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Abstract: The common carp (Cyprinus carpio) is an invasive species in the rivers and waterways of
southeastern Australia, and it has been implicated in the serious decline of many native fish species.
Over the past 50 years, various control options have been explored, and to date, these have been
ineffective or cost-prohibitive. Most recently, cyprinid herpesvirus 3 (CyHV-3) has been proposed as
a biocontrol agent because of its high specificity and mortality rate. However, the virus is known
to be only effective in a permissive water temperature range of approximately 16-28 °C. To define
when this occurs, we undertook a hydrological reconstruction of five diverse river catchments
(>130,000 km?) of southeastern Australia over three decades. This confirmed, in the studied areas,
that while water temperatures are permissive from spring through to autumn, the time of year that
this starts and ends is highly variable, interannually, and with strong latitudinal and altitudinal
gradients between and within catchments. The results show that the virus should be effective with
respect to water temperature throughout the water temperature range that carp occur in most of
southeastern Australia. However, detailed water temperature estimation would still be required to
determine the exact week of the start of release in any given catchment. Referring to observations in
wild carp populations, we point out the limitation of developing a “release strategy” based solely on
water temperature modelling and the need to incorporate fish biology and ecology into this planning.

Keywords: biocontrol; common carp; cyprinid herpesvirus 3; hydrology; Murray-Darling Basin;
water temperature modelling

1. Introduction

Although common carp (Cyprinus carpio, hereafter referred to as carp) was originally introduced
in southeastern Australia in the nineteenth century, it was not until the 1970s that it became widespread
and by the 1980s it was accepted as a serious invasive species [1]. This recognition followed surveys
which showed that, in some parts of the Murray—Darling Basin (MDB), common carp comprised over
90% of the fish biomass with an associated loss of native fish species populations [2]. Nevertheless,
carp do not dominate in all hydrological ecosystems in southeastern Australia, and the relative
importance of river regulation versus the capacity of carp to be ecosystem engineers, as well as the
processes by which they affect water quality are topics of ongoing debate [3-5].
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Whilst the role of carp as a cause or a consequence of ecosystem decline in the MDB is contentious,
less so is the need to suppress the population of carp to achieve native fish recovery [6]. Accordingly,
a number of options have been explored over the past 30 years [1], and a National Management Plan
was adopted in 2000 [7]. Despite these, no wide-area control has been achieved, with commercial
harvest, selective poisoning, genetic control, and physical separation proving either to be ineffective or
cost-prohibitive [8].

On the basis of Australia’s success using the Myxoma virus to reduce an invasive rabbit population,
spring viremia of carp virus (SVCV) was proposed as a potential biocontrol agent for carp [9]. However,
subsequent research has found that the virus was not specific to carp (Fam. Cyprinidae) and even affected
non-cyprinid fish such as sheatfish (Siluridae), guppy (Poeciliidae), and northern pike (Esocidae) [10].
Subsequently, viral biocontrol was rejected as an option, and the focus of research became the potential
use of sex-biasing genetic modified carp (“daughterless carp”) [11]. Unfortunately, this technology did
not fulfil its early promise, at which time viral biocontrol became a more feasible option, due to the
detection of cyprinid herpesvirus 3 (CyHV-3) as a cause of mass mortality events in carp in the late
1990s [12]. Subsequently, the virus spread to numerous carp rearing countries, including Indonesia [13],
from which an isolate was transferred to Australia’s high quarantine animal health facility, the
Australian Animal Health Laboratory (now the “Australian Centre for Disease Preparedness”).
Subsequent research confirmed that, unlike SVCV, CyHV-3 was very specific to carp, and did not infect
native Australian fish [14].

A feature of many viral infections in fish, including SVCV and CyHV-3, is that infection and
disease only occur naturally in a defined water temperature range [15]. For CyHV-3 infection in carp,
this range has been established by infection trials to be between 16 and 28 °C [16-18]. The existence
of a “permissive range” of temperature potentially limits CyHV-3 as a biocontrol agent, particularly
if rivers and waterways are only within this range for a short period, or else the water temperature
oscillates near the upper or lower threshold, such that infection might not progress to disease. Indeed,
a method proposed in aquaculture to immunise carp against CyHV-3 involves infection within the
permissive range, and then raising it above this to prevent the appearance of disease [19].

While many factors can influence the complex interaction between the virus and the fish to produce
disease, such as CyHV-3 persistence in the natural environment and its capacity for latency [20],
water temperature is seen as the most critical driver for a successful virus release strategy. A simple
assessment of the potential of CyHV-3 with respect to water temperature has been undertaken using
a dataset from a single point beneath a weir in New South Wales, and it has confirmed that the
water temperature was within the permissive range for most of the spring, summer, and autumn [21].
However, the generality of this conclusion across the rivers of southeastern Australia is yet to be
substantiated, and in particular, whether it applies to intermittently flooded wetlands, which are
important for carp’s invasiveness on account of enabling massive recruitment events [22]. Unlike the
main river channels, very little systematic water temperature data have been collected, because of the
often transient nature of water temperature [23]. Furthermore, because of the complex hydrology of
the MDB, it is not possible to simply use air temperature to estimate water temperature, as has been
applied in countries with more stable hydrology [24]. Thus, there is a need to integrate air temperature
measurements with flow estimates, while also considering the nature of the waterbody [25].

Therefore, the objective of this study was to model water temperature in both rivers and waterways,
to a high degree of precision over an extended period. Due to the size of the MDB, we restricted the
study to five catchments with a total of 132,129 km? of drainage area which was representative of the
diversity of freshwater environments and the majority of carp habitat found in the basin. A second
objective was to assess the extent to which water temperature modelling could be used as the basis for
operational planning of the timing of release of the virus, and therefore maximize its activity. For this
planning, we reasoned that the ideal would be if the waterbodies entered the permissive range reliably
each year at a certain week during the spring warming and remained within it for a period sufficient to
readily transmit the virus among the fish. To assess the interannual variability, therefore, we needed to
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estimate the water temperature over an extended period of time. For further studies, by integrating
hydrological and temperature controls into detailed demographic and epidemiological models of carp
populations and virus spread, we provided reconstructed hydrological landscapes, incorporating
river flow, inundation, and hydrological connectivity together with water temperature. Finally, the
results should support the development of a release strategy for CyHV-3 for common carp control in
southeastern Australia

2. Materials and Methods

2.1. Selection of Catchments

Carp is predominately in the MDB in southeast Australia, and is mostly absent from Tasmania,
Western Australia, and northern tropical Australia [26,27]. They are present, but less abundant in
the coastal rivers of southeast Australia [28]. Thus, the target area for the required modelling of the
temperature constraints for the release of CyHV-3 is defined to be the MDB and the coastal rivers of
southeastern Australia where carp has invaded.

