprinivirus

The CyHV-3 is one of four viruses assigned to the genus Cyprinivirus. The other three are the
cyprinid herpesvirus 1 (CyHV-1), cyprinid herpesvirus 2 (CyHV-2) and the Anguillid herpesvirus 1
(AngHV-1) (Lepa et al 2012). The cyprinid herpesvirus 1 (CyHV-1) or the fish pox virus is the oldest
known disease in fish, and was recorded in the Middle Ages (Davison 2012). The virus has two
phases of infection, an acute, generally lethal, systemic disease in young carp and a recurring,
generally nonlethal, proliferative skin disease linked to periods of lower water temperature
among survivors or fish exposed at older ages. CyHV-1-like lesions are seen in Australia especially
in koi carp. The suspicion is that the disease is present, although there appear to be no formal

reports of its presence (Mcoll and Crane 2013).

The cyprinid herpesvirus 2 (CyHV-2) is the agent of a disease affecting two species of the Carassius
genus, goldfish (C. auratus) and Prussian Carp (C. gibelio, L.). Described for the first time in Japan
in 1992, it has now spread worldwide and has been associated with serious fish losses in Australia,
Taiwan, China, Italy, England, Czech Republic and the United States (Boitard et al 2016). In 2009
a screening test for CyHV-2 was developed by Aquatic Animal Health Subprogram. This was in
part due to the discovery of goldfish in Western Australia with lesions and virus particles
described as similar to those found in goldfish affected by goldfish haematopoietic necrosis virus
(CyHV-2) (Stephens et al., 2004). It is the only known reporting of CyHV-2 in Australia. Due to the
unknown status of CyHV-1 or CyHV-2 within Australia the Invasive Animal Cooperative Research
Centre is investigating any possible cross reactions due to other related viruses that may already

be present with CyHV-3 (CRC, 2012).

29



The cyprinid herpesvirus 3 (CyHV-3) is an emerging agent that causes fatal disease in common
carp and its subspecies koi and mirror carp. It emerged in the late 1990s and this highly
contagious pathogen has caused severe financial losses in common and koi carp culture
industries worldwide (Michel et al., 2010). The virus shares morphological features with the carp
pox herpesvirus (Cyprinid herpesvirus 1, CyHV-1) and of goldfish (Cyprinid herpesvirus 2, CyHV-
2), but differs in display symptoms, host range, protein alteration in order to evade a host
immune response, growth characteristics and type of structural changes in host cells that are
caused by the viral invasion (Waltzek et al., 2005). The International Committee on Taxonomy of
Viruses noted that the large genome of CyHV-3 is larger than any known herpesvirus apart from
the other cyprinid herpesviruses (McColl and Crane, 2013). This length plus the fact it is a double
stranded DNA virus means it is more stable and less likely to adapt to new species like RNA viruses

such as the spring viraemia (SVCV)(Crane and Eaton, 1996).

Infected fish suffer from loss of appetite, and exhibit erratic swimming behaviour prior to death.
The most consistent sign of the disease is discolouration and increased respiratory frequency.
The virus remains infective in water for at least 4 hours. The virus replicates in the diseased gills
and is shed into the water and transferred through the white blood cells to the kidney where it
induces severe kidney failure (Pokorova et al., 2005). Its effectiveness in killing varies from 70-

100% of the infected hosts in all age groups (CRC, 2012).

1.13 Water Quality and Ecosystem Effects after Mass Fish Mortality

Large fish kills can occur naturally as part of ecosystem nutrient recycling and this is a part of the
life cycle of many salmonid fish (Nagasaka et al., 2006). The adult fish return from the ocean to
rivers to spawn and die after spawning. They play a major role in the return of nutrients into
highlands both from a direct release of nutrients from decaying fish in the upper reaches of rivers
and from animals such as bears leaving carcasses on land, which is a source for terrestrial plants
(Bilby et al., 2003). These pulse derived nutrients are common in ecosystems where the lifecycle

of the fish involves the death of the adults after spawning (Wipfli et al., 1998). The pulse-derived
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nutrients and trace elements are critical in determining the biomass of biofilm and the numbers
of macroinvertebrates, a major food source for larger vertebrates. Wipfli et al. (1998) found
streams in Alaska that were carcass-enriched had up to 15 times higher biofilm ash-free dry mass
(AFDM) and total macroinvertebrates were between 8 and 25 times higher. This feedback

mechanism was crucial for sustaining aquatic ecosystem productivity and salmonid populations.

Fish are generally perceived as nutrient sinks because large amounts of internal lake phosphorus
and nitrogen can be bound in fish tissue and tissue derived nutrients are only released when the
fish dies. Unlike salmonids, carp are long lived and death is usually from predation, disease, old
age or environmental factors. Thus, in ecosystems where carp are present, pulse derived
nutrients are uncommon and the extent and types of changes are generally not well understood.
Most fish kills and mass mortality in these ecosystems are the result of an environmental change
such as pollution, disease or drought. These changes are not seasonal and thus ecosystems are
generally not able to cope with them in the short term. Schoenebeck et al. (2012) found that in
severe winters, fish inhabiting shallow, glacial lakes of the Prairie Pothole Region would
experience hypoxia and die. The high biomass of dead fish was responsible for an increase in total
N and subsequently chlorophyll-a increased the year following the winterkill. These fish-derived
nutrients contributed to nutrient availability within systems and increased the biomass of the
phytoplankton community. During the winter of 2007—-2008, hypoxia-induced winterkills resulted
in the mass mortality of common carp populations of 750 kg/ha in eutrophic glacial lakes in South
Dakota, USA (Weber and Brown, 2016). This carrion driven pulse of nutrients leads to higher
nutrient concentrations, pH, turbidity, chlorophyll-a, zooplankton and benthic invertebrates and
less periphyton compared to no carrion lakes. The biomass of carp at 750 kg/ha is within the

range found within lakes in the Sydney region.

Winter induced hypoxia from lakes freezing such as in northern regions of Europe and North
America is unlikely in Australia. The most likely causes would be eutrophic driven hypoxia and
black water from post drought inflows (Sheldon et al., 2022, Durrant-Whyte, 2023). A virus driven

fish kill of a single species that makes up 70% to 90% of the biomass could result in low dissolved
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oxygen levels from two sources. The first as the carrion breaks down and bacterial respiration
dominates and consumes oxygen from the water and the second with increased nutrients causing
a spike in algal growth could cause oxygen depletion during the night-time respiratory phase of

photosynthesis.

Kushlan (Kushlan, 1974) monitored a small pond (0.115 ha) during the dry season in southern
Florida, USA. The fish died from a concentration of fish biomass due to the drying wetland and a
gradual depletion of dissolved oxygen. Water quality changed dramatically over the next 30 days
following the fish kill. Most measured parameters increased such as dissolved inorganic
phosphate to from baseline levels of near zero to 40 mg/I. Turbidity increased from 20 to nearly
200 NTU and iron and manganese levels rose from 0 to 0.18 and 1.0 mg/| respectively. The high
metals results coincided with the dissolved oxygen depletion. Phytoplankton increased rapidly
with a threefold increase in cyanobacteria and a 200-fold increase in Chlorophyta (green algae).
Phytoplankton increased within 5 to 9 days of the fish kill and coincided with the peak nutrient
results. Most water quality parameters returned to pre fish kill levels after 30 days. This study is
of interest as the timing of this kill would be similar to the CyHV-3 release in Australia occurring

in the warmer months and highlights the need for studies on fish kill effects in Australia.

1.14 Research Gaps

Investigation of CyHV-3 as a potential biological control agent had been supported by Fisheries
agencies and the Australian government (Gilligan et al., 2010, McColl and Crane, 2013). The
research focused on the transability of the virus to non-target species but there were no
suggestions to look into the responses of a virus induced fish kill on water quality and ecology,
and address the key knowledge gap of understanding of ecological responses to differences in
carcass biomass and duration of decay. To fill this knowledge gap, a multi-stepped approach of
further research is required to examine aspects of the ecological response to this large fish based
nutrient source. Firstly, how the fish based nutrient source effects oxygen, nutrients and
microbes in lakes across a range of carcass biomass. Secondly, fate of the carcass within the lake

and interactions with scavengers and the movement of this nutrient input with the lake
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ecosystem. Finally, does the size of a lake change the movement of this biological input to
influence the fate of the nutrients and hence the ecological response. By studying these water
quality and ecological responses will further our understanding of impacts and threats from a
large-scale virus induced fishkill. Previous research has focused heavily on monitoring natural fish
kills (Kushlan, 1974, Aralar et al., 2001). However, few have attempted to clearly understand the
role of varying biomass of carp carcasses play in influencing water quality and ecological
response. Emerging evidence suggests the addition of fish carcasses to water bodies would
induce algal blooms and other ecological responses such as scavenging (Boros et al., 2015, Boros
et al., 2020). Combining these areas of research will be crucial in increasing our understanding of
how a virus induced fish kill of a single species such as carp, which makes up to 80% of the fish
biomass in rivers and lakes influences water quality, primary production and scavenging in

Australian lakes.

1.15 Thesis aims and overview

The overarching objective of this thesis is to examine the effects of a fish kill from the release of
CyHV-3. The separate studies within this thesis examine a range of scientific and management
guestions concerning various issues from a common carp fish kill in lakes. The specific aims and

hypotheses are summarised below;

Chapter 2: Simulating the potential effects of a carp virus fish kill on water quality and

phytoplankton in lentic environments?

This chapter aimed to identify changes in water quality from decaying carp in mesocosm
experiments simulating post virus release scenarios. The main question was, will dead carp alter
oxygen levels within the water body and to what extent, and how will nutrient and phytoplankton

levels change at different biomass levels of dead carp.

Aim 1: To assess the impact of dead and decaying carp on water quality in the short-term

immediately after release of the virus.
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Hypothesis 1: The water quality changes as a result of decaying of carp from the simulated
release of the virus should show an increase in nutrients, reduced dissolved oxygen and alter the
concentration, community assemblage and diversity of phytoplankton towards toxic
cyanobacteria algal species.

This chapter was published in Marine and Freshwater Research 73(2) 178-192
https://doi.org/10.1071/MF20368

Chapter 3: The impact of decaying fish on microbial communities in lakes.

This study aimed to identify and compare the changes in microbial communities with the

introduction of dead carp at different biomass levels within lake based mesocosms.

Aim 1: To assess the impact of dead and decaying carp on microbes in the short-term

immediately after release of the virus.

Hypothesis 1: Decaying carp from the simulated release of the virus should show a change in the
community assemblage and diversity of microbes towards heterotrophic species which prefer
nutrient rich anoxic environments and an increase in significant taste and odour compounds such

as MIB and geosmin will occur.

Chapter 4: The rise and fall of dead common carp; carcass movement through depth in lakes and

interaction with scavengers

This study examined the time a dead carp will spend on the sediment at the bottom of a lake at
different depths. It also investigated what depths fish species are found, and the likelihood of
those species being potential scavengers. It will also cover interactions with scavengers and dead

carp carcasses.

Hypothesis 1: Depth at which a carcass is placed will alter the likelihood of floating due to

pressure differences.
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Hypothesis 2: Depth at which a carcass is placed will change interactions with scavengers due to

the presence or absence of scavengers due to depth.

Chapter 5: Estimating Fish/Carp biomass in lakes and reservoirs: Evaluation of DIDSON transects

as a rapid biomass estimation method.

This study employed a range of survey methods to determine biomass of common carp in lakes

to determine if there is any variability in biomass of common carp based on the size or the depth

of the lake.

Hypothesis 1: Deeper lakes will have less carp per hectare than shallow reservoirs.

Hypothesis 2: Lakes with a smaller surface area will have less carp per hectare

Chapter 6: General Discussion

This chapter provides a general synthesis of the results of this thesis and suggests management

recommendations and future studies based on these findings.
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Chapter 2: Simulating the potential effects of a carp virus fish kill on
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2.1 Abstract

Decaying fish play an important role in delivering nutrients into rivers and lakes but can create
water quality issues. The Cyprinid herpesvirus-3 (CyHV-3) release in Australia with an associated
mass common carp mortality may have serious effects on water quality in lakes. To evaluate the
impact of a virus induced fish kill, different biomasses of dead common carp 250 to 6000 kg ha!
were placed into 2000 L mesocosms within Prospect Reservoir, Australia for up to 40 days.
Decaying carp created anoxic conditions within all treatments except the 250 kg ha which
dropped to 30% oxygen saturation. Higher biomass of carp led to longer periods of anoxia. Total
nitrogen increased from 0.25 to 1.5-30 mg L'! while total phosphorus rose from 0.01 to 0.05-5.0
mg L' in treatments. Chlorophyll a level increased from <5 pg L to between 100-1000 pg Lt in
treatments. Mean nutrient levels (TN and TP), chlorophyll-a and phytoplankton biovolume all
showed a significant (P<0.05) linear relationship with carp biomass. This relationship can be used
to support quantification of water quality risk from a known biomass of carp. Our experiment
suggests that carp mortality may significantly reduce water quality in shallow lakes where

biomass is above moderate levels (250 kg ha).
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2.2 Introduction

Fish are nutrient sinks in freshwater ecosystems, as fish biomass contains large amounts of
internal phosphorus and nitrogen which are only released through decomposition of the fish
tissue (Sereda et al., 2008). Mass fish mortality events can therefore trigger large, rapid fluxes of
energy and nutrients into the water column, where they are available for uptake by other
organisms (Wipfli et al., 1998, Nagasaka et al., 2006). In some systems, mass fish mortality is a
recurring phenomenon, such as the migration of salmonid fish in North American rivers.
However, in other cases, mass fish mortality is unpredictable and uncommon, and its effects on

the surrounding ecosystem are rarely documented in the literature.

Common carp (Cyprinus carpio) were first introduced into Australia in the 19t century and can
now constitute up to 90% of the fish biomass in lakes and rivers (DPI, 2010). They have been
identified as a priority pest species (Shearer and Mulley, 1978, Smith, 2005, DPI, 2010, PestSmart,
2018, Stuart et al., 2021) and are considered ecosystem engineers (Crooks, 2002, Parkos lii et al.,
2003, Matsuzaki et al., 2009), by stirring up silt which increases turbidity (King et al., 1997,
Zambrano et al., 2001, Weber and Brown, 2009, Vilizzi and Tarkan, 2015), promotion of algal
blooms (Kolmakov and Gladyshev, 2003, Addmek and Marsalek, 2013, Huser et al., 2016), and
loss of aquatic vegetation (Swirepik, 1999, Williams et al., 2002, Miller and Crowl, 2006, Bajer
and Sorensen, 2015). Hence, strategies are required to manage the issue. In Australia, an
engineered mass fish kill has been proposed in the form of the Cyprinid herpesvirus-3 (CyHV-3)
release, which is intended as a biological control agent for invasive carp (DPI, 2010, McColl and
Crane, 2013). The virus has a mortality rate that can reach 80-100% with the peak of mortality
between 8-12 days post infection, so is expected to cause rapid mass fish kills once it is released

(Adamek et al., 2013).

Widespread carp mortality following the virus release may cause significant water quality impacts
in lakes and reservoirs across Australia (Marshall et al., 2018, Staight, 2018). High biomass fish
kills can lead to oxygen depletion in water bodies (Kushlan, 1974, Weber and Brown, 2016). Other
water quality changes such as increases in dissolved nutrients can occur after death and decay
(Bilby et al., 2003, Boros et al., 2015). These increased nutrients may contribute to secondary

ecological responses such as phytoplankton blooms (NGges, 2009, Schoenebeck et al., 2012,
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Weber and Brown, 2016) where phosphorus or nitrogen is limiting phytoplankton growth (Abell
et al., 2010, Kolzau et al., 2014, Mueller and Mitrovic, 2015, O'Donnell et al., 2017). Cyprinid
tissue has a nitrogen to phosphorus ratio of 16:1 which is similar to ratios considered to favour
some cyanobacteria (Schindler, 1977, Smith, 1983, Sterner and George, 2000). If environmental
conditions are conducive, this may also result in a harmful toxic cyanobacterial bloom causing

drinking water and recreational use issues (Falconer, 1999).

There are several knowledge gaps that make it difficult to predict and manage the potential
impacts of mass carp mortality to water quality across Australian lakes and reservoirs where carp
are present (Koehn, 2004). While most studies document the size of the fish kill with estimates
on numbers killed (Matsui et al., 2008, Minamoto et al., 2009, Hickey, 2018) and the economic
impact (Sunarto et al., 2005), there is little literature on the actual water quality implications from
fish kills (Kushlan, 1974, Boros et al.,, 2015, Weber and Brown, 2016). This is particularly
important given recent mass fish kill events in Australian rivers such as the Lower Darling
(Vertessy et al., 2019). Research into water quality impacts of fish kill events generally only
monitor after the event (Uchii et al., 2009), are spatially limited and rarely include estimates of
fish biomass (Aralar et al., 2001, Johnston et al., 2004). There are few studies that examine
dissolved oxygen concentration as a function of decaying fish, or that compare water quality
effects across a range of different fish biomass levels (Brooker et al., 1977, Weber and Brown,

2016, Sergeant et al., 2017).

To evaluate the potential impact of a virus induced fish kill on water quality, a range of biomass
levels of dead carp (250 to 6000 kg ha) were introduced into 2000 L mesocosms in Prospect
Reservoir, New South Wales, Australia. Prospect Reservoir was selected as it is an important part
of the drinking water supply network for Sydney, and at the time of the experiment had an
estimated carp population of between 13-400 kg ha* (Hicks et al., 2006, Sorensen et al., 2015,
Stuart, 2019). It is hypothesised that increased biomass of dead carp in mesocosms (simulating
the virus release) would lead to decreased dissolved oxygen, increased nitrogen and phosphorus
levels and increased phytoplankton biomass. Further, it is hypothesised that the magnitude of

the response would be proportional to the biomass of carp.
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2.3 Materials and methods

Study Location

The study was conducted in a bay on the north eastern side of Prospect Reservoir, situated in
western Sydney, NSW, Australia. (-33.813600, 150.905706) (Figure 1). Prospect Reservoir is the
first earth fill embankment dam built in Australia. Completed in 1888, it measures 26 m high and
2.2 km long and has a storage volume of 2,892x103 m3 (Beasley, 1998). As part of the Upper
Nepean Scheme, it supplied Sydney with water collected from the lllawarra Plateau. Today, the
reservoir remains an integral part of Sydney's drinking water supply when water demand is high

or when other parts of the water supply system are unavailable during maintenance.

B 7~
¥

Mesocosms

b

Figure 1. Location of the mesocosm experiment within Prospect Reservoir, Australia.
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Experimental Design

To assess the effect of decaying carp biomass on water quality, two experiments encompassing
low and high biomass loadings were performed. The first experiment was performed between
28 November 2016 and 5 January 2017 hereafter referred to as the “high biomass experiment”
and another between 13 March and 27 March 2017 hereafter referred to as the “low biomass
experiment”. The second experiment was shorter in time due to increases in water level in the

reservoir which risked overtopping the mesocosmes.

