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Abstract

Many dams in Australia are known to create thermal pollution in rivers, often for
hundreds of kilometres downstream of the dam wall. Low-level releases from a
reservoir during periods of thermal stratification disrupt the downstream thermal
regime by supressing the water temperature and reducing the diel variation. Low-level
releases have also been linked to elevated nutrient concentrations and altered
phytoplankton density and community structure downstream from the dam. To
reduce the problem, Burrendong Dam has been fitted with an innovative thermal

curtain that directs warmer surface water to the low-level off-take.

This study set out to quantify the magnitude and extent of cold water pollution along
the Macquarie River downstream of Burrendong Dam before and after the curtain was
implemented. It also aimed to quantify the effect of the dam on nutrient
concentrations and phytoplankton density (indicated by chlorophyll a concentrations)
and community structure before and after thermal curtain operation. This was
achieved through analysis of time-series data from temperature loggers installed
within the impoundment, upstream and downstream in the Macquarie River, prior to
the installation of the thermal curtain. Water samples for analysis of nutrients,
phytoplankton concentrations (chlorophyll a) and community structure were collected

within the reservoir and upstream and downstream of the dam.

CWP was shown to be a long-term problem in downstream river reaches, caused by
the release of hypolimnial waters from the dam. Epilimnial releases with use of the

curtain improved the thermal regime (mean daily and mean monthly temperature, and

1
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diel temperature range) below the dam so that it more closely resembled the
upstream thermal regime with an improvement of approximately 2°C. Fluctuations in
nutrients occurred in the hypolimnion of Burrendong Dam during thermal
stratification, probably due to the development of an oxycline and subsequently low
oxygen concentrations in the hypolimnion. Nutrient concentrations increased at the
outlet as a result of hypolimnial releases, with the concentrations breaching the trigger
values outlined by ANZECC which indicate ecological disturbance. This study found a
substantial increase in the cell count of cyanobacteria at the dam outlet, which may
lead to water quality issues in the Macquarie River downstream of the dam. The
results of this study will be useful to assist in the management routine of the thermal
curtain at Burrendong Dam, to maximise the efficiency of CWP mitigation, whilst not
compromising the downstream ecological health in terms of nutrient and

cyanobacteria concentrations.
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Chapter 1: Introduction

1.1 Cold water pollution

Surface waters of large impoundments are heated by the sun and ambient air
temperatures and during warmer months this warm surface layer (epilimnion) can
overlay a cold, dense bottom layer (hypolimnion) after thermal stratification occurs.
Cold water pollution (CWP) is commonly observed in rivers below large, thermally
stratified reservoirs when water is drawn from the unnaturally cold hypolimnion.
Hypolimnial releases can result in temperature depression by up to 12°C in rivers (Lugg
1999, Burton 2000b). Depressed temperatures may persist for hundreds of kilometres,
with the magnitude of depression gradually lessening with distance from the dam
(Lugg 1999, Sherman 2000, Preece and Jones 2002). During periods of thermal
stratification, an oxycline may develop leading to anoxic conditions in the hypolimnion.
This can cause the release of sediment-bound nutrients into the water column
(Baldwin and Williams 2007, Baldwin et al. 2010), resulting in altered downstream
water chemistry such as increased nutrient and metal levels. Bottom releases may
negatively impact downstream river health including reduced fish spawning and
growth, eutrophication from high levels of nutrients, and high levels of dissolved
metals (Selig and Schlungbaum 2002, Astles et al. 2003, Todd et al. 2005, Baldwin and

Williams 2007, Dent et al. 2014).
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1.2 Burrendong Dam and cold water pollution

Burrendong Dam, completed in 1967, was built on the Macquarie River and receives
inflows from the upper Macquarie River and the Cudgegong River. The dam was
commissioned to secure water to support irrigated agriculture, supply town water to
inland towns and cities in western NSW and provide environmental flows to the
Macquarie Marshes (Australian National Committee on Large Dams 1982, Green et al.
2011). Discharge occurs through a low-level off-take, resulting in hypolimnial releases
during periods of thermal stratification. Periods of stratification often coincide with
the largest discharge volumes from the dam which occur in summer to support the
agricultural requirements. As a result of these factors, cold water pollution of up to
10°Cis a recognised problem affecting the Macquarie River downstream of the dam
(Harris 1997, Burton 2000b). Cold water pollution may affect the Macquarie River as
far downstream as Gin Gin (250km) or Warren (312km) (Harris 1997). As such, a
solution was needed to address the problem of CWP negatively influencing the water

quality, affecting anthropogenic use and riverine ecological health.

Preece and Wales (2004) identified Burrendong Dam as a ‘high priority’ reservoir likely
to cause CWP. Dam and weir structures in NSW were assessed and ranked according
to criteria including discharge volume and off-take depth. Burrendong was ranked 5t

out of the 304 structures in NSW.

1.3 Options for CWP amelioration: The Thermal Curtain
Most of the current options available for the mitigation of CWP are costly. One of the
most effective options for mitigating cold water pollution are multiple level off-takes

(MLQ’s) which can be used to selectively withdraw water from desired depths within
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the reservoir (Department of Public Works and Services 1996, Lugg 1999) and have
been reported to cost approximately $25 million in 2000 (Sherman 2000), equivalent
to approximately $37 million in 2014. There are drawbacks with this system as
changing the withdrawal level can take considerable time (days) and effort (1-2
operators). The thermal curtain installed into Burrendong Dam is an innovative
approach that is cheaper (approximately $4 million) than of a multi-level off-take
(MLO). The thermal curtain has a cylindrical shape, encircling the off-take tower and
extending up towards the water surface. The top of the curtain is designed to sit
approximately 3-10 m below the water surface to channel warmer water from the
surface waters (epilimnion) to the off-take tower and through the dam outlet
downstream. A chain and pulley system attached to the off-take tower has
mechanised the curtain to allow the depth below the surface water to be adjusted as
required. This allows some control of the water to be drawn into the curtain from the

epilimnion, though there is less control and selectivity compared to a MLO structure.

1.4 Possible downstream effects of thermal curtain use

By allowing the selective withdrawal from the epilimnion of the stratified reservoir, the
downstream nutrient levels may be affected. Whilst nutrient concentrations are often
high in the hypolimnion, they are often depleted in the surface layer of the water
column (Petts 1985). By drawing water from the epilimnion, nutrient concentrations
in the downstream stretches of the Macquarie River are likely to decrease compared
to prior years, when water from the hypolimnion was released downstream through

the low-level off-take.
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A potential drawback with the thermal curtain is that it is likely to increase levels of
phytoplankton downstream, including toxic blue-green algae (cyanobacteria). Under
pre-curtain operation, there were low concentrations of phytoplankton in bottom-
release waters from the dam. Once the curtain is in place, drawing water from the
surface, greater concentrations of phytoplankton are expected to be released
downstream. This should be especially the case when the reservoir is stratified
because phytoplankton biomass is usually greatest at this time in the epilimnion, and
toxic cyanobacteria often dominate (Sommer et al. 1986). If released, these high
phytoplankton concentrations may persist for a considerable distance downstream,
and if toxic, pose a risk to water users and the ecological health of downstream

ecosystems (Ingleton et al. 2008).

Research is needed to quantify the magnitude and extent of CWP on the Macquarie
River as a result of Burrendong Dam, and to assess the effectiveness of the curtain in
reducing the impacts of cold water pollution as well as its other effects such as on
downstream nutrient concentrations and algae (including cyanobacteria). If effective,
it is likely that the curtain design will be utilised for addressing cold water pollution
problems at other large dams affected by CWP (Water NSW pers. comm.). Across NSW

there are approximately 55 dams that produce CWP (Ryan and Preece 2003).

1.5 Research aims and hypotheses
This project aims to quantify the magnitude of cold water pollution (temperature)

below Burrendong Dam under pre-curtain management arrangements. This will form
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a basis for comparison to assess the effectiveness of the thermal curtain structure in
reducing the detected magnitude of CWP immediately downstream of the dam wall.
Further, the distance and extent of the downstream cold water pollution will be
assessed before and after the use of the thermal curtain. The results of the study are
expected to assist in the effective management and operation of the thermal curtain.
The study also aims to assess the pre- and post-curtain impacts of the dam on nutrient
concentrations, and phytoplankton and cyanobacterial concentrations in the
Macquarie River. These three broad aims were developed into a set of specific

hypotheses:

- Aim 1: Determine the effect of the dam on the thermal regime of the
Macquarie River prior to and after the operation of the thermal curtain.
Hypotheses:

a. Historical analysis of temperature data will indicate the incidence of CWP
immediately below the dam during the warmest months.

b. Use of the thermal curtain will show increases in temperature which better
reflect predicted natural temperatures.

c. There will be an improvement in thermal recovery distance along the length

of the Macquarie River with the use of the thermal curtain.

- Aim 2: Determine the effect of the dam on the nutrient concentrations of the
Macquarie River immediately downstream of the wall prior to and after the
operation of the thermal curtain.

Hypotheses:
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a. During periods of stratification, the hypolimnion will have greater nutrient
concentrations and lower dissolved oxygen (DO) concentrations than the
epilimnion.

b. During periods of stratification, nutrient concentrations in hypolimnial
releases will be greater downstream than upstream of the reservoir.

c. After the curtain is implemented, downstream nutrient concentrations will
be lower in epilimnial releases compared to concentrations in hypolimnial

releases.

- Aim 3: To determine the effect of the dam on the phytoplankton concentration
(chlorophyll a) and cyanobacterial concentrations in the Macquarie River prior
to and after the operation of the thermal curtain.

Hypotheses:

a. Prior to thermal curtain operation, chlorophyll a concentrations in
hypolimnial releases downstream of the dam will be low.

b. Chlorophyll a concentrations and cyanobacterial densities will increase
downstream of the dam following the use of the thermal curtain and

epilimnial releases.

Hypotheses 1a, b and c will be answered by:

Monitoring surface water temperatures in the Macquarie River at sites located from
108 km upstream to 312 km downstream of the dam. Thermal profiles within the

reservoir were measured to establish the periods of thermal stratification. Upstream
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sites will be used as reference sites to indicate the natural, unregulated thermal

regime of the river.

Hypotheses 2a, b and c will be answered by:

Monitoring the nutrients (total phosphorus, total filterable phosphorus, nitrogen
oxidised as N, total nitrogen, total filterable nitrogen, ammonia, silica, and filterable
reactive phosphorus) and iron concentrations with depth profiles within the reservaoir,
upstream and immediately downstream of the dam wall during periods of mixing and
stratification. The monitoring will be conducted from one year preceding, until one

year after the operation of the thermal curtain.

Hypotheses 3a and b will be answered by:

Monitoring the chlorophyll a concentration with depth profiles within the reservoir,
and longitudinally along the river from 104 km upstream to 152 km downstream of the
dam wall. Cyanobacterial concentrations will also be monitored immediately below
the dam wall. The monitoring will be conducted one year prior to and after the

operation of the thermal curtain.
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Chapter 2: Literature Review

2.1 Freshwater reservoirs

2.1.1 Freshwater resources on a global scale

Once considered a renewable and plentiful resource, freshwater availability is now
being threatened by over-use by humans on a global scale (Hanjra and Qureshi 2010,
Srinivasan et al. 2012). Water is a precious, finite resource depended upon by humans
for urban, industrial and agricultural processes and is vital for human health, economic
growth and ecological health and functioning (Gordon et al. 2004, Gleick and

Palaniappan 2010, Hanjra and Qureshi 2010, Jowsey 2012).

With the global population predicted to reach 9 billion by 2050 (United Nations 2014),
the already high demand for water use in the urban and agricultural context is due to
increase. Since the early 1950’s, global water demand has increased threefold, whilst
water supply has been progressively decreasing (Gleick 2003). Modelling by
Shiklomanov (2000) showed irrigation to be the dominant sector to withdraw water,
being responsible for 66% of total water withdrawals globally. The need to expand
irrigation coverage in countries including Africa, Ethiopia and the Arab region to meet
food demands and gain food security is well documented (Lobell et al. 2008, Hanjra et
al. 2009, Sulser et al. 2011). Additionally, anthropogenic climate change is predicted to
magnify these water demands (Lobell et al. 2008) with altered spatial and temporal
distribution of rainfall (Hanjra and Qureshi 2010). Therefore, there is an expected

increase in water demand to support continued global population growth.
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2.1.2 Freshwater resources in Australia

Australia is considered a dry continent, with one third of the country classed as arid
(receiving an annual rainfall of less than 250mm) and another third as semi-arid
(receiving 250-500mm of annual rainfall) (Raupach et al. 2001). The Australian
economy is heavily dependent upon the agricultural industry, with the sector

generating up to $4.3 billion in gross value annually (Wells 2015).

Much of the farming land is located in semi-arid and arid environments (Chapman et
al., 1996, Winter et al., 1996), thus requiring water for irrigation in consistently dry
circumstances to support vegetative growth. Irrigation flows are released from dams
(lentic systems) to supply farmers with water necessary for farming purposes
(Maheshwari et al. 1995, Lemly et al. 2000, Sattari et al. 2009). Approximately 75% of
stored water is used for irrigation (Tisdell et al. 2002). Rice and cotton crops require
an average of 1300 and 600mm irrigation water applied per crop, respectively
(Hochman et al. 2013). Furthermore, cotton is the third most water intensive
agricultural activity in the industry, using 15% of all irrigation water allocations

(Hochman et al. 2013).

With such a high economic dependence on the agriculture industry, it is essential it is
preserved. Water resources are facing growing pressure with climate change,
agricultural practices and a growing global population making dams a necessity to

maintain water and food security.

2.1.3 Dams in Australia
There are at least 564 large dams in Australia (ANCOLD 2012). A large damis

internationally recognised as having a height of greater than 15 metres, measured
11
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from the lowest point of foundations to the crest of the wall, or greater than 10 metres
in height under the conditions that (1) the crest is not less than 500 metres in length,
(2) the capacity of the dam is over 1 million cubic metres, (3) the maximum flood
discharge of the dam is at least 2000 cubic metres per second or (4) the dam is of

unusual design (ANCOLD 2012).

2.2 Thermal regime

2.2.1 Thermal stratification of a water body

Thermal stratification is the distinct layering of a water body, usually between spring
and autumn, whereby intense solar radiation heats the surface waters faster than
deep layers (Fig. 1) (Sherman 2000, Jorgensen et al. 2005). The phenomenon typically
occurs in static or slow moving water bodies (Bormans and Webster 1997, Sherman et
al. 1998, Mitrovic et al. 2003) and can occur in almost any water body with a depth
greater than 5 m (Harleman 1982). The upper layer (epilimnion) is of low density, and
remains warm from the continuous impact of solar radiation throughout the day. A
steep transitional zone of temperature decline with increasing depth (thermocline, or
metalimnion) exists between the epilimnion and the cold, dense bottom layer
(hypolimnion). The differing densities of the epilimnion and hypolimnion further
establish the divide between layers (Turner and Erskine 1996, Turner and Erskine 2005,

Gassama et al. 2012).
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Figure 1: lllustration of thermal stratification within a reservoir. Image sourced from
EPA Victoria (2004).