It is not feasible, at this stage, to attempt modelling of the entire MDB, due to its size of 1.06 million
km?, or approximately 14% of mainland Australia. To be able to extrapolate results to all southeast
Australian rivers based on a subset of catchments, we carefully selected five catchments representing a
multitude of landforms and geo-climatic zones. Four of the 23 river valleys and their catchment areas
of the MDB and one coastal catchment outside the MDB were chosen (Figure 1). These catchments were
selected based on the availability of hydrological data, carp distribution and abundance, including
detailed publications on potential control options [8,29]. The selected catchments from north to south
were the Moonie River catchment in the north of the MDB and the Lachlan catchment, comprising a
relatively colder climate upstream region, undulating hills, irrigated farmland, weirs, dams, and flat
riverine plains with interconnected, ephemeral wetlands. Furthermore, we selected two substantive
sections of the Murray River, in the mid and lower sections. The two subcatchments with the Murray
River in the centre include extensive floodplains and are vital for Australian agriculture. The fifth
catchment that was selected was the Glenelg River catchment, a coastal river system within western
Victoria. The properties of the five study systems encompassing many of the main landscapes and
habitats found throughout the wider MDB [30] are summarised in Table 1. A more detailed description
for these catchments is provided in Supplementary Materials S1.

A challenge in undertaking water temperature modelling for CyHV-3 is the complex hydrology
of the MDB, with considerable variation in interannual flow and resultant effects on fish biology and
recruitment [23]. The underlying driver for this variability is the highly cyclical rainfall pattern over
much of the MDB, being driven by El Nino Southern Oscillation (ENSO) cycles [31]. This results in
periods of between 2 and 3 years when rainfall is above average, followed by periods of between 3 and
10 years when rainfall is well below average rainfall levels [32]. Thus, in order to inform the water
temperature constraints for CyHV-3, as well as the habitat suitability for carp, it was necessary to study
the potential impact of variable flow over an extended time period and the connectivity pattern within
the catchments. For this, we chose the period from the early 1990s to 2016 for analysis, which included
the period of extended drought, the “Millennium Drought” from 2001 to 2009 [33] and the following
wet years with high flows in large parts of the country.
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Figure 1. Catchments in southeastern Australia included in the integrated hydrological study.

Table 1. Summary of the key hydrological properties of the five studied catchments, data providers,
and existing downstream flow modes.

Glenelg Lachlan Lower Murray Mid-Murray Moonie
Reach (no.) 53 502 179 75 133
Waterbody (no.) 860 1113 1426 2645 140
Zones (no.) 4 5 10 11 7
Modelled drainage 12,973 86,554 4933 11,995 15,674
area (km*)
Modelled River
length (km) 1056 5218 871 1051 1325
Modelled waterbody 345 1011 394 1339 21
area (km*)
Downstream flow 21.58 41.18 3789.29 762.14 0.04
(ML/day) * (0, 835.78) (0, 1273.57) (37.50, 41,491.59) (0, 12,938.49) (0, 348.56)
Median (range) 14.86 18.12 18.62 17.44 20.45
Temperatures (°C) * (6.81, 27.30) (4.80, 35.78) (9.81, 29.66) (7.60, 29.50) (8.32, 30.54)
Connectivity 74.58 77.85 98.75 88.36 20.18
(% connected) rivers * (49.4, 89.03) (66.44, 87.83) (97.88, 99.32) (75.65, 96.70) (9.52,35.21)
Connectivity 0.35 1.36 50.13 17.86 15.96
(% connected) waterbody *  (0.35, 0.35) (0.64, 6.35) (24.57,75.15) (12.22, 28.77) (5.01,26.22)

* Values within brackets are the minimum and maximum values for the property. The standard unit for flow rates in
Australia is ML/day, where 1 ML/day = 1000 m3/day =0.0116 m3/s.

2.2. Standardised Methodology for Delineation of Reaches

For the purpose of the current hydrological modelling, as well as the follow-up ecological,
demographic, and epidemiological modelling based on hydrological output, it was necessary to define
river and stream reaches, which could be presumed to share hydrological properties, such as flow and
water temperature. For the rivers and waterbodies of southeastern Australia, there exists relatively
mature geographical representations as spatial networks, which are composed of linear segments.
Rivers that were of a significant size or where carp survey data existed were incorporated within the
network, but minor and non-perennial streams were removed from the dataset.
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The river network was extracted from a download of the Australian Hydrological Geospatial
Fabric v.3 [34] for the mid-Murray, the lower Murray, and the Moonie Rivers; for the Glenelg River,
VicMap Hydro [35] was utilized. The VicMap Hydro network was preferred over the GeoFabric for the
Victorian rivers because of its higher spatial resolution (i.e., 1:25,000). For the Lachlan river network,
the Geodata Topo 250 K Series 3 Topographic dataset [36] was used.

Physical, man-made structures which would be expected to act as breakpoints, i.e., weirs, bridges,
and culverts, were selected from the GeoFabric (or VicMap Hydro) and marked as reach delineators.
This list of structures was cross-checked and supplemented by the list of weirs collated by the
Murray-Darling Basin Weir Information System [37]. In the case of New South Wales (NSW), a dataset
on fish barrier impacts was provided by the NSW Fish Passage Program [38]. This dataset was used
as the primary data source for the Lachlan and the NSW region of the mid-Murray catchments as it
contained a ranking of the impact the structure posed on fish movement across the barrier.