Dead carp were placed into 2000 L mesocosms and four replicates were used for each treatment
level. Only whole fish were used to simulate an intact fish following virus mortality. Large carp
(550>250 mm) were sourced from the Prospect Creek catchment, while smaller carp came from
a commercial koi carp farm. Treatments used in the low biomass experiment equated to O
(control), 250, 500, 1000 kg ha™ of dead carp and for the high biomass experiment 0 (control)
1200, 2300, 6000 kg ha of dead carp. The biomass estimates were based upon previous surveys
of wild populations (Hicks et al., 2006, Wanner et al., 2009, Bajer and Sorensen, 2013, Tempero,
2013) and survey data from lakes within the Sydney Basin (Stuart et al., 2021).

Mesocosm Design

Mesocosms consisted of a cylindrical outer shell made from rolled steel (COLORBOND®) 2.5 m in
diameter and 1.2 m in height (Figure 2). The outer shell was designed to withstand wave action
generated by southerly winds across the lake and had an open top and bottom to allow air and
water to circulate around the inner bladder. The inner bladder of the mesocosm was made of
PVC and 2.44 m in diameter and 0.45 m in height. Inner bladders were filled with ~2000 L of lake
water prior to the experiment commencing. The PVC bladder had an inflatable ring (~0.1 m high)
which kept the inner part of the mesocosm at the level of the storage, stopped splashing of lake
water into the mesocosms and kept them neutrally buoyant with the lake for the duration of the
study. The water inside the mesocosms was generally well mixed due to gentle agitation brought

about by wind and wave action.

Mesocosms were clustered together and placed in a relatively flat and shallow bay, with water

depth between 0.6-0.8 m. The outer part of each mesocosm was secured to the lakebed using
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steel posts and wire. Each mesocosm experienced the same light and ambient lake temperatures
for the duration of the experiments. To prevent birds fouling the water inside each mesocosm or

eating the decaying carp, bird netting was used to exclude them from the mesocosms.

Sampling procedures and analysis

Daily measurements of temperature, dissolved oxygen, conductivity, pH and turbidity were
measured with a calibrated YSI EXO multiparameter sonde. Two mesocosms from each
treatment level had a MS5 Sonde probe logging at ten-minute intervals for the length of each
experiment. There were also two YSI EXO multiparameter probes placed in two of the treatments

logging temperature, conductivity, dissolved oxygen, pH and turbidity at ten-minute intervals.

Prior to taking daily physicochemical measurements, or when water quality samples were
collected, each mesocosm was mixed by stirring to homogenise. Samples collected from each
mesocosm for water quality used a 10 L stainless-steel bucket then decanted into smaller bottles
for specific analytes provided by a commercial laboratory for nitrogen (APHA 4500 NORG/903),
phosphorus (APHA 4500 P-F), organic carbon (APHA 5310B) and Sydney Water Laboratory (SWL)
for chlorophyll (APHA 10200 H), algal species and biomass (APHA 10200 I). All tests were
performed by National Association of Testing Authorities (NATA) accredited laboratories ALS and
SWL. All equipment was thoroughly rinsed with distilled water and each treatment level had its

own stirrer and stainless-steel bucket to avoid cross contamination.

Samples for nutrients were collected on days 0, 2, 9, 14, 17 and 19 for low biomass treatments
and on days 0, 4, 7,11, 14, 21, 40 for high biomass treatments. Samples were analysed in the

laboratory using standard methods.

Samples for chlorophyll and algal counts were collected on days 0, 9, 17 for low biomass
treatments and on days 0, 7,14, 21, 40 for high biomass treatments. Additional routine
monitoring samples from two lake sites, one situated in the deepest section of the lake RPR1 and
another on the southern side of the lake RPR6, had the same analytes collected throughout both
experiments. Samples for total and dissolved carbon and filterable nitrogen and phosphorus

were collected on days 0, 9 and 17 for low biomass treatments.
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Statistical analysis

All data were tested for heteroscedacity and normality and, where necessary, transformed using
a Log x+1 transformation before analysis. The nutrient, chlorophyll and algal biomass was
compared to that of the control using a 2-way ANOVA with treatment and days as factors. A
Bonferroni post hoc test for pairwise differences was used. Analyses were considered significant
at the probability level of 0.05. The relationship between carp biomass concentration and
nutrients, Chlorophyll-a and algal biomass was analysed by linear correlation. Where a significant
correlation was found, the relationship was defined using linear regression after first checking
residuals plots to ensure the data met the relevant assumptions. Error bars plotted on graphs

represent standard error of the mean (SEM). GraphPad Prism 5 was used to perform 2-way

ANOVAs and the linear regression and create graphs.

Figure 2. Installed mesocosms at Prospect Reservoir.
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2.4 Results

During the high biomass experiment water temperature in the mesocosms and the lake varied
between 22.5 and 26.6 °C and for the low biomass experiment between 20.4 and 21.4 °C (Table
1 and 2). Initial pH values in the lake and all treatments were ~7.5 for both experiments. Following
slight declines, pH in the mid—level treatments of 1200 kg ha* and 2300 kg ha™ rose to above 10
by day 11, remained at that level for 11 days and were significantly higher (P<0.001) from controls
(Table 1). In lower biomass treatments, pH rose above 9 by day 7 and remained above 9 for 8

days. Other parameters are summarised in Table 1 and 2.

Dissolved oxygen

Initial dissolved oxygen (DO) levels were between 95 -100% saturation. For both experiments DO
levels began to drop after day two in the treatments (Figure 4 & 5). DO declined more rapidly
with increasing fish biomass, with most treatments reaching anoxic conditions within four days.
The exception was the 250 kg ha! treatment which dropped to approximately 30% saturation at
day five (Figure 4). These low DO levels continued for between 4-5 days in the 500 kg ha* and
1000 kg ha treatments, lasted for seven days in the 1250 kg ha and 2000 kg ha* treatments
and up to 14 days for the 6000 kg ha* treatment. After two weeks DO levels in the 1250 kg ha™!
and 2500 kg ha treatments began fluctuating on a diel cycle from 100%-300% saturation.
Similarly, the 500 and 1000 kg ha! treatments had diel fluctuations from 35 - 200% saturation.
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Figure 3. Dissolved oxygen levels of each of the high biomass treatments compared to the control

of 0 kg ha™! during the mesocosm experiments. Initial readings were recorded the day prior to

application of fish biomass treatments (Day -1).
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Figure 4. Dissolved oxygen levels of each of the low biomass treatments compared to the control

of 0 kg ha™' during the mesocosm experiments. Initial readings were recorded the day prior to

application of fish biomass treatments (Day -1).
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Nutrients

Nitrogen and phosphorus concentrations followed a similar pattern and were significantly higher
(P<0.001) in the treatments than the control by day 4 in the high biomass experiment and by day
7 in the low biomass experiment (Figure 5). There was no significant difference between the
controls and the lake samples throughout the experiment (P>0.05). In the high biomass
experiment, nutrients peaked at day 14, whilst in the low biomass experiment, they peaked at
day 9 (Figure 5). These concentrations stayed well above control levels for the remainder of each
experiment. During the low biomass experiment dissolved fractions of N, P and organic carbon

made up 60-90% of the nitrogen, phosphorus and carbon within the mesocosms (Table 2).
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Figure 5. Nutrient levels during the two experiments. (A) Total nitrogen high biomass experiment
(B) Total nitrogen low biomass experiment (C) Total phosphorus high biomass experiment (D)
Total phosphorus low biomass experiment. Error bars + standard error mean, n=4 (lake n=2)

The concentration of total nitrogen and total phosphorus on day 14 both had a positive linear

relationship with carp biomass (Figure 6). By day 14 total phosphorus was related to carp biomass
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with the relationship Y=0.0006303X -0.05432 with r?=0.84. Total nitrogen was also related to carp
biomass with the linear regression relationship Y=0.004738X - 0.3986 and r?>=0.91).
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Figure 6: Linear relationship between carp biomass with mean (A) total phosphorus (B) total
nitrogen on day 14

Phytoplankton Biomass and biovolume

Chlorophyll-a was significantly higher (P<0.001) in all treatments with the exemption of the 6000
kg ha? than the control (0 kg ha) on day 7. Chlorophylla concentrations increased with
increasing fish biomass, peaking in the second week of the experiments. Chlorophyll-a
concentrations remained significantly higher than the control and lake sites at day 40 in the two
highest biomass treatments of the high biomass experiment (Figure 7). By day 40 the 1200 kg ha"
! treatment had dropped to typical lake sites but was still significantly higher than the control
(P<0.01). The concentration of chlorophyll a in the control treatment and lake sites were not

significantly different (P>0.05) for the duration of both experiments.
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Figure 7. Chlorophyll-a concentration in the (A) high carp biomass experiment and (B) low carp
biomass experiment. Error bars + standard error mean, n=4 (lake site n=1)

In the high biomass experiment algal biovolume was significantly higher (P<0.001) by day 7 in all
treatments except the 6000 kg ha™ compared to the control. By day 14 all treatments were
significantly higher than controls (P<0.001). All treatments peaked at day 20 and declined by day
40 except the 6000 kg ha treatment which peaked on day 40 (Figure 8). In the low biomass
experiment, peak algal biomass was reached at day 9. Control treatments and lake sites were not

significantly different (P>0.05) in algal biomass in both experiments.
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Figure 8. Algal biomass in the (A) high carp biomass experiment and (B) low carp biomass
experiment. Error bars + standard error mean, n=4 (lake n=1)
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The increase in chlorophyll-a biomass and algal biovolume were also positively correlated with
carp biomass (chlorophyll-a r 2=0.7469 and algal biomass r?=0.9052) (Figure 9) by day 20 for the
high biomass experiment. The low biomass data was not used as the experiment only ran for 17
days. The linear regression model for chlorophyll-a was Y=0.3161X-25.89 and for algal biovolume
was Y=0.07029X+14.86. This suggests that predictions of algal biomass and biovolume response
based on known biomass of carp within water bodies at densities between 1200-6000 kg hat at
20 days post a fish kill event.
A B
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Figure 9: Linear relationship between carp biomass and (A) chlorophyll-a (B) algal biomass

Algal community structure

Algal community composition in the high biomass experiment mesocosms changed from a
mixture of groups including Bacillariophyceae, Dinoflagellata, Cyanophyta and Chlorophyta to a
community dominated by Chlorophyta and to a lesser extent Euglenophyta and the Cryptophyta.
By day 7 all treatments were dominated by Chlorophyta while the control had dinoflagellates
making up 50% of the biomass. Chlorophyta dominated in treatments and controls by day 40,
with green picoplankton making up 70% of the biomass (Figure 10). The low biomass experiment
mesocosms were initially composed of a mixture of algae with Bacilaariophyta, Cyanophyta and
Dinophyta being the most dominant. By day 7 all treatments were dominated by Chlorophyta
while the control had dinoflagellates as the most dominant (Figure 11). On day 14 Chlorophyta
increased its dominance in treatments as in the control and this was more so in the higher

biomass treatments.
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Figure 10. Relative biomass of phytoplankton major groups in the high biomass experiment.
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Figure 11. Relative biomass of phytoplankton major groups in the low biomass experiment.

2.5 Discussion

The lake mesocosm study found that the addition of dead carp at levels typically found in
freshwater environments 250-1000 kg ha resulted in significant nutrient release to the water
column and had a long lasting and significant impact on water quality at all biomass levels tested.

The impact on water quality was more pronounced and ecosystem recovery was slower with
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increasing biomass of dead carp. This study further shows that changes in water quality following
fish kills, such as after the release of the carp virus, may have a significant effect on algal
community ecology. In the face of scientific concern regarding the proposed release of the
cyprinid herpesvirus-3 (Lighten and van Oosterhout, 2017, Marshall et al., 2018), this study
provides valuable information to assist in predicting and managing the potential ecosystem
effects of decaying carp in aquatic environments. This study examined the impact of carp/unit
area, not per unit volume in deep lakes or reservoirs. The mesocosms represented a shallow lake
with a relatively large surface area. To utilise results from this experiment in predicting outcomes
in other lakes, a dilution factor will be needed. This is to account for differences in surface area
to volumes ratios in other lakes. The greater the surface area to volume ratio the more dilution
is needed. In the case of Prospect reservoir, the dilution factor would be 30. This was calculated
by the determining the carp per unit area and then adjust the difference between the
volume/area ratio of the mesocosm compared to the volume/area ratio of Prospect reservoir.
Shallow lakes such as the ones in Centennial Park in Sydney Australia would have a dilution factor
close to 1. In general, the shallower the lake the larger the potential impact, due to carp biomass

being calculated on surface area and not volume.
DO changes and ecological effects

Dissolved oxygen declined rapidly within two to three days in all treatments except the lowest
treatment of 250 kg ha™* which dropped to approximately 30% saturation by day 5. This is typical
of anerobic microbial decomposition of organic matter (Kristensen et al., 1995). By day 9 in the
high biomass experiment, oxygen levels in the 1250 kg ha™* and 2300 kg ha™ treatments rose to
200-300% saturation and persisted for the remainder of the experiment. Oxygen supersaturation
coincided with increases in chlorophyll and algal biovolume, and was probably influenced by
photosynthesis of the high phytoplankton biomass (Marshall and Falconer, 1973). (DO levels
remained low in the highest treatment of 6000 kg ha suggesting that the highest biomass of
dead fish was still actively decomposing at the end of the 50-day experiment and respiration

dominated (Ayers, 2010).

Prolonged anoxia in lakes or reservoirs with a large surface area and small volume would have

serious consequences for the ecosystems. Anoxic conditions lasting longer than an hour could
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potentially cause direct mortality of non-targeted aquatic species such as native fish (Beamish,
1964, Dean and Richardson, 1999, Riedel et al., 2013) and invertebrates (Conley et al., 2009, Galic
et al., 2019). Water bodies can contain a high biomass of other species, such as the freshwater
yabby Cherax destructor, between 500 and 1000 kg ha* (Mills and McCloud, 1983, Sang et al.,
2011, McCormack, 2014) . These non-target species would be vulnerable to an anoxic event
triggered by a carp fish kill. Compounding effects on water quality and potentially resulting in
unintended mortality of threatened or recreationally valuable non-target species. This would
follow the pattern of a typical black water event by increasing on the organic matter loading

during the fish kill (Morgan and Hicks, 2013, Dutton et al., 2018)

Nutrient changes and ecological effects

All carp biomass treatments showed an increase in total phosphorus and total nitrogen
concentrations (Figure 5). The treatments all had TN and TP concentrations well above the
controls and the lake for the duration of both experiments. In the high biomass experiment this
was for 40 days and in the low biomass experiment this was 14 days. Dissolved nutrients were
only measured in the low biomass experiment and made up between 70-90% of the total C, N

and P concentrations (Table 2).

There is little literature on the drivers and consequences of nutrient release from major fish kill
events outside of salmonoid spawning events in upper reaches (Johnston et al 2004). It has been
shown that decomposition of fish following large mortality events can induce brief algal blooms
in ecosystems (Boros et al., 2015). However, it is well known how anthropogenic nutrient inputs
can lead to eutrophication of water bodies (Smith et al., 1999, Heisler et al., 2008), leading to
algal blooms and a reduction in algal diversity (Proulx et al., 1996, Ptacnik et al., 2008, Elser et
al., 2009). The nutrient concentrations observed in this experiment are likely to lead to increased
algal growth and blooms if environmental conditions are conducive, such as adequate light,
temperature and euphotic depth to mixing depth ratio (Mitrovic et al.,, 2011). Freshwater
phytoplankton blooms are known to be phosphorus limited (Schindler, 1977), nitrogen limited or
sometimes co-limited by both (Mueller and Mitrovic, 2015). Further, the low mass ratios of N:P
found in this study (5:1 to 10:1) may favour toxic cyanobacterial dominance in lakes (Pick and
Lean, 1987, Orihel et al., 2017) particularly where there is light limitation (Havens et al., 2003).
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An increase in toxic cyanobacteria can impact drinking water supplies due to potent cyanotoxins

harmful to humans (Dokulil et al., 2000).

The available nutrients led to a phytoplankton bloom starting between day 7 and day 12 for all
treatments. Interestingly a decrease in chlorophyll-a and algal biomass was observed only in the
highest 6000 kg ha treatment at day 7, after which it increased at day 14. This temporary
reduction in algal biomass may be due to high bacterial growth outcompeting the phytoplankton
for the nutrients as seen when high concentrations of DOC are added to river ecosystems (Carney
et al., 2016). The blooms persisted for the length of both experiments (40 days in high biomass
experiment and 14 days for the low biomass experiment). The presence of Euglenophyta is
common in water with a high organic content (Celik and Ongun, 2007) and increased with
increasing carp biomass in this study. This represents a possible mesocosm effect (Schindler,
1998) of algal dominance possibly due to the shallowness of the mesocosms and less mixing than
in the lake or no zooplankton grazing (Felisberto et al., 2011, Sitta et al., 2018). Despite the
increased nutrient loads in both experiments, there was no significant increase in cyanobacteria
biomass in fact there was a reduction. There is also the risk that if these algal blooms die rapidly

it could lead to further hypoxic or anoxic conditions (Chislock et al., 2013, Ansari and Gill, 2014).

There were very different climatic conditions between the high and low biomass densities
experiments, and this may have been a contributor to major differences in algal biomass beyond
day 7 (Assemany et al., 2015). No rain fell during the high biomass experiment Nov/Dec 2016 but
170mm of rain fell during the first 12 days of the low biomass experiment. This combined with
27% lower mean daily solar exposure meant the low biomass experiment had been diluted and
had less solar exposure than the high biomass experiment. These factors may have contributed

to lower chlorophyll-a and biomass levels during the low biomass experiment.
Implications for water treatment

With such high levels of nitrogen, one concern is the amount of free ammonia available which is
often found in water of low dissolved oxygen environments (Bhateria and Jain, 2016). During
decomposition of organic matter, heterotrophic bacteria can also decompose proteins, releasing

ammonia (Muhlenbruch et al., 2018, Martikainen, 2022). In the aquatic environment, toxicity of
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ammonia increases with pH, because ammonia enters organisms as NHs. This proportion of NH3
increases with water pH (Randall and Tsui, 2002) and our experimental results showed pH
reaching 10. The level of free ammonia in raw water is also critical for water treatment as it
determines the chlorine dose required for disinfection (Twort et al., 2006). The higher the level
of free ammonia the higher the dosage of chlorine required due to chloramines produced which
are less effective at disinfection than chlorine (Twort et al., 2006). Increased disinfection doses
can also lead to carcinogenic by products such as trihalomethanes and n- nitrosodimethylamine
(Villanueva et al., 2015, Li et al., 2019). The high pH could lead to other water treatment issues
as optimal pH range for coagulation is 6 to 7 when using alum and 5.5 to 6.5 when using iron. For
high alkalinity water, excessive amounts of coagulant may be needed to lower the pH to the

optimal pH range (laspub.epa.gov., 2018).