Commonly, an oxygen gradient develops in conjunction with thermal stratification
(Turner and Erskine 2005). A steep transitional zone of decreasing oxygen
concentration with depth exists, where the surface waters are well oxygenated and
the bottom waters are often anoxic. This occurs due to the lack of mixing of water
density layers and the consumption of dissolved oxygen by respiring organisms below
the oxycline (Beutel 2001, Matzinger et al. 2010). A reducing environment ensues,
resulting in the release of sediment bound compounds including nitrogen, phosphorus
and iron (Mortimer 1941, Bormans and Webster 1997, Turner and Erskine 2005). Thus
the hypolimnion is typically characterised by unnaturally cold, oxygen-depleted and

nutrient-rich water.

In winter, the decrease of air temperature and solar radiation and the increase of

seasonal wind action leads to the mixing of the water body and subsequent
13
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destratification (Bormans et al. 1997). As the surface temperature of a stratified
reservoir drops, the water density of this layer increases and sinks due to the pull of
gravity (Jorgensen et al. 2005, Jung 2009). Furthermore, in rivers (lotic systems) with a
maximum annual rainfall in winter, mixing is further encouraged by fluvial turbulence
(Turner and Erskine 2005). The upwelling of nutrient-rich hypolimnial water to the
warm epilimnial water can cause eutrophication within the photic zone, often creating
optimal environmental conditions for excessive phytoplankton proliferation (Reynolds
and Walsby 1975). When blooms do develop, they are often dominated by potentially
toxic cyanobacteria, posing a risk to the water quality of the reservoir, and to

downstream river systems if released through the outlet (Sherman et al. 1998).

2.2.2 Cold water pollution

Cold water pollution is the degradation of water quality in a river downstream from a
reservoir by means of artificially lowering the temperature below what is considered
the natural thermal range. It is a common problem worldwide in many rivers
downstream of large dams (Ryan 2001, Preece and Jones 2002, Rutherford et al. 2009).
The phenomenon typically occurs below large dams with low level off-takes during
periods of thermal stratification (Lehmkuhl 1972, Ward 1974, Preece and Jones 2002,
Rutherford et al. 2009). Releases from the hypolimnion of a stratified lake can be 8-
12°C lower than expected temperatures in summer, resulting in the reduction of water
temperature downstream from the pre-dam thermal range (Lugg 1999, Burton 2000b,
Sherman 2000, Preece and Jones 2002, Astles et al. 2003). The natural thermal regime
of the downstream river is altered by hypolimnial releases in a variety of ways

including the suppression of summer water temperatures, a reduction in annual and
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diel variation and range, and delayed seasonal peaks in temperature (Ryan 2001,

Preece and Jones 2002).

The extent and magnitude of cold water pollution is influenced by the size of the
reservoir and depth of release from the water column (Ryan 2001). Larger dam size
and residence level often facilitate stronger thermal stratification events, and raise the
thermocline further from the outlet (Preece and Jones 2002, Sherman 2005). Lower
positioning of the release valve further increases the chance of water being drawn
from the hypolimnion of a stratified reservoir (Ryan 2001). Many of the major dams in
Australia have been constructed with low level or bottom off-takes (Camargo and De
Jalon 1995, Sherman 2000). As a result, large dams with low-level off-takes are likely
to release water from well below the thermocline, in the cold depths of the

hypolimnion (Ryan 2001, Ryan and Preece 2003).

The significance of cold water pollution is also influenced by the magnitude of releases
to the downstream river channel. A larger release volume requires more time to
respond to ambient air temperatures in order to resemble natural water temperatures

(Edinger et al. 1968).

2.2.3 Thermal recovery

The distance that the thermal effects of a dam persist downstream is termed thermal
recovery, and is dependent on a range of factors including the volume and
temperature of discharge from a dam, size of the reservoir, and relative contribution
of unregulated tributaries (Preece and Jones 2002, Rutherford et al. 2009). The
distance required for the water temperature of a river to return to naturally expected

temperatures can be affected by discharge volume from a dam. Large waterbodies are
15
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exceptionally stable to thermal variation due to the high specific heat capacity of water
(Gordon et al. 2004, Sherman 2005). The water temperature of high discharges is less
responsive than low discharges to the surrounding climate because the greater volume
of water (Gu et al. 1998). Furthermore, greater release volume results in a higher
velocity, thus increasing distance travelled per unit time (Preece and Jones 2002).
Therefore, a longer distance is required for the in-stream thermal properties to
recover to within natural ranges. A combination of these factors results in low

temperatures observed at the dam outlet persisting further downstream.

The contribution of tributaries downstream of a dam can reduce the distance of
thermal recovery. The volume and temperature of an inflow from a tributary into a
river influences the rate of recovery by contributing warmer water to the stream,
raising temperatures closer to the natural range (Rutherford et al. 2009). Preece and
Jones (2002) found that thermal recovery below Hume Dam (a large dam located on
the Mitta Mitta River) was greatly influenced by the relative contribution of two
unregulated tributaries. The effect was greatest in spring and early summer when
tributary discharge was 50% that of Hume Dam compared to summer when the

tributary discharge dropped to 10%.

The thermal effects of dams, specifically CWP, are well documented in the Murray-
Darling Basin, NSW. Harris (1997) developed a longitudinal thermal profile of the
Macquarie River, concluding that over 300 km of river was seriously affected by CWP
below Burrendong Dam (defined as 5°C below predicated natural temperatures).
Preece and Jones (2002) found temperature modification associated with Keepit Dam

on the Namoi River to persist up to 100 km downstream, and temperature suppression
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on the Murray River downstream of Hume Dam has been found to persist for 200 km

(Walker 1980).

2.3 Nutrient Dynamics

2.3.1 Internal reservoir dynamics

Nutrients are introduced to reservoirs from upstream river stretches through inflows, a
process often referred to as external nutrient loading (Burger et al. 2008). The
nutrient content and water quality of a river is dependent upon stream sediment
transport, parent soil type, land use, stream velocity and rate of erosion, and vary
across regions (Threlkeld 1990). Nutrients are transported into lakes from inflowing
rivers, where the rapid decrease in velocity of water movement leads to the
sedimentation of particles (Kunz et al. 2011a, Kunz et al. 2011b). Sedimentation of
biotic and abiotic particles in a mixed lake results in the retention of phosphorus and
nitrogen bound to sediments (Kunz et al. 2011b). Subsequently, aquatic environments
downstream of a reservoir experience reduced nutrient concentrations during periods

of reservoir mixing (Kunz et al. 2011a, Kunz et al. 2011b).

Internal nutrient loads contribute extensively to the nutrient content of the water
column within a stratified reservoir, and is influenced by external nutrient loads
(Burger et al. 2008). Internal loading occurs through the release of nutrients from
sediments, and is dependent upon oxygen dynamics and the sedimentation history of
an impoundment (Threlkeld 1990). The development of an oxycline commonly

coincides with thermal stratification of a reservoir, resulting from a combination of
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factors including the isolation of the hypolimnion from the atmosphere and respiration
of bacteria in the process of decomposing biotic material below the thermocline
(Blumberg and Ditoro 1990). Anoxic conditions can lower the redox potential at the
sediment-water interface, creating an environment favourable to the release of
sediment-bound nutrients and ions, such as phosphorus, nitrogen and iron (Mortimer
1941, 1971, Amirbahman et al. 2003, Beutel 2006, Baldwin and Williams 2007, Baldwin
et al. 2010). The dissolved oxygen concentration of the water column is required to
reach below 2 mg/L at the sediment-water interface before a significant change in
chemistry in the overlying waters is likely to be observed (Mortimer 1971). Therefore,
during periods of stratification, the hypolimnion is often nutrient-rich, whilst the
epilimnion generally becomes nutrient-poor. When the water body then undergoes
mixing during the cooler months, the layers combine, often leading to eutrophication

(Burger et al. 2008).

2.3.2 Downstream of a reservoir

Reservoirs form physical barriers to the transport of nutrients through the
sedimentation of biotic and abiotic particles (Kunz et al. 2011b). Subsequently, the
downstream river stretches receive less essential nutrients. During periods of thermal
stratification, reservoirs with low-level outlets can release anoxic water with high
concentrations of nutrients and metals and low silica (Conley et al. 2000, Marshall et
al. 2006). Thus dams can alter the nutrient flux downstream, acting as a sink during
cool seasons of lake mixing, and a source for nitrogen, phosphorus and iron during

stratification in warm months.
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2.4 Phytoplankton Dynamics

2.4.1 Within reservoir dynamics

The seasonal succession of phytoplankton is influenced by the stratification patterns of
a reservoir, typically following a pattern of domination of small centric diatoms in
spring, green algae and large diatoms in early summer, followed by dinoflagellates
then cyanobacteria in mid-late summer, and the take-over of diatoms again in autumn
(Sommer et al. 1986). The currents present during the mixing period of the water
body support the growth and persistence of fast growing phytoplankton such as
diatoms, which tend to sink in still environments (Pinckney et al. 1998, Ptacnik et al.
2003). Green algae dominate in early summer before cyanobacteria take over the
nutrient-poor epilimnion (Lopes et al. 2007). The still and often clear waters of lentic
systems during periods of stratification select for species that can actively regulate
their position in the water column to receive more light (Mitrovic et al. 2001). For
example, some species of cyanobacteria can control cell buoyancy through the use of
gas vesicles and mucilage content while some other phytoplankton can regulate
position through active motility permitted with the use of flagellum (Fraisse et al.
2013). These features can allow cyanobacteria to dominate the phytoplankton
community in summer (Huisman et al. 2005), though these species often do not
compete well when under conditions typical of lotic environments as they have slow

growth rates (Kohler 1994).

2.4.2 Downstream of a reservoir
Lotic and lentic systems differ in environmental conditions, thus supporting differing
phytoplankton species. Species with large, round or elongated shaped cells and faster
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growth rates, like diatoms (Kohler 1994), are favoured by the conditions within lotic
systems of typically higher velocity, turbulent flows and varying light availability (Wehr
and Descy 1998, Coles and Jones 2000). When phytoplankton favoured by lentic
systems (usually slower growing species often capable of regulating their position in
the water column) are introduced to lotic systems through dam releases, they often do

not compete well during periods of high flow (Kohler 1994).

Dam releases may also dictate the phytoplankton community composition in the
downstream river as lentic populations are released from the reservoir (Coutant 1963).
As a result of this, the community structure and longitudinal distribution of
phytoplankton within rivers is altered (Coutant 1963, Petts 1985, Zalocar de

Domitrovic et al. 2007).

2.5 Downstream impacts on fish

There is very little in the literature on the effect of an altered riverine thermal regime
on biota. Of the information available, there is much focus on the effects on native
and invasive fish species. Suppressed water temperatures downstream of dams have
negative implications for native fish species. Fish are cold blooded organisms, meaning
ambient temperatures dictate their body temperature. They require a certain
temperature range for successful growth, development and reproduction (Todd et al.
2005). Consequently, temperatures that are below these natural ranges result in
slowed metabolism and growth of organisms as well as reduced success rate of

reproduction, posing a serious threat to the viability of native species. The reduction
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of stream temperatures as a result of low level dam releases has been shown to
directly negatively impact on native fish populations (Harris 1997, Astles et al. 2003,
Sherman et al. 2007, Donaldson et al. 2008, Lyon et al. 2008). Astles et al. (2003)
investigated the effects of a cold river channel on growth rate and survival of juvenile
fish. Groups exposed to water within the natural range grew significantly more than
those exposed to temperatures of 10°C below natural ranges. The group exposed to
the cold temperatures also exhibited a lower survival rate. Todd et al. (2005) found
the viability of a Murray cod population within the Mitta Mitta River to be threatened
significantly by the unnaturally cold releases from Dartmouth Dam. Eggs and larva
exposed to temperatures below 13°C exhibited a 0% survival rate. These studies
illustrate the risks to the viability of native fish species exposed to CWP below large

dams.

Cold shock in aquatic biota is also a principal concern for the health of ecosystems
exposed to cold water dam releases. It occurs as a result of sudden temperature
reduction often associated with the sudden change of release depth, often via multi-
level off-take (Ryan and Preece 2003). The effect of cold shock on fish is well
documented (Astles et al. 2003, Ryan and Preece 2003, Donaldson et al. 2008) with
little information available on the effects on other aquatic organisms. Fish exhibit a
range of symptoms, depending on severity of stress responses induced by temperature
change ranging from uncoordinated swimming, to falling into a coma-like state
(Donaldson et al. 2008). These behavioural changes make affected organisms

susceptible to injury from scraping the substrate due to in stream currents or death
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from predation (Donaldson et al. 2008). Ryan and Preece (2003) identified 55 dams in

NSW to have high potential for causing cold water shock.

2.6 Mitigation Options for cold water pollution

2.6.1 Destratification: Bubble plume

Artificial thermal mixing via bubble plumes is a common alternative to the multi-level
outlet. The idea is based on mixing a stratified lake either in full, or partially near the
off-take (Fernandez et al. 2012). One or more air compressors pump air to create
plumes from along the base of the dam, entraining water from the hypolimnion to the
surface water (Sherman 2000). Through subsequent mixing DO levels are
homogenised, with anoxic hypolimnial water mixed with oxygenated surface water.
The success of air plumes is dependent upon strength of stratification and air flow
rate. A lake experiencing a strong stratification period requires a more powerful air
flow rate (Sahoo and Luketina 2003). In cases of entire lake mixing, this method can

reduce the internal nutrient loading from sediments (Sherman 2000).

Sherman (2000) estimates the cost of installation to be approximately AUDS$1.5 million
for construction and installation into Burrendong Dam, with operating costs to start
from around AUDS$75,000 - $100,000 per annum. Unfortunately large dams may not
be able to be destratified. Costs depend on the size and depth of the dam and the

reservoir, and the required compressor size.
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2.6.2 Partial destratification: Surface pump

Surface pumps are used to mitigate cold water pollution downstream of large dams
through mechanically pumping warmer, oxygenated surface waters down to the outlet
depth. They are generally only used to locally destratify reservoirs in this manner,
rather than destratify the whole water body. The capital cost for the pump system in
Douglas Dam cost approximately AUDS$2.5 million, with mechanical equipment and
floatation platforms accounting for AUDS1.5million and monthly operational costs

estimated at $5000 (Sherman 2000).

2.6.3 Selective withdrawal: Multiple level off-takes

Multi-level outlet structures are considered one of the most common techniques for
combating cold water pollution below large reservoirs (Sherman 2000) as they allow
for the release of water from multiple strata of a water column. Multiple openings are
located along the structure between the surface and the bottom of the reservoir.
Outlet levels are closed with bulkheads which can be replaced with trash racks to allow
water releases from desired depths. A higher number of outlets along the structure

allow for more regulation of withdrawal depths and temperatures.