The spatial network was merged to a multiline string, and a 1 km buffer was applied around
these breakpoints to break the network at locations of impact to fish passage. The reach network
was also broken at converging or diverging segments, and at river gauge locations so that observed
flow data could readily be assigned. Each reach was assigned a unique identifier, and the spatial
representation was stored in a PostgreSQL 10.6 (The PostgreSQL Global Development Group)/PostGIS
2.4.3 (The Open Source Geospatial Foundation) database for further connecting hydrologic entities
with temperature modelling, as well as usage in a carp habitat suitability and epidemiological model
for the selected catchments.

For the waterbodies, we selected all entities that were intersecting a 5 km buffer of the network and
where the size was greater than or equal to 2 hectares. For the Moonie and the lower Murray case studies,
we used the spatial data derived from the Australian National Aquatic Ecosystem (ANAE) classification
for the Murray—Darling Basin [39] and applied a filter based on an attribute for the Water Observations
from Space (WOfS) summary statistic [40]. This ensured that we were analysing waterbodies that had
an observed water presence of 20% over the WOfS summary period (1987-2014). In the Moonie with
often disconnecting reaches, we also integrated 15 waterholes (Jon Marshall, Queensland Department
of Environment and Science, personal communication, 2018). In the mid-Murray we applied different
WOTS filters, as the major wetland, Barmah-Millewa Forest, had a WOfS value of 1% and the filtered
result based on 20% reduced the overall number of modelled waterbodies dramatically. For the Glenelg
study, we used the VicMap Hydro water polygons as the spatial entity, as the ANAE dataset only
covered the extent of the MDB. Summary figures of the reach delineation for the five catchments are
provided in Supplementary Materials S2.

2.3. River Flow

Daily flows, for all reaches in the five selected subcatchments, were estimated for a period from
1990 to 2018 using a combination of observed gauged data and existing models. In cases where the
existing observed or modelled data were not sufficient, additional methods, such as interpolation or
rational method-based runoff estimations [41] were used.

While two separate hydrological models, integrated quantity and quality model IQQM [42] and
eWater Source [43], are available for the Moonie River, these models only provide flows for the main
river stem. To estimate flows for the tributaries, we developed a simple rainfall-runoff model based
on the rational method and bench-marked the model outputs to the observed flows at the available
four gauges and modelled IQQM outputs. The runoff coefficients were estimated based on land use in
the catchment.

The surface water flow estimation of the Lachlan River and its tributaries was done based on a
combination of flow values derived from the following three sources: (i) Australian Water Resources
Assessment (AWRA) output [44], (i) GR4] hydrologic model [45], and (iii) NSW government’s observed
data. The AWRA modelled data are available for 41 stations from 1970 to mid-2014 and were used to
patch missing observed data across the catchment. The GR4] model was used to determine stream
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flows in headwater catchments, where both the AWRA and the observed data were unavailable.
Given the availability of observed data at a regular interval across the catchment, the confidence in
overall flow estimation was high.

There are close to 200 gauges spread throughout the system on both the main reach and the
tributaries of the mid-Murray system, but the majority of these gauges have limited data. Flow data
was extracted for the main reach, as well as the tributaries and distributaries, from an eWater Source
model [46].

There are ten locks in the lower Murray system which control the hydrology in the system.
Daily flow volumes over Locks 1 through 6 are estimated using upstream and downstream water
levels and account for the crest level of segments of the weir structure. Daily flow data were exported
from South Australia’s hydrological database. Data gaps of less than three days were patched using
linear extrapolation. A modified version of the eWater Source Murray Model [46] was used to generate
the modelled estimates at lock sites where further data patching was required.

For estimating flows in the main reach of the Glenelg River and its five tributaries, we used flow
data downloaded from the Bureau of Meteorology [47]. Missing data were filled in by interpolation.
In the case of no gauges in a given sub-reach, data from the closest upstream gauges and any inflows
from tributaries were used to estimate the flows. These flows were then cross-checked against the
downstream gauges.

Further information on the hydrological regimes and flow modelling in these catchments are
available in Supplementary Materials S3.

2.4. Major Storages

There are several large and deep reservoirs with strongly varying water levels included in the
selected catchments, for example, the Wyangala and Carcoar reservoirs in the Lachlan, and the
Rocklands reservoir in the Glenelg. These storages were separately modelled to derive their seasonal
variation in water temperature, including possible stratification. Furthermore, strongly varying water
levels in these reservoirs can lead to changes in carp habitat areas. For major storage entities, volume
and water level data were available to estimate surface areas. However, no water temperature data
were available for these storages, and therefore needed to be modelled.

2.5. Wetland Inundation

Satellite remote sensing was used to determine weekly maximum inundation areas for case study
catchments. The MODIS (moderate resolution imaging spectroradiometer) daily time-series images
(Terra product “MODO09A” [48]) at 500 m resolution were chosen to model inundation extent from
2000 to 2018. The MODIS inundation model was developed based on the Open Water Likelihood
(OWL) index [49]. Taking MODIS daily images clipped to catchment boundaries as inputs, the model
delivers weekly maximum inundation extent aggregated from MODIS OWL-detected daily water
area within each catchment as output maps. A universal threshold can be applied to automatically
delineate inundation extent. Inundation extents in the Murray—Darling Basin detected using MODIS
OWL have shown a high degree of accuracy and stability [50-54].

Landsat TM images at 25 m resolution and River Murray Floodplain Inundation Model (RiM-FIM)
products [55-57] at 5 m resolution were selected to map inundation areas for the time periods prior to
February 2000 when MODIS data were unavailable. The advantage of the high spatial resolution of
Landsat TM imagery is offset by its low temporal resolution, which can be overcome by the RiM-FIM.
The RiM-FIM integrates Landsat TM imagery, Lidar digital elevation model, and flow observations for
estimating inundation extent at 1 GL (10® m®) increments in total daily flow ranging from the smallest
to the largest recorded flow at a given gauge station [57]. In this study, Landsat inundation mapping
was achieved by extracting daily inundating extent either from Landsat TM imagery directly, or from
the RiM-FIM products corresponding to an observed daily flow from a selected gauge station in the
catchment, and then aggregating daily extent to a weekly maximum area.
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Each case study location had various datasets used. Therefore, the inundation modelling varied
according to the catchment as follows: For the Moonie, Lachlan, and Glenelg River catchments we used
Landsat and MODIS OWL model, whilst for the mid-Murray and lower Murray we used the RiM-FIM
model in addition to Landsat and MODIS OWL model. More details of the inundation estimation
using the MODIS OWL model and RiM-FIM are given in Supplementary Materials S4.