The regression analysis showed a strong relationship between carp biomass and water quality
impacts (Figure 6). Knowledge of the carp biomass within a reservoir, lake or river section will
help determine the likely water quality impacts. As changes to the water quality happened fairly
rapidly, early intervention or clean-up is critical from a management perspective. An example of
this is the fish kills which occurred near the township of Menindee, NSW, Australia on the Darling
River. Three successive fish kills occurred between December 2018 and January 2019. The dead
fish not removed increased the carbon load creating a feedback loop which contributed to
subsequent fish deaths (Vertessy et al., 2019). If dead fish are removed from the water body
within two to three days of them dying will reduce the impact as the fish carcasses are generally
still floating and bacterial activity is still low (Figure 3 & 4). If a virus was released to kill carp, a

clean-up response based on knowledge of fish biomass should be implemented.

2.6 Conclusion

The introduction of dead fish (common carp) into a water body resulted in the prevalence of an
anoxic environment which persisted between 1 to 12 days. This long-term anoxic environment
could have adverse effects to ecological communities and may cause a secondary kill of non-
targeted fauna such as native fish. Anoxia was followed by an increase in nutrients which
increased relative to carp biomass and led to an increase in algal biomass. The scale and the

length of the water quality impact increased with the biomass (kg ha) of dead fish. It is suggested
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that timing of the removal of dead fish is critical to maintaining good water quality. Fish removed
within the first 2-3 days of mortality should have considerably less impact on water quality when

compared to fish not removed.
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Table 1. High biomass summary statistics for W/T: water temperature; COND: conductivity; pH and Turb: turbidity. Mean 4 standard error
(s.e.) are shown for each observation (n: 4) for which median values are shown.

Control 1200 kg ha 2300 kg ha'? 6000 kg ha
Day 0 7 14 0 7 14 0 7 14 0 7 14
WT (0CQ) 25.8%0.1 26.0£0.1 23.6x0.1 25.4+0.2 26.2+0.2 21.9+0.1 25.9+0.1 23.840.1 21.0£0.1 25.9+0.1 24.11+0.1 21.940.1

Cond(uScm) 194.8+0.9 209.3+1.8 198.1+1.6 193.4+0.9 225.5#3.6 204.5+0.4 194.7+1.3 259.743.4 218.3#8.2 195.3#1.7 365.6%24.8 337.0+23.2
pH 7.6+0.0 6.4+0.1 7.4+0.0 7.7+0.0 7.9+0.5 9.9+0.1 7.6+0.0 7.0+0.1 10.3+0.2 7.6%0.0 7.5+0.2 8.7+0.2

Turb (NTU)  2.6%0.6 1.0+0.7 0.6%0.2 4.6%1.3 7.110.8 17.8+3.3 5.6%2.3 15.7¥4.2  32.5%10.6 1.9+0.5 34.2+5.0 44.9+10.3
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Table 2. Low biomass summary statistics for W/T: water temperature; COND: conductivity; pH ; Turb: turbidity ; TN : total nitrogen ; DN :
dissolved nitrogen ; TP : total phosphorus ; DP : dissolved phosphorus ; TOC : total organic carbon ; DOC : dissolved organic carbon. Mean 4
standard error (s.e.) are shown for each observation (n: 4) for which median values are shown.

Mar-17 Control 250 kg ha 500 kg ha™t 1000 kg hat
Day 0 7 14 0 7 14 0 7 14 0 7 14
WT (0C) 21.4+#0.3 20.4+0.0 22.1+0.0 21.0+0.3 20.5#0.1 22.1+0.1 21.0#0.3 20.6x0.0 22.1+0.0 21.5x0.3 20.5#0.1 22.2+0.1

Cond (uScm) 199.7+2.2 143.6+0.9 143.9+0.8 201.5+2.3 139.8+2.0 137.7+2.3 196.7+2.0 147.7+3.1 145.7+6.7 201.4+2.6 156.9+1.3 157.2+8.8
pH 7.5+0.1 7.2+0.0 7.620.0 7.3x0.0 9.3+0.2 9.0+0.1 7.5+0.0 9.4+0.1 9.7+0.2 7.5+0.0 9.1+0.1 9.3+0.4

Turb (NTU) 1.3+0.6 1.9+0.2 3.0+0.2 2.1+0.5 3.7+1.3 10.8+4.2  0.6%0.2 2.2+0.4 7.8+1.2 0.5+0.2 4.2+1.1 15.71+3.8

TN 0.21+0.0 0.2+0.0 0.31x0.0 0.2+0.0 0.7+0.0 1.0+0.1 0.31x0.0 1.1+0.2 1.2+0.1 0.2+0.0 2.4+0.1 2.1+0.0
DN 0.21+0.0 0.1+0.0 0.21+0.0 0.2+0.0 0.5%0.0 0.5%0.0 0.21+0.0 0.710.1 0.610.1 0.2+0.0 1.6+0.1 1.4+0.1
TP 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.1+0.0 0.2+0.0 0.0+0.0 0.2+0.0 0.2+0.0 0.0+0.0 0.4+0.0 0.6+0.0
DP 0.01£0.0 0.0+0.0 0.01+0.0 0.0+0.0 0.1+0.0 0.0£0.0 0.01+0.0 0.1+0.0 0.0+0.0 0.0+0.0 0.3%0.0 0.210.0
TOC 4.5%0.0 3.810.1 4.0+0.1 4.7+0.1 5.410.2 10.2+0.1 4.6%0.1 5.410.1 12.1+0.4 4.5%0.1 10.1+1.6  15.2+0.3
DOC 4.5+0.0 3.6+0.1 3.9+0.0 5.0+0.1 4.9+0.4 9.5+0.8 4.4+0.1 5.7+0.3 9.9+0.5 4.5+0.1 6.8+0.8 13.7+0.6
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Table 3. High biomass F-values, degrees of freedom and P values from 2 way ANOVA analysis of water chemistry and phytoplankton response
variables.

* Denotes non-homogenous dispersion (p<0.05) and a lowered significance level of 0.01. Bold denotes significant tests.

Treatment Day Treatment*Day

F df P F df P F df P
Univariate tests
Chlorophyll-a 340.1 3 0.0001 191.7 4 0.0001 40.66 12 0.0001
Algal biomass 221.4 3 0.0001 209.5 4 0.0001 32.97 12 0.0001
Total nitrogen 225.9 3 0.0001 262.9 6 0.0001 36.45 18 0.0001
Total phosphorus 75.60 3 0.0001 47.94 6 0.0001 12.20 18 0.0001
Conductivity 21.83 3 0.0001 63.22 16 0.0001 19.45 48 0.0001
pH 191.2 3 0.0001 171.8 16 0.0001 29.94 48 0.0001
Dissolved Oxygen 3 16 48

Table 4. Low biomass F-values, degrees of freedom and P values from 2 way ANOVA analysis of water chemistry and phytoplankton response
variables.
* Denotes non-homogenous dispersion (p<0.05) and a lowered significance level of 0.01. Bold denotes significant tests.
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Treatment Day Treatment*Day

F df P F df P F df P
Univariate tests
Chlorophyll-a 31.81 3 0.0004 80.59 2 0.0001 6.456 6 0.0001
Algal biomass 8.591 3 0.0001 39.65 2 0.0001 3.275 6 0.0001
Total nitrogen 368.8 3 0.0001 75.83 6 0.0001 16.24 18 0.0001
Dissolved Nitrogen 415.4 3 0.0001 120.7 6 0.0001 28.57 18 0.0001
Total phosphorus 458.0 3 0.0001 103.6 6 0.0001 26.69 18 0.0001
Dissolved phosphorus 64.68 3 0.0001 53.01 6 0.0001 20.82 18 0.0001
Total Organic carbon 86.09 3 0.0001 142.1 2 0.0001 27.07 6 0.0001
Dissolved Organic Carbon  50.18 3 0.0001 161.8 3 0.0001 26.59 12 0.0001
pH 165.3 3 0.0001 3334 8 0.0001 32.09 24 0.0001
Conductivity 8.591 3 0.0002 142.6 8 0.0001 3.354 24 0.0001

Dissolved Oxygen
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3.1 Abstract

A Cyprinid herpesvirus-3 (CyHV-3) release in Australia, resulting in an associated mass
common carp mortality and decomposition event could have serious implications to water
quality and public health in rivers and lakes. To assess the impact of a virus induced fish kill
on the microbial community, common carp carcasses from 250 to 6000 kg ha™* were placed
into 2000 L mesocosms within Prospect Reservoir, Australia for up to 30 days. The addition of
dead carp biomass led to significant changes in microbial assemblage structure, which shifted
from a community comprising typical lake bacteria, such as Limnobacter, Limnohabitans and
the hgcl _clade, to a community characteristic of eutrophic conditions, including higher
relative abundance of copiotrophic bacteria, such as Flavobacterium, Roseococous and
Rhodobacter. Significant increases in signature fish gut bacteria such as Clostridium,
Fusobacterium and Bacteroides, were also observed, along with increases in potentially
pathogenic genera such as Vibrionaceae, Campylobacter, Arcobacter and Shewanella. The
cyanobacteria Pseudanaebena and Merismopedia were significantly correlated with the
odour causing compounds Geosmin and MIB in dead carp treatments. These results confirm
that a mass carp mortality event following release of the Cyprinid herpesvirus-3 will
significantly change the microbiology of freshwater ecosystems, indicating that clean-up of

dead fish following a virus release is critical to maintaining water quality.
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3.2 Introduction

Microorganisms underpin many ecosystems and their abundance (Lynch and Neufeld, 2015),
diversity and distribution play an important role in determining the type of environment that
will be established (Yachi and Loreau, 1999, Salam, 2019) and drive chemical and energy
cycles in lotic environments (Shade et al., 2012, Carney et al., 2015). Bacteria are important
in decomposition of organic carbon (Koehler et al., 2012) and the carbon source is crucial in

the makeup of the Bacterial Community Composition (BCC) (Muylaert et al., 2005).

In Australia the introduced fish species, the common carp can comprise up to 80% of the
fish biomass in rivers and lakes (Shearer and Mulley, 1978, Koehn, 2004, Huser et al., 2016,
Stuart et al., 2021). This species is considered a pest (National Carp Control Plan, 2021) due
to its potential to alter the environment as ecosystem engineers and propensity to become
the dominant species (King et al., 1997, Parkos lii et al., 2003, Adamek and Marsalek, 2013,
Lorenzo and Ali, 2015). Over the last 20 years efforts have been made to try to control or
eradicate the species from Australian waterways (Koehn et al., 2000, DPI, 2010). Among
these, the National Carp Control Plan has completed a feasibility study of using the Cyprinid
herpesvirus 3 (CyHV-3) as a biological control agent for introduced common carp in
Australia. CyHV-3 is a species-specific DNA virus causing a viral disease in common carp
(Waltzek et al., 2005, Rakus et al., 2013). In unintended releases, this virus has been
responsible for large mortalities of common carp (Sunarto et al., 2005, Thresher et al., 2018)

with over 100,000 killed in Lake Biwa in Japan (Minamoto et al., 2009).

A large fish kill occurring following the release of CyHV 3 will likely lead to the release of
large amounts of organic and inorganic matter from decomposing fish, leading to potentially
substantial but undefined consequences, including algal blooms and other water quality
issues (Killberg-Thoreson et al., 2014, Pera et al., 2021). The resulting input of nutrients
from the decaying carp could also fuel a substantial microbiological change in the lake
ecology (Capo et al., 2017). Changes in the bacterial community can also result in shifting
the biochemical cycling and the potential growth of pathogenic species (Bush et al., 2015,
Guo et al., 2022) and the production of taste and odour compounds (Benner et al., 2004)
which can all cause problems for drinking water supply (Young et al., 1996). Little is known

about the impacts of carp and other types of fish kills on the resident bacterial community
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within lakes and the potential water quality risks associated. Changes in the bacterial
community can result in the production of taste and odour compounds (Benner et al., 2004)

which in turn can cause problems for drinking water (Young et al., 1996).

This study used mesocosm experiments to examine the potential impact of a virus induced
fish kill on the bacterial community and associated taste and odour issues. Bacterial
community composition was measured over a range of different biomass levels of dead carp
(1200 to 6000 kg ha). Itis hypothesised that increased biomass of dead carp in
mesocosms would change the microbial composition, subsequently reducing oxygen levels

and potentially producing significant taste and odour compounds such as MIB and Geosmin.

3.3 Methods
Experimental Design

To assess changes in BCC from decaying carp biomass, dead carp were placed into mesocosms
in Prospect Reservoir, New South Wales, Australia (Figure 12) and four replicates were used
for each treatment level. Treatments used in the study equated to biomass of 0 (control
treatment), 1200 (low treatment), 2300 (medium treatment) and 6000 (high treatment) kg
ha? of dead carp tare. There was an additional treatment of 6000 kg ha? (Removed
treatment) where the carcasses of the carp was removed after 8 days to simulate a clean-up
of dead carp from a lake. Biomass estimates were established from previous surveys of
populations in rivers and lakes (Hicks et al., 2006, Bajer and Sorensen, 2012, Tempero, 2013,
Stuart et al., 2021). High biomass levels occur naturally between 670 to 1160 kg ha?, with
2200 kg ha found in the Sydney catchment and up to 3144 kg ha in many areas of the
Murray Darling Basin (MDB) (Department of Environment and Planning, 2017). Pre-spawning
migration of common carp could see potentially 90% of the lake biomass concentrated in
small shallow areas of the lake (Hicks et al., 2012, Sorensen et al., 2015). Whole fish were

used to simulate an intact fish following virus mortality.
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Mesocosms
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Figure 12: Location of the mesocosm experiment within Prospect Reservoir, Australia.

Mesocosm Design

Mesocosms consisted of a cylindrical outer shell made from rolled steel with an inner PVC
bladder filled with ~2000 L of lake water prior to the experiment commencing as per

Chapter 2 and (Pera et al., 2021).
Sampling procedures and analysis for plate counts and taste and odour compounds

Daily measurements of temperature, conductivity, dissolved oxygen, pH and turbidity were
measured in all mesocosms with a YSI EXO multiparameter sonde. Two mesocosms from each
treatment level had a MS5 Sonde probe logging at ten-minute intervals for the length of each
experiment. There were also two YSI EXO multiparameter probes placed in two of the
treatments logging temperature, conductivity, dissolved oxygen, pH and turbidity at ten-

minute intervals as per Chapter 2 and (Pera et al., 2021).

Prior to taking samples, each mesocosm was mixed by stirring to homogenise. Samples were

collected using a 10 L stainless-steel bucket and were decanted into smaller bottles for
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specific analysis in the laboratory. All equipment was thoroughly rinsed with distilled water
and each treatment level had its own stirrer and stainless-steel bucket to avoid any cross
contamination (Pera et al., 2021). Samples for odour compounds 2-Methylisoborneol (MIB)
and Geosmin were collected on days on days 7, 14, 21, 28. Samples for Microbial DNA was
collected on days on days 7, 14 and 21. Additional routine monitoring samples from lake site

RPR1 had the same analytes collected for Geosmin throughout the experiment.

Samples collected were decanted into smaller bottles for specific analytes provided by a
commercial laboratory for MIB and Geosmin (EP-115) were measured using rapid trace
analysis at Australian Laboratory Services (ALS). Total coliforms and E. coli were determined
by enumeration by enzyme substrate method MI28 (Edberg et al., 1990) at the Sydney
Water Laboratory (SWL). Samples for bacterial DNA analysis (2 L volume) were filtered at
University of Technology Sydney laboratory

Bacterial community analysis

Microbial DNA was extracted from 0.22 um membrane filters using the Powerwater DNA
isolation Kit (MoBio Laboratories, Inc) in accordance with the manufacturer's instructions.
DNA quantity and purity was evaluated using a Nanodrop-1000 Spectrophotometer. Patterns
in bacterial community diversity and composition were characterised using 16S rRNA
amplicon sequencing. The V1-V3 variable region of the 16S rRNA gene was amplified using
the primers 27f 5’-AGRGTTTGATCMTGGCTCAG-3" and 519r 5’-GTNTTACNGCGGCKGCTG-3'.
Sequencing was performed using the lllumina MiSeq platform following the manufacturer’s

guidelines.

16S rRNA gene sequences were analysed using the QIIME pipeline (Caporaso et al., 2010,
Kuczynski et al., 2011). Briefly, paired-end DNA sequences were joined and de novo
Operational Taxonomic Units (OTUs) were defined at 97% sequence identity using UCLUST
(Edgar et al., 2011). Chimeric sequences were detected using ChimeraSlayer (Haas et al.,
2011) and filtered from the dataset. Taxonomy was assigned against the SILVA v128 database
using the BLAST option in QIIME. Sequences were rarefied to the same depth to remove the
effect of sampling effort upon analysis. All chloroplast OTU’s were filtered out of the bacterial

dataset.
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The alpha-diversity of the bacterial community was measured and compared between
samples by applying the Chao1l algorithm (Chao, 1987) to rarified OTU sequence reads. The
Chaol diversity metric was chosen to measure alpha-diversity because it is well suited to
calculating diversity in microbial amplicon sequence datasets that inherently contain a large

proportion of rare taxa (with zero and one counts).

Principal Components Analysis (PCoA) (Davis and Sampson, 1986) was used inside the
Paleontological Statistics 3.18 (PAST) software (Hammer et al.,, 2001) to explore
similarity/dissimilarity in the composition of bacterial communities between mesocosm
treatments and sample time points. The implementation of PCoA in PAST follows the
eigenanalysis algorithm provided in (Legendre and Legendre, 1998). The ordinations (OTU
relative abundance values) were given as site scores. Prior to analysis, OTU relative
abundance values were square-root transformed to minimise the effect of outliers while

maintaining proportionality.

Variance in bacterial community assemblages between mesocosm treatments and sample
time points were tested using permutational analysis of variance (PERMANOVA) (Anderson,
2001). Where significant variation was detected across treatments and time points,
Bonferroni-corrected p-values were used post-hoc to identify which treatments and/or time
points were significantly different. Furthermore, similarity percentage analysis (SIMPER)
(Clarke, 1993), using the Bray-Curtis similarity measure was employed to assess which
bacterial taxa were primarily responsible for an observed difference between mesocosm

treatments.

Exploration of statistically significant covariance between bacterial OTUs, algal species (using
algal count data) and taste and odour compounds, MIB and geosmin was conducted using
Extended Local Similarity Analysis (eLSA) (Xia et al., 2011). eLSA outputs were used for
subsequent construction of microbial networks. Only pairwise interactions that occurred
across 10% or more of the time points were included, and each remaining interaction was
subjected to 1000 permutations to calculate statistical significance (p value) and the false
detection rate (q value). Interactions where p > 0.001 and g > 0.01 were excluded to reduce
the risk of Type | and Type Il errors. Resultant data defined all statistically significant

covariance events. eLSA data was ultimately visualised using the edge-weighted spring
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embedded function in Cytoscape 3.4.0 software package, using the Pearson’s Correlation

value of pairwise correlations to define the darkness in colour of edges connecting nodes.