Installation of multi-level outlet structures has been seen to cost up to USDS80million
(Shasta Dam) and estimated costs of retro-fitting Burrendong Dam reach up to
AUDS25 million in 2000 (Sherman 2000). Costs of installation are substantially higher
for larger dams, taking in considerations actual material costs and construction.
Another factor is the number of outlets for withdrawal; a higher number of outlets

results in a large increase in costs (Sherman 2000).
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2.6.4 Selective withdrawal: Thermal curtain technology

The concept of submerged curtains has been exploited a number of times to solve
problems related to the water quality of dams and downstream releases. Curtains
have been utilised in Japan to control eutrophication and resulting algal blooms within
the Terauchi Dam Reservoir (Asaeda et al. 1996, Priyantha et al. 1997, Asaeda et al.
2001). Two curtains were extended across the surface layer and to a depth of 5m to
encourage the nutrient-rich inflow through bottom layers of the reservoir to the
outlet, preventing these nutrients from supplying a cyanobacterial bloom. A curtain of
similar design was installed in the Saidenbach Reservoir, Germany for the purpose of
phosphorus elimination (Paul et al. 1998). Although in both instances, deployment of
the curtains were not intended for management of discharge temperature, they were
deemed successful for their purpose and provide an insight into how curtains can be

used to manipulate the hydrological dynamics within a reservoir.

The concept has also been used in American dams to control the temperature of
releases. Surface water releases from Lewiston and Whiskeytown Reservoirs,
California were threatening the viability of downstream salmon species due to
increased temperatures too warm for egg incubation and juvenile development and
survival (Vermeyen 1997). Installation of the curtains was successful in allowing
selective withdrawal from both reservoirs, reducing downstream temperatures by up

to 15°C.

The curtain to be installed into Burrendong Dam is innovative as the design uses the
concept of selectively drawing epilimnion water to the outlet with the use of a

polypropylene structure; however the structure differs in its shape and size. The
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Burrendong curtain has been attached to the off-take tower with the cylindrical
shaped curtain extending to the surface layer, and height controlled using a chain —
pulley system. Traditional thermal curtain design inhibits cold water accessing the low
outlet by forming a long barrier around the outlet, with attachments to buoys to

regulate height.
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Chapter 3: Temperature

3.1 Introduction

Cold water pollution (CWP) is a serious problem in many Australian rivers downstream
of large dams (Ryan 2001, Preece and Jones 2002, Rutherford et al. 2009) and other
rivers around the world (Olden and Naiman 2010). CWP is caused by the release of
cold, hypolimnial water from low level off-takes when the water body is thermally
stratified. The natural thermal regime is altered by hypolimnial releases in a variety of
ways including the suppression of summer water temperatures, a reduction in annual
and diel variation and range, and delayed seasonal peaks in temperature (Ryan 2001,
Preece and Jones 2002). Dams on rivers may also cause elevated winter temperatures

(warm water pollution) (Cowx et al. 1987).

The distance downstream of a dam where river temperatures are impacted by CWP,
termed the discontinuity distance (Ward and Stanford 1983) or thermal recovery
distance (Preece and Jones 2002), can vary depending on the size of the reservoir,
residence level in the reservoir and release volumes. Dams with a large depth and
water storage capacity can produce CWP effects that extend for hundreds of
kilometres downstream of the dam wall (Lugg 1999, Preece and Jones 2002).
Historically, there have been varying accounts for the thermal recovery distance from
CWP. Reports range from relatively short distances (e.g. 8.5 km, Lehmkuhl, 1972), to
long stretches of river, as far as 300 km below the dam (Ward 1974, Harris 1997,

Preece and Jones 2002).
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There are risks to biota inhabiting reaches downstream of dams affected by cold water
pollution. Invertebrates and fish are cold-blooded (ectothermic) organisms, and
ambient temperatures dictate their body temperature. Natural thermal niches are
important for the survival of these organisms, as they require a specific temperature
range for successful growth, development and reproduction (Lehmkuhl 1972, Clarkson
and Childs 2000, Astles et al. 2003, Todd et al. 2005). Reduced numbers of
macroinvertebrates living in rivers below large reservoirs have been attributed to
thermal suppression (Lehmkuhl 1972, Ward 1974). Furthermore, unnaturally low
temperatures result in reduced metabolism and growth of fish as well as reduced
reproductive success, posing a serious threat to the viability of native species exposed

to temperatures below their niche (Clarkson and Childs 2000, Astles et al. 2003).

Minimum temperatures required for successful spawning have been previously
determined for three species of fish present in the Murray Darling Basin, Australia:
Murray Cod (Maccullochella peelii peelii), golden perch (Macquaria ambigua) and
silver perch (Bidyanis bidyanis). Threshold temperatures required to initiate spawning
for these species vary from 23°C for Murray cod (Lake 1967, Rowland 1983), 23-26°C
for golden perch (Lake 1967, Merrick and Schmida 1984) and a temperature rise from
16.4°C and 20.6°C for silver perch (Lake 1967), during spring and summer months.
Reabsorption of gonads, reduced growth rates in juveniles, and lowered development
and survival rates of eggs and larvae have been reported when environmental
conditions are inadequate (Lake 1967, Astles et al. 2003, Todd et al. 2005). Sherman et
al. (2007) modelled growth in Murray Cod populations affected by CWP and predicted

that the population would grow with increased water temperature, which he

27



Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative thermal curtain

suggested could be achieved by using surface releases instead of hypolimnial releases.
In addition, the proportion of native fish species relative to invasive species is often
reduced in disturbed waters near the outlet of large reservoirs (Driver et al. 1997,

Astles et al. 2003).

An affordable, effective mitigation method for CWP is desirable given the extensive
ecological impacts that occur along stretches of affected rivers. Sherman (2000)
suggested two options for mitigation of CWP: 1) reservoir destratification, or 2)
selective withdrawal of warm water from a chosen depth. Destratification works by
inducing circulation within a reservoir to stop stratification and raise the temperature
of bottom waters. One method is via a bubble plume, whereby air is released from the
hypolimnion of the stratified reservoir, resulting in mixing of the layers (Miles and
West 2011, Fernandez et al. 2012). Destratification methods often incur excessive
running costs (mainly electricity consumption) for large reservoirs and are unable to
keep the water body fully mixed. Another method to reduce CWP is to selectively
withdraw water via a multiple level off-take (MLO). MLOs are less energy-intensive
than active destratification options like bubble plumes and work by channelling
warmer surface water to the outlet. However, they can be time consuming to manage,

often taking at least one working day to change the off-take depth (Sherman 2000).

Burrendong Dam is located on the Macquarie River, central-western New South Wales
and has a storage capacity of 1,200 gigalitres. Thermal stratification occurs frequently
in summer due to its depth. High-volume summer releases for the agricultural
irrigation season are drawn from the hypolimnion via a low level off-take, producing

CWP. Because of this, the Macquarie River has been targeted in studies assessing the
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extent and magnitude of cold water pollution. Harris (1997) focused on the presence
and magnitude of CWP below Burrendong Dam, measuring the longitudinal thermal
profile of the Macquarie River in western NSW. He concluded that more than 300 km
of river was affected by CWP. Harris speculated an adverse effect on native fish
species and the proliferation of invasive species as a result of thermal depression.
Preece and Wales (2004) identified Burrendong Dam as a ‘high priority’ reservoir for
CWP, ranking it 5™ out of the 304 dam structures in NSW. In a scoping study, Sherman
(2000) outlined options for CWP mitigation at Burrendong Dam including retrofitting
the dam with a MLO which was an expensive undertaking and also suggested installing

a submerged thermal curtain as a cheaper alternative.

Utilising these ideas, a thermal-curtain-style temperature control structure was
designed and installed at Burrendong Dam in 2014. The thermal curtain began
operation in May 2014. The structure is designed to direct surface water to the
bottom release outlet during periods of thermal stratification, increasing downstream
temperatures. The structure cost AUDS4 million to install, making it a cost-effective

alternative to a MLO (approximately AUDS37 million).

It is important to monitor the effectiveness of this new technology in improving water
temperature outcomes to assess its functionality and applicability for installation into
other large dams that cause CWP, and to provide operational data to improve

management of the curtain.

Three specific hypotheses were developed:
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1. Historical analysis of temperature data will indicate the incidence of CWP
immediately below the dam during the warmest months.

2. Use of the thermal curtain will show increases in temperature which better
reflect predicted natural temperatures.

3. There will be an improvement in thermal recovery distance along the length of

the Macquarie River with the use of the thermal curtain.

3.2 Study area: The Macquarie River and Burrendong Dam

The Macquarie River is located within the Murray-Darling Basin. The river rises in the
Great Dividing Range near Oberon and flows for 560 km in a north-westerly direction
to the Macquarie Marshes before merging with the Barwon River. The Macquarie-
Bogan catchment covers an area of over 74,000 km? (Green et al. 2011). Two large
reservoirs exist within the catchment: Windermere Dam and Burrendong Dam. The
former reservoir is located on the Cudgegong River near Rylestone on the central
slopes of NSW while Burrendong Dam receives inflows from the Cudgegong River
downstream of Windermere Dam and from the Macquarie River (Green et al. 2011,

Kunz et al. 2011a).

The Bell, Little and Talbragar Rivers, and Coolbaggie and Ewenmar Creeks constitute
the main unregulated tributaries of the Macquarie River below Burrendong Dam. The
Bell and Little Rivers enter the Macquarie River upstream of Dubbo, and the Talbragar
River just downstream of Dubbo. Coolbaggie Creek joins the Macquarie River upstream

of Narromine and Ewenmar Creek joins the river downstream of Warren.

30



Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative thermal curtain

Mean annual rainfall in the catchment follows a decreasing southeast-northwest
gradient, ranging from 1,200 mm in the southeast to 300 mm in the northwest (Green

et al. 2011).

3.2.1 Study reservoir: Lake Burrendong

Burrendong Dam was completed in 1967 at a height of 76 m and a storage capacity of
6,345 GL (Australian National Committee on Large Dams 1982). At full supply level, the
reservoir reaches an elevation of 344 m above sea level (a.s.l.), while the outlet sits
31.43 m below the water surface. The depth of the water column in the reservoir
reaches 57 m at full supply level (State Water Corporation 2009). The dam was
constructed to secure water for irrigated agriculture, flood mitigation, to supply
household water needs and to secure environmental flows to the Macquarie Marshes

(Australian National Committee on Large Dams 1982, Green et al. 2011).

Burrendong Dam regulates water discharge through a fixed low-level outlet. The
outlet is located at 312.57 m a.s.l. The largest discharge typically occurs in the summer
months to meet demands of agricultural water supply. The largest use for water in the

catchment is for cotton production (Green et al. 2011).

3.2.2 The thermal curtain

AMOG Consulting developed the concept design and Geotechnical Engineering
completed the construction of the structure. The thermal curtain is a flexible,
cylindrical, reinforced polypropylene fabric curtain attached around the base of the
outlet. It extends up to the surface-mixed water layer. Rigid support rings at intervals
along the length of the curtain and at the opening provide structural stability. A chain-

and-pulley mechanism allows the curtain’s height below the water surface to be
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controlled via computer programming. The depth of the curtain was set to 7 m below

the surface for the first year of its use, which began on the 7t May, 2014.

A photo taken in 1962 during the construction of Burrendong Dam has been used to
illustrate the off-take structure as it appears in its submerged state (Fig. 2). An overlay
of a simplified thermal curtain has been added to illustrate the design. Figure 3
provides more technical detail of the thermal curtain design. The in-depth schematic
shows how the thermal curtain will sit around the intake tower and direct water to the

low-level off-take.
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Chain and pulley
system

Water
surface

Reinforced
polypropylene

Outlet to direct
water to release
valve on the
other side of
the dam wall

Figure 2: Historical photo of the Burrendong Dam off-take tower overlaid with a

simplified diagram of the thermal curtain. Original photo source: Oxley Museum,

Wellington NSW.
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Figure 3: A detailed schematic of the thermal curtain design by AMOG. Source:

AMOG Consulting (2010).
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3.2.3 Study sites

Twelve sites were located at intervals along the Macquarie River downstream of
Burrendong Dam, with the first site located at the outlet immediately below the dam
wall and the final site at Warren weir (312 km downstream). Three sites were chosen
upstream of the dam on the Macquarie River to be used as natural, unaltered
references compared to downstream sites. The sites were chosen based on
established monitoring sites with DPl Water. Though the upstream sites are a
geographically long distance from the reservoir, the temperature data should provide
a conservative natural reference, as temperature generally increases longitudinally
with distance downstream. The Cudgegong River, although a significant inflow to
Burrendong Dam, is thermally altered by Windamere Dam. As such, the river is not
representative of natural conditions, and so this tributary was not used for thermal
monitoring. Thermal depth profiles were recorded across three sites in the reservoir,

near the off-take tower (Fig. 4).
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Figure 4: Map of the Macquarie and Cudgegong Rivers.

Sites where river

temperatures were monitored are indicated with red squares. The blue dot indicates

the monitoring location within the reservoir. Site details are given in Table 1.

3.3 Methods

3.3.1 Data collection and compilation

One reservoir site and fifteen river sites were established to form a longitudinal record

of the Macquarie River water temperatures, with one station located within the

reservoir near the dam wall. Records for most stations commenced in 2013 with the
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launch of eleven Hobo loggers. The remaining four sites have been logging river water

temperatures since 1998 (Table 1).

Reservoir Sites

A thermistor chain attached to a pontoon located approximately 750 m from the off-
take tower was commissioned by Water NSW and recorded temperatures three times
a day at depth intervals of 0.5 m from 16/07/2012 to 10/07/2013 (Fig. 5, TC1).
Monthly depth profiles of the reservoir were recorded from a boat at a buoy located
approximately 400 m from the off-take tower (TC2, Fig. 5) from 05/06/2013 to
7/01/2015. A thermistor chain, comprised of Hobo loggers and Tidbit loggers
(OneTemp Pty Ltd 2013), was deployed from the buoy, logging data from 8/07/2013 to
31/05/2014. Temperatures were logged at 30 minute intervals at depth increments of
2 m to a depth of 24 m, then at increments of 4 m to a depth of 52 m. Two additional
depth profilers were commissioned by Water NSW to record depth data from the
5/06/2014, with one positioned at 100 m from the off-take tower (Fig. 5, TP1), and the

other within the thermal curtain located at the off-take tower.

Long-term thermal depth profiles from the two thermistor chains and the thermal
profiler were pooled to form a three year time-series. The depth profiler (TP1) was

dysfunctional for unforeseen periods of time, resulting in substantial data gaps.
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Figure 5: Aerial view of Burrendong Dam wall with arrows indicating the position of
the off-take tower), thermistor chain 1 (TC1), thermistor chain 2 (TC2) and the

thermal profiler (TP1). Source of image: Google Maps

Macquarie River sites

Historical water temperature and river flow data was sourced and analysed from the
DPI Water Hydrometric database (Hydstra, Kisters Ltd.). Four sites have gauging
stations installed with equipment designed to record long-term temperature and river
flow (Table 1, Fig. 6a). Temperature loggers (OneTemp Pty Ltd 2013) were set up at
gauging stations where temperature was not previously recorded and data was
downloaded from the loggers approximately every 3 months using HOBO software. At
each site, the buoyant loggers were attached to a chain using cable ties and floated in
the water column at approximately 20 cm above the river bed, recording temperature

at 30 minute intervals (Fig. 6b). Two loggers at each site provided insurance against
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data loss from damage incurred in the stream or a dysfunctional logger. Where

possible, loggers were placed in flowing water of the river.