2.6. Catchment Scale Water Temperature Modelling

2.6.1. Data

Continuous daily water temperature data are only available for a few gauges, and to a large
extent monitoring started only in the 2000s. Covering a period from 1990 onward, to simulate carp
habitat and virus spread across large-scale river systems, water temperature had to be simulated based
on external drivers. For the Murray River and Glenelg, sufficient data are available at a large range
of stations, but in the other two catchments data are sparser. For the Murray, we selected only the
main stations along the river or on anabranches, usually with long recordings available. For the other
catchments, we used all available temperature recordings with at least two years of consecutive data
with only minor gaps. However, only a few stations were available with continuous recordings back to
1990 across all catchments. The water temperature station data selected for analysis are listed in Table 2.

Table 2. Water temperature data used for temperature simulations in the five catchments. The total
time span is the sum of all available data for a specific catchment.

Average Time Span

Catchment Number of Stations Total Time Span (Years) (Years/Station)
Moonie 1 6 6
Lachlan 24 271 11

Mid-Murray 14 287 20
Lower Murray 15 242 16
Glenelg 10 160 16
Total 64 966 15

Water temperature in rivers and lakes is mainly determined by the heat flux and wind stress across
its surface, and heat transported by advection, i.e., flow. Daily meteorological data were sourced from
SILO (Scientific Information for Land Owners), a database of historical climate records for Australia
given on a 5 by 5 km grid [58]. For each given location, we used the nearest grid point from the SILO
database. For lake temperature simulations, we further used wind data retrieved from the Australian
near-surface wind speed database available from CSIRO’s Data Access Portal [59]. These data were
compiled into gap-free daily data to drive the water temperature models.

We distinguished two modelling approaches, one for rivers and shallow lakes where the vertical heat
distribution was usually homogeneous, and the other for deeper reservoirs which stratified seasonally.

2.6.2. Lake Temperature Model

For lakes, there exists a range of one-dimensional, vertical hydrodynamic models to simulate
temperature structure over time [60,61]. These are driven by standard meteorological data (irradiance,
air temperature, relative humidity, wind speed, and cloudiness) and potentially inflow/outflow time
series. Here, we used the one-dimensional k-epsilon turbulence model LAKEoneD [62-64] to derive
thermal stratification for the three big reservoirs in the Lachlan and Glenelg catchments (Wyangala,
Carcoar, and Rocklands reservoirs) and some shallow lakes of the system (Lake Cargelligo and Lake
Brewster in the Lachlan catchment). The latter were modelled to be compared with results using the
“stream” temperature model and pointed to potential effects of short-term stratification. For the Moonie,
the river is often disconnected during times of low or no flow, resulting in a series of waterholes [65].
These waterholes can generate a persistent stratification over short periods of time. This was tested by
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using the lake model on these waterholes. However, no continuous water temperature was available
for these waterholes. We used data for the Brenda Waterhole in the Lower Balonne (Jon Marshall,
Queensland Department of Environment and Science, personal communication, 2018), which was in
the same climatological region. Water temperature for the Brenda waterhole was measured at a depth
of about 50 cm below the surface and a series of loggers further below for the time period from 1 June
2015 to 7 October 2015. Then, the model calibrated to the Brenda waterhole data was used to simulate
the daily course of water temperature with a depth resolution of 25 cm for 15 waterholes in the Moonie
River catchment, taking into account their hypsometric information and meteorological and wind data,
as described above.

2.6.3. Stream Temperature Model

To simulate the water temperature of river reaches, the same principles as for lakes can be
applied. Although, for large scale river systems, it is advantageous to use a less complex model.
Often, simple correlations between air temperature and water temperature are used. However,
these are only applicable for a narrow temperature range. Stream temperature is dependent on
the history of air temperature and flow at the location and upstream. This can be used to derive a
simpler heat balance without the need to take into account the full heat balance. Here, we simulated
water temperature derived from air temperature and flow rates based on the model air2stream [66].
This model parameterises the heat balance using up to 8 parameters or a subset of these [67]. To test
this model tool for the five catchments, we applied all possible parameterisations [67], as well as
simple regression with air temperature at all locations with available monitoring data (Table 2).
The performance of the model was measured by calculating the root mean square error (RMSE) and
the Nash—Sutcliffe model efficiency (NSE), where an efficiency of 1 corresponds to a perfect match,
0 indicating that the model performs as well as the mean value of the observation data, and a negative
value shows no meaningful simulation.

3. Results

3.1. Reach and Waterbody Delineation

In total, 942 delineated reaches were identified within the catchments varying from 53 reaches
within the Glenelg to a total of 502 reaches in the Lachlan (Table 3). The number of reaches was
highly correlated with the river length (Pearson’s r = 0.95), and thus the highest number was in
the Lachlan (n = 502) and the lowest number was in the Glenelg (1 = 53). The lower Murray had a
relatively large number of reaches (1 = 179) as a result of many regulatory structures along it (n = 31).
Reaches ranged in widths from a minimum width of 3 m in the upper Moonie to a maximum width of
176 m in the lower Murray. Overall, average widths per case study ranged from 6.8 m in the Moonie,
13.38 m in the Lachlan, 23.95 m in the Glenelg, and 46.34 m and 77.38 m in the mid-Murray and lower
Murray, respectively.

Table 3. Physical characteristics of the reaches in five case studies.

Case Study Number of  Total Reach Average Median 95th . 5th .