3.4 Results

Dissolved oxygen

Dissolved oxygen (DO) levels began to drop after day two in all treatments. The higher
biomass treatments led to greater reductions, with most treatments dropping to close to
zero (<4% saturation) within three days. Low DO levels continued for seven days in the 1250
and 2000 kg ha™! treatments and continued to the end of the experiment (32 days) for the
6000 kg ha! treatment. After two weeks DO levels in the 1250 and 2500 kg ha™ treatments
fluctuated diurnally from 100-300% saturation. When fish carcasses in the 6000 kg ha
ltreatments were removed after 8 days, DO levels increased within two days and had similar
daily fluctuations to the 1250 and 2500 kg/ha treatments, reaching 300% during the day but

dropping to between 0 and 40% at night (Figure 13).
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Figure 13. Dissolved oxygen levels as % saturation for each of the biomass treatments
compared to the control during the mesocosm experiments. Initial readings were recorded
the day prior to application of fish biomass treatments (Day -1).

E. coli and total coliforms

Anaerobic bacteria such as Escherichia coli (E. coli) and total coliforms all increased with
increasing carp biomass. E. Coli and total coliforms differed most from the control on day 3

and gradually dropped to control levels by day 11 for total coliforms 28 for E. coli (Figure 14).
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Figure 14. E. coli and total coliforms plate counts during the experiment. Error bars represent
+ standard error mean (n = 4).

Bacterial Community Diversity

The diversity of bacterial communities was compared between mesocosm treatments and
time points. Alpha diversity, measured by Chaol values, remained stable in the control
mesocosms throughout the experiment (F = 1.21, df = 2, p > 0.05), but by the first sample
occasion on the 01/12/2016 had increased significantly in the medium (F=13.08,df =1, p <
0.01) and both the high biomass treatments (high; F = 16.61, df = 1, p < 0.01, removed; F =
48.07, df = 1, p < 0.01) compared to the control mesocosms. Throughout the experiment,
alpha diversity was statistically indistinguishable between control and low biomass
treatments (p = > 0.05). By the second sample occasion on 08/12/2016, alpha diversity in only
the “removed” biomass mesocosms remained statistically higher (F = 17.70, df =1, p < 0.01)
compared to controls (Figure 15). At the final sample occasion performed on the 14/12/2016,
alpha diversity across all treatments were statistically indistinguishable from control
mesocosms (p <0.05) and both high and high/removed treatments were also statistically

indistinguishable.

PERMANOVA was employed to statistically compare bacterial community composition
between treatments, with significant differences observed between sample time points (F =
5.17, perm = 9999, p < 0.001), treatments (F = 5.84, perm = 9999, p < 0.001), and the
time/treatment interaction (F = 2.78, perm = 9999, p < 0.001). The bacterial communities
within the control mesocosms were statistically different from all carp biomass treatments (p

< 0.001). The bacterial communities within low and medium carp biomass treatments were
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not significantly different from each other (p >0.05) but were significantly different to the

high carp biomass and the high/removed treatments (p < 0.001).

Principal Components Analysis (Figure 16) revealed that bacterial communities in control
mesocosms remained stable over the duration of the experiment and were distinct from the
treatment mesocosms. Conversely, the composition of bacterial communities within 1250 —
6000 kg ha? carp biomass treatments were similar at the first sampling point but by the
second sample occasion 1,200 and 2,300 kg ha™ carp biomass treatments diverged notably
from 6,000 kg ha* carp biomass treatments. Interestingly, after removal of carp biomass from
the 6,000 kg ha! carp biomass treatments at day eight of the experiment, the general
composition of bacterial communities in carp-removed treatments converged with those
belonging to 0 — 1,200 kg ha™ carp biomass treatments. Moreover, bacterial communities in
the 6,000 kg ha carp biomass treatments remained distinct from lower biomass treatments

for the duration of the study.
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Figure 15 Box plots depicting alpha-diversity of bacterial communities using the Chaol
diversity measure.
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Figure 16 The phylogenetic relationship of bacterial community assemblages are compared between

mesocosm treatments using a Principal Components plot depicting beta-diversity

Bacterial Community Composition

In the control mesocosms, the composition of bacterial communities remained relatively

stable across sample occasions at days 7, 14 and 21 compared to carp biomass treatments.

Bacteria belonging to the Proteobacteria phylum were the most relatively abundant,

representing between 50.6 — 65.7% of bacterial communities, and maintained a stable

population across the study period. Within Proteobacteria,

OTUs assigned to the

Betaproteobacteria and Alphaproteobacteria classes were the most abundant, ranging in

relative abundance from 28.8 — 47.6% and 15.7 — 22.0% respectively. The most notably

abundant Proteobacteria OTU was Limnohabitans, a bacterium widely distributed and

common in freshwater environments, which comprised 21.1% of all bacterial OTUs at day

seven and rose to 34.5% at day 21. Limnohabitans was the key driver of dissimilarity between
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control and carp biomass treatments, contributing 4.84%, 5.1%, 5.1% and 5.2% of dissimilarity

between 1,200, 2,300, 6,000 kg and 6,000 kg ha! removed treatments respectively.

OTUs affiliated with Actinobacteria were the next most relatively abundant bacteria,
comprising 21.0% of the bacterial community at day 7, reducing to 12.6% by day 21. The most
abundant OTUs affiliated with the Actinobacteria phylum belonged to the genera
HGCL_clade, which is ubiquitously observed in the surface waters of lakes and rivers globally
(Aguilar et al., 2018). OTUs matching to HGCL clade comprised 4.4% of the bacterial
community at day 7, diminishing to 1.5% by day 21.

The relative abundance of Bacteroidetes comprised between 8.4 — 18.8% of bacterial OTUs in
the control mesocosms, notably less than what was observed in all carp biomass treatment
mesocosms. The most abundant OTUs within Bacteroidetes were matched to the genus
Pseudarcicella, which increased in relative abundance across the study period, ranging from
0.1% at day 7, to 9.7% at day 21 in controls mesocosms. Interestingly, cyanobacteria OTUs,
typically common in surface waters of freshwater rivers and lakes, were absent from bacterial

communities within controls.

The bacterial communities of all carp biomass treatments were dominated almost exclusively
(>90%) by Proteobacteria and Bacteroidetes across all three sample occasions.
Proteobacteria exhibited the highest abundance in high carp biomass treatments at day seven
of the study (6,000 kg ha'; 83.4%, 6,000 kg ha™! removed; 77.7%), and was the most dominant
phylum in all carp biomass treatments by day 21 of the study (1,200 kg ha'; 52.6%, 2,300 kg
ha; 77.0%, 6,000 kg ha; 63.4%, 6,000 kg ha* removed; 60.8%). Bacteroidetes abundance
exhibited an inverse pattern to Proteobacteria, being higher in the low carp biomass
treatment at day seven (1,200 kg ha™; 73.1%) compared to high biomass treatments (6,000
kg ha''; 14.4%, 6,000 kg ha! removed; 17.6%), and peaking in relative abundance at day 14
within 2,300 kg ha? and 6,000 kg ha' (carp removed) treatments at 51.9 and 77.8%

respectively.

Freshwater bacterial taxa that dominated bacterial community composition within control
mesocosms were far less abundant in mesocosms treated with carp biomass. Limnohabitans
comprised a maximum of 6.5% relative abundance at day seven within the 2,500 kg ha™

mesocosms but were otherwise low relative abundance (< 4%) or absent from other carp
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biomass treatments and sample occasions. Other signature lake bacteria including
Limnobacter, HGCL_clade and Pseudarcicella displayed very similar abundance patterns to

Limnohabitans, as seen in Figure 15 and Figure 17.

Bacterial communities within the low carp biomass treatment mesocosms were characterised
by high relative abundance across three bacterial OTUs and high dissimilarity across sample
occasions. At day seven, Flavobacterium represented 44.4% of the bacterial community, and
Runella (26.1%) was the next most dominant. At day 14, Flavobacterium abundance had
decreased to <1%, replaced by Roseococcus (26.6%) and Runella (7.7%). At the last sample
occasion (day 21) Runella had become the most relatively abundant OTU (21.8%) and

Roseococcus the second most dominant (13.0%).

At day seven and 14 bacterial communities inhabiting the medium carp biomass treatment
mesocosms were strikingly distinct from low and high carp biomass treatment mesocosms.
Flavobacterium was the most relatively abundant OTU at day seven, contributing 25.1% of
the bacterial community. Additionally, two OTUs: Arcobacter, representing 11.6% of the
bacterial community and contributing 3.3% dissimilarity to low carp biomass treatment
mesocosms, and Hydrogenophaga (11.6%) were dominant at day seven. Interestingly,
Arcobacter was mostly absent from other treatments, and this was the only treatment and
sample occasion where Arcobacter represented greater than 5% of bacterial communities. At
day 14 bacterial communities were dominated by Roseococcus (31.6%) and Fluviimonas
(14.1%) while Flavobacterium, which represented more than 25% of the community at day
seven, was now ~1%. At day 21 Runella (16.7%) and Roseococcus (9.7%) were now the most
dominant OTUs, while OTUs dominant at days seven and 14 were each less than 1% of the

bacterial community.

Bacterial communities within the high carp biomass concentration mesocosms 6,000 kg ha™*
and 6,000 kg ha? with carp carcasses removed at day 14, exhibited the lowest overall
dissimilarity between treatments (average dissimilarity 74.17%). At day seven, Rhodobacter
was the most dominant OTU in both treatments (49.9% and 41.0% respectively), and a further
two OTUs were also relatively abundant compared to other OTUs, including Cloacibacterium
(6.5% and 12.7% respectively) and Flavobacterium (6.8% and 4.0% respectively). However, at
the next sampling occasion at day 14, which was following the removal of carp on day 8,

bacterial community composition began to diverge between 6,000 kg ha* and carp carcass
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removed treatments. While dominant OTUs including Flavobacterium (32.8% and 28.2%
respectively) and Cloacibacterium (20.7% and 29.2%) remained very similar, the relative
abundance of Rhodobacter (21.4% and 0.9% respectively) and Fluviimonas (0.2% and 14.8%)
were highly dissimilar. The removal of carp carcasses appears to have led to a bacterial
community where dominance was shared across five OTUs, including Flavobacterium
(12.5%), Runella (9.4%), Roseococcus (9.2%), Hydrophenophaga (7.6%) and Cloacibacterium
(6.0%). Conversely, in the 6,000 kg ha treatment without carcass removal, three OTUs were
distinctly dominant, including Hydrogenophaga (20.8%), Cloacibacterium (17.9%) and
Rhodobacter (13.3%).

Rare and transient OTUs

Throughout the study and across treatments, several OTUs that were generally rare or absent
abruptly became notably higher in relative abundance, albeit temporarily. OTUs that
exhibited notably transient patterns in mesocosms treated with carp carcasses include:
Arcobacter, which reached 23.6% of total bacterial community at day seven within the 2,500
kg ha? treatment, and 4.8% in the 6,000 kg ha? (removed) treatment at day 7 but was
otherwise less than 1%; Sediminibacterium that reached 10.3% in 1,200 kg ha treatment at
day 14 and 9.0% in the 2,300 kg ha treatment at day 14 but was otherwise less than 2%;
Lewinella which was 4.4% and 10.6% in 1,200 kg ha treatment at days seven and 14
respectively; and Clostridium sensu stricto 13, rare but present across all treatments, having

highest relative abundance in 1,200 kg ha* treatment at day 14.
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MIB and Geosmin

The results showed an increase in the geosmin and to a lesser extent MIB in the third and
fourth week for the 1200 and 2300 kg ha treatments (Figure 18). The cyanobacteria
Pseudanaebena and Merismopedia both correlated significantly with geosmin and MIB spikes

during the experiment (Figure 19).

The extended local similarity pipeline was used to explore significant correlations between
microbes and taste and odour compounds MIB and geosmin. A total of 36 OTUs (33 bacterial
OTUs and 3 algal species) co-varied significantly with geosmin, and 45 OTUs (40 bacterial
OTUs, and 4 algal species and one Archaea OTU) with MIB. One Cyanobacteria —
Pseudanabaena, which is known to produce geosmin and MIB under certain environmental
conditions, co-varied significantly with geosmin (SCC = 0.43, p = <0.01) and MIB (SCC = 0.39,
p =0.01), albeit while at very low relative abundance. One green algae species — Selenastrum,

also correlated significantly with geosmin (PCC = 0.44, p = <0.01).
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Figure 18 Geosmin and MIB levels during the experiment. Error bars * standard error mean,
n=4 (Lake RPR1 n=1)
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Figure 19. Network analysis, depicting covariance correlations between bacterial OTUs (blue
nodes), algal cell counts (green nodes), and MIB and Geosmin (red central nodes). Edge
darkness is weighted by Pearson’s correlation coefficient (PCC) or Spearman’s correlation
coefficient (SCC) score, whereby stronger correlations are represented by dark edges.

3.5 Discussion

This mesocosm study demonstrates that high amounts of carp carcasses, as would be
expected after controlled virus release fish kill resulted in significant microbial shifts. This
shows that fish kills associated with the release of the Cyprinid herpesvirus 3 (CyHV-3) virus
may lead to rapid and profound changes to MCC in the short term with a density dependent
shift to heterotrophic bacterial groups commonly associated with eutrophic and poor water

guality environments.
3.5.1 Water quality changes

Water quality changes from addition of dead fish lead to the depletion of dissolved oxygen in
all treatments, with anoxic conditions in all treatments. Chapter 2 showed huge nutrient
increases followed by increases in chlorophyll a and alga biomass. This water quality change
is typical following a fish kill (Kushlan, 1974, Boros et al., 2015). The removal of carcasses from
6000 kg ha' RM treatment led to a noticeable increase in dissolved oxygen compared to 6000
kg ha! (Figure 13). This stopped further breakdown in the water of the carcass by aerobic

bacteria (Boyd, 2008, Hlordzi et al., 2020).
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3.5.2 Change in bacterial community composition

Sequencing of the 16S rRNA amplicon confirmed that shifts in the environment were closely
paired with changes in microbial assemblage structure. Changes were seen from a community
typical of fresh water lake environments, comprising oligotrophic bacteria such as
Limnobacter, Limnohabitans and the hgcl_clade (Llirés et al., 2014, Guo et al., 2021) to a more
eutrophic signature, including higher relative abundances of environmental copiotrophs such
as Flavobacterium, Roseococous and Rhodobacter (Figure 17). These bacteria typically bloom
following pulse inputs of nutrient substrate which can be of allochthonous (e.g. rainfall
catchment runoff) or autochthonous (e.g. algal exudates) sources (Teufel et al., 2017).
Flavobacterium species are chemoheterotrophic and play a role in mineralizing various types
of organic matter (carbohydrates, amino acids, proteins, and polysaccharides) (Parte et al.,
2011), and appear during episodes of high bacterial production (Eiler and Bertilsson, 2007).
During the experiment there was large increases in algal biomass in carcass added treatments
(Pera et al., 2021) and algal-derived organic matter can result in correlations between algal
and bacterial community dynamics (Paver et al., 2013, Parulekar et al., 2017). Roseobacter
can utilise labile substrates in the form of algal exudates or degradation products of
Flavobacteria (Teufel et al., 2017). Rhodobacterales are also key biofilm formers on surfaces
(Gab et al., 2020). There were also increases in bacteria potentially associated with fish guts
such as Arcobacter, Clostridium and Bacteroides (Sugita et al., 1990, Rathlavath et al., 2016)
(Figure 17). Populations of Bacteroidetes are specialized for successive decomposition of
algal-derived organic matter (Teeling et al., 2012) and the anoxic conditions of some of the
mesocosms are the preferred environmental conditions for Clostridium (Edwards et al.,
2013). This shift from oligotrophs to copiotrophs, are associated with more eutrophic
conditions and are generally adapted to using a resource rapidly when available (Koch, 2001)

and typical anaerobic microbial decomposition of organic matter (Kristensen et al., 1995).

Chapter 2 and Pera et al (2021) found that although there were large nutrient inputs of N, P
and C, this didn’t relate to an increase in cyanobacteria although other algal groups did bloom
(Figure 10). This could be related to the relative increases of cyanobactericidal bacteria which
can through direct or indirect attack from Bacteroidetes (Flavobacterium) and interactions
between algae and cyanobactericidal bacteria (Miyashita et al., 2019, Yang et al., 2020).
Common carp intestinal microflora are usually dominated by Firmicutes and Proteobacteria

(Mulyani et al.,, 2018) including the genera Enterobacteriaceae, Pseudomonas and
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Bacteroides (Sugita et al., 1985, Sugita et al., 1990, Sugita and Mizuki, 2012). Many of these
heterotrophic bacteria are important in the breakdown of organic matter, but have also been
linked to disease (Galloway and Cohen, 2021) and opportunistic pathogenic bacteria increase

as carcass decomposition proceeds (Su et al., 2022).

3.5.3 Public health

Farming and pastoral properties within the MDB are left to their own devices to secure
adequate domestic water supplies and ensure that the water being used is not a health risk
(ILWS-CSU, 2018). Therefore, detection of changes in the quality of raw source water due to
fish kills may be missed by agricultural water users, potentially posing a serious health threat
to livestock, farmers and consumers of farm produce. E. coli as an indicator for faecal
contamination in drinking and recreational freshwater is supported by both epidemiological
studies and Quantitative Microbial Risk Assessment (NHMRC, 2008, EPA, 2012, Leonard and
Eaton, 2021). E. coli exhibits strong correlations to swimming-associated gastroenteritis
(Cabelli et al., 1982, Federigi et al., 2020). During this study E. coli levels in some mesocosm
treatments were above World Health Organization considered high risk (>100MPN/100ml)
for drinking (Odonkor and Mahami, 2020) for 7 days. This indicates that microbial shifts
associated with the breakdown of high densities of carp biomass could pose health risks for
farming and pastoral properties within the MDB without access to treated drinking water and
for recreational activities such as swimming. Even after peaking on day 3 E. coli levels stay

above controls for 20 days.

Other bacteria including Vibrionaceae, Campylobacter, Arcobacter and Shewanella were
detected in carp treatments, and are known as both animal and human pathogens (Snelling
et al., 2006, Sharshar and Azab, 2008, Pazdzior et al., 2019, Mudadu et al., 2021). Several
species of Vibrionaceae are pathogenic, and infections in humans can arise from water
exposure and consumption of seafood produce (Baker-Austin and Oliver, 2018, Frehse and
Sylla, 2023). Pathogenic Shewanella species are considered to be the causative agent of
shewanellosis (deep ulcers associated with hemorrhagic bullae on the lower extremities), in
different freshwater fish species and causing serious health disorders in humans (Kon and Rai,
2017, Miiller et al., 2023). Human infection of Shewanella was reported on the Murray River

in South Australia in 2017 (Keane, 2017) indicating it can be an issue in this region.