Figure 6: An example of a gauging station shed at Downstream Burrendong gauging

station (a) and the set-up of the Hobo loggers in river sites (b).
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Table 1: Temperature data availability. This is inclusive of data recorded on Hobo loggers and historical data recorded at gauging

stations through DPI Water monitoring programs (Hydstra). Grey squares indicate a period of six months with >5 months of data

available.
Site Name Site Code Data Record Distance Data availability
from dam
(m) 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Sites on the Macquarie River Upstream of Burrendong Dam
Yarracoona 421191 Hobo 108.5
Bruinbun 421025 Gauge 104.0
Long Point 421192 Gauge 73.0
Sites on the Macquarie River Downstream of Burrendong Dam
Burrendong 421077 Hobo 0.5
Outlet
Downstream 421040 Gauge 7.4
Burrendong
Wellington 421003 Hobo 33.0
Ponto Falls 42110086 Hobo 55.0
Wollombi 421900 Hobo 76.5
Geurie Bridge Hobo 93.0
Dubbo 421001 Gauge 115.2
Rawsonville Hobo 152.0
Bridge
Baroona 421127 Hobo 162.5
Narromine 421006 Hobo 187.0
Gin Gin 421031 Hobo 254.5
Warren Weir 421086 Hobo 312.0
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3.3.2 Data analysis

Three gauging stations (GS) upstream of Lake Burrendong on the Macquarie River:
Yarracoona, Bruinbun, and Long Point, were selected as natural reference sites for
comparison with Burrendong Dam releases. Releases were measured at the Outlet
and the Downstream Burrendong GS, located several kilometres below the dam (Table
1). Temperature records for Bruinbun GS and Downstream Burrendong GS were
available from 2008 onwards. Historical comparisons of water temperatures upstream

and downstream of Burrendong Dam were made using this data.

3.3.3 Historical cold water pollution

Historical data accessed from the Hydstra database was used to analyse long-term
thermal patterns along the Macquarie River. The data were downloaded as daily mean
temperature time-series and real-time (data observations recorded at hourly intervals)
records. Daily means were graphed from January 2008 to January 2015 to provide
visual comparisons of the thermal regime between the upstream site, Bruinbun GS,

and the downstream site, Downstream Burrendong GS.

Seasonal dynamics of the vertical temperature profile in the reservoir

To further improve understanding of the thermal dynamics within Burrendong Dam,
monthly depth profiles of water temperatures were used to create a heat map. The
map displays thermal stratification patterns as a two dimensional plot with depth on

the y-axis, time along the x-axis and temperatures as colour gradients.

A plot was constructed using data from the time-series of temperature depth profiles
for Lake Burrendong near the dam wall. Four depths (2 m, 10 m, 14 m, and 20 m) were

chosen for plotting. These were displayed as time-series plots alongside temperature
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data recorded at the Downstream Burrendong gauging station and the upstream site,
Yarracoona. Yarracoona was selected for this graph because the temperature data for
this site was more up-to-date than Bruinbun GS (Table 1). The data records for
Bruinbun and Long Point were incomplete for 2015 and so could not be used for 2015

comparisons (Table 1).

Effect of residence level and discharge volume on downstream temperature

Reservoir residence level data was obtained from the Water NSW website

(http://realtimedata.water.nsw.gov.au). Residence levels were converted from

elevations a.s.l. to heights above the outlet by subtracting the elevation of the outlet
depth (312.57 m a.s.l.) from the residence level (expressed as m.a.s.l). This was done
to show the relative distance of the outlet from the water surface on a time-series
from July 2012 to April 2015. An in-depth investigation into the relationship between
residence level, the distance of the thermocline above the low-level off-take, and the
severity of downstream CWP was undertaken. Data on historical residence levels were
used to identify years when the volume of water stored in the reservoir was similar to
2014 when the thermal curtain became operational. The years when the residence
level was similar to 2014 were 2004, 2007 and 2013. Discharge from the storage was
superimposed on the time-series plot of Downstream Burrendong GS temperatures to
show the effect of changes in discharge on water temperature. The temperature time-
series for 2004, the year with the most similar discharge pattern to 2014, was overlaid
onto the plot to compare thermal regimes and potential improvements in water

temperature brought about by surface releases in 2014.

Upstream versus downstream water temperatures
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Temperatures for the upstream site, Yarracoona, were chosen as a reference condition
for the natural, pre-dam temperatures downstream of the dam wall at Downstream
Burrendong GS. This site was chosen because it had a complete temperature record
from 2013 to 2015. The deviation of downstream temperatures from the natural
regime was calculated by subtracting Yarracoona mean daily temperatures from
Downstream Burrendong temperatures for the year prior to (2013) and after (2014)
the point in time when thermal curtain became operational. Ideally, 2004 would have
been included in comparisons of pre-thermal curtain use, but upstream data was
unavailable for the summer of 2004 (Table 1). Monthly means were also calculated as
an additional comparison of the monthly thermal trends prior to, and following, the

use of the thermal curtain.

The role of discharge in the functionality of the thermal curtain

The potential role of reservoir discharge in modifying the effect of the curtain on the
thermal regime of the Macquarie River was investigated. Discharge data was
compared to the change in temperature inside the thermal curtain (surface
temperature minus bottom water temperature within the curtain, AT) and the

temperature recorded at the outlet over a period of 295 days.

The strength of thermal stratification was described by AT, where the larger the
difference between the surface and bottom water temperatures within the thermal

curtain, the greater the strength of thermal stratification.

AT was plotted as a time-series superimposed with discharge from Burrendong Dam
and mean daily temperatures recorded at the outlet. Two peaks and one drop in

outlet discharge were investigated further in relation to AT and outlet temperatures.
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The outlet temperatures at these points were then plotted with temperatures
observed upstream of the storage for the same period. Pearson’s product-moment
correlation was calculated for the discharge and AT values to test the strength of the

linear relationship.

Diel range

Diel range, the thermal range within the 24 hour period of a day, was assessed for the
12 month periods of before and after the thermal curtain operation to further assess
the effect of the curtain on the thermal regime of the downstream Macquarie River.
Diel temperature range at the outlet was calculated from hourly data with daily
minimum subtracted from daily maximum and was plotted as a time-series. This
allowed a visual comparison of potential changes in the diel range after the release of
surface waters with the thermal curtain. Monthly means with standard errors for diel
thermal range at Yarracoona and Burrendong outlet were calculated and plotted as a
time-series. The monthly means were used to show the overall trends of the diel
range at the outlet compared with what was observed under assumed natural stream

conditions.

Thermal recovery distance

The data collected by the Hobo temperature loggers were used for analysis of thermal
recovery with distance downstream of the dam. There are two ways of viewing
recovery: 1) by comparing water temperatures downstream of the dam to reference

sites, and 2) by calculating recovery with distance using an asymptotic equation.
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1) By relating the downstream temperatures with water temperatures at

upstream reference sites, taking into account the variability in temperatures:

December water temperatures were recorded for both years at Yarracoona, but were
available only for December 2013 at Bruinbun and Long Point. December was chosen
as the historical temperature data indicates it is the month worst affected by CWP (Fig.
7). December was therefore chosen to assess the effectiveness of the thermal curtain
in mitigating CWP during a period when the worst expected thermal effects of the dam
are most likely to occur. Separate 95% confidence intervals were calculated for all
upstream sites for 2013 and 2014 with available data for the December months. A
zone delimited by the upper limit for Long Point and the lower limit for Bruinbun was
highlighted in blue on the graph of longitudinal thermal recovery. These intervals were
used as a broad reference band for downstream water temperatures, as temperatures
within this range might be expected to represent naturally occurring temperatures

downstream of the dam wall.

2) When the recovery curves plateau (i.e. mean December temperatures

approach an asymptote, as estimated by the T,,.x parameter).

Recovery in surface water temperatures with distance downstream of the Burrendong
Dam wall was expected to occur rapidly close to the dam before tapering off to an
asymptotic temperature far from the dam. Mean December water temperatures at
sites downstream of Burrendong Dam were modelled using the following negative

exponential temperature recovery model:

Page 45



Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative thermal curtain

T =Ty + (Thax — TO)(]- - e—kS)

where
To represents the water temperature at the outlet (distance of 0 km)
Tmax IS the asymptotic temperature (above Ty)
k is a rate constant (or shape parameter) controlling the rate of recovery
with distance (S)
S distance downstream from the dam wall (km)

The parameters of the model were estimated by nonlinear weighted least-squares
(Bates and Chambers 1992) using the nls function in R (Fox and Weisberg 2010). The
nls function uses the Gauss-Newton algorithm to iteratively minimise a weighted

residual sum of squares.

Both approaches (1) and (2) were used in this study to assess the thermal recovery of
the Macquarie River downstream of the dam wall. The predicted temperatures with
distance projected by method 2 were used to identify the distance of recovery
according to the 95% confidence intervals calculated for upstream sites using method
1. This gave an estimate of the distance to the point of thermal recovery for both
years. Data for December 2014 was unavailable for Geurie Bridge and Narromine, so

these two sites were omitted from the 2014 recovery model.

Five sites with intact time-series (i.e. few or no missing values) were selected for
further assessment of the impact of the thermal curtain on downstream river
temperatures to support and compliment the above analyses. Short gaps in the time-
series of less than a week were filled by linear interpolation with neighbouring values.
The five chosen sites (Outlet, Wellington, Baroona, Gin Gin and Warren) spanned
distances from immediately downstream of the dam wall to Warren, 312 km

downstream of the dam. The periods from 1 July 2013 to 31 Dec 2013 (pre-curtain
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operation) and 1 July 2014 to 31 Dec 2014 (post-curtain operation) were chosen for
comparison. This time of year captures much of the thermal depression which

develops from spring into summer

A Kolmogorov-Smirnov two-sample test (Conover 1999) was used to compare the
deviations in daily water temperatures on the same day of the year in 2013 and 2014

between sites.

Biological implications: Thermal effects on native fish

Lake (1967) and Merrick and Schmida (1984) give the minimum temperatures within a
given time period from for the cue of spawning of three native fish species in the
Macquarie River. These were overlayed on a time-series plot of the water
temperatures at the outlet GS from the time period of August 2013 to June 2014, and
August 2014 to May 2015. This was done to use a tool to denote just one possible
effect of water temperature in the Macquarie River immediately below the dam wall

on the biological constituents of the river.

Data in this chapter were formatted and graphed using Microsoft Excel 2010 and
SigmaPlot 12.5 software. Statistical analyses were performed using R 3.1.2 (R Core

Team 2015).
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3.4 Results

3.4.1 Historical cold water pollution

There was a consistent difference in water temperature between Bruinbun and
Downstream Burrendong GS over a period of 9 years (Fig. 7). Itis clear that CWP is
regularly occurring during the warm months of most years from September to March.
CWP was particularly noticeable in the summers of 2008, 2010, 2011 and 2012 when
maximum daily mean temperature differences between the two sites reached 9.4°C,
13.5°C, 11°C and 10°C, respectively. This is a strong indication that CWP has been a

long-term problem on the Macquarie River below Burrendong Dam.

Warmer than natural water releases are another thermal effect resulting from dam
discharges. Temperatures below the dam wall are regularly warmer than upstream
temperatures during periods of reservoir mixing (cooler months) with recorded
temperature differences of up to 8.1°C warmer occurring downstream of the dam

(June 2012).
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Figure 7: Thermal regime of the Macquarie River at upstream site Bruinbun (green)

and downstream site Downstream Burrendong (black) over a period of 7 years.

3.4.2 Seasonal dynamics of the vertical temperature profile in the reservoir
To understand the cause of CWP below Burrendong Dam on the Macquarie River, the
internal thermal dynamics of the reservoir were examined. A heat map displaying the
thermal patterns of the water column demonstrates the seasonal cycle, the
persistence of stratification and the subsequent mixing events within the reservoir
(Fig. 8). Through the months of April to September, the water body was isothermal
(mixed), but stratification developed from October and extended through to March.
The development of the epilimnion and hypolimnion occurred annually with up to

13.5°C difference in temperature (January 2013, Fig. 9).
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Figure 8: Heat map showing the thermal patterns within Burrendong Dam from June

2013 to January 2015. Thermal profiles are shown over time (x-axis) with depth (m)

from the surface on the y-axis.

3.4.3 Effectiveness of the thermal curtain in reducing the magnitude of cold
water pollution

A time-series comparison of the release temperatures measured at the outlet with the
temperatures within the water column of the dam (Fig. 9) illustrates how the internal
dynamics of the dam affect the release temperatures. The dam releases were sourced
from bottom waters using a bottom release valve prior to May 2014, after which the
thermal curtain was in use. In the summer of 2012 (Dec 2012 — Feb 2013) the outlet
temperature is similar to temperatures observed within the hypolimnion at 20 m

depth. For example, on the 3 February the daily mean temperature of the
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downstream site, Downstream Burrendong GS, was 17.7°C, one degree above the

16.67°C recorded at 20 m within the hypolimnion. On the 2" March 2013 the daily
mean temperature of the downstream site was 19.4°C compared to 19.3°Cat 20 m
depth within the dam. At Long Point, an upstream reference site, the temperature

recorded on this date was 6.7 °C above the observed temperature of the outlet.

For the upstream site temperatures to be matched with dam releases, they must exist
within the dam. That is, if the water temperature within the reservoir is not warm
enough to mirror upstream water temperatures, the temperature of releases from the
reservoir cannot resemble those of the upstream site. The light blue line in figure 9
tracks the surface water (2 m, dark red line) very closely during periods of thermal
stratification. During the period when the reservoir was thermally stratified from
September 2014, downstream temperatures were similar to the surface water
temperatures in the reservoir. A large block of missing thermal profile data occurred
in 2014/15 due to equipment failure. Nevertheless, it is clear from the available data
that the thermal curtain affected release temperatures at the outlet. For example, on
the 2" of February, 2015, water temperature at the outlet was 25°C, compared to
23.9°C at 2 m depth and 13.43°C at 20 m depth in the reservoir at the same time (Fig.
9). This data links the temperatures recorded at the outlet to the level of water

withdrawal from the off-take within the dam.
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Figure 9: Time-series of mean daily temperature (°C) observations at various depths
within the Burrendong Dam storage compared with mean daily temperature of
Downstream Burrendong gauging station. Depths shown are 2 m (dark red), 10 m
(orange), 14 m (green) and 20 m (dark green) and also Downstream Burrendong
(black) and Yarracoona (light blue). The vertical blue line indicates the point from

when the thermal curtain became operational (May, 2014).

3.4.4 Effect of residence level and discharge volume on downstream
temperature

The residence level of the reservoir varied over time from July 2012 to March 2015
(Fig. 10). The depth of the off-take in relation to the surface water is affected directly
by residence level and was similar in the summers for the two years 2013 and 2014
(Fig. 10). The off-take was 10 m below the water surface, when the residence level

was around 322 m a.s.l. Therefore, the depth was similar between the two summers
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of comparison, and so would have impact on release temperatures in a similar

manner.
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Figure 10: Depth (m) of bottom outlet in Burrendong Dam from water surface.