Location Reaches Leneth (km) Reach Area Leneth (km) Percentile Percentile
8 (ha) 8 Length (km) Length (km)

Glenelg 53 1056.38 2919.80 10.94 70.79 0.23
Lachlan 502 5218.16 6101.23 1.65 51.95 0.26
Lower 179 871.38 7320 2.79 15.07 0.39
Murray

Mid-Murray 75 1045.89 5075.69 6.68 50.82 0.35

Moonie 133 1323.35 708 6.89 30.24 0.83
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With respect to the number of waterbodies per catchment, there was a strong correlation with the
total waterbody area (Pearson’s r = 0.85), but with several unique features for each catchment. Thus,
the mid-Murray has a relatively large number of identified waterbodies, on account of the complex
hydrological structure of the Barmah-Millewa Forest, whilst the Moonie has a relatively large number
of small waterholes (n = 117).

3.2. Connectivity

Hydrological connectivity within river systems are affected by multiple factors acting across
spatial and temporal scales, which themselves interact in complex ways [68]. Distance, climate
conditions, or physical-biogeochemical characteristics can play important roles in hydrologic and
biological connectivity between wetlands and streams, and between reaches. Hydrologic connectivity
was defined as the upstream and downstream reaches having flows greater than 1 ML/day. The reach
connectivity in our case studies varied significantly between wet and dry years (Table 4). Especially
for those catchments with perennial streams and waterholes, where the Lachlan had a 6% connectivity
between reaches in dry years but 83% in wet years, similar for the Moonie with 19.5% versus 43.5% in
dry and wet years, respectively. For the mid-Murray, connectivity is nearly always given between
reaches while reach to waterbody connectivity is smaller. The lower Murray is well connected between
reaches even in dry years and the reach to waterbody connection is relatively high with 78.8% in wet
years and 37.4% in dry years.

Table 4. Percentage of reaches within the catchment where hydrologic connectivity occurred.

Driest Year Wettest Year

Case Study
Reach-Reach (%)  Reach-Waterbody (%) Year Reach-Reach Reach-Waterbody Year
Glenelg 64.46 0.18 2008 96.93 0.22 1992
Lachlan 82.73 1.62 2005 92.65 6.01 2012
Lower Murray 98.38 37.43 1998 99.43 78.80 1990
Mid-Murray 90.22 16.24 1997 94.59 25.01 1996
Moonie 19.54 7.72 1992 43.55 26.59 2011

For carp movement as well as virus spread the connectivity of wetlands laterally connected to the
main river channels plays a dominant role. Due to their shallowness and thus usually homogeneously
mixed situation and low to no flow conditions their temperature can be modelled by the river water
temperature model using no-flow input, a special case of the general river water temperature model.

3.3. Flow

Estimated flows in the five systems matched the observed flows closely with coefficient of
determination (R?) values between 0.80-0.99. Figure 2 shows a comparison between the predicted
and observed flows in the mid-Murray system. For the Moonie, flows tend to be lower with higher
seasonality as compared with the mid-Murray and lower Murray system.

For water temperature modelling, the low flows or even vanishing flows in the northern catchment
and, to some extent, in the mid-Murray flow are not a large contributor to temperature variation.
This can be different during large flows in the lower Murray or the Glenelg, where heat transport
through flow might impact water temperature.
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Figure 2. Validation plot showing flows at the upstream section of the Murray River (reach id 65) and
the closest gauge data (Station 409202, Murray River at Tocumwal).

3.4. Water Temperature

3.4.1. Lake Model

Lake thermal stratification simulated with LAKEoneD showed strong stratification for the deep
dams. For Lake Wyangala (Lachlan catchment), this led to a permanent low bottom temperature
over the year, with a small window of whole-lake mixing, during the winter (Figure 3a). The mean
daily air temperature which, on its own, is not a good predictor of surface temperature is overlain in
Figure 3a. Comparing results of simulations with the more complex lake model and the stream model
driven by only air temperature for shallow Lake Brewster (Lachlan catchment), shows that surface
water temperatures are equally well simulated (Figure 3b). Therefore, we used the stream model with
no-flow input as the standard water temperature simulation for all shallow water bodies.

As the deep reservoirs simulated in this study have a relatively cold hypolimnion, the water
temperature at the dam outlet can be low, depending on outlet depth and water level. This often
leads to downstream cold water pollution [69]. This effect can be seen in the water temperatures
downstream of the two large dams in the Lachlan catchment, which are significantly lower than
stream temperatures in neighbouring reaches. A more detailed river model, including dam operation,
would be needed to model this type of cold water pollution [70]. As the stream model simulates the
water temperature based on “learning” from historical data, it will generally generate adequate water
temperatures, as long as the dam operation is similar in the simulated years. With the current model,
it was not possible to simulate changes in dam operation under strongly fluctuating water levels,
or climate change in future conditions affecting downstream stream temperatures in a different way.
This effect was limited to a only small number of upstream dams and would not significantly alter
habitat and virus spread based on water temperatures as simulated for the five catchments. In river
reaches potentially affected by cold water pollution, the virus release strategy must be analysed case
by case in close relation with dam operation.
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Figure 3. (a) Deep Lake Wyangala showing strong stratification (low bottom as compared with surface

temperature); (b) Shallow Lake Brewster showing week stratification and frequent mixing (similar

surface (black) and bottom (red) temperatures) with similar results for lake and stream model (blue).

The grey line shows air temperature.

3.4.2. Stream Model

Stream water temperature models with p = 3, 4, 5, 7, and 8 parameters in air2stream [67], as well

as a regression with air temperature, were tested. The simulated water temperature is exemplified for
the Lachlan River at Cowra (Station 412002). Figure 4 shows the entire simulated period, the annual
cycle over a period of four years, and a detailed view of the seasonal cycle for the 2010/2011 year.
Air temperature is overlain on the plots for water temperature, and flow rates are shown in a separate
plot. The best models are achieved using parameterisations p = 7 and p = 8, which include streamflow
as a predictor (Table 5). Models not including streamflow generally are less optimal. However, in cases
where there is no flow, models p = 8 and p = 4 generate non-valid temperatures due to a divide by
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zero operation. Therefore, we generally used model p = 7 depending on the NSE value, as no-flow
conditions were common in the region. The simple regression model with air temperature, in all
cases, resulted in inferior simulations for water temperature and should be avoided when predicting

water temperatures.