80



Sequences matching Clostridium botulinum and Enterobacteriaceae Shigella genus were
detected across treatments. Shigella requires ingestion of fewer than 100 bacterial cells to
cause an infection, depending on the health of the host (Levinson, 2020). Botulinum spores
may become active when conditions suit, including conditions exacerbated by climate
changes such as prolonged drought and low to no oxygen coupled with high nutrient
environments such as after a fish kill (Espelund and Klaveness, 2014, NCCP, 2019). Zhou et al.,
(2021) found several potential pathogenic genera from fish decomposing carcasses including
Comamonas, Acinetobacter, Bacteroides, Pseudomonas, Clostridium, Brevundimonas and
Delftia showing the transfer from dead animals to water environment. 16s sequencing does
not discriminate between dead and viable/culturable cells, however the E. Coli counts as an

indicator support the survival of other anaerobic pathogens in the treatments.

3.5.4 Taste and Odour

The absence of MIB and only low concentration of geosmin in day 7 samples suggests
putrescene and cadaverine, odour compounds produced from decaying organic matter, were
potentially the main odour producing compounds early in the experiment. These are likely to
be produced by bacteria such as Enterobacteria, Clostridium and Fusobacterium which are
known to produce cadaverine and putrescine (Allison and Macfarlane, 1989,

Soksawatmaekhin et al., 2004, Berthoud et al., 2022, Sakanaka et al., 2022).

The second half of the experiment saw spikes in MIB and geosmin. The cyanobacteria
Pseudanaebena and Merismopedia both correlated significantly with geosmin and MIB spikes
during the experiment (Figure 19) and both species are known to produce the odour
compounds (Youn et al., 2020, Jeong Hwan et al., 2023). Geosmin and MIB can act as a
warning to predators to indicate unpalatable or toxic bacteria (Stensmyr et al., 2012, Zaroubi
et al., 2022). Geosmin and MIB production by cyanobacteria can be influenced by light
intensity and water temperature (Wu and Jittner, 1988, Saadoun et al., 2001). Increased
geosmin or MIB synthesis can occur when cyanobacterial growth is inhibited under less
favourable conditions (Wang and Li, 2015). The environment of the mesocosms in weeks 3
and 4 saw increases in algal biomass which could have led to increased competition or a
change in the light intensity of the mesocosms. The emergence of cyanobactericidal bacteria
such as Flavobacterium suggest multiple factors may have created poor growth conditions for

cyanobacteria which could further trigger increased MIB and geosmin production. It is unclear
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if current water treatment plants would have the capacity to remove the taste and odour
issues associated with a mass fish mortality events and whether disinfection would still be
manageable (Fabris, 2017). The removal of the carcasses from the water body within a day of
them dying or floating to the surface would result in better outcomes for both environmental

and public health perspectives.

3.6 Conclusions

The addition of carp carcasses to mesocosms resulted in a reduction in oxygen levels and a
change in the microbial composition. There were also increases in then taste and odour
compounds MIB and geosmin. Results showed a shift from oligotrophs to copiotrophs utilizing
organic material, algal-derived organic matter and algal exudates or degradation products of
other bacteria. The presence of indicator and pathogenic bacteria of public health and

environmental concerns occurred in carp treatments.
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4.1 Abstract

In lakes the location of dead fish will determine where decomposition and nutrients released
will occur. This is also where possible interactions with scavengers will occur. The proposed
release of the Cyprinid herpesvirus-3 (CyHV-3) in Australia will lead to mass common carp
Cyprinus Carpio mortality and will provide lakes with a large organic matter and nutrient
pulse. However, it is not well understood where this may occur in the water column. To
evaluate how fish carcasses may move through depth over time, dead carp were allowed to
sink to different depths in a lake and monitored. Fish surveys were also performed at different
depths to determine the possibility of scavenging. If there was no interference by scavengers,
all the dead carp in water depth of 0.5-1 m floated to the surface the next day. In 10 m of
water, 66% and in 20 m, 33% of dead carp floated after 3-4 days. Scavenging of dead carp
occurred at 5m depth where interactions were observed with catfish and carcasses also
exhibited signs of eel predation. There was no sign of fish scavenging at 10 m and 20 m,
however, decapods were sighted near carcasses at all depths. Lake surveys showed a
reduction of potential scavenging fish below 10 m, suggesting dead carp that sink below that
depth would only be decomposed by invertebrates and microbes and may contribute to
nutrient loads in the hypolimnion. Based on this data, any clean-up of a CHV-3 carp fish kills
would need to occur for at least a week as carcasses could continue to rise from depths for

up to 6 days post-death.
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4.2 Introduction

Fish can be important nutrient sinks in aquatic ecosystems due to their large size and potential
longevity (Kitchell et al., 1975, Sereda et al., 2008). In deep-sea marine environments, sinking
cetacean and large elasmobranch carcasses, known as food falls, are important carbon-input
for the benthic communities (Higgs et al., 2014, Sumida et al., 2016). Food falls in freshwater
lakes lead to nutrient transfers across ecosystem boundaries such as post salmon spawning-
derived nutrients which impact on the aquatic bacterial community structure and microbial
community metabolism (Payne and Moore, 2006, Premke et al., 2010, Lujan et al., 2022). The
fate of decomposing fish carcasses within a lake can play an important role in determining
which area of a lake is supplied the nutrient pulse, as breakdown by scavengers and microbes
will contribute to support carbon cycling within lakes, returning carbon to the biosphere
(Hewson et al., 2003, Carney et al., 2016, Arora-Williams et al., 2018, Barton et al., 2019).
Large carrion sources differ in the way they provide carbon and nutrients compared to
macroscopic organic aggregates (MOA) or wild fires followed by extreme rainfall events (Neris
et al., 2021). Large carrion sources concentrate carbon and nutrients around the carcass
rather than evenly spreading it through the water column (MOA or lake snow) (Grossart et
al., 1997, Bizié¢-lonescu et al., 2018). Furthermore, large carrion sources are available to
scavenging fish and invertebrates (Redondo-Gémez et al., 2022) compared to MOA which is

accessed by zooplankton and bacteria (Weiss et al., 1996, Tang et al., 2009).

In Australia, fish kills are generally associated with anoxic or hypoxic events in rivers. A large
scale fish kill event in 2019 on the Darling River near the town of Menindee was caused by a
water column mixing event associated with extreme temperatures and high fish biomass
(Science, 2019, Vertessy et al., 2019). More commonly, fish kills are attributed to flooding
events which wash organic material into waterways, causing black water events where
oxygen is consumed by microbes (Liu et al., 2020, Thiem et al., 2020, Thiem et al., 2021).
Severe hypoxic blackwater events are non-discriminatory to species and can kill a large
portion of the aquatic life (Small et al., 2014). This prevents interactions between the animal
carrion and scavenger species such as eels, catfish and decapods as they too can be killed
during the anoxic events (Thiem et al., 2020, Stuart et al.,, 2021). Pulse nutrient releases
related to fish kills in Australian freshwater systems are not an annual cycle and are more
related to specific events (Science, 2019, Sheldon et al., 2022). Therefore, it is uncertain as to

how larger scavenging necrobiomes, which tend to be opportunistic, will interact with a
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potentially large-scale fish kill in an ecosystem that is not adapted (Woollard et al., 1978,
Smith, 2004, Benbow et al., 2020). It is also unclear if the carrion feeders will be able to
process such large volumes or if the carcasses decompose in deep water out of the reach of

scavengers (Schneider, 1998, Whitmore, 2003).

All lakes have some level of fish mortality that provides a supply of carcasses to the aquatic
ecosystems (Benbow et al., 2020). In Australia, the Cyprinid herpesvirus-3 (CyHV-3) is being
looked at as a biological control agent for invasive carp (McColl, 2016). The potential release
of CyHV-3 in Australia, being species specific, may lead to mass deaths of common carp
Cyprinus carpio, that will act as a nutrient pulse at least for the first year and potentially over
several years, with each prevailing year possibly smaller than the previous (Hedrick et al.,
2006, Michel et al., 2010, Thresher et al., 2018). These kills would be similar to salmon
spawning events in feeder streams (Mathewson et al., 2003) and cuttle fish in shallow marine
bays of South Australia (Arkhipkin, 2013). But unlike those examples, the Australian
freshwater aquatic ecosystems have not evolved for mass death of specific species and the
following nutrient pulses may not be utilised effectively (Wipfli et al., 1998, Nagasaka et al.,

2006).

Invertebrates and vertebrates breakdown organic materials in aquatic ecosystems and are
crucial in carrion decomposition (Coull, 1999, Beasley et al., 2012, Cifoni et al., 2021).
Scavenger-driven fish carcass decomposition and phosphorus recycling sequestered a
relatively large fraction (up to 33% in catfish and 36% in crayfish) of total carcass P in their
bodies (Boros et al., 2020). The yabby Cherax destructor and freshwater prawn
Macrobrachium spp are found in swamps, streams, rivers and lakes at low to medium
elevations throughout the Murray-Darling Basin, Australia (Merrick, 1993, Hawking, 1997,
Jones, 2002). Yabbies are omnivorous and feed on carrion. Densities of yabbies can be as high
500 —1500 kg ha! in ponds (Mills and McCloud, 1983, Sang et al., 2011, McCormack, 2014).
Freshwater eels Anguilla reinhardtii and Anguilla australis are the apex predator in most
coastal drainages of south-eastern Australia. Freshwater eel abundances and can be high,
comprising a large proportion of the fish biomass of rivers and lakes (Sloane, 1984, Merrick,
1993, Allen, 2003). As carp are the only species effected by the CyHV-3 virus (Kenneth and St,
2013) in south eastern Australia, this would leave crustaceans and large aquatic scavengers
like turtles, freshwater eels, freshwater catfish Tandanus tandanus and Murray Cod

Maccullochella peelii to feed on the dead carp (Santori et al., 2020).
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Native Australian freshwater fish generally evolved from marine ancestors over a relatively
short time period, from the late Cretaceous (MacDonald, 1978, Unmack, 2001, Tims et al.,
2021) and have not specifically evolved to live in lakes, which in Australia were generally
constructed in the last century (Beasley, 1988). Lakes differ to rivers as they are generally
much deeper and are more heavily influenced by limnological processes such as solar
radiation, wind, stratification and develop an anoxic hypolimnion over the warmer months
(Payne et al., 1990, Gray et al., 2020). If carcasses of the carp sink to the sediments in deeper
waters out of the euphotic zone that may change the rate at which carcass nutrients are
remineralized and available to pelagic primary producers (Premke et al., 2010). The pulsed
nutrients could lead to variation in thermocline depth in stratified lakes by increasing nutrient
loading along a productivity gradient (Briddon et al., 2023) and changes in anoxia due to
increases in total phosphorus (Deeds et al., 2021). This in turn can change the phytoplankton
community (Lofton et al., 2022). Thus, a virus induced fish kill could lead to significant
deposition of bioavailable nutrients. There is a dearth of research on how carp carcasses
respond to different water pressure levels from varying depths. Understanding the resting
place of the dead carp will aid in determining which trophic zone will be impacted and what

management approach is needed to deal with that impact.

This study examined the time a dead carp will spend on the sediment at the bottom of a lake
at different depths. It also investigated what depths fish species are found, and the likelihood
of those species being potential scavengers. It will also cover interactions with scavengers and
dead carp carcasses potential role of shifting basal resource availability. It is hypothesised
that the depth the dead carp carcasses sink to at the lake bed affects the time the carcass will
spend there before a build-up of gasses from bacteria production causes bloating and the
carcass to resurface (Whitmore, 2003, Gab et al., 2020). It is also hypothesised that some of
the carcasses will be consumed by scavengers and that depth will affect distribution of

scavengers and their interactions with common carp carcass.
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4.3  Materials and methods

Study Site for Dead Carp Resuspension

The study was performed at the north-eastern side of Prospect Reservoir (Figure 20), in
western Sydney, NSW, Australia. Prospect Reservoir measures 26 m high and 2.2 km long and
has a storage volume of 2,892x103 m? (Beasley, 1988). The reservoir is part of Sydney’s
drinking water supply system. The reservoir is destratified with a bubble plume aerator which
results in a uniform temperature and dissolved oxygen profile (Figure 21) at water quality site
RRP1 (Figure 12) is approximately 50 m west of the 20 m site. Over the last 30 years the
reservoirs mean nutrient levels were 0.007mg L for total phosphorus and 0.270 mg L for

total nitrogen (WaterNSW).

Depth 5m ||

Depth 10m [

Depth 20m [}

Figure 20: Location of the mooring buoys and mesocosm within Prospect Reservoir, Australia.
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Unpublished DPI Fisheries and WaterNSW data shows that Prospect Reservoir contains large
bodied fish from both eastern drainage rivers and the Murray-Darling Basin. Eastern drainage
river fish in Prospect Reservoir include the long-finned eel and the Australian Bass Percalates
novemaculeata. Murray-Darling Basin drainage fish include eel, tail catfish and Murray cod.

The decapod freshwater shrimp Macrobrachium is also common throughout the reservoir.
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Figure 21. Temperature and dissolved oxygen profiles at site RPR1 on Prospect Reservoir from
15/07/2022 to the 29/7/2020.

Experimental Design

The experiment was performed between 27" May 2020 and 3 July 2020. To assess the effect
of depth on resuspension, dead common carp were sunk to the lake bottom at depths of 0.5
—1m,5-6m,10-11m, and 19 — 20 m. At each depth six replicate carp were sunk. Carcasses
were negatively buoyant so gradually sunk until they rested at the bottom of the lake. At the
0.5 m depth carp were placed in a mesocosms consisting of a cylindrical outer shell made
from rolled steel (COLORBOND®) 2.5 m in diameter and 1.2 m in height and were checked
daily. For the 5 m, 10 m and 20 m depths a buoy system was developed where two buoys
were anchored +/- 1 m depth and separated by 10 m for the 5 m and 10 m depth and 20 m
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separation for the 20 m depth (Figure 22). This was to reduce the likelihood of entanglement
of the tethered dead carp. It was noted that there was a bed of Chara at 5 m, a multicellular
green alga, which covered the sediment. The Chara bed was between 0.5—1 m thick. The carp
were dense enough to flatten the Chara and rest on the lake bottom. An acoustic VR2W
monitoring receiver (InnovaSea, Canada) was attached at the midpoint of each anchoring
rope to detect depth data transmissions from acoustic transmitters attached to each carcass
(Figure 22). Two empty bait traps (500mm length x 250mm width x 250mm height, funnel
entrance 50mm) were placed at each depth close to the dead fish, to determine if there was

the presence of invertebrate scavengers such as yabbies or prawns.

1000m

Legend:

VR2W monitoring receiver [
Fish with V7 transmitter @
Fish with no V7 transmitter >@®

Mooring buoy O

Mesocosm [ —

Figure 22: Schematic diagram representing the resuspension experiment showing buoys,
receivers and fish with and without transmitters.

Sampling procedures and analysis
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Fish were collected from the Prospect catchment, euthanised and pressure sensing acoustic
transmitters (V7P transmitter, InnovaSea, Canada) were attached to each carcass placed at 5,
10 and 20 m depths. Data on the depth and the time/date was recorded from each individual
carcass every five minutes on the array of monitoring receivers placed adjacent to each of the
experimental depths (Figure 22). Fish lengths and weights ranged from 150 — 660 mm TL and
0.3 — 4.1 kg. Due to limitations of fish available generally smaller fish were used for the 0.5m

depth (0.09 — 2.2 kg).

To supplement the data collected by the acoustic receivers, common carp were visually
checked at the surface (V) and underwater (U) with a 600TVL Underwater Fishing Camera,
and GOPRO Herol10X. The cameras were used to monitor for potential interactions between
the carcasses and scavengers. Cameras were lowered at each site and depth, and each carcass
was viewed looking for signs of scavenging, such as bite marks, missing fish or sightings of
scavengers. These sites were visited on day 2 (V), 3 (VU), 5 (V), 7 (VU) 9 (V), 13(VU), 15(V),
20(VU), and 21 (V). Two empty bait traps were placed within 2 m of the carcasses at 5, 10 and
20 m depth to examine decapod depth distribution.

Table 5: Weight and length of common carp placed different depths

Depth 0.5-1m Depth 5-6m Depth 10-11m Depth 19-20m
Fish length | weight tag length | weight tag length | weight tag length | weight
number | mm kg number | mm kg number | mm kg number mm kg
1 470 1.9 1303370 | 560 3 1303368 | 480 1.4 1303365 660 4.1
2 470 1.5 1303371 | 630 4.1 1303369 | 500 2.4 1303367 560 2.6
3 240 0.5 1303372 | 470 1.6 1303374 | 580 2.2 1083424 410 1
4 220 0.5 1083417 | 460 1.5 1083421 | 550 2.6 1057404 450 1.8
5 150 0.25 ] 1083426 | 530 24 1083413 | 450 1.1 1057403 590 3.5
6 280 0.7 1083409 | 470 1.6 1083422 | 510 2.2 1303411 520 2.4
Average | 305 0.9 520 24 512 2.0 532 2.6

Scavenger depth distribution

Gill netting fish surveys were conducted at Lake Burrinjuck and Burragorang in April 2018 at
different depths to determine scavenging teleost distributions (Figure 23). Prospect Reservoir

was not included as it is smaller and artificially mixed and does not represent most lakes in
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NSW which thermally and oxygen stratify. Both lakes were artificially dammed, with
Burrinjuck being the oldest built in 1912 with a maximum depth of 60 m and a volume of
1,000 (GL) (Walter et al., 2001). Lake Burragorang was completed in 1960 with a maximum
depth of 101 m and a volume of 2,027 GL (Beasley, 1988). At that time of the year the
thermocline at Lake Burragorang was between 20 — 25 m. Stratification was not known for
Lake Burrinjuck but based on historical data the thermocline would be expected at a similar

depth to that of Lake Burragorang (Lawrence et al., 2000).

Sydney
Lake Burragorang ¢

Lake Burrinjuck ¢

Canberra

Figure 23: Locations of Lake Burrinjuck and Lake Burragorang in south eastern Australia where
scavenger depth distribution studies were conducted.

Panel gill nets 30 m x 2 m (10 m panels) stretch mesh size = 100 mm x 30 mm mesh, were set
to sample the littoral zone and benthic offshore habitat as per (Stuart et al., 2021) (Figure 24).
Four survey sites in Lake Burrinjuck and three survey sites within Lake Burragorang were
selected greater than 2 km apart and representative of the habitat variability in each

impoundment. Each site had five contour zones: 0 —3 m, 6 m, 12 m, 18 m and 25 m depth
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within 100 m of the shore (Figure 24). In the 0 — 3 m contour zone, 1 demersal panel net was
placed at a depth of 2 m within 10 m of the shore. At each of the 6 m, 12 m, 18 m and 25 m
contour zone, 1 demersal panels net was deployed. Mesh nets were set ~4h prior to sunset
and first inspected at dusk; fish captured had their length, weight and species recorded and
were released >200 m from the nets. All nets were retrieved the following morning between
8 am to 10 am. Fish captured at the dusk inspection and final retrieval were pooled for
analysis. A two factor ANOVA was performed to examine the effect of species and depth-of-
capture on abundance within the two reservoirs. Data were logio transformed to meet

assumptions of normality (Figure 24).