The residence level of the dam during the summers of 2004, 2007 and 2013 was
similar to the residence level of 2014; the summer after operation of the thermal

curtain began (http://realtimedata.water.nsw.gov.au/water.stm) (Fig. 10). This

enabled additional comparisons of downstream temperature change in relation to
temperatures in the reservoir close to the dam outlet prior to and following

commencement of the thermal curtain operation.

Historically, there is an inverse relationship between discharge volume and

temperature in the warmer months when releases have been sourced from the
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hypolimnion. In years of similar residence levels, decreases in discharge to relatively
low volumes corresponded to a rapid increase in water temperature at the
Downstream Burrendong GS (Fig. 11). In 2004, there were two periods of low
discharge (October and December), which coincided with an increase in downstream
temperatures of almost 6°C (Fig. 11a). In 2007, after three months of relatively low
discharge below 500 ML/day, a four-fold increase in discharge volume coincided with a
7.5°C drop in temperature at the downstream site (Fig. 11b). Despite considerable
variation of relatively large discharge volumes in 2013 (mostly greater than 2000
ML/day), there appeared to be little impact on temperature at the downstream

Burrendong GS (Fig. 11c).

In 2014 with warmer surface releases, this relationship does not appear to be true (Fig.
11d). With increasing discharge the water temperatures at the downstream
Burrendong GS are not reduced, rather in some cases they increase (mid-December
and mid-January, for example). Overall in the period shown in figure 11d, the
discharge does not appear to have as great an effect on water temperatures at the

downstream Burrendong GS.

Discharge volumes in 2004 were the most similar to 2014 (Fig. 12) therefore
temperature comparisons between these two years are the most appropriate. Except
for three occasions in 2004 when the discharge fell below 100 ML/day (October,
November and December), water temperatures were consistently 2-3°C lower than
2014 (Fig. 13). Monthly means of temperature at the DS Burrendong GS from October
to February in 2004 and 2014 indicate an improvement in monthly temperature of

2.5°Cin January (Fig. 14). This comparison of hypolimnial (2004) and epilimnial (2014)
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releases during periods of similar residence level and reservoir discharge,
demonstrates the effect of the thermal curtain in moderating downstream

temperatures.
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Figure 11: Four years of similar residence level within Burrendong Dam: a.) 2004, b.)

2007, c.) 2013 and d.) 2014 showing mean daily temperature (°C) of releases at

Downstream Burrendong gauging station (black lines) and daily discharge from the

reservoir (ML/day) (blue dashed lines). Data is shown for the period of October to

April.
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Figure 12: Comparison of daily discharge from Burrendong Dam between 2004 (blue)

and 2014 (black).
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Figure 13: Comparison of daily mean temperatures (°C) recorded at Downstream
Burrendong gauging station between 2004 (blue) and 2014 (black).
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Figure 14: Comparison of mean monthly temperatures (°C) recorded at Downstream
Burrendong gauging station between 2004 (black) and 2014 (white). Error bars

indicate standard error.

3.4.5 Upstream versus downstream water temperatures

The pairwise differences in daily water temperatures between the upstream reference
site at Yarracoona and the reservoir outlet in summer periods for 2013 and 2014
indicate the magnitude of temperature depression caused by Burrendong Dam
releases (Fig. 15). In the absence of the dam, the temperature differences should be
close to 0°C. Periods of CWP are shown by positive differences in temperature from
September to March. The temperature differences in 2014 were often several degrees
lower than the differences recorded in 2013, and rarely higher than in 2013. In 2013
the difference in daily mean temperature between the two sites was consistently

several degrees higher than 0°C on most days during the period of stratification. In
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2014, temperatures at the outlet replicated upstream temperatures on several

occasions in October, mid-December and particularly from February to April.

Under the operation of the thermal curtain, the average monthly temperature
difference between the upstream site, Yarracoona, and the dam outlet was reduced in
2014, compared with 2013 (Fig. 16). The largest discrepancy in monthly temperature
differences between 2013 and 2014 occurred in December and January when there

was an increase in monthly mean temperature of 3°C.

2013 (Before)
e 2014 (After)

Residual of mean daily temeprature (°C)

Jun Aug Oct Dec Feb Apr

Figure 15: Difference in mean daily temperature (°C) between the upstream
reference site (Yarracoona) and the Outlet in the year before thermal curtain use,
2013 (blue), and while the thermal curtain was active in 2014 (dashed red).
Temperature differentials above 0°C indicate cold water pollution, while

temperature differences below 0°C indicate warm water pollution.
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Figure 16: Difference in mean monthly temperature (°C) between upstream
reference site Yarracoona and the Outlet in the year before thermal curtain use,
2013 (black), and white the thermal curtain was active in 2014 (white).
Temperatures above 0°C indicate cold water pollution, while temperatures below

0°C indicate warm water pollution. Error bars indicate standard error.

3.4.6 The role of discharge in the functionality of the thermal curtain

Large fluctuations in discharge were observed during the period of thermal
stratification from the point in time when the thermal curtain had been in operation
(Fig. 17: i=drop, ii. and iii. = increases). The change in temperature between the
surface and bottom of the water column within the thermal curtain (AT) is shown in
figure 17b. When AT is higher, thermal stratification is stronger. At point i, the
discharge decreased by 1070 ML/day in 9 days corresponding with a peak in AT (Fig.

17b), showing that thermal stratification increased inside the thermal curtain. Water
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temperatures at the outlet dropped as a result of this (Fig. 17c). Peaks in figure 16a
indicated by ii and iii coincide with drops in AT (Fig. 17b), indicating that the increased
flow of water through the thermal curtain prevented the development of strong

stratification within the curtain. Corresponding temperatures at the outlet increased.
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Figure 17: Three time-series comparing daily discharge from Burrendong Dam
(ML/day), change in mean daily temperature between the surface and bottom of the
water column within the thermal curtain (a), AT (°C)(b), and temperature (°C)
observations at the Outlet gauging station (c). Drops (i.) and peaks (ii. and jii.) in

daily discharge (ML/day) are compared with AT (°C) and outlet temperatures.
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Figure 18 compares the temperatures recorded at the outlet during the lows and
peaks in discharge (i, ii and iii) with temperatures recorded at the upstream reference
site, Yarracoona. Increased discharge breaks down thermal stratification in the
curtain, resulting in the release of warmer water through the outlet. At point i, when
discharge dropped to 300 ML/day, the temperature at the outlet was 6.15°C cooler
than the upstream temperature (Fig. 18). During a peak flow of 1300 ML/day,
stratification within the thermal curtain weakened and the temperature at the outlet
was 2.85°C cooler than the upstream temperature (Fig. 18 ii). At the highest discharge
peak (1539 ML/day) during the period of thermal stratification within the reservoir,

the observed temperature at the outlet was only 1.18°C cooler than the upstream site

(Fig. 18 iii).
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Figure 18: Mean daily temperature (°C) at the Outlet and upstream reference site
Yarracoona are compared at the points of low (i.) and high (ii. and iii.) daily discharge

(ML/day) identified in Figure 15.
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There is a highly significant linear relationship between the magnitude of thermal
stratification in the thermal curtain, AT, and daily discharge volume (Fig. 19). As
discharge increases (Q), AT decreases (AT = 10.2 — 0.0044Q, RSQ = 0.486, F, 115 = 108.8,
p < 0.001). When release volumes exceed 800 ML/day, the relationship between AT

and discharge begins to break down.
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Figure 19: Regression of the mean daily temperature difference between the surface
and bottom of the water column within the thermal curtain, AT (°C), and daily

discharge (ML/day) from Burrendong Dam (October 2014 - February 2015).

3.4.7 Diel range
Diel temperature range at the outlet visibly increased with the use of the thermal

curtain (Fig. 20). The maximum value of the diel range rose by a factor of 1.5 (up from
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a maximum of 2.88°C) prior to thermal curtain use (pre 6/05/2014) to 4.66°C
afterwards (post 7/05/2014). Mean monthly diel thermal variation observed at the
outlet was much lower than at Yarracoona throughout the summer of 2013 when
releases from Burrendong were sourced from below the thermocline (Fig. 21). The
highest mean monthly diel range observed at Burrendong outlet prior to operation of
the thermal curtain was 1.5 £ 0.1°C in March 2014. This improved to 2.55 + 0.2°C over
the 2014 summer, after surface releases through the curtain had commenced.
Furthermore, the monthly diel ranges at Yarracoona were mostly higher in 2013
summer than in 2014 summer. In contrast, the opposite was true for Burrendong
Outlet, where the monthly diel ranges were mostly higher in 2014. Overall, the diel

thermal range of the downstream site improved with the use of the thermal curtain.

Thermal Curtain
5 - operational

Outlet diel range (°C)

Figure 20: Diel range from May 2013 to May 2015 at the Outlet site, just below

Burrendong Dam. The blue line indicates the start of the use of the thermal curtain.
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Figure 21: Comparison of the mean monthly diel ranges between the upstream site
Yarracoona (grey triangles) and Burrendong Outlet (black circles) in the period prior
to and after the use of the thermal curtain. The light blue vertical line indicates the

point in time from when the thermal curtain was active.

3.4.8 Thermal recovery distance

A comparison of longitudinal temperature patterns on the Macquarie River was made
for the two years preceding and following use of the thermal curtain. The monthly
average water temperature (calculated from data logs at hourly intervals) for
December 2013 and December 2014 at 7 sites along the Macquarie River were used in
the comparison (Fig. 22.). Three sites upstream from Lake Burrendong on the
Macquarie River (Yarracoona, Long Point and Bruinbun) were used as unregulated

reference sites.
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For this study, the water temperatures in the river downstream of Burrendong Dam
was considered to be within the natural temperature range if they fell within the 95%
confidence limits of upstream temperatures for December of both years. The
December mean water temperature for the upstream site with data for both years
(Yarracoona) was 24.8 + 0.35°C in 2013, and 24.8 £ 0.30°C in 2014. The mean
December temperature at the outlet differed by -7.5°Cin 2013 and -4.2°Cin 2014 in
from the upstream value of Yarracoona. The 95% confidence interval was defined by
the upper limit of Long Point (2013; 26.1°C) and the lower limit of Bruinbun (2013;

23°C).

The predicted asymptotic temperature (Tnax) Was not significantly different between
years (t =0.170, 3 d.f., p > 0.05), allowing a clearer comparison between the years.
The rate of recovery (k) was far more rapid in 2014 than for 2013 (Table 2). In 2013,
when releases were sourced from the hypolimnion, the thermal recovery of the
Macquarie River downstream of the dam wall required a greater distance than that of
2014, when releases were sourced from the epilimnion with the thermal curtain (Table
2). In 2013, a distance of 125 km (37.5 km upstream of Barroona GS) was required for
the mean water temperature to fall within the 95% confidence interval of upstream
sites (Fig. 22). When releases were sourced from the epilimnion in 2014, the recovery
distance was much shorter, at 20 km (13 km upstream of Wellington GS) downstream
of the dam wall. This is an improvement of 105 km with the use of the thermal

curtain.
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Table 2: Parameter estimates for the negative exponential model of water

temperature with distance downstream from Burrendong Dam.

Year

To

Tmax

Residual

std error (d.f.)

2013

17.33 (0.151)

26.67 (0.321)

0.0077 (0.00070)

0.168 (3 d.f.)

2014

20.68 (0.275)

26.56 (0.135)

0.0262 (0.00363)

0.277 (5 d.f.)
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Figure 22: Average of December daily mean temperatures (°C) with standard error
bars for December 2013 (red triangles) and December 2014 (blue circles) at sites on
the Macquarie River with distance relative to Burrendong Dam wall. Asymptotic

curves were overlayed for each year, indicating the temperature recovery between

each site. The dashed vertical line indicates the location of the dam wall (0 km).
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Visual comparison shows that the 2013 water temperatures were continuously less
than the 2014 temperatures at sites close to the dam wall (Fig. 22). At the outlet, 2013
temperatures did not cross with 2014 temperatures during the stratified period.
Differences between 2013 and 2014 diminished with distance downstream of the dam.
The 2013 and 2014 water temperatures were similar at sites Baroona and Warren,
downstream of the recovery distance identified in figure 21. The water temperature
deviations fluctuated little near the dam outlet compared with the other sites further

downstream (Fig. 23).

Daily temperature differences between these years decreased with distance from the
dam wall (Fig. 24). The continuing reduction in residual means (Table 3; Fig. 24)
indicates that the water temperatures may still have been recovering at Warren in
2013. The daily temperature deviations between Baroona and Wellington differed
significantly (p = 0.0002) (Table 4). This supports the recovery distance of 125 km

identified using the 95% confidence intervals and asymptotic curve in figure 21.
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Daily temperature deviations in 2014 from 2013 observed at four sites

with increasing distance from the dam wall. The observations were recorded from

September 2013 to April 2014 (blue) and September 2014 to April 2015 (red dashed).

The sites shown are Burrendong outlet (a), Wellington (b), Baroona (c) and Warren

weir (d).
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Figure 24: The residuals from the difference in temperature (°C) between the year
before (2013) and after (2014) the use of the thermal curtain, with distance from the
outlet. The sites shown are Burrendong outlet, Wellington, Baroona and Warren

weir.
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Table 3: Summary statistics (mean, median, median absolute deviation, minimum

and maximum values) for matched daily differences (time period: July-December) in

mean water temperature for 5 selected sites at increasing distances downstream of

the dam wall.

Site Mean Median MAD Min Max
Dam outlet 2.04 2.6 2.22 -1.6 5.2
Wellington 1.80 2.1 2.97 -4.7 7.6
Baroona 0.96 0.9 2.22 -4.3 5.3
Gin Gin 0.76 0.75 2.00 -2.8 4.2
Warren 0.43 0.3 1.78 -3.2 4.4
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Figure 25: Mean daily temperature differences between July-December of 2013 and

2014 at five sites downstream of Burrendong Dam wall. The sites, plotted with

relative distance from the dam wall, are Burrendong outlet, Wellington, Baroona,

Gin Gin and Warren weir.
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Table 4: Summary of Kolmogorov—-Smirnov two-sample test comparisons of daily
temperature deviations for 2013-14 (July-December) between monitoring sites on

the Macquarie River downstream of Burrendong Dam.