Temperature (C)

airT

Temperature (C)

Q (m3/s)

Figure 4. Observed and simulated stream temperatures using different model parameterisations and
flow rate for Station 412002 (Lachlan River at Cowra). Observations (black lines), simulations (coloured
lines), air temperature (grey lines). Top panel is the entire simulation period followed by a four-year
period and a close view of the seasonal cycle in 2010/2011, with zoom ranges depicted by orange bars
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Table 5. Root mean square error (RMSE) and Nash-Sutcliffe model efficiency of stream model at Station
412002 (model p = 2 is a simple regression model between air and water temperature). Model parameter
p according to Piccolroaz et al. [67].

Model Parameter p RMSE (Smaller is Better) NSE (1 is Optimal)
2 = regression 2.27 0.77
3 2.14 0.80
4 2.08 0.81
5 2.04 0.82
7 1.39 091
8 1.38 0.92

For the specific case of the Moonie River, separating in a series of disconnected waterholes during
no-flow conditions, we simulated 15 waterholes using the lake model and compared them with the
stream model using only air temperature as the predictor variable. The different waterholes are in the
same climate region. Thus, their water temperature is similar, only showing variations based on their
different hypsometry (see Supplementary Material S5 for hypsometric data and simulation details).
The lake model was calibrated using a small set of continuous data available for the Brenda waterhole
in a neighbouring catchment. Figure 5 shows simulation results for surface water for waterhole 178 at
Fenton as compared with recorded water temperatures nearby at Station 4170204A (Moonie at Fenton).
The simulations of the two different models show good performance with regards to the observations.
Thus, also for this partially disconnecting river system, the air2stream water temperature model shows
good simulation performance. In general, the NSE for the simulations using air2stream with the
seven-parameter model is in the range above 0.85 for all stations in the five catchments.

30 | ‘:l
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- i \ " '
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Figure 5. Comparison between observed water temperature (Station 4170204A at Fenton, Moonie) and
simulated water temperatures for this location using the air2stream model with p = 7 parameters [67]
(purple), and the LAKEoneD lake temperature model for water hole r78 (black).

The stream model represented measured water temperature very well in all 64 locations with
available temperature data for the five catchments. According to the reaches defined for the catchments,
then, we selected the closest grid point from the SILO climate database and used mean air temperature
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for this point to simulate the water temperature in this reach using the closest available water
temperature model. For the three large reservoirs in the Lachlan and Glenelg catchment, we used the
lake model to derive surface water temperature.

Modelled water temperatures are available for a period from 1990 to 2018 for all 942 reaches to be
used in further analysis and as the basis for ecological and epidemiological models together with flow
rates and inundation data.

Further background on water temperature modelling results is presented in the Supplementary
Materials S5.

3.5. Water Temperature and Permissive Virus Activity

Virus activity is dependent on water temperature. Assuming a permissive range of 16-28 °C,
we can show the changes in timing for positive activity in all five simulated catchments. Figure 6
represents the monthly statistics (box plot) for selected reaches in all five catchments, ordered from
north to south, superimposed with the band of assumed range of virus permissibility. Windows of
opportunities for a virus release are strongly dependent on geoclimatic location. While in the Moonie
and the lower regions of the Lachlan, the summer months are potentially too warm with respect to
permissive water temperature; the lower Murray and Glenelg River sections show that summer water
temperatures are in the optimal range. This also means that the window of opportunity is smaller
and broken up in a pre- and post-summer period in the northern catchments, while for the more
southern rivers, a single window of opportunity reaching from October/November to March/April is
possible. In the case of stream reaches experiencing cold water release from upstream dams (see the
Lachlan example in Figure 6b), the whole year is not, or only suboptimal, with respect to virus activity.
This implies that dam releases must be done in accordance with a release strategy.

However, this summary picture of the average seasonal cycle does not show the strong interannual
variability, nor does it differentiate the distribution of permissive ranges and non-permissible ranges
over several years or clearly show the full north-south gradient in permissibility range. For this, we can
concentrate on the number of reaches in each catchment, where the temperature for virus activity is
permissible (here 16-28 °C). Figure 7 shows the seasonal variation by plotting all simulated years for
each catchment. In the Moonie, the range can be met over most of the year with a small non-permissible
period during winter, when temperatures become too cold on average. However, the interannual
variability is high during the rest of the year, which is partly due to low flow and disconnection of the
stream yielding a reduction in reach numbers falling into the permissible temperature range. While
the Moonie shows a very high interannual variability in reaches in the permissible range, the other
four catchments show clearer periods of permissible ranges. This being the largest in the lower Murray
and Lachlan, while mid-Murray and Glenelg show smaller periods. This can be attributed to more
pronounced winter-summer temperature regimes. A detailed analysis of the first and last week,
when temperature is in the permissible range, is given in Table 6. On the rising limb of temperature
during spring, the permissive range is reached (median value) at week 39 for the lower Murray and
at week 46 for the Moonie. In addition to this general difference between catchments, there is also
an altitudinal difference. In the southern catchment of the Glenelg, the time when the temperature
enters the permissive range is ten weeks behind that of the northern Moonie; for the Lachlan River,
the lowland rivers and waterway areas become permissive for virus activity an average of seven weeks
before the montane areas. According to Figures 6 and 7, one could set up a general rule for virus
release taking into account interannual climate variability, and thus changes in water temperature.
To support this further, one can plot the annual cycle of reaches which are below, above, or within the
permissible range, and add the information when reaches are likely not connected, i.e., periods with
no flow (Figure 8). This clearly shows that, in the Moonie, disconnection, and thus waterholes, is a
common phenomenon, in which case a virus release is not recommended, because fish to fish contact,
as the main mechanism of virus transmission, is not effective, even when water temperature would
allow this. This can happen in reaches of the Lachlan, mid-Murray, and Glenelg as well, but is unlikely
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for the lower Murray. The latter shows a regular seasonal cycle of permissible range for virus activity
with less interannual variation. Water temperatures inhibiting virus activities are not very common in
all five catchments during times of free-flowing water.
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Figure 6. Monthly statistics of simulated water temperatures from 1990 to 2015/2018 in the five
catchments from north to south. Overlay is a suggestive orange band of permissive temperatures
(16-28 °C) for virus activity. (a) Moonie station (417204A Fenton). Lachlan stations; (b) Upper river
section, station 412067 d/s Lake Wyangala; (c¢) Mid-river section, station 412038 Willandra; (d) Lower
river section, station 412194 4_Mile. Mid-Murray stations; (e) Upper river section, station 409025
Yarrawonga; (f) Lower river section, station 409207 Torrumbarry. Lower Murray stations; (g) Upper
river section, station 4260501 Lock 9; (h) Lower river section, station 4260902 Lock 1. Glenelg stations;
(i) Upper river section, station 238206 Fulham Bridge; (j) Lower river section, station 238224 Dartmoor.