Littoral Zone ‘Off-shore” habitat

0 - 3m contour
zone

& m contour zone 12 mcontour zone  18m contour Zone 25m contour zone

12

Depth (m)

18

Littoral Zone: 0-3m depth
within 10m of shore

- Benthic Offshore

25

Parsel net
Figure 24: Schematics of net deployment depths within Lake Burrinjuck and Lake Burragorang
used to examine fish species depth utilisation.
4.4 Results
Dead Common Carp resuspension and scavenger interactions

0.5 -1m depth
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All dead common carp carcasses sank once placed in the water and all rose to the surface
within 24 hrs. Avian scavengers were not part of the study but on day three a swamp harrier
Circus approximans was sighted on the edge of the mesocosm looking at the floating fish. It

was unable to access the fish as it mesocosm was covered with a mesh.

5m depth

Video monitoring on day three showed three of the carcasses placed at 5 m were eaten, with
only the skull remaining. The other two carcasses were almost entirely removed, with just the
dorsal barb remaining. Logged depth data showed the fish tag 1083417 moving after half a
day (Figure 25). Fish tags 1083409 and 1083370 were removed (eaten) a day later with the
loggers resting on top of the Chara bed (Figure 25). The fourth common carp carcass, tag
1303370, had its stomach removed, while the two remaining were still intact with no visible
signs of scavengers, though some bloating was observed. By day four, the three remaining
common carp carcasses seemed to be entangled and when removed on day nine no carcasses
were attached to the tether (Figure 25). Video surveillance observed a freshwater catfish
feeding on the skull of fish 1083417. Freshwater shrimp Macrobrachium were sited near

carcasses both on video and captured in bait traps placed nearby.

10m

Common carp carcasses were checked on day three and were still intact with no visible signs
of predation by scavengers. Four common carp carcasses rose to the surface between day
three and four (Figure 25). Two fish remained at the bottom with no signs of scavenging.

Macrobrachium spp. were caught in bait traps near the carcasses.

20m

Common carp carcasses were checked on day three and were still intact with no visible signs
of interactions with large scavengers nor were there any observed on video. Two carp
carcasses (tags 105403 and 1303365) rose the surface after 5 days while the remaining four
stayed at the bottom (Figure 25). Macrobrachium were caught in bait traps near the

carcasses.
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Figure 25: Vertical movement of common carp carcasses affixed with depth sensing
transmitters deployed at 5m, 10m and 20m depth within Prospect Reservoir, Australia.
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Figure 26: Plot of days of carcass to rise from depth and percentage that rose from depth. 5m
depth not included on the plots as all carrasess at this depth were eaten.

95



Scavenger depth distribution

Within Lake Burrinjuck water depth had a significant effect on scavenger abundances (Fs,117
=2.59, P<0.05). Within Lake Burragorang a significant interaction was observed between
scavenger species and water depth (Fsze3 =2.50, P<0.001).). Within each lake no fish
scavengers were captured in panel gill nets set at 25 m depth. Abundances of fish at 18 m
were significantly less than abundances at the shallower depths (Figure 27). For Lake
Burragorang, native fish such as silver perch, Australian bass and freshwater catfish were
restricted to the top 12 m, with only alien species, including common carp and trout captured
below 12 m (Figure 27). At Lake Burrinjuck fish were captured below 18 m with more alien
species such as carp and redfin found at 12 m and 18 m. Native fish including silver perch

were found to inhabit the top 3 m with golden perch the only species found between 0-18 m.
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Figure 27: Depth utilisation of fish species captured within demersal pannel gill nets set in
Lake Burragorang (n=3 sample sites) and Lake Burrinjuck (n=4 sample sites). Error bars +
standard error.
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Table 6: Results of 2-way ANOVA analysis examining the effect of water depth and species
con fish catch.

Significance is denoted as 0.001 ***, 0.01 **, 0.05 *.

Lake Burrinjuck Df Sum Sq Mean Sq Fvalue  Pr(>F)
Species 8 2.6983 0.3373 12.496 7.82e-13 ***
Water depth 4 0.2798 0.0699 2.591 0.0402 *
Species: Water depth 32 1.1595 0.0362 1.342 0.131
Residuals 117 3.1581 0.027

Lake Burragorang

Species 8 4.629 0.5786 25.384  <2e-16 ***
Water depth 4 0.457 0.1142 5.01 0.001433 **
Species: Water depth 32 1.823 0.057 2.499 0.000958 ***
Residuals 63 1.436 0.0228

4.5 Discussion

This chapter examines interactions between scavengers and dead carp carcasses on the
bottom of the lake, and the impact pressure from different depths has on the vertical
movement of carcasses. This study found that increasing depth of a carcass increased the
time it took to resurface and reduced the number of carcasses that returned. This study found
large scavenging fish present down to 12 m depth, but the main interactions with carcasses

were at 5 m. Only crustaceans were found at 20 m depth.

Water depth and carcass resuspension

This study found that the depth a dead common carp carcass sank to (or died at) affected the
time it would take for the carcass to return the surface. The greater the depth, the less likely
the carcass would return to the surface, and if it did, it would take longer to return with
increasing depth. Dead fish that sank in shallow waters (0.5-1 m depth) all floated to the

surface after a day.
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At 10 m saw over 66% of the fish return to the surface while only 33% rose from the sediment
at 20 m depth. This may be due to microbial driven gas bloating overcoming hydrostatic
pressure (Gab et al., 2020). This suggests carcasses which sink to depth below thermoclines
such as in Lake Burragorang and Burrinjuck are less likely to return to the surface, due to
greater hydrostatic pressures and lower temperatures slowing microbial activity (Elder and
Smith, 1988, Schneider, 1998, Gab et al., 2020, Wu et al., 2021). Further, there is likely less or
no interactions with large scavengers at these depths. These carcasses may act as nutrient
sinks for the microbial fauna below the thermocline (Hewson et al., 2003), causing increases

in phosphorus and faster declines in oxygen levels (Deeds et al., 2021).

Time spent at the bottom of the lake and the depth at which the common carp carcass settles
can influence the interaction with scavengers and the probability of the carcass resurfacing
(Schneider, 1998, Gab et al., 2020). Dead fish that sank to 5 m in this study were in the littoral
zone, an area with high levels of scavenger activity (Chidami and Amyot, 2008). Video
evidence showed a freshwater catfish feeding on the remains of a carcass and evidence of eel
predation (Chandrasena et al., 1997). Four fish were eaten within the first two days while the
other fish were still intact, but they were eventually eaten by day 4. Video filming found no
evidence of scavengers at 10 m and 20 m depths but shrimp were seen in the vicinity. Fish at
these depths that did not float remained intact on the bottom of the lake. No bite or tear
marks were visible and the skin was still intact, but soft tissue had reduced and this was likely
caused by slow microbial activity (Elder and Smith, 1988, Schneider, 1998, Gab et al., 2020,
Wu et al., 2021).

Stratification of lakes will heavily influence carcass activity and movement, and this will
change seasonally. As the hypolimnion of many lakes is anoxic during summer it will prevent
access by scavengers such as crustaceans, eels and catfish (Elder and Smith, 1988). Artificially
destratified lakes like Prospect Reservoir do allow invertebrates and fish to potentially access
the carcasses at greater depths due to greater oxygen penetration, however based on the
acoustic data (Figure 6) and video surveillance they had little influence on the fate of carcasses

at 20m.
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Scavenging of dead fish

Freshwater catfish were seen feeding on one of the 5 m dead carcasses in Prospect Reservoir.
There were no sightings of eels feeding at Prospect Reservoir but long finned eels have been
seen feeding in other studies such as Botany wetlands in Sydney (Chandrasena et al., 1997,
Pinto et al., 2005). Eels do not have cutting teeth so most food is swallowed whole, however
they are able to feed on large prey or carrion (Jellyman, 2022) by tearing food by rotational
spinning (Jellyman, 1989, Greenhalgh, 1999). A carp removal project used netting to remove
carp and found eels were feeding on live and dead carp in the gill nets set by commercial
fishermen (Pinto et al., 2005). During that project, carp were found with only the head
remaining in the net due to scavenging by eels similar to fish tag 1083417. Eels feed by
accessing soft organs via the anus of the dead carp. This matched wounds on fish tag 1303370.
There was no sign of eel scavenging at the 20 m site suggesting the eels don’t frequent these
depths at the time of the study. This may be as increased hydrostatic pressure alters aerobic
metabolism inhibiting of oxidative phosphorylation, which induces modification of membrane
phospholipid composition, which has an energy cost associated, as seen in European eels
Anguilla anguilla (Sébert et al., 2009). Eels make up a large proportion of the biomass in
eastern drainage rivers and were plentiful enough for indigenous Australians to make fish
traps specifically for eels over 6000 years ago (Smith et al., 2019). These numbers would
mobilise and feed on the carp carcasses as they did in shallow lakes of Botany wetlands (Pinto

et al., 2005) but they would unlikely scavenge in deeper lakes below 10 m.

Drainages of the Murray-Darling Basin do not have eels but do other have other large
vertebrates like freshwater catfish, Murray cod and turtles (Rogers and Ralph, 2010). No
Murray cod were sighted feeding on carcasses in Prospect Reservoir, but it would be expected
they would feed on the common carp when they are in the final stages of the CyHV-3
infection, when loss of the osmoregulatory functions of the gills cause the carp to die (Michel
et al.,, 2010). However, it is uncertain whether Murray cod will feed on large dead carp.
Freshwater catfish and turtles are known detritus feeders (Clunie and Koehn, 2001, Santori et
al., 2020) and freshwater catfish were sited feeding on one of the carcasses during this study.
Scavenging of carcasses by the freshwater catfish are similar to findings from experiments in
North America with the Brown and Blackhead catfish Ameiurus nebulosus and Ameiurus
melas (Chidami and Amyot, 2008, Boros et al., 2020). This suggests freshwater catfish and

Murray cod could scavenge in western lakes though the lake survey data suggests they are
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unlikely to be found below 12 m (Figure 27). Trout and redfin were found at deeper depths,
but this is due to hunting behaviour which involves waiting in dim light at the bottom of the
open water light zone, to ambush shoals of smaller fish, and both are not known to be
scavengers (Greenhalgh, 1999). Freshwater shrimps were found at all depths. If there is high
biomass of large crustaceans like Macrobrachium shrimp and yabbies they could aid in the
rapid decomposition of the carcasses but this would only be in oxygenated waters above the

thermocline (Pascali et al., 2020).

Common carp that sink within the littoral zone will be accessible to scavenging by vertebrates
and invertebrates, and by trapping a portion of carcass-derived nutrients in their bodies, will
exclude access to primary producers in the short term (Boros et al., 2020). Due to stratification
of many lakes and the hypolimnion being anoxic, carp that sink to deeper parts of the lakes
will be consumed by microbes and decompose over a longer period of time. The resting place
of the carcasses will be important for determining where nutrients will be allocated, in the

hypolimnion or the epilimnion (Ozkundakci et al., 2011).

Terrestrial scavenger species were not targeted in this study but the interaction of the Swamp
Harrier with the floating fish near the 0.5-1 m treatment shows that terrestrial scavengers like
raptors and other mammals will have an important role with the carcasses when they float to
the surface (Orihuela-Torres et al., 2022). It is acknowledged that scavenging of carrion will
continue when the carp reach the surface and the shoreline (Redondo-Gémez et al., 2022).
Orihuela-Torres (2022) found the introduction dead carp carcasses on the shoreline of a
Spanish wetland were eaten by a variety of vertebrate species. These species included Red
fox Vulpes Vulpes, Wild boar Sus scrofa and the Brown rat Rattus norvegicus which are all
found in Australia (West, 2018) and other species such as Water Rat, Gulls, Magpies and
Eagles which have equivalent species in Australia (Simpson and Day, 1998, Van Dyck and

Strahan, 2008)

4.6 Conclusion

Field monitoring of carp fate at different depths revealed once the carcass had sunk to the
lake bottom interactions with large scavengers was limited to above 5 m, and beyond that
depth, microbes were the main driver of decomposition. Depth of the carcass in the lake was
significant in determining if it would resurface, with carcasses less likely to float from

microbial bloating with increased pressure at greater depths.
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These finds have a significant impact on any clean-up of carcasses post virus release or any
general fish kill. To confirm removal of the majority of carcasses, monitoring of the lake should
be done 2-3 days after the first carcasses are seen floating, and monitoring should continue
in lakes deeper than 5m for at least another 3 days, to collect any remaining carcasses that
float up from deeper depths. This will safeguard against carcass induced nutrient enrichment,

undesirable water quality and microbial responses.
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Chapter 5: Estimating Fish/Carp biomass in lakes and reservoirs:
Evaluation of DIDSON transects as a rapid biomass estimation
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5.1 Abstract

Estimating biomass of fish and species composition is important in determining the state of
aquatic ecosystems. Common carp Cyprinus carpio biomass in Australian water bodies is often
measured as indicator of the health of ecosystem with high biomass seen as a poor outcome.
Also the mass mortality from a cyprinid herpesvirus 3 could pose a significant risk to the
ecosystem in areas with carp biomass. The aim of this study was to evaluate the utility of
Dual-Frequency ldentification Sonar (DIDSON) transects as a rapid fish biomass estimation
method. Specifically, this study compared the biomass of large bodied fusiform fish like
common carp in lakes. Line transect methodologies and spatial mapping techniques were
employed in lakes of south-eastern Australia to determine approximate biomass of fish.
DIDSON proved to be an effective hydroacoustic technique to determine carp biomass within
water storage reservoirs and lakes. Lake size and depth were compared to biomass to
determine if they influenced biomass of fusiform fish. Results indicated shallow lakes had a
higher biomass of common carp compared to larger deeper lakes. This is important in
determining water bodies which will be at a higher risk of water quality issues if there is a fish

kill.
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5.2 Introduction

Common carp were first introduced into Australia in the mid 1800’s though remained
relatively contained until the introduction of the ‘Boolara’ strain in the 1960’s. They are now
widely established throughout the Murray Darling Basin and many reservoirs and lakes of
south eastern Australia (DPI, 2010, Gilligan et al., 2010, Koehn et al., 2020). Common carp
biomass has been estimated at 80% of the total fish biomass in many waterways of south-
east Australia (Harris and Gehrke, 1997) and can achieve biomasses as high as 3144 kg ha™*
(Harris and Gehrke, 1997). Within Australia and elsewhere throughout the world it has been
demonstrated that carp impact upon numerous aspects of aquatic ecosystem health,
including water quality and biodiversity values (Matsuzaki et al., 2009, Weber and Brown,
2009, Bajer and Sorensen, 2015, Weber and Brown, 2016). They are now considered a major
pest species with significant impacts on the ecosystem (Koehn et al., 2018, Stuart and
Conallin, 2018). To reduce abundances of common carp within Australian waterways the
release of Cyprinid Herpesvirus-3 (CyHV-3) has been proposed as a biological control (NCCP
2022). CyHV-3 is a highly contagious viral disease that causes significant mortality in all forms

and subspecies of Cyprinus carpio, (Hedrick et al., 2006).

Methods for surveying fish biomass in lakes include towed video cameras (TVC) (Lauth et al.,
2004) and hydroacoustic sensing equipment (Djemali et al., 2009, Lian et al., 2018). TVC can
provide qualitative and quantitative assessment but the accuracy of the field of view is highly
dependent upon turbidity. Many shallow lakes in Australia can be highly turbid if there is a
large biomass of common carp (Roberts et al., 1995), plus the cryptic behaviour of fish would
mean that in clearer water fish may flee before the camera records their presence (Li et al.,
2020). Hydroacoustic sensing equipment includes single beam, multi beam and sidescan
sonar systems (Moursund et al., 2003, Boswell et al., 2007, Guillard and Verges, 2007, Liu et
al., 2023). DPI Fisheries trialed a biomass estimation method using a Biosonic hydroacoustic
sounder (BHS), to determine size class and biomass in recreational lakes (DPI, 2021). These
systems may have issues in very shallow sections of lakes (Girard et al., 2020, Baran et al.,
2021) making it unsuitable for determining carp biomass given their preference for shallow

edges of lakes (Bajer et al., 2011, Crichigno et al., 2016).

Dual-frequency Identification Sonar (DIDSON, Sound Metrics, Bellevue, WA, USA) is an

underwater acoustic camera providing real time video imagery that can be recorded for later
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analysis. It is used in fisheries research for observations of fish behaviour, estimates of fish
abundances and fish size due to its ability to identify fish in turbid or dark water as well as
high clarity systems (Moursund et al., 2003, Baumgartner et al., 2006, SOUNDMETRICS, 2008,
Boys et al., 2013, Martignac et al., 2015).

Fish community structure is an indicator of the ecological status of water bodies (Karr, 1981)
and comparisons of fish community structure among water bodies, or among years are
indicative of the ecological status or ecological changes (De Leeuw et al., 2003). Fish biomass
is a characteristic often associated with the productivity of a system (Hanson and Leggett,
1982) and an increase in biomass can be sometimes linked to fish diversity (Samarasin et al.,
2015). However, biomass can also be influenced by distribution of species abundance and
the environment, not just species richness and associated with fish assemblages dominated
by a few generalist species of a high trophic level, who are able to exploit both the benthic

and pelagic energy pathway (Maureaud et al., 2019).

Understanding the biomass of carp in lakes and reservoirs is crucial in determining the impact
a virus induced fish kill would have on water quality and ecosystem function. Pera et al. (2021)
found that a large biomass of dead carp over 250 kg ha could have severe negative effects
on water quality. The NCCP developed a model-based approach to provide an estimate of
carp abundance, biomass and density at basin and continental scales (Stuart et al., 2021).
Stuart et al. (2021) used long-term electrofishing data to estimate carp biomass. Due to the
coarse spatial modelling, extrapolating estimates from the modelled data to a specific lake
without any historic survey data can be imprecise. Given fish biomass can vary spatially
between lakes (Koehn et al., 2016), and temporally within lakes due to fluctuations in water
levels and population dynamics, finer scale resolution of carp densities is required. Traditional
fish survey techniques using netting and electrofishing are labour intensive and require
specifically trained personnel. A rapid assessment method that can be conducted without
highly qualified staff would be of high value, particularly in drinking water reservoirs that can
have fluctuating water levels. The use of DIDSON in this study for the rapid assessment of fish
biomass is a novel hydroacoustic technique, as most prior applications were involved in fish

behaviour and migration studies (Baumgartner et al., 2006, Boys et al., 2011).