Site Comparison D statistic p-value
Gin Gin vs. Warren 0.122 0.224
Gin Gin vs. Baroona 0.110 0.285
Baroona vs. Wellington 0.226 0.0002
Wellington vs. Dam outlet 0.120 0.144

3.4.9 Biological implications: Thermal effects on native fish

Thermal ranges required to cue the onset of spawning of three native fish to the
Macquarie River are shown in figure 26. Silver perch require a minimum of 23°C to be
reached for spawning in September to late January, Murray cod need a rise from
16.4°C to 20.6°C in early summer, and golden perch need a minimum temperature of
23.5°C during their spawning season from October to March (Lake 1967, Merrick and
Schmida 1984). In 2013 the lowest observed temperatures during the window of
reproduction were almost 6°C below the minimum temperature for the spawning of
Murray cod, 8°C for silver perch, and at times up to 10.5°C below required minimum
temperatures for golden perch. The temperature ranges were only briefly met for
golden perch episodically near the end of the spawning season and not at all for
Murray cod and silver perch. In the summer starting in 2014, with the curtain
operational, thermal ranges were met more of the time for Murray cod, and some of

the time for silver perch and golden perch.
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Figure 26: Daily mean temperature (°C) observed at Downstream Burrendong
gauging station in the summer months of 2013 (black dashed) and 2014 (red) are
overlayed on a time-series. Three horizontal lines indicate minimum spawning

temperature over the spawning period of three native fish in the Macquarie River.

3.5 Discussion

3.5.1 Historical cold water pollution

When thermally stratified, reservoirs with low-level off-takes draw water from the
unnaturally cold hypolimnion. This can result in depressed downstream river
temperatures compared to natural, unregulated conditions (Acaba et al. 2000, Preece
and Jones 2002, Ryan and Preece 2003, Preece and Wales 2004). Historical thermal
patterns of the Macquarie River immediately below Burrendong Dam showed this with
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frequent periods of temperature depression. The most severe CWP events occurred in
the spring-summer periods when maximum differences in daily mean temperature
between upstream and downstream sites often exceeded 10°C. This coincided with
thermal stratification of the reservoir, high reservoir residence level and high discharge
volumes from the hypolimnion. High residence levels in large reservoirs with low-level
outlets have been linked to more extreme temperature depression downstream. A
greater residence level raises the thermocline further from the outlet, ensuring that
cold water is drawn in releases (Preece and Jones 2002, Sherman 2005). Because of
the high specific heat capacity of water, large waterbodies are exceptionally stable to
thermal variation (Gordon et al. 2004, Sherman 2005). The temperature of water at
high discharges is less responsive to atmospheric conditions than at low discharge
because of the greater volume, resulting in the low temperatures observed at the
source persisting further downstream (e.g. headwaters or hypolimnetic releases) (Gu

et al. 1998).

These factors were pertinent when CWP was most prominent in the years 2010, 2011
and 2012 (Fig. 6), when residence level was greater than 340 m a.s.l. (at this depth, the
outlet was 27.43 m below the water surface) and dam discharge exceeded 5000
ML/day. The water temperatures of the Downstream Burrendong gauging station
reflected the temperatures observed at 20 m depth of within the reservoir water

column in 2012 (Fig. 9).

3.5.2 Effectiveness of the thermal curtain in reducing cold water pollution
Thermal curtain use improved the water temperature below Burrendong Dam. A shift

in temperatures between the summers of the two years was observed, with a
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sustained 2-3°C temperature increase in mean daily temperature in 2014 (Fig. 13), and
an increase of 2.5°C in mean monthly temperature (Fig. 14). The improvement in
temperature can be attributed to the selective release of warmer surface water with
the thermal curtain. These thermal improvements have resulted in water
temperatures immediately downstream of the dam that more closely resemble the
upstream thermal regime. Improvements of around 3°C in mean monthly
temperatures can be seen in January and December after implementation of the
thermal curtain (Fig. 16). However, discharge volume may have impacted on the

effectiveness of the thermal curtain in mitigating CWP.

In the year prior to the installation of the thermal curtain (2013), the thermal regime
downstream of the dam was seldom representative of natural upstream temperatures.
From the time when the thermal curtain began to withdraw surface waters, the
difference in temperature between upstream and downstream sites was reduced. On
6 occasions there was no temperature difference, indicating that the thermal curtain
has been successful in reducing CWP and creating a more natural thermal range for the
Macquarie River. Windamere Dam, located upstream of Burrendong Dam on the
Cudgegong River, has been similarly successful in mitigating CWP via selective
withdrawal of surface waters using a MLO during periods of low discharge (Burton
2000a). In periods of high discharge from Lake Windamere (e.g. water delivery to
Burrendong Dam), there is potential for hypolimnetic releases to reduce temperatures
up to 8°C below natural temperatures. However, selective withdrawal can reduce this

to 4°C below natural.
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It is important to note that the volume of the reservoir throughout the period of this
study was low (10-20% capacity). There were times when the outlet was only 10 m
below the surface of the water. With low residence level, the thermocline is closer to
the outlet, meaning warmer temperatures will be released downstream. When the
dam has a higher residence level, the thermocline is raised further from the outlet,
resulting in more severe CWP. The results of this study are modest considering the
low residence level, and it is likely that when the dam is holding a larger percentage of

water to full capacity, the potential for cold water pollution mitigation will be greater.

3.5.3 Diel range

Water temperature naturally varies on diel and seasonal cycles, largely in response to
climatic conditions including air temperature and solar radiation (Brown 1969, Sinokrot
and Stefan 1994, Evans et al. 1998, Caissie 2006). Diel and short term variability in
water temperature is highly important in the ecological health of a river. Fluctuations
in river temperature provide an overlap in niche conditions for aquatic organisms.
Subsequently, the thermal fluctuations alternately favour different species

(Hutchinson 1953, Sweeney and Schnack 1977). Furthermore, diel variation also
serves as an important environmental cue for spawning and egg and larval
development of many fish, copepods and invertebrates (Lehmkuhl 1972, Sweeney and

Schnack 1977, Sweeney 1978).

Releases from the hypolimnion of a dam reduces the thermal variation within a day,
and buffers the natural thermal extremes of winter and summer (Preece and Jones
2002). The hypolimnion is physically isolated from the atmosphere, meaning it does

not respond to changes in air temperature and other climatic circumstances as much
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as surface waters. The surface water of a reservoir is exposed to the atmosphere and
as a result, though still largely buffered, does respond to the thermal conditions it
encounters on a day to day basis. Consequently, the diel range of hypolimnial releases
is minimised, as seen in the Macquarie River (Figs. 20 & 21). By channelling surface
waters for release into the Macquarie River with the thermal curtain, an improvement
in the diel thermal range was clear and much more representative of natural
conditions. The diel ranges of upstream sites, which tend to be more shallow and
narrow streams, are generally more extreme than the larger, deeper downstream
portions of a river. Therefore it is expected that the diel variation seen at the outlet
will have some deviations from the natural reference site, which is more than 100 km

upstream of the dam.

3.5.4 The role of discharge in the functionality of the thermal curtain

This study has shown that thermal stratification develops within the thermal curtain at
low discharge volumes, possibly accounting for the variation in the difference between
daily temperature means of the upstream and downstream sites in 2014 despite
surface water withdrawal. The low discharge allowed the body of water within the
thermal curtain to stratify, most likely through similar mechanisms to the rest of the
reservoir. There may have been heat loss through the thermal curtain when the

temperature within it was greater than that of the reservoir water body outside it.

There was a breakdown of stratification within the thermal curtain structure as
discharge increased. This indicates that the stratification, which reduces the
effectiveness of the thermal curtain by lowering the temperature of the water before

it is released, can be managed. Increased water movement is known to disrupt
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stratification patterns, which requires still or very slow moving water bodies to
develop (Reinfelds and Williams 2012). This pattern was then linked to observed
outlet water temperatures, which exhibited a significant linear relationship with outlet
discharge. High discharge through the thermal curtain coincided with increasing
downstream temperatures in summer, demonstrating the increased effectiveness of
the curtain. A discharge threshold of 800 ML/day was identified using linear regression
(Fig. 19), where the negative relationship between discharge and AT is strongest up
until this point and weakens at greater discharge volumes. With weakened
stratification within the curtain, the water temperature of the releases will be warmer
than periods of stronger stratification. This identifies a threshold for the effective
management of thermal stratification within the thermal curtain. The weakening of
this occurrence of stratification in the curtain allows the transport of warmer surface

waters to the outlet, without excessive heat loss.

This information is important for the effective management of the thermal curtain.
The highest water demands occur in summer to meet irrigation needs for agriculture
downstream. High discharge volumes during thermal stratification are known to cause
severe and far-reaching CWP downstream of the dam. With curtain operation, high
discharge volume means these agricultural needs may be met in the future without

the increased flow being detrimental to the thermal regime of the Macquarie River.

This relationship also may be beneficial when allocating environmental flows, such as
regulating timing and volume of flow patterns to maintain riverine ecological health
(Kingsford and Auld 2005, Rolls et al. 2013, Bino et al. 2014). The effectiveness of

environmental flows may be nullified when the thermal regime is not considered

Page 79



Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative thermal curtain

(Olden and Naiman 2010). The incorporation of a river’s natural thermal regime is
essential for the success of the flow events in maintaining ecological health (Lugg
1999, Lugg and Copeland 2014). The identification of the discharge threshold to
improve the thermal outcomes with use of the curtain should be considered in future
environmental releases on the Macquarie River. Releases should be above 800

ML/day to better mimic the natural thermal regime.

3.5.5 Thermal recovery distance

The month that consistently experiences the most severe CWP (December) was
selected to assess the longitudinal persistence of the thermal effects of Burrendong
Dam in the year before and after the installation of the thermal curtain (2013 and
2014). A comparison of the monthly means of the two December periods indicates the
thermal curtain is effective in improving the thermal recovery distance (Fig. 21).
Results indicate that CWP in December 2013 persisted for 125 km. The total mean
recovery distance was reduced by 105 km, with the thermal effects of the dam
persisting to only 25 km downstream in 2014. The use of asymptotic curve against the
95% confidence intervals of upstream sites allowed these distances to be identified.
These distances were further supported by temperature residuals between 2013 and
2014 at 5 sites downstream of the dam wall (Table 3), indicating that daily
temperature differences between these years decreased with distance from the dam
(Fig. 24). The significantly different residual means of Wellington GS and Baroona GS
represent the closest sites to the recovery distance of 125 km in 2013 and 20km in
2014, further supporting the finding that the mean temperature of the river recovered

to upstream temperatures by Baroona GS.
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Harris (1997) was the first to assess the persistence of CWP on the Macquarie River in
creating a longitudinal thermal profile of the river and concluding that over 300 km of
river was seriously affected by CWP below Burrendong Dam (defined as 5°C below
predicted natural). The average of two readings on consecutive days was compared to
predicted natural temperatures (produced from a regression of best fit). Interestingly,
Burton (2000b) presented a study of monthly means and compared the data to 20"
and 80" percentiles calculated from temperature data immediately upstream of the
dam. He concluded 117 km of the Macquarie River was suppressed by 1-2°C below
natural temperatures. The two studies used different methods for assessing the

impact of the dam resulting in different conclusions on the extent of the problem.

This study differs by comparing short time-series segments of the summers before and
after the implementation of the thermal curtain and by focusing on monthly means of
the worst affected month in 2013 and 2014. The combination of these methods
accounts for the daily variation in temperature over the full period of CWP, allowing a

wider view of the thermal trends in 2013 and 2014 summers.

3.5.6 Biological and ecological implications: Fish

Rising water levels and temperature are both essential environmental cues for the
onset of spawning in many native fish (Lake 1967). Golden perch, silver perch and
Murray cod are just a few of the native fish residing in the Macquarie River which
require a minimum water temperature to be reached during their respective
reproductive seasons to cue the onset of spawning (Lake 1967, Merrick and Schmida
1984). When comparing these minimum required thermal ranges over their respective

time frames to the observed daily mean temperature at the outlet of Burrendong
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Dam, it is clear that the thermal regime with low-level releases was usually not suitable
for these native fish (Fig. 26). With surface releases however, the thermal range is
much more favourable. This study suggests that cold water releases from the dam
may have been previously directly impacting negatively on the viability of native fish
species. With the use of the curtain there is evidence that the thermal reproductive

requirements of these fish are now being met.

Altered thermal regimes have been linked to low population density and body mass of
native fish in affected rivers (Astles et al. 2003, Sherman et al. 2007, Donaldson et al.
2008). For example, juvenile silver perch exhibit low growth and survival rates when
exposed to water temperatures up to 10°C below their natural range (Astles et al.
2003). Eggs and larva of the Murray Cod exposed to temperatures below 13°C (3-8°C
below natural ranges) presented a 0% survival rate (Todd et al. 2005). Further
research is needed in the Macquarie River below the dam to assess the effects of the

thermal curtain on the native fish community.

Positive ecological implications are also tied with improved diel thermal ranges. The
Macquarie River more closely follows natural patterns after the use of the thermal
curtain. Fish growth rate is affected by diel variation in water temperature, whereby
increased growth rates are associated with fluctuating temperatures in comparison to
constant water temperatures (Diana 1984, Lyytikainen and Jobling 1998, Sadati et al.
2011). Oxygen consumption and metabolic activity also increase in these fluctuating
conditions (Lyytikainen and Jobling 1998) and immunity is positively affected by diel

thermal variation in some fish (Sadati et al. 2011).
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3.5.7 Biological and ecological implications: Macroinvertebrates and plankton
Other aquatic organisms including plankton and macroinvertebrates respond positively
to improved diel thermal ranges more reminiscent of unregulated rivers. Egg and
larval development of copepods often improve when exposed to water with larger diel
thermal variation, and higher mortality rates in groups exposed to steady temperature
in lab experiments (Sweeney and Schnack 1977). There were similar findings in in-situ
experiments with macroinvertebrates (Sweeney 1978). It was suggested that aquatic
copepods and macroinvertebrates are more metabolically efficient in an environment
with a fluctuating thermal regime. In one instance, temperatures considered lethal to
insects when exposed at a constant rate were used as the maximum in a diel cycle,
resulting in a stimulatory response in the exposed insects (Sweeney and Schnack

1977).

Significant changes in the community structure of benthic organisms have been noted
below impoundments, contributed mainly to the downstream lag and depression of
the summer maximum temperature (Spence and Hynes 1971). Impacts on
invertebrates include reduction in species diversity and the increase in the population
number of some species favoured by the altered thermal regime (Spence and Hynes
1971, Ward 1976). The delay and reduction of seasonal maxima in spring and summer
may fail to stimulate the emergence of some insects. Correlation between hatching
time and temperature is well established, indicating extended hatching time and high
mortality rates result from exposure of eggs to temperatures above or below their

natural thermal range (Elliott 1978, Friesen et al. 1979).
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3.6 Conclusions

Hypothesis 1a was confirmed when CWP was identified as a long term problem on the
Macquarie River, caused by the release of hypolimnial waters from a thermally
stratified reservoir. Downstream temperatures were improved through the use of the
thermal curtain, both immediately downstream of the dam wall, and on a longitudinal
scale, supporting hypotheses 1b and 1c. Diel variation was negatively affected by
hypolimnial releases and improved with the change to surface water releases. The
downstream thermal regime more closely reflected upstream reference sites with

epilimnial releases through the thermal curtain.

This study has also identified thermal stratification within the thermal curtain as a
potential problem whereby with low discharge may reduce the effectiveness of the
structure in mitigating CWP. This can be controlled through the management of flows,
where increased discharge above 800ML/day threshold will result in the optimised use

of thermal curtain for the mitigation of CWP.