Table 6. Percentile values of the first and last week of the entire time series where 80% of the reaches
within a catchment are within the permissible range for virus activity.

Winter-Summer (Week)

Summer-Winter (Week)

Case Study Medi 20th 80th Medi 20th 80th
edian Percentile Percentile edian Percentile Percentile
Glenelg 45 44 46 10 5 11
Lachlan 42 41 43 14 13 15
Lower Murray 39 39 40 17 17 18
Mid-Murray 42 41 47 11 6 12
Moonie 46 37 48 14 10 18
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Figure 7. Annual cycles of the number of reaches within the permissible temperature range for virus
activity. Each line represents a single year. Red lines within the winter-summer period indicate the
median first week over the entire time series where 80% of reaches are within the optimal permissive
range, and during the summer-winter period, the red line represents the last week where 80% of reaches
are within the optimal permissive range. Orange lines represent the 20th and 80th percentiles for both
spring and summer. For values see Table 6.
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Figure 8. Percentage of reaches with water temperature in the permissible range of virus activity
(green), below (light blue), above (red), and where no flow is present (yellow).

For a virus release, it is necessary that the momentary water temperature is in the permissible range
and that the permissible range is sustained over a longer period (weeks) to allow virus transmission.
The consecutive number of weeks that water temperature is in the permissible range is shown in
Figure 9 as a box plot for each catchment. It clearly shows that the permissible range is reached,
on average, in only five weeks in the reaches of the Moonie. It is around 12 weeks in the Lachlan,
Glenelg, and the mid-Murray, although all three catchments have significantly different temperature
ranges. This shows that water temperature alone is not sufficient to determine the permissible periods
for virus release. Here, connectivity also plays an important role. In the well-connected lower Murray,
water temperature is the main factor for defining a permissible range of virus activity, seen in a large
range of 13 to 29 consecutive weeks, significantly larger than in the other four catchments.
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Figure 9. Summary box plot of the number of consecutive days with water temperature in the
permissible range of virus activity.
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4. Discussion

Defining constraints for carp herpesvirus release in a large connected river basin needs the
interplay of various modelling and computational techniques to be successful. Large scale hydrological
models are available for parts of the Australian system, or worldwide. The status of connectivity
between water bodies over large regions can only be achieved by using remote sensing technology.
Connectivity might be a lesser issue in regions with regular flow characteristics but is an essential part
of flood inundation and disease spread modelling in slow-flowing, lowland river systems. The high
variability of climate conditions in Australia, which drive large variability in flow over seasons and
interannually in Australian river systems, made it necessary to include a dedicated component of
flow and connectivity modelling for our task. Going a step further, we included a region-wide
model for water temperature simulation based on basic meteorological data readily available for
the whole southeast Australian region, the size of France and Germany together, or one-third of
the entire Mississippi basin. This unique combination of large-scale hydrological reconstruction
should enable essential input to facilitate further modelling of carp habitats, population dynamics,
and epidemiological modelling to predict how CyHV-3 might spread across the hydrological landscape
and result in carp population suppression.

Our reconstruction of the hydrological environment over such an extensive area and period
at a fine spatiotemporal scale and its use in the subsequent integration with carp habitat and virus
epidemiological models was only made possible by explicitly adopting a big data approach, i.e., rapidly
processing and integrating large volumes of heterogeneous data for decision making. The determining
criteria for big data are volume (amount of data), velocity (speed of data processing), and variety
(different data types) [71]. Other “v” terms are veracity (removal of erroneous data by error trapping
processes), validity (replicability and quality assurance of data management and processing), and value
(a big data system needs to be useful). Applying these concepts to our reconstruction of the river and
waterway environments, it was necessary to handle a moderately large volume (at approximately
1.8 TB) of very diverse data types and formats, the latter ranging from raster satellite imagery to stream
segments to time series of flows. Due to the anticipated importance of the results from the modelling
(i.e., the value), much effort was needed to make the science transparent and replicable (i.e., valid and
veracious). To achieve this, processing was coded and input/output for all steps stored within a scalable
PostgreSQL database with regular backup and retrieval systems. The only big data requirement not
particularly important was processing speed, although in practice a cloud computing infrastructure
was used for all runs.

In practice, the greatest challenge faced for the river and waterway environment reconstruction
was the availability and quality of the input data. In particular, this applied with the hydrology for the
rivers and streams away from the main channels (for which there is in general little flow gauge data)
and especially for the non-Murray River catchments. Thus, for example, whilst it was possible to obtain
quality flow data for the main channel of the Lachlan River catchments for the entire study period,
for the tributary rivers and streams, it required rainfall-runoff modelling be undertaken, and quality
data arising from this was only available from 2000 onward.

Similarly, to estimate the timing and area of inundation of wetlands and floodplains, whilst, for the
Murray River, we could use the output from the existing RIM-FIM inundation model, for the other
catchments, for which this modelling has not been applied, we needed to rely on satellite imagery.
Using this, we found a number of inconsistencies when the imagery from Landsat TM and MODIS were
compared, due in part to their different spatio-temporal resolution, i.e., Landsat’s 16-day frequency
could not pick up highly ephemeral waterbodies, whilst MODIS, with a spatial resolution of 500 m
resolution, could not detect small permanent ones [53]. An additional problem of using satellite
imagery for estimating inundation is in detecting water presence in highly vegetated areas such as the
Great Cumbung Swamp in the Lachlan River, as the overlapping of vegetation and water within a
pixel misclassifies the pixel to vegetation and not swamp or highly vegetated wetlands [40]. Therefore,
it is probable that we underestimated the extent of inundation in this area, as compared with the
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Barmah-Millewa Forest in the mid-Murray, where the inundated areas were estimated by the more
precise RiM-FIM modelling. Even then, the RiM-FIM model can only estimate the area based on the
flows of the associated river gauge, and in some areas, such as Lake Victoria on the lower Murray River
or Lake Moira within the Barmah Forest, when flows are below the commencement-to-fill value and
yet there is standing water, the predicted water area may not be accurate.