This study designed and assessed a rapid survey method and to measure low (<200kg/ha),

moderate (200-400kg/ha) and high (>400kg/ha) levels of fish biomass and density using
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common carp as a case study species. The primary objective of this study is to compare and
validate the DIDSON transect method (DTM) as a rapid biomass survey method that is
accurate enough to determine biomass levels. Within the context of the NCCP and proposed
release of CyHV-3 in Australia, this survey method would help identify reservoirs that are of
high risk of water quality issues from mass fish kills. Furthermore, trying to determine if

biomass and lake size changes the risk profile of a carp herpes virus induced fish kill

5.3 Materials and Methods

Study location

The study area incorporated drinking water lakes and smaller lakes within NSW and the
Australian Capital Territory (ACT) from varying catchments and altitudes from 8 m to 660 m
above sea level (Figure 28). The drinking water storages were; Prospect Reservoir (Georges
River catchment), Wingecarribee Reservoir, Fitzroy Falls Reservoir and Lake Burragorang
(Hawkesbury-Nepean catchment). Several smaller lakes such Upper Stranger Pond, Lake
Isabella (Murrumbidgee catchment), Plumpton Pond (Hawkesbury-Nepean catchment),
Wattle Grove Lake and Lake Gillawarna (Georges River catchment) were included. Lakes were

chosen based on historical records of carp being present at difference densities.

Prospect, Wingecarribee, Fitzroy Falls and Lake Burragorang are part of Sydney’s drinking
water catchment. These reservoirs can vary in storage volume depending on water demand
and rainfall. Lake Burragorang is the largest at 7500 ha with a maximum depth of 90 m and
forms up to 80% of Sydney’s drinking water supply (Beasley, 1988). Although much smaller
reservoirs such as Wingecarribee 625 ha with maximum depth 9 m deep and Fitzroy Falls 522
ha with a maximum depth of 6 m, form a crucial chain for water transfers from the Shoalhaven
Scheme via a network of rivers, pipes and canals to the Nepean catchment (Beasley, 1988).
Prospect Reservoir 525 ha with a maximum depth of 21 m is located close to the geographical
centre of Sydney and for many years was the final stop of the distribution network (Beasley,
1988). It now acts as a backup reservoir for adjustment of water quality and quantity before

entering the main water treatment plant at Prospect. These lakes all form part of Sydney
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water drinking water storage and as such are monitored to comply with Australian drinking

water guidelines (ADWG, 2011).

Two lakes were sampled within the Murrumbidgee catchment of the Murray-Darling Basin.
These included Lake Isabella and Upper Stranger Pond which are small with a surface area of

4.4 ha with a maximum depth of 4 m, and 5 ha with a maximum depth of 2 m respectively.

Plumpton Pond, Wattle Grove Lake and Lake Gillawarna are all within Greater Sydney. These
artificial lakes where primarily designed for storm water retention and to enhance green
space in highly urban environments. They are the smallest of lakes in this study ranging in
area and depth from Plumpton Lake at 0.6 ha and 2 m maximum depth, Lake Gillawarna 1.6

ha and maximum 2 m depth and Wattle Grove Lake 2.6 ha and a maximum depth 2 m.

§ Plumpton Park
? Prospect

| Sydney
Lake Burragorang . .o Gillawarna
" Wattle Grove
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Isabella §,
<) " Upper Stranger

Figure 28 Locations of lakes examined for fish biomass estimates.
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200 kHz sonar & 800 kHz downscan sonar

Hydroacoustic georeferenced line transect data was collected with a Lowrance HDS7 Gen3
GPS integrated echo-sounder with a total-scan transducer. At each site, sonar recordings
were collected. A track was recorded during each transect and displayed on the Lowrance
head-unit in ‘split screen mode’ to assist with transect spacing. Mapping was conducted with
different boats depending on lake size. A flat bottom v punt (4.8 m long) was used for smaller
lakes (Plumpton, Gillawarna and Wattle Grove) and a Stacer (5.5 m long) v hull for the larger
lakes (Burragorang, Prospect, Wingecarribee and Fitzroy Falls), both with a transom mounted
transducer. A flat bottom punt (3.3 m long) was used for Isabella Pond. Sonar logs were
recorded at a consistent speed of 1-2 knot using an outboard petrol engine. The sonar
recordings were logged at a rate of 15 to 20 data signals s™* at 200 kHz with a 208-beam angle;
800 kHz downscan imagery was simultaneously recorded. The sounder display was monitored
to ensure the unit was detecting bottom and producing a clear reading. Start and end times
were recorded along the transect. Manual processing of the georeferenced 200 kHz sonar
and 800 kHz downscan sonar was performed in ‘ReefMaster Sonar Viewer’ version 1.0.36.0

software package (https://reefmaster.com.au/).

800 kHz sidescan sonar

During each transect, sidescan imagery was simultaneously recorded using the same
Lowrance HDS7 Gen3 GPS integrated echosounder with a total-scan transducer. Sidescan
sonar imagery was collected at 800 kHz with a range of 2-3 times the water depth. The
outermost transect was conducted in a direction to ensure the transom mounted sidescan
transducer had a clear view towards the bank, without the outboard motor leg blocking the
sonar signal. Although unable to detect fish, the system was used as reference and to

determine if there were any anomalies detected by the DIDSON.

DIDSON Transect Method (DTM)

During each transect a gunnel mounted forward facing DIDSON collected aquatic bathymetry

imagery. The DIDSON was submerged 0.2-0.3 m below the water surface and aimed
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downwards at an angle of between 10-40 degrees from horizontal depending upon water
depth (a larger angle was used during deeper transects). DIDSON recordings were
synchronised with the sonar recordings allowing for standardisation when comparing each of
the methods. The DIDSON data was collected at 1.8 MHz (high-frequency mode) with a
window start of 2.5 m, maximum range of 12 m and frame rate of 7 FPS. The DIDSON imagery
was analysed using a line transect methodology. Each fish that was observed from the
DIDSON footage was recorded and length measured using the measuring tool within the
DIDSON softwareV5 26.06 (Figure 29). Using the measure tool, a box is drawn around the fish
to determine the approximate length. Length would be estimated using the length, height or
diagonal of the box depending on the orientation of the fish. To determine variability within
the measurement of a fish, a sample fish was measured multiple times (4) as it moved across

the viewing screen. A standard deviation was calculated from the mean (CL95%).

Figure 29. Boxed fish with distance from sonar and length, height and diagonal of box.

Weight was determined from existing length-weight relationships (NSW Fisheries

unpublished data) (Figure 30).
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Figure 30. Historical common carp weight and length data from DPI fisheries data.

It was not possible to identify all species of fish from DIDSON footage however certain fish
shapes such as eel Anguilla reinhardtii or A. australis and freshwater catfish Tandanus
tandanus were easier to determine. Eels and catfish fish were distinguishable due to their
swimming motion and their rounded tails. Fish were categorized as either eel Anguilla
reinhardtii or A. australis, freshwater catfish Tandanus tandanus or unknown fusiform (bullet
or torpedo shape (Blake, 2004). Unknown fusiform fish species were all grouped together,
200 mm in length or greater would include cyprinids (common carp and goldfish Carassius
auratus), percichthyids (Australian bass Percalates novemaculeata and Murray cod
Maccullochella peelii), salmonids (brown trout Sa/mo trutta and rainbow trout Oncorhynchus
mykiss) and terapontids (silver perch Bidyanus bidyanus). Depending on the water body and
based on previous electrofishing surveys, species other than carp would be combined in an
overall biomass of fusiform fish. The electrofishing surveys biomass of common carp
percentage of total fish biomass would be used to calculate common carp biomass from the

DTM.

Transects covered a range of habitats relative to their abundance within the lake to provide
a representative estimate. These habitats included soft and rocky substrates, macrophyte
beds, in lake structures as well as shallow and deeper parts of the lake. In deeper lakes

approximately 50% of the transects would be performed in water deeper than 4m.
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Validating methodology

To validate estimates of biomass, the DTM was compared with other techniques in Lake
Gillawarna and Lake Burragorang. Two water bodies were sampled in conjunction with the
NCCP biomass estimates in lakes and reservoirs (Stuart et al., 2021). The NCCP study chose
two methods in shallow lakes (Gillawarna <4 m), with carp abundance estimated through a
depletion method and mark-recapture data. The density and biomass estimates per hectare
are compared to the catch per unit sampling effort for the standardised sampling technique
used by the Sustainable Rivers Audit (SRA) for electrofishing (MDBC, 2004) to provide a
correction factor. In deep lakes like Lake Burragorang (>4 m) the study used a depth utilisation

model (Stuart et al., 2021).

The DTM was performed within 24 hr prior to the depletion and mark-recapture assessment.
To assess the effectiveness of the DTM it was performed in Upper Stranger Lake before it was
drained and the absolute number of carp present in the pond were counted. Likewise, in
Plumpton Lake the DTM was carried out before carp removal was done by the local council.
To compare the actual biomass removed from lakes to transects recorded in the field, carp
biomass would be considered low if below 200 kg ha, moderate between 200-400 kg ha’,
high between 400 kg ha* and above. This was based on observed impacts on dissolved oxygen

from a fish kill at those biomasses (Pera et al., 2021).
Relationship between lake size and common carp biomass

Lakes would be assessed on risk of a virus caused common carp fish kill once biomass is
known. This would be based on the relationship of increasing biomass and the dissolved
oxygen consumption data from Chapter 2 (Figure 3 and Figure 4). The data showed common

carp carcass biomass over 250 kg ha resulted in all the oxygen being consumed.
Statistical analysis

The relationship between DTM carp biomass and other biomass methodologies was analysed
by linear correlation. Biomass of carp and depth and surface area of lake were analysed by
non-linear correlation. Where a significant correlation was found, the relationship was

defined using linear regression after first checking residuals plots to ensure the data met the
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relevant assumptions. Error bars plotted on graphs represent standard error of the mean

(SEM). GraphPad Prism 5 was used to perform the linear regressions and create graphs.

5.4 Results

Biomass Validation methodology

The comparison of DTM to other methods for determining biomass, including depth
utilisation, depletion mark recapture and removal and weighing common carp had a linear

regression relationship Y=0.004738X - 0.3986 and r?=0.98 (Figure 31).
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Figure 31. Linear relationship of DTM biomass to other biomass calculation methods including

1) Depth utilisation, 2) Depletion mark recapture, 3) Removal and weighing.

Low biomass <200kg/ha

In Lake Burragorang Stuart et al. (2021) used the depth utilisation model to estimate
biomass/density. Stuart et al. (2021) found that mean carp biomass was 57 kg/ha while the
DTM survey calculated fusiform fish biomass was 97kg ha. Fish surveys by DPI found five
fusiform fish species in the lake, namely Common Carp, Silver Perch, Australian Bass, Brown

and Rainbow Trout. Based on the presence of other fusiform fish and carp making up 91% of
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total electrofished fish biomass, it would equate to 88 kg ha™ of carp in Lake Burragorang.

Both methods assessed the biomass of carp as ‘low’ (<200kg ha?).

Moderate biomass 200-400 kg ha*

Isabella Pond was drained and all carp were weighed by ACT Environment, Planning and
Sustainable Development Directorate as part of their rehabilitation of the pond (ACT
Environment, 2018). Based on the surface area of 4.4 ha of the pond at 100% capacity,
biomass was calculated at 250 kg hal. At the time of the DTM survey the lake was in the
process of being drawn down. The approximate surface area was 3 ha, based on the reduction
in surface area would equate to a biomass of 367 kg ha™. The DTM survey calculated fusiform
fish biomass was 397kg ha* (Figure 32). Fish surveys by ACT Environment, Planning and
Sustainable Development Directorate found the only fusiform fish in the lake was common
carp (ACT Environment, 2018). Both methods had moderate estimates for carp in Upper

Stranger Pond.

High biomass >400 kg ha

At Lake Gillawarna the depletion experiment conducted by Stuart et al. (2021) estimated the
carp biomass at 1000 kg ha* while the DTM survey calculated it at 956 kg ha™’. Electrofishing
surveys conducted on the lake by Stuart et al. (2021) found the only fusiform fish in the lake
was common carp. Both methods both had high biomass estimates for Lake Gillawarna

(Figure 32).

The Plumpton Lake DTM survey calculated the biomass of common carp to be 923 kg ha™.
Carp removal from the lake via electrofishing for three days estimated a total of 786 kg ha
present. Both methods had high biomass estimates for Plumpton Lake (Figure 32).
Electrofishing surveys showed the only fusiform fish in the lake was common carp in both

lakes.
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Figure 32. Estimates of biomass by various methods. DTM (CL95%) compared to NCCP depth
utilisation at Lake Burragorang (CL95%), Lake Gillawarna depletion mark recapture (CL95%),
and removal of carp from Plumpton Lake via electrofishing (Approx. 80-90% carp weighed)

and draining of Isabella Pond(100% of carp weighed).

Biomass survey of lakes

A total of eight lakes were surveyed using the DTM. Data from Upper Stranger Pond is from
weighed fish from the drained lake. Biomass of carp within lakes varied from the lowest at
Fitzroy Falls Reservoir, which had a biomass of 48 kg ha'?, with the highest Lake Gillawarna at
1002 kg ha* (Figure 5). Smaller lakes from 0.5 to 5 ha in surface area had a high biomass of
carp, greater than 500 kg ha, with the exception being Upper Stranger Pond (4.4 ha), which
had carp biomass in the moderate range of 250 kg ha* (Figure 32). Isabella Pond differed from
the other small ponds as it had a maximum depth of 4 m while the others ranged from 1.5-2

m.

The larger lakes with depth greater than 6 m all had low carp biomass ranging from 48 kg ha

! to 147 kgha (Figure 33).
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Figure 33. Biomass of lakes using DTM (CL95%). Upper Stranger and Isabella are actual

biomass from a drained lake.
Common carp biomass and maximum lake depth

Common carp biomass (kg/ha) was plotted as a function of maximum lake depth. A nonlinear

exponential growth equation was fitted to the data and provided the best fit.
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Figure 34. Common carp biomass in kg/ha as a function of maximum lake depth
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5.5 Discussion

The DTM survey was developed as a rapid method for determining carp biomass in lakes. Its
main purpose was to determine if lakes had low (0-200 kg ha'), moderate (200-400 kg ha™)
or high (>400 kg ha!) biomass of common carp. Comparisons from four lakes with different
biomass levels showed the method to be precise enough for that assessment (Figure 32) and
with further development could be more accurate at determining fish species with

improvements in the DIDSON models.
Comparing DTM to other biomass methods

To estimate fish biomass, there are three methods available in the deeper lakes, the DTM,
depth utilisation and the BHS. Depth utilisation involves netting and electrofishing and
typically involves setting and retrieving nets over multiple days and 2-3 staff. However, a
benefit of this method, is that it provides information on species composition and relative
abundances. This is not possible with the BHS or the DTM as absolute species differentiation
is not possible. The DTM is limited due to resolution of images, but can be used to
differentiate fish with different body types and/or modes of swimming i.e. eels vs perch
species. The BHS will work at depths from 0.5 m down to 2000 m, whereas the DTM was best
suited to <6 m deep, but could theoretically reach down to 12 m, thus, leaving large areas of
deep lakes not surveyed. However, it is effective in the littoral zone where the largest
proportion of common carp are found (Bajer et al., 2011) and differential habitat utilisation
by carp in deep storages showed a strong preference for relatively shallow water with a catch
per unit effort (CPUE) decline between 2 and 6 m of 61.9% and a 86% decline at 12 m (Stuart
et al., 2021). In shallow lakes an electrofishing catch per unit sampling effort can be used as

well as the DTM and the BHS.

The main advantage of the DTM is in reducing staff time spent in the field and staff knowledge
requirements of fish handling and identification when compared to electrofishing catch per
unit sampling effort and depth utilisation. The DTM is able to give sufficient information on
the biomass of common carp, allowing water managers to be able to assess the risks of a virus

induced fish kill.
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Biomass of common carp vs lake size

Data from the surveys showed that smaller shallower lakes had a greater biomass than deeper
larger lakes (Figure 33). Furthermore, maximum lake depth showed a relationship with carp
biomass (Figure 34). This may be due to; 1) Shallow lakes as a percentage have a larger littoral
zone (Jeppesen et al., 1997, Noges, 2009) so would be relatively more productive than deeper
lakes (Howard-Williams and Lenton, 1975); 2) turbidity from carp in high numbers (Zambrano
et al., 2001, Weber and Brown, 2009) would offer protection to juvenile carp from predators
(Richardson et al., 1995, Mutethya and Yongo, 2021) and; 3) the shallow lakes surveyed did
not have predatory fish such as Australian bass or Murray cod that could moderate common

carp abundances (Koehn, 2004).

My study shows that a virus related common carp fish kill in shallow small lakes is at more
risk of water quality issues than larger deeper lakes (Pera et al., 2021). In small shallow lakes
the fish would die, sink to the bottom and resurface the next day (Chapter 4). At the estimates
of common carp densities gained from this study it is likely that if fish are not removed from
smaller lakes the decomposition of the dead common carp could result in hypoxic conditions
throughout the lake potentially killing other fish species and invertebrates (Kushlan, 1974,
Science, 2019, Pera et al.,, 2021, Sheldon et al., 2022).

Biomass estimates of common carp in larger deeper lakes ranged from 48—-148 kg ha™* (Figure
33). At these levels hypoxia as a result of virus-related common carp fish kill would likely not
occur (Pera et al., 2021). However, these biomass levels were based on the lakes at full
storage and will differ when lakes are considerably lower in volume. Many regional lakes vary
in level, based on demand from water intensive primary industries and changes in inflow
volumes (Austin et al., 2020, Colloff and Pittock, 2022). Lake levels during the last drought fell
to between 2 and 14% (Doyle, 2019, Drevikovsky, 2020, Environment, 2022). Based on such a
large drop in lake surface area this would concentrate the number of common carp to a level
that would have implications to water quality if there were a common carp fish kill. This
concentration of common carp would change the biomass per hectare from levels with
minimal water quality changes to levels which could cause lake wide hypoxia (Pera et al.,
2021). Determination of risk using littoral zone ratio versus lake surface area, could be useful

in estimating biomass of a lake at full storage and then determining what happens when lakes
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are drawn down to determine effective new biomass and implication to the release of the

virus of a fish kill in that storage.

A national estimate of carp biomass for MDB was done by the NCCP, using historic CPUE
electrofishing data but the precision of the biomass estimates was broad (Stuart et al., 2021).
Impact from structures such as weirs means on only 40-50% of the MDB’s main stem rivers
remain free flowing (Koehn et al., 2020). Given the diminished effectiveness of boat-
electrofishing expected at water depths > 3 m (Reid et al., 2021), the DTM survey offers a
method that could validate or more accurately assess areas above weirs where historic

electrofishing data was used.

The DTM survey prior to introduction of the virus, or in areas where poor water quality from
a combination of higher temperatures and high algal biomass, would give water managers a
better knowledge of the oxygen demand in that system. This would also be beneficial in areas
where there have been numerous fish kills such as the Darling River (Sheldon et al., 2022,
Durrant-Whyte, 2023) by being able to assess the remaining fish community without the

added stress of more tradition techniques such as electrofishing or netting.