It is important to note that the volume of the reservoir throughout the period of this
study was consistently low, with the thermocline located closer to the outlet. When
the dam has a higher residence level, the thermocline is raised further from the outlet,
resulting in more severe CWP. Therefore, the results of this study are modest, and it is
likely that with increased residence level in Burrendong Dam, the effectiveness of the

thermal curtain at mitigating cold water pollution will be more profound.
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Chapter 4: Nutrients and Water Quality

4.1 Introduction

Nutrients are important determinants of ecosystem functioning and health. Nitrogen
and phosphorus are essential for primary productivity, required in the process of
photosynthesis (Nicholls and Dillon 1978). These nutrients are absorbed by
phytoplankton, benthic algae, macrophytes and other primary producers (Nicholls and
Dillon 1978), which are the base of the food web. Silica is also highly relevant to the
health of a riverine ecosystem (Egge and Aksnes 1992, Conley et al. 2000). Diatoms
require silica for the construction of their cell walls, thus making it an essential nutrient
for diatom growth and survival (Lund 1950, Lewin 1957). Restriction of these nutrients
can affect the ability for the plants and algae to grow, impacting on the rest of the food
web. Conversely, excess nutrients can be problematic through overgrowth of algae.
Eutrophication is a risk in aquatic environments where excess amounts of nutrients
lead to excessive aquatic plant growth, and commonly algal blooms (Reynolds and
Walsby 1975). Blooms can have adverse effects on the water quality of a river or lake.
The decomposing algal cells when blooms collapse can deplete the dissolved oxygen
(DO) in the water column (Stringfellow et al. 2009). The release of toxins from
cyanobacteria can also have adverse effects on aquatic organisms and human users of

water (Paerl et al. 2001).

Environmental disturbances can affect the longitudinal movement and cycles of
nutrients in an aquatic environment (Ward and Stanford 1983). One such disruption is

the presence of a large reservoir, which can impact the nutrients within a river by
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several means. Dams can prevent nutrient-rich particles from travelling to
downstream river reaches, resulting in low nutrient levels downstream (Burford et al.
2012). Thus through sedimentation, reservoirs act as a sink to nutrients including
nitrogen, phosphorus and silica, preventing passage to downstream stretches of river
(Conley et al. 2000, Humborg et al. 2000, Kunz et al. 2011a, Kunz et al. 2011b). Also,
during thermal stratification in summer an oxycline often develops in conjunction with
a thermocline, with the hypolimnion often becoming anoxic (Welsh and Eller 1991).
This results in the reduction of the redox potential at the sediment-water interface and
the subsequent release of nutrients such as phosphorus, nitrogen and iron from
sediments into the water column (Mortimer 1941, 1971, Amirbahman et al. 2003,
Beutel 2006, Baldwin and Williams 2007, Baldwin et al. 2010). Reservoirs with low-
level outlets can release anoxic water with high concentrations of nutrients and metals
and low silica (Conley et al. 2000, Marshall et al. 2006). Therefore, reservoirs can alter
the nutrient flux to downstream stretches of river, acting as a sink during cool seasons
of lake mixing, and a source for nitrogen, phosphorus and iron during stratification in

warm months.

The downstream nutrient effects of hypolimnial releases can be reduced in one of two
ways; destratification or selective withdrawal (Sherman 2000). Destratification of a
reservoir breaks down the thermocline and oxycline. Aeration of the hypolimnion
eliminates bacteria-mediated reduction processes, and the subsequent release of
sediment-bound nutrients into the water column (Beutel 2006). One method
commonly used to achieve this is the installation of air compressors to create bubble
plumes from the bottom waters to the surface. The bubbles oxygenate the water and

entrain hypolimnetic water to the surface, inducing mixing (Miles and West 2011,
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Fernandez et al. 2012). This is often unsuitable for large reservoirs due to the energy
and associated costs required for the operation and maintenance of the system

(Sherman 2000).

Alternatively, selective withdrawal allows for water to be drawn from a specific region
of the water column, allowing surface waters with lower nutrient levels to be released
downstream instead of nutrient-rich hypolimnial water. The use of a multiple level off-
take (MLO) tower is less energy-intensive than destratifying a large reservoir. MLO’s
can be time consuming and costly to manage, often taking at least two workers and at
least one working day to change off-take levels. Furthermore, the cost of retrofitting a
dam with an MLO is expensive, for example, to retrofit Burrendong Dam would cost
around $25 million in 2000, approximately equivalent to just over $37 million in 2015

(Sherman 2000).

The Macquarie River flows west through central NSW, providing irrigation and town
water supply to inland towns and cities in western NSW. Burrendong Dam is located
on the Macquarie River and has a capacity of 1,188 gigalitres. Thermal stratification
occurs on an annual basis every summer when high volume irrigation releases are
drawn from the hypolimnion through a low level off-take. CWP is a problem below
Burrendong Dam (Lugg 1999). However, there is little in the literature about the
associated problems such as how nutrient concentrations in the Macquarie River are
affected by hypolimnial releases. Such releases have been found to alter nutrient
concentrations in other rivers worldwide (Byren and Davies 1989, Marshall et al. 2006)
and therefore it is possible that releases from Burrendong Dam could be affecting the

Macquarie River in a similar way. If there is an increase in nutrient concentrations in
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the downstream Macquarie River associated with hypolimnial releases from the dam,

the release of surface waters through the use of the thermal curtain may reduce this.

Three specific hypotheses are addressed in this chapter:

1. During mixing, nutrient concentrations and DO will be homogenous through
depth in the reservoir and during stratified periods the hypolimnion will have
greater nutrient concentration.

2. Nutrient concentrations will be greater downstream than upstream of the dam
during stratified periods with low-level releases.

3. Downstream nutrient concentrations during reservoir stratification will be
reduced with epilimnial releases compared to hypolimnial releases after the

curtain is implemented.

4.2 Study sites

The sites used in this chapter are the same as for Chapter 3 (Temperature) and have
been previously described. One sampling site exists upstream of Burrendong Dam on
the Macquarie River (Long Point), one immediately downstream of the dam wall
(Outlet) and another within the reservoir near the off-take tower. The Cudgegong
River is a significant tributary to Burrendong Dam, however no sites located on this
river were used for monitoring as the water quality is potentially altered by

Windamere Dam.
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4.2 Methods

4.2.1 Data collection and sample analyses

Sampling was performed between April 2013 and April 2015 at 2 sites along the
Macquarie River, and one site in Burrendong Dam (Fig. 1). Long Point and the outlet
were sampled on a monthly basis from April to September, and fortnightly from
October to March over a period from April 2013 to March 2015. Total phosphorus
(TP), total filterable phosphorus (TFP), nitrogen oxidised as N (NO,), total nitrogen (TN),
total filterable nitrogen (TFN), ammonia (NHs), silica (SiO,) and filterable reactive
phosphorus (FRP) were collected by hand 20 cm below the surface of flowing water.
Burrendong Dam depth samples were collected monthly. Nutrients were collected at
depths of 0.25, 1, 3, 5, 10 and 20 m in Burrendong Dam using an 8 L Van-Dorn depth
sampler. Depth profiles were sampled from a buoy located approximately 750 m from

the off-take tower.

Temperature (°C), electrical conductivity (uS/cm), dissolved oxygen (% saturation and
mg/L) and pH were measured with a Hydrolab Surveyor and MS5 Sonde probe.

Turbidity samples (NTU) were measured using a Hach 2100 turbidimeter.

TP and TN were collected in sample rinsed 50mL PET bottles. NO,, ammonia, silica,
FRP, TFP and TFN were filtered through a 0.45 um syringe filter using sample rinsed
syringes into sample rinsed 50 ml PET bottles. All nutrient samples were frozen for
storage before analysis. Nutrients were analysed at a NATA certified lab, using a
segmented flow analyser (Ol Analytical Model FS3100) according to standard methods
(APHA 2005). TSS was sampled in sample rinsed 500 ml PET bottles and chilled until

analysed according to standard methods (APHA 2005).
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4.2.2 Data analysis

Monthly depth profiles of DO and nutrient analytes in Burrendong Dam were used to
analyse the internal water quality dynamics of the dam. DO measurements taken at 1
m depth increments were used to create a contour map. This demonstrates the DO
patterns as a two dimensional plot with depth on the y-axis, time along the x-axis and
DO concentration as colour gradients. The contour map was used to visually express

the annual development and breakdown of an oxycline.

DO was used to determine periods of stratification and mixing. Changes in water
chemistry are expected to be observed at oxygen concentrations less than 2 mg/L
(Mortimer 1971). Therefore, for the purposes of this study, periods when the water
body was considered to be stratified and where there is expected to be an effect on
analytes, were when DO measurements were less than 2 mg/L at 20 m depth. The
water body was considered to be mixed during periods when DO concentration was

greater than 4.5 mg/L at 20 m of depth.

The periods have been referred to in this study by the year in which they began.
Hence, the period of mixing in 2013 included June to October 2013, and the period of
stratification of 2013 was inclusive of December 2013, and February, March and April
of 2014. January 2014 was excluded from the stratification calculations due to the
occurrence of partial destratification which oxygenated the bottom waters to a
concentration greater than the 2 mg/L threshold. The 2014 mixing period included
July to September 2014, and 2014 stratification December 2014 and January 2015.

Data was not available for the rest of the season as sampling had ceased after January.
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Water samples were collected monthly near the dam wall at five depths (0.25, 1, 3, 5,
10 and 20 m). Mean values and standard error were calculated for DO and analyte
concentrations in these time frames for each depth. DO and analyte mean values and
standard error were also calculated for the outlet for the same periods of stratification
and mixing. These values were compared to trigger values outlined by the Australia
and New Zealand Environment and Conservation Council (ANZECC) to assess water
guality within the dam and impact of surface releases on downstream water quality

(ANZECC and ARMCANZ 2000).

4.3 Results

4.3.1 Seasonal dissolved oxygen dynamics within Burrendong Dam

The vertical distribution of dissolved oxygen (DO) in Burrendong Dam was
homogenous from July 2013 to October 2013, and from July 2014 to September 2014.
An oxycline developed within Burrendong Dam from November 2013 to June 2014,
and from November 2014 to the end of the sampling period in January 2015 (Fig. 27).
This oxycline often led to oxygen values below 2 mg/L in the hypolimnion, below 15 m

depth from the surface.

In 2013 when the dam was mixed, mean DO showed little fluctuation in the top 10 m
(Table 5). At 0.25 m depth, the DO was 8.69 + 0.81 mg/L and declined with depth from
the surface to 7.87 + 0.65 mg/L at 10 m, and finally to 6.63 + 0.50 mg/L at 20 m.

During the period of stratification, an oxycline developed, reflected by a more marked
reduction in the oxygen content of the water column with depth from the surface. At

the surface, mean values were 8.31 + 0.29 mg/L, whilst at 10 m it reduced to 4.55 +
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0.80 mg/L. Rapid decline in DO is seen from 10 m to 20 m where values were 0.13 +

0.10 mg/L.

In 2014, DO near the surface of the water column had a mean of 8.87 + 0.70 mg/L
during the period of mixing (Table 6). This then reduced with depth to 7.21 + 0.40
mg/L at a depth of 20 m. A more distinct change occurred with stratification which
demonstrated the development of an oxycline within the water body. DO ranged from
8.29 + 0.04 mg/L in the surface layer to 8.04 + 0.13 mg/L at 5 m, then 0.15 + 0.05 mg/L
and 0.15 + 5.0x10® mg/L at 10 and 20 m, respectively. Releases were sourced from

the surface layer in May 2014 and onwards.

4.3.2 Burrendong Dam nutrient changes with depth during mixed and
stratified conditions

Low-level releases (2013)

There was little variation with depth for most of the analytes during the mixed periods
in 2013 (Table 5). At all depths, ammonia, iron, FRP, TN, TP and dissolved P were all
consistent. NO, and silica both fluctuated minimally from the water surface to 20 m,
ranging from a mean of 0.182 + 0.03 mg/L to 0.254 + 0.03 mg/L and from 0.858 + 0.18

mg/L to 1.240 £ 0.11 mg/L, respectively.

During stratified periods in 2013, all analytes showed some degree of accumulation
within the hypolimnion, with the exception of FRP (Table 5). Ammonia increased
sixteen-fold from 0.023 + 4.9x10°% mg/L at the surface to 0.323 + 0.15 mg/L in the
hypolimnion. Iron also increased in the hypolimnion, where a value of 0.133 + 0.02

mg/L was recorded in the surface water, and 1.280 + 0.59 mg/L at 20 m. NO,
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increased in concentration with depth from 0.017 £ 0.01 mg/L at 0.25 m to 0.090 +

0.07 mg/L at 20 m, and silicon from 0.785 + 0.22 mg/L in the surface water and 2.600 +

0.70 mg/L in the hypolimnion.
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Figure 27: Heat map showing the DO (mg/L) patterns within Burrendong Dam from

June 2013 to January 2015. Oxygen profiles are shown over time (x-axis) with depth

(m) from the surface (y-axis).

Surface level releases (2014)

Similar to results obtained from the depth profile of 2013, little variation in analyte
concentration was observed during the period of mixing in 2014 (Table 6). Observed

values of ammonia, iron, TN, TFN, FRP, TP and TFP were all fairly consistent with
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depth. Silica varied from 0.440 + 0.28 mg/L at 3 m to 0.700 + 0.14 mg/L at 20 m.
Observed increases in some analytes occurred during stratification and when the
oxygen content of the hypolimnion was very low. Ammonia increased from
concentrations below the detectable limit in surface waters to 0.143 + 0.16 mg/L in the
hypolimnion. Iron increased from 0.084 + 0.01 mg/L at 0.25 m in depth to 1.400 + 0.25
mg/L at 20, silica from 0.885 + 0.03 mg/L at 3 m to 2.950 + 0.72 mg/Lat 20 m and TN

from 0.435 + 3.3x10° mg/L at 0.25 m to 0.630 + 0.13 mg/L at 20 m.

4.3.3 Downstream versus upstream analyte concentrations during low-level
releases

In the sampling period during low-level releases, disparities existed between analyte
concentrations at the outlet and Long Point. Concentrations were greater at the outlet
than Long Point for ammonia during the stratification period of the dam, TN during the
mixing period, and NO, and TFN during both periods. Greater concentrations of
ammonia were found in releases measured at the outlet, which contained 0.057 = 0.01
mg/L, compared with 0.010 mg/L at the upstream site. TN had a minor increase of
0.172 from 0.478 + 0.16 mg/L at Long Point in comparison to 0.650 + 0.02 mg/L at the
outlet during mixing. In both periods, NO, was greater at the outlet than Long Point by
a similar magnitude. During mixing, NO, at the outlet was 0.230 &+ 0.03 mg/L
compared to 0.162 + 0.14 mg/L at Long Point, and during stratification it was 0.098 +
0.04 mg/L at the outlet and 0.014 + 2.4x10° mg/L at Long Point. TFN experienced
increases of around the same magnitude at the outlet in both periods, indicating no

change with dam stratification. Phosphorus in the form of FRP, TP and TFP were of
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similar concentrations at the outlet and Long Point during both periods of mixing and

stratification.
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Figure 28: Mean nutrient concentrations during the period of stratification are
presented for the upstream site, Long Point (square) and downstream site, the
outlet (circle) with standard error bars. ANZECC trigger values are indicated by the
“X”. The ANZECC trigger value for NOx is 0.5 mg/L.