Water temperature is an essential parameter in developing models of the potential behaviour of
CyHV-3 in natural populations of common carp. Water temperature can it have a direct effect on virus
replication within infected fish, with the permissive range generally considered to be between 16 and
28 °C, and it also has strong effects on seasonal reproductive spawning aggregations, and thereby
recruitment of susceptible juveniles into the population. Furthermore, water temperature is an
important factor in the habitat suitability of rivers and wetlands for carp, and thus their population
density. Here, we established a general method for a landscape-level reconstruction of the hydrological
environment (1990-2017) across five catchments in southeast Australia to define water temperature
constraints for the release of the biocontrol agent, cyprinid herpesvirus 3 (CyHV-3) to control common
carp (Cyprinus carpio). The water temperature simulated here for the five catchments can be used to set
up a physical-based release strategy considering the diversity in water temperature on a north-south
gradient and within the catchments over a seasonal cycle, as well as flow and connectivity between
water bodies. As water temperature readings from gauges in this large system were sparse and hardly
available for periods before the year 2000, we used the available temperature data to set up water
temperature models driven by air temperature and flow [66,67] for specific locations and generalising
them for the entire catchments and for the whole time period. This approach is easily scalable to the
entire southeast Australian region or even continent wide.

In deep lakes, water temperature does not vary as much laterally as with depth, leading to a
different type of habitat separation. Stratification is persistently present in deep lakes, and shallow
lakes or river reaches might show non-persistent stratification during warm spells. This behaviour
was simulated using a hydrodynamic model accounting for the full heat balance [62,63], requiring
additional computational resources and a more detailed database on local meteorological data, as well
as continuous water temperature recordings at multiple depths, which, in general, were not available
for most deep lakes or reservoirs in Australia. Furthermore, the release of cold bottom water from
reservoirs can lead to downstream cold water pollution [69,70], which must be considered when
developing a virus release strategy.

In general, water temperatures of Australian rivers and waterways are within the permissive range
for CyHV-3 activity for periods in spring, summer, and autumn, which is in agreement with postulates
from [21]. However, these periods vary in extent and occasion, depending on their geoclimatic position
(north-south, altitude). The time of year when this starts and ends is highly variable between and within
catchments, with strong latitudinal and altitudinal gradients being evident. The interannual variability
can be large, and any release strategy must determine the right timing between different regions to be
most effective. Becker et al. [21] only examined four upstream river reaches in a very confined region of
the basin, each of which was downstream of a weir or dams, and thus possibly affected by cold water
pollution which, to some extent, is common, but not a general feature for the waterways in southeast
Australia. They concluded that, for those very limited examples, the permissible range of virus activity
was met for large periods of the year. Here, we show that the picture is much more complex and
must differentiate between catchments in different climate zones, allow for local effects such as being
downstream of dams, as well as seasonal and interannual variability in connectivity between water
bodies. A simple look at water temperature in a single region would bias the conclusions of viability
and effect of a virus release. By contrast, through examining water temperatures across catchments
in different climatic regions in southeast Australia, we provide an overview of possible periods of
opportunity for virus release depending on water temperature, as well as flow and connectivity. This
big data approach yields a much more varied picture. It shows that a virus release strategy must be
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accompanied with detailed hydrologic and climate studies in the catchments to cope with the large
variability of climate, water temperature, and flow characteristics throughout southeastern Australia.

Whilst we show that the water temperature is generally permissive for virus activity during
extended periods in the spring, summer, and autumn in the rivers and waterways of southeastern
Australia, nevertheless, it is premature to conclude that the virus would actually result in carp
mortalities. Thresher et al. [72] collected data on fish kills from North America associated with CyHV-3
and showed their occurrence in natural populations only during spring. The same was evident in
Japanese records of CyHV-3 outbreaks, where although autumn outbreaks occurred, these were mainly
in aquaculture farming [73]. The predominance of outbreaks in spring in wild carp populations in
Japan has been hypothesised to result from the direct contact which occurs during the spring spawning
period [74]. This suggests that in order to predict the impact of CyHV-3 on carp populations in
southeastern Australia, there is a need for a fuller understanding of the demographic structure of
carp over seasons and the clarification of habitat structure in the basin to determine hotspots of fish
aggregation during spawning.

5. Conclusions

Using different model tools for streams and lakes, we were able to set up a unique, first of its
type, model to describe waterbody connectivity, flow, and water temperatures across five catchments
over an extended area of southeastern Australia (>130,000 km?). The choice of models was driven
by integrating available gridded meteorological data, gauged and modelled flow data, and remote
sensing imagery. We did not aim to model individual river reaches, wetlands, or lakes including all
local characteristics, for example, along a shaded reach, or cold water pollution downstream from
a large dam. The model system was integrated into a database system which embedded a big data
approach capable for generalising it across the entire southeast Australian region.

The results of the hydrological reconstruction across five distinct regions in southeast Australia
highlight the large variability in connectivity, flow, and water temperature in both space and time.
This variability leads us to conclude that a small-scale approach in terms of spatial and temporal
coverage cannot be used to give a general answer to timing, location, and staging of a CyHV-3
release across the wider region or Australia. Furthermore, the Northern Hemisphere experience of
outbreaks occurring in wild populations, predominantly in the spring, suggests that water temperature
modelling alone, cannot be used as a basis for developing a strategy for the optimum release of the
virus. Thus, to achieve this goal, there is a need for integrated modelling of the biotic factors affecting
carp populations, such as movement, reproduction and recruitment, and how these might interact
with the epidemiology of the disease induced by the virus. We conclude that, whilst temperature
modelling is certainly essential for developing a release strategy for CyHV-3, it is not by itself sufficient,
and further integrated modelling is required.
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