5.6 Conclusions

The study found the DTM survey offers a quick, easily repeatable, consistent and cost-
effective method for determining fish biomass in lakes, particularly in shallow lakes <4 m
deep. It also determined that small lakes had a high biomass of between 500-1000 kg ha™ of
common carp. If a CyHV-3 fish kill occurred in these small lakes it could have catastrophic
implications to water quality and the ecosystems. Larger lakes had common carp biomasses
of between 45-140 kg ha* and are unlikely to have major water quality and ecological issues
from a CyHV-3 fish kill. An understanding of common carp biomass within individual lakes

will provide insight to the risk of water quality issues associated with a CyHV-3 related mass

kill.
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Chapter 6: General discussion

This thesis examined the influence of fish kills of common carp on lakes such as from a species-
specific virus induced fish kill. Manipulative field mesocosm experiments were carried out to
examine the possible implications of a CyHV-3 fish kill on water quality, nutrients and algal
growth as well as microbial community structure and pathogens. Monitoring studies were
also conducted to characterise carcass movement throughout the lake depth profile and
better understand the fate of dead fish and potential interactions with scavengers. Finally,
surveys of carp biomass in lakes were conducted to better understand biomass as a function
of lake area and then related this to risk from a CyHV-3 fish kill. Collectively, these studies
provide insights into the effects of a CyHV-3 fish kill may have in lakes, the fate of the carcasses

and the risks in different sized lakes.

6.1 Dissolved oxygen response to dead carp input

Chapter 2 and 3 showed the changes in dissolved oxygen from the input of different amounts
of common carp carcasses. The mesocosm experiment showed that at levels above 500 kg
ha! the dissolved oxygen concentration went to zero and at 250 kg ha! levels dropped to 3-
4 mg L', Most aquatic plants and animals require oxygen above 5 mg L to survive (Bozorg-
Haddad et al., 2021). Juvenile Australian native fish have some ability to survive long-term
hypoxic conditions in the range of 3-4 mg L' (Gilmore et al., 2019) and short term levels up
to 48 hrs at ranges from 2.4 — 3.3 mg L'! depending on the species (Small et al., 2014). The
ability of native fish to cope with hypoxic conditions may also be reduced by anthropogenic
activities in the Murray-Darling Basin (MBD) such as eutrophication and consequent algal
growth from excess runoff of nutrients (nitrogen and phosphorus) into local waterways
(Thorburn et al., 2003, Jenny et al., 2016, Isaza et al., 2021). Extremely low to zero DO levels
continued for between 4- 14 days for higher carp biomass treatments and in some treatments
diel fluctuations from 35 - 200% saturation present a challenge to aquatic life (Andersen et

al., 2017) .

A CyHV-3 species specific fish kill in small shallow lakes or large lakes at low lake levels has
the potential of creating hypoxic conditions for multiple days. Biomass of common carp and
lake depth are important as they influence the extent and severity of the oxygen demand

from the carcasses. Much of the MBD has been modified into a series of long deep weir pools
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(Whitworth et al., 2012, Beavis et al., 2023) and these weir pools pose significant impact to
fish migration and the ability of fish to escape adverse conditions. These pools are ideal
conditions for thermal stratification and act like long thin lakes (Tekile et al., 2015, Science,
2019, Beavis et al., 2023) and in low flow conditions stratification can leave a very shallow
epilimnion (Sheldon et al., 2022). These sections of the river will be at high risk of fish kills due
to prevailing conditions and a CyHV-3 release could trigger a larger fish kill due to increase

dissolved oxygen demand (Davie and Pera, 2021, Ellis et al., 2022, Sheldon et al., 2022).

6.2 Phytoplankton changes in response to dead carp

Chapter two examined phytoplankton response to different biomass of carp carcasses. The
field based mesocosm showed the algal biomass response as chlorophyll a had a linear
correlation with carcass biomass as was the case for nitrogen and phosphorus concentrations.
There was a trend towards picoplankton dominating in high biomass treatments and this may
be due to high levels of nutrients that supported small algal cell growth due to competitive
advantage due to greater surface area to volume ratio (Hillebrand et al., 2022). It is also
possible that allelopathic effects of macrophytes in Prospect Reservoir may be inhibiting
certain algal species from growing (Mohamed, 2017, Colville and Rohlfs, 2019, Maredova et
al., 2021). The experiment was done at a relatively low salinity of 200 uS cm™ and low turbidity
<5 NTU with a small relatively natural catchment (Pera, 2020). The large response by
phytoplankton to the common carp fish kill should pose a significant warning to other areas
in Australia with large carp numbers. Recent estimates of common carp biomass across the
MDB suggest large parts of the river system and water bodies have biomass levels (Stuart et

al., 2021) which would promote significant phytoplankton growth (Pera et al., 2021).

The MDB is a significantly altered catchment (Barrett and Ansell, 2003, Leblanc et al., 2012).
The MDB has salinity levels varying from 45- 6000 uS cm™ (Jolly et al., 2001, Hart et al., 2020).
Increased salinity can favour toxic algal species and exacerbate fish kills (Free et al., 2023,
Sobieraj and Metelski, 2023). In 2022 the Oder river in Poland experienced a fish kill along
hundreds of kilometres which was driven by toxic golden algal species Prymnesium parvum,
the bloom forming due to hydrological conditions (low water levels and low flows) and
atmospheric conditions (high temperatures, lack of precipitation) (Absalon et al., 2023). It
caused the mass extinction of fish along the middle and lower section of the river (Free et al.,

2023). This an example of the collapse of an ecosystem when high nutrient loads enter into
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waterways that are already stressed with climatic extremes. As large sections of the MBD
have been modelled to have biomass levels of carp exceeding 250 kg ha™! (Stuart et al., 2021),
given the high oxygen consumption of carcasses from chapter 2 and Pera et al., (2021), large
sections of the MDB would be at risk of aquatic ecosystem collapse (Marshall et al., 2018,

Steward et al., 2019).

The variation in water quality in the MDB may see phytoplankton respond differently to fish
kills depending the location (i.e. Darling River vs the Murray River). The Darling River upstream
of weir 32 near the town of Menindee is known as a eutrophic section of the river and has a
history of cyanobacterial blooms (Mitrovic et al., 2011, Science, 2019, Sheldon et al., 2022).
In March of 2023 low oxygen levels were caused by more than a million fish dying (Loughran
et al., 2023). The majority of the fish were not removed and the carcasses were allowed to
sink to the bottom of the river. Three months later in July 2023 at the water quality sampling
site Talyawalka at Menindee-Pooncarie Road, there was potentially toxic cyanobacterial
count of 24,818,333 cells mL! , and sites stretching 200 km downstream with toxic count
cyanobacterial above 400,000 cells mL' (WaterNSW, 2023). Typically, those downstream
sites in June have toxic count cyanobacterial counts between 0-2,000 cells mL™'. The July 2023
result represents a 200 fold increase on a typical winter counts. These results on the Darling
River show that the microbial response to a large fish kill may go beyond the month of the
mesocosm experiment. The flow condition in rivers will contribute to the toxic phytoplankton

response post CyHV-3 release and in particular flows when the fish kills happen.

Increase in average daily summer temperatures and reductions in flows during drought will
also favour more stratified environments in rivers and lakes (Mitrovic et al., 2003, Carey et
al., 2012). The likely increase in primary productivity from the CyHV-3 common carp fish kill
will reduce light penetration and create a deeper anoxic hypolimnion (Ficke et al., 2007,
Zastepa et al., 2023). This will reduce habitable zones for aerobic aquatic life such as fish, and
lead to an environment similar to Weir 32 weir pool on the Darling River near Menindee that

led to 3 fish kill events (Science, 2019, Vertessy et al., 2019, Sheldon et al., 2022).

Based on the timing of the release of CyHV-3 the outcome to non-target aquatic biota could
vary significantly. A low flow, high temperature scenario is likely to pose the most significant
risk to non-target aquatic biota in both lakes and rivers. Monitoring of temperature, dissolved

oxygen and flow will be critical in preventing non-target species from being impacted.
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6.3 Bacterial responses to dead carp input

Chapter 3 showed high carcass biomass overshadowed the complex interactions in lakes
between autotrophs (autotrophic phytoplankton) and heterotrophic bacteria and
mixotrophic phytoplankton. It reversed the normal lake resource model for bacterial growth
in low nutrient environments (Wang et al., 2007, Edwards, 2019). Instead, without any
stoichiometric constraints bacteria shifted from signature lake bacterial groups to
copiotrophs and anaerobic bacteria such as Clostridium and E. Coli. This was shown to be a
response to the higher available organic carbon and nutrients from the carp carcasses. The
increases in available nutrients allowed aerobic bacteria to bloom causing oxygen levels to
reduce and then favour anaerobic bacteria. The study site at Prospect reservoir is considered
an oligotrophic environment, however the resulting dominant bacteria post fish
decomposition would be difficult to predict in other mesotrophic and eutrophic reservoirs.
These microbial shifts will potentially alter nutrient cycling, which would impact system
productivity and trophic state (Sagova-Mareckova et al., 2021, Baumann et al.,, 2022).
Depending on the environmental conditions prior to a fish kill, it may lead to different
microbial shifts and potentially multiple microbial pathogenic or toxic cyanobacterial
responses (Killberg-Thoreson et al., 2014, Carney et al., 2015, Sheldon et al., 2022, Free et al.,
2023). However, it would be reasonable to presume that the increase in nutrients and organic
carbon would again shift to bacterial groups such as copiotrophs and anaerobic bacteria. The
anoxic environment caused by bacterial decomposition will also impact on other aquatic life
if dissolved oxygen levels to fall below 4 mg L (Gilmore et al., 2019, Bozorg-Haddad et al.,

2021).

6.4 End fate of carcasses and interactions with scavengers

Chapter 4 examined the fate of carp carcasses in lakes at different depths. It highlighted the
importance of where the carcasses sink to, or deaths occur. In the carcasses at lower depths,
it was less likely they would float back to the surface and also the less likely there would be
interactions with scavengers. Carcasses which sank in shallow water (< 5 m) were more likely

to be scavenged while ones that weren’t scavenged were more likely to float to the surface.

Potential aquatic scavengers of the eastern and western draining rivers and lakes are eels and

freshwater catfish. However, the biomass of these are only a tenth of the biomass of common
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carp carcasses, and it is likely they would be overwhelmed with the amount of carcass
available. The carcasses that float to the surface would be accessible to land and avian
scavengers such as seagulls and raptors, but the Menindee fish kills 2018-19 (Sheldon et al.,
2022) and 2023 fish kill did not see large scale migration of theses scavengers although there
were some seagulls (Williams and Schulz, 2023). With the drop in dissolved oxygen these fish
kills impacted the whole of the aquatic biota including large aquatic scavengers and included
crustaceans (Williams and Schulz, 2023). The western drainage has potentially higher biomass
of yabbies (Mills and McCloud, 1983, Sang et al., 2011, McCormack, 2014) which will aid in
the breakdown of carcasses but only if the dissolved oxygen levels remain high enough for
them to survive. If there is anoxia in the system there would be no scavenging of the carcasses
by large teleost scavengers such as eels and freshwater catfish, or small invertebrate

scavengers as they would not survive the anoxic conditions.

A clean up the carcasses would be the best response post fish kill. It would remove potential
nutrients and prevent fueling microbial blooms (Pera et al., 2021). Based on the data most of
the carcasses that would resurface would do so by 4 days (Figure 25). In lakes less than 3 m
in depth a cleanup could remove 100% of carcasses and at least 50% in lakes 10 m or deeper.
This data should be taken into consideration for other types of fish kills. Large fishkills such as
the 2018-19 and 2023 Darling River near Menindee, Australia (Sheldon et al., 2022) and Oder
River in Poland (Absalon et al., 2023, Sobieraj and Metelski, 2023).

6.5 Lake size and carp biomass

Chapter 5 looked at the biomass of common carp in relation to lake size. Both surface area
and depth play a role in determining the number of common carp in lakes (Stuart et al., 2021).
In my surveys, It found shallow lakes with a maximum depth of 2 m had significantly higher
biomass of common carp. The levels of the common carp in these lakes would be considered
a high risk of catastrophic water quality impacts if 80% or more of the carp were to die from
a CyHV-3 release. Decomposition of the common carp would cause near zero oxygen levels
for days (Pera et al., 2021). Generally, common carp biomass is calculated based on surface
area not volume (Gilligan et al., 2010, Stuart, 2019). Larger lakes deeper than 6 m, based on
increased volume to surface are ratio (Tilzer, 1990), had biomass levels of carp that would not
cause oxygen depletion to levels that would impact other aquatic fauna. However, carcasses

that sink below the thermocline are less likely to rise (Chapter 4) and may become an energy
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source for hypolimnial bacteria, with potential effects on aquatic carbon and nutrient cycling.
Many of the western lakes in NSW have a primary role of irrigation water supply (Kingsford,
2000) and levels can vary quickly and dramatically. Lake Burrendong capacity varied from 5%
to 130% in two years (Thackray, 2022). Based on a biomass of 100 kg ha™ at full storage at 5%
storage volume the estimated biomass of carp would be 1500 kg ha™'. This illustrates that
even large lakes, dependent on storage volume, can have biomass levels considered a high
risk of a catastrophic water quality impact. Rivers can also experience reduced or zero flows
that can lead to only refuge pools remaining (Rohlfs et al., 2021). This would lead to a

concentration of fish in the refuge pools with high biomass levels and stressed conditions.

6.6 Comparison to other types of fish kills

The aim of the thesis was to better understand changes to ecosystems after a CyHV-3 virus
release. Many of the learnings from this thesis are directly relatable to fish kills from other
factors such as blackwater, toxic algae and extreme environmental conditions. Global climate
change is increasing the likelihood of extreme weather events including longer and more
severe droughts, floods and thermal extremes (Stott, 2016, Till et al., 2019, Clarke et al., 2022,
Yuan et al., 2023, Zachariah et al., 2023). These events will increase the occurrence of large
scale fish kills such as in Darling River near Menindee where prolonged drought and low flows
lead to a scenario where there were large scale fish kills (Science, 2019, Sheldon et al., 2022).
This drought related fish kill in 2018-19 was followed by another fish kill in 2023 following a
long period of flooding (Loughran et al., 2023, Ormonde, 2023). In 2022 thousands of dead
fish were found floating in the 840 km Oder River, which runs from the Czech Republic to the
Baltic Sea along the border between Germany and Poland (Absalon et al., 2023, Free et al.,
2023). Fish kills such as these will likely follow the same order of succession as seen in the
mesocosm experiments depending on biomass. As the dead fish decompose oxygen levels
will drop with increasing microbial activity. This would then be followed by increased algal
growth, especially in summer. The results from the mesocosm experiment can be used to

assess other fish kills if the size of the kill and the size of the water body are known.
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6.7 Management recommendations

Preparation is the key when dealing with fish kills and knowledge of the biomass of carp within
lakes will enable water operators to estimate the size of the clean-up. That knowledge
combined with a rapid deployment of resources for removal and disposal of carcasses will
ensure water quality impacts are reduced. This study has shown that post fish kill oxygen
levels begin to drop with within two days and the dead fish will resurface within one to four
days depending on the depth they sank to. If a virus was used as a biocontrol of carp,
preparations would need to be made in resourcing of equipment and trained personnel to
remove dead carp from the waterways and monitoring of water quality. If it is not possible to
remove the dead carp then monitoring should be done to determine the water quality
impacts and preparations for closing access to water ways or informing the public of potential
health threats. The level of risk at lakes could be determined based on the size of lake and the

biomass of carp from chapter 5.

6.8 Recommendations for further studies

Sediment based mesocosm to see if there is a greater influence from benthic microbe Bacteria

16s QPCR

While there was clearly a change in the microbial community from the addition of common
carp carcasses to the mesocosms (Chapter 3), it is difficult to determine what influence
microbes in the sediment would contribute to the microbial community response from
carcass input as the mesocosms did not include contact with the benthos. Studying changes
with sediment contact would allow more anaerobic microbes to source the nutrients and by
combining 16s with the addition of quantitative polymerase chain reaction QPCR allow a

better understanding microbial biomass.

When common carp are in the final stages of the CHV-3 virus will Murray cod and long finned

eel predate on the compromised fish?

This study has provided crucial insights into the dynamics of large aquatic predators such as
long finned eel and catfish and their scavenging on the common carp carcass. Healthy
common carp generally do not have predators once they reach a certain size, but a fish in the

late stages of the CHV-3 virus will be struggling to swim as the virus impacts its ability to
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breath from the mucus coating on the fishes’ gills. Distressed common carp may attract the
attention of large predators who seek out prey which are vulnerable. Murray cod are one of
the only fish within Australian freshwater systems which are large enough to eat adult

common carp.
Land based scavenger interactions with carcasses

A major finding of this thesis was the importance of scavenging of carcasses by aquatic
scavengers (Chapter 4). There are potentially land based scavengers which could interact
with the carcasses. It was not clear how or if the scavengers will contribute to the removal of
carcass nutrients away from the waterbody. Transfer of these nutrients to the land may be a
significant pathway. Research directly measuring the different types of land-based scavengers
and their interactions with common carp carcasses is still a key research gap in understanding

how carp carcasses will affect land food web dynamics.

6.9 Conclusions

The Cyprinid herpesvirus-3 (CyHV-3) release in Australia with an associated mass common
carp mortality may have serious effects on water quality in lakes. To evaluate the impact of a
virus induced fish kill, different biomasses of dead common were placed into 2000 L
mesocosms within Prospect Reservoir, Australia for up to 40 days. Decaying carp created
anoxic conditions within all treatments except the 250 kg ha* which dropped to 30% oxygen
saturation. Higher biomass of carp led to longer periods of anoxia. Total nitrogen increased
from 0.25 to 1.5-30 mg L while total phosphorus rose from 0.01 to 0.05-5.0 mg L? in
treatments. Chlorophyll a level increased from <5 pg L to between 100-1000 pg L? in
treatments. Mean nutrient levels (TN and TP), chlorophyll-a and phytoplankton biovolume all
showed a significant (P<0.05) linear relationship with carp biomass. There were increases in
signature bacterial copiotrophs, fish gut bacteria and pathogenic genera of bacteria were
detected during carcass decomposition. Taste and odour compounds geosmin and MIB

correlated with the cyanobacteria Pseudanaebena and Merismopedia.

The fate of carcasses in the water column was heavily influenced by the depth to which they
sank. Any carcasses that sank in the littoral zone would either float to the surface or be fed
on by scavengers. Beyond the littoral zone and into deeper water the likelihood of scavenger

interactions decreased and carcasses were less likely to float to the surface. Lake size and
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depth were compared to biomass to determine if they influenced biomass of fusiform fish.
and shallow lakes had a higher biomass of common carp compared to larger deeper lakes.
This is important in determining which lakes will be at a higher risk of water quality issues if

there is a fish kill.

The concepts and knowledge developed in this thesis contribute to increased understanding
of the possible impacts from a fish kill in lakes and reservoirs. This includes the ecological
responses to subsequent nutrient pulses and low oxygen concentrations, influencing water
quality and biotic processes. These results establish the need to quantify risk in lakes prior to
CyHV-3 release to better prepare for support and cleanup programs. It also contributes to a
better understanding of the impacts of fish kills from other causes such as black water events

and extreme environmental conditions.
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