Silica was lower at the outlet compared with Long Point through both periods in 2013.
Values observed at the outlet during mixing of the dam were 1.483 + 0.18 mg/L, 0.849
mg/L less than Long Point, which had a silica concentration of 2.332 + 1.03 mg/L.
Again, a similar pattern emerged during stratification, where 1.717 + 0.11 mg/L was
observed at the outlet, compared to 5.600 + 0.86 mg/L at Long Point; a difference of
3.883 mg/L. Iron concentrations during mixing and stratification were also greater at

Long Point than at the outlet as well as for TN during stratification.
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4.3.4 Downstream analyte values during reservoir stratification: surface
release versus low-level release

Low-level releases in 2013 had little effect on DO values recorded at the outlet (Table
5). During the period of mixing, the DO measured at the outlet was 8.99 + 0.66 mg/L
and during stratification 8.22 + 0.47 mg/L, regardless of the oxygen values present at
the release depth of 20 m. In both mixed and stratified periods with surface releases,
the oxygen values at the outlet did not appear to reflect DO measurements of the
surface water of the dam. Outlet DO values during mixing were 10.52 + 0.20 mg/L
compared to 8.87 + 0.70 mg/L at the surface, whereas they were 6.67 + 0.82 mg/L

during stratification, where 8.29 + 0.04 mg/L was recorded within the surface water.

Changes of the concentrations of analytes in releases, sampled at the outlet, occurred
from 2013 to 2014 (Tables 5 and 6). Ammonia, NO, and TN exhibited no change
between the two years during the mixing periods. During stratification, water from
surface releases recorded at the outlet in 2014 saw a reduction in the concentration of
the same analytes compared with low level releases in 2013. Ammonia concentrations
reduced from 0.057 + 0.01 mg/L in 2013 to 0.023 + 0.01 mg/L in 2014, there was a
decrease 0.098 + 0.04 mg/L to 0.020 + 0.01 mg/L in NO, concentration and from 0.545

+ 0.05 mg/L to 0.460 + 0.02 mg/L in TN concentration, respectively.

TFN was also lower overall at the outlet with surface releases compared to low-level
releases. Interestingly, there was an increase in TFN concentrations during mixing
from 0.532 + 0.05 mg/L in 2013 to 0.600 + 0.03 mg/L in 2014. Phosphorus in the form
of FRP, TP and TFP, all exhibited minimal fluctuations in both periods with both surface

and low-level releases.
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Table 5: Mean nutrient concentrations of DO, ammonia, iron, NO,, FRP, SiO,, TN, TFN, TP, and TFP, all in mg/L. Averages (xSE) are shown

for periods of mixing within the reservoir (June — October 2013) and stratification (December 2013 — March 2014, excluding January 2014).

These time frames were also used for calculations of averages for the outlet and Long Point GS.

2013 DO Ammonia Iron NO, FRP
Site Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified
Dam: 0.25 m 8.69 +0.81 8.3140.29 0.018 +4.9x10%  0.023£0.01 0.110 +0.03 0.133+0.02 0.182 +0.03 0.017 +0.01 0.009 +1.0x10%®  0.007 + 1.5x10%
Dam:1m 8.67 +0.82 8.3840.35 0.020 +0.01 0.020 +0.00 0.096 + 1.0x10%  0.134+0.02 0.222 +0.02 0.013+3.3x10%  0.009 0.006 +3.3x10°*
Dam:3m 8.62+0.84 8.10£0.35 0.016 +4.0x10®  0.017+0.01 0.120 +0.02 0.140 £ 0.02 0.268 + 0.06 0.017 £ 0.01 0.007 0.006 + 6.7x10°*
Dam: 5m 8.42£0.79 7.25+0.92 0.026 +0.01 0.027 +3.3x10®  0.185+0.09 0.150 + 0.02 0.244 +0.02 0.013+3.3x10®  0.007 +1.0x10®  0.007 + 6.7x10*
Dam: 10 m 7.87 £0.65 4,55+ 0.80 0.018+3.7x10®  0.043+0.03 0.121+0.01 0.145 + 0.04 0.230 £ 0.02 0.020 +0.01 0.006  0.00 0.007 + 1.0x10™
Dam: 20 m 6.63+0.5 0.1340.10 0.020 +0.01 0.323+0.15 0.118 +0.01 1.280 £0.59 0.254 +0.01 0.090 +0.07 0.006 +4.1x10%  0.033 +0.02
Outlet 8.99 +0.66 8.22+0.47 0.023 +0.01 0.057 +0.01 0.220 +0.05 0.222+0.04 0.230 +£0.03 0.098 +0.04 0.009 +8.8x10%  0.011 + 1.5x10%
Long Point 9.45 £0.34 10.03 £0.56 0.010 0.010 0.544 +0.20 0.586 +0.11 0.1620.14 0.014 +2.4x10%®  0.007 £5.8x10%*  0.007 + 3.3x10™
Sio, ™ TFN TP TFP
Site Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified
Dam: 0.25 m 0.858 +0.18 0.785+0.22 0.596 + 0.05 0.500 + 0.00 0.490 + 0.06 0.490 + 0.03 0.018+23x10%  0.022+4.6x10"  0.020+3.5x10°  0.014+1.7x10*
Dam:1m 0.964 +0.20 0.830+0.27 0.676 +0.03 0.617 +0.05 0.606 + 0.05 0.623 +0.03 0.021+3.0x10%  0.021+1.2x10%®  0.018+1.7x10%°  0.014 + 1.5x10*
Dam:3m 1.010£0.25 0.750+0.18 0.696 + 0.03 0.587 +0.03 0.590 + 0.06 0.517 £ 0.02 0.019+2.4x10%®  0.020%6.7x10%  0.017+1.0x10%  0.013 + 1.2x10°®
Dam: 5m 1.176 £0.33 0.765+0.24 0.604 + 0.06 0.637 £ 0.04 0.580  0.06 0.557 + 0.07 0.018 +1.1x10%®  0.024+3.1x10%  0.017+2.9x10%  0.015 £ 0.00
Dam: 10 m 1.07240.20 0.847 +0.38 0.660 + 0.06 0.533 +0.08 0.618 +0.05 0.500 + 0.08 0.019+2.7x10%  0.019+2.0x10%®  0.017 +2.8E® 0.023 + 0.00
Dam: 20 m 1.24040.11 2.600+0.7 0.686 + 0.02 0.817 +0.06 0.662 +0.01 0.807 + 0.06 0.021+2.76% 0.098 + 0.04 0.018 + 2.6 0.089 + 0.07
Outlet 1.483+0.18 1.717£0.11 0.650  0.02 0.545 + 0.05 0.532 +0.05 0.527 £ 0.03 0.022+2.3x10®  0.026 +3.3x10”  0.020+2.0x10”®  0.019 + 1.7x10°®
Long Point 2.332+1.03 5.600  0.86 0.468+0.16 0.832+0.24 0.430+0.19 0.446 + 0.04 0.025+3.7x10®  0.034+1.8x10”®  0.018 +1.8x10”®  0.016 + 1.2x10°®
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Table 6: Mean nutrient concentrations of DO, ammonia, iron, NO,, FRP, SiO,, TN, TFN, TP, and TFP, all in mg/L. Averages (xSE) are shown

for periods of mixing within the reservoir (July - September 2014) and stratification (December 2014 — March 2015, excluding February 2015

due to missing data). These time frames were also used for calculations of averages for the outlet and Long Point GS.

2014 DO Ammonia Iron NO, FRP

Site Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified

Dam: 0.25 m 8.87+0.70 8.29+0.04 0.015+1.8x10%  Less than 0.080 0.084 +0.01 0.240 +0.03 0.008+1.2x10%®  0.008 +1.0x10®  Less than

detection limit detection limit

Dam:1m 8.87+0.75 8.30+0.04 0.023 +0.01 0.015+1.0x10%  0.092 0.110 +0.02 0.257 +0.06 0.029 +0.01 0.007 +£5.0x10%  Less than
detection limit

Dam:3m 8.91+0.83 8.22+0.03 0.022 +0.01 0.018 £ 0.01 0.070 +0.02 0.097 +0.01 0.273 £0.04 0.013+3.2x10%®  0.006 + 1.0x10%  Less than
detection limit

Dam: 5m 8.65+0.69 8.04+0.13 0.015+1.9x10%  0.015+1.5x10%  0.050 0.100 +0.01 0.273 £0.03 0.019+2.9x10%®  0.006 +5.0x10%  Less than
detection limit

Dam: 10 m 7.82+0.41 0.15+0.02 0.020+4.1x10%®  0.031+0.10 0.073 +0.02 0.180 +0.02 0.267 +0.02 0.035 +0.01 0.005 + 0.00 0.009 +0.01

Dam: 20 m 7.21+0.40 0.15 +5.0x10% 0.027 +0.01 0.143+0.16 0.080 1.400 +0.25 0.297 +3.3x10%®  0.051 +0.03 0.008 0.012 +0.02

Outlet 10.52 +0.20 6.67 +0.82 0.012 +1.0x10%®  0.023 +0.01 Less than 0.185 +0.03 0.230+0.03 0.020+0.01 0.006 +5.0x10%*  0.009 + 1.9x10®

detection limit
Long Point 10.68 +0.23 9.20+0.21 Less than 0.015+2.6x10%®  0.180+0.04 0.638 +0.22 0.063 +0.06 0.007 +1.5x10%®  0.006 +1.0x10®  0.005
detection limit
Sio, ™ TFN TP TFP

Site Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified Mixed Stratified

Dam: 0.25 m 0.605 + 0.40 0.995 +0.08 0.660 +0.01 0.435+3.3x10®  0.670+0.02 0.400 +0.03 0.013+1.5x10%  0.017+8.8x10™  0.014 +2.5x10%  0.009 + 6.7x10%

Dam:1m 0.615 +0.39 0.990 + 0.09 0.793 +0.11 0.565 + 0.04 0.663 +0.06 0.580 + 0.04 0.017 +2.8x10%®  0.018 +1.2x10%®  0.010 +8.8x10%*  0.012 + 1.8x10*

Dam:3m 0.44040.28 0.885 +0.03 0.783 £0.03 0.580 + 0.05 0.753 +0.06 0.520 +0.04 0.017+1.2x10%  0.020+2.2x10%  0.011+1.2x10%  0.011 + 1.2x10

Dam: 5m 0.457 £0.25 1.000 +0.08 0.803 £0.10 0.480 +0.01 0.697 +0.01 0.490 +0.02 0.016 £6.7x10%  0.018 +1.2x10%  0.010 + 1.5x10%*  0.010 # 5.8x10*

Dam: 10 m 0.600 % 0.20 1.525+0.68 0.753 £0.05 0.605 + 0.06 0.633 4 0.05 0.590 +0.06 0.020+3.9x10%  0.020+0.01 0.010+1.2x10%®  0.015+0.01

Dam: 20 m 0.700 % 0.14 2.950 +0.72 0.763 £0.02 0.630+0.13 0.740 0.01 0.610 +0.14 0.016 +8.8x10%*  0.043 +0.04 0.010+8.8x10%*  0.033+0.06

Outlet 0.527 +0.22 2.380 +0.87 0.657 +0.03 0.460 + 0.02 0.600 + 0.03 0.448 +0.05 0.018 +1.5x10%®  0.024 +1.4x10®  0.010 +5.8x10%*  0.014 + 1.9x10*

Long Point 2.900 +1.19 15.460 + 6.94 0.430+0.12 0.562 +0.07 0.343+0.08 0.460 + 0.05 0.023 +0.01 0.031+4.2x10%®  0.011+1.7x10%®  0.011+1.0x10®
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4.4 Discussion

4.4.1 Nutrient dynamics within Burrendong Dam during mixing and
stratification

It was expected that during mixing, the oxygen and nutrient content of the water
column would be homogenous. Results indicate that this was the case in both 2013
and 2014 (Tables 1 and 2). When the water body had undergone mixing during the
cooler months, all depths of the water column were oxygenated. Overall, the analyte
concentrations were fairly consistent throughout the water body, as expected (Preece
and Jones 2002). There was an exception for silica in both years, which exhibited a
substantial increase from 0.858 + 0.18 mg/L to 1.240 £+ 0.11 mg/L in 2013, and from
0.440 £ 0.28 mg/L at 3 m to 0.700 + 0.14 mg/L in 2014. This pattern exhibited by silica
of increasing concentration with depth is possibly a result of sinking diatom cells
(Ptacnik et al. 2003). Typical algal community succession within a lake shows diatoms
to dominate in periods of mixing, and some species sink during water column stability
with thermal stratification (Ptacnik et al. 2003). It is possible diatom losses also occur
to a lesser degree during mixing, accounting for greater silica concentrations at 20 m
compared to other depths. Sinking occurs because these cells do not have apparatus
to support propulsion or gas vacuoles to actively control their buoyancy and position in

the water column (Garnier et al. 1995).

The development of anoxia in the hypolimnion in the summer of both years was likely
to be a major factor in the increased concentrations of ammonia, iron, FRP, silica, TN,
TFN, TP and TFP in 2013 and increases in concentrations of ammonia, iron, silica and

TN with depth within the reservoir. Oxygen concentration within a body of water can
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influence the oxidation-reduction potential. Anoxic conditions at the sediment-water
interface can result in an environment favourable to the release of sediment-bound
nutrients and ions (Mortimer 1941, 1971). This can lead to an increase in the
concentration of phosphorus, iron, and nitrogen in hypolimnial waters. This process is

a key factor in the internal loading of nutrients and metals.

The dissolved oxygen concentration of a lake is required to reach below 1 or 2 mg/L at
the sediment-water interface before a significant change in chemistry in the overlying
waters is likely to be observed (Mortimer 1971). This circumstance was met in
Burrendong Dam at 20 m depth in 2013, and from 10 to 20 m in 2014. Ferric
substances (FE(Il)) are reduced to soluble iron (FE(Il)) ions under these conditions.
When ferric-phosphates are reduced, the phosphates and iron are released into the
water column (Mortimer 1941, Stumm and Morgan 1996, Amirbahman et al. 2003).
Iron was almost 10 times greater in concentration in the hypolimnion than surface
waters and phosphorus was 5 times greater. Ammonia and silica also showed
substantial increases in concentration. These concentration changes only occurred to
this extent during periods when oxygen concentration was less than 2 mg/L. A study
involving 12 lake cores found that all sites released ammonia in an anoxic

environment, with little released in oxygenated conditions (Beutel 2006).

4.4.2 Low-Level versus surface level releases: Effect of the thermal curtain on
internal nutrient dynamics

An oxycline appears to develop more distinctly during stratification with epilimnial
releases compared to the prior year with hypolimnial releases. In 2014, DO

concentrations of less than 2 mg/L occurred in the water column from a depth of
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approximately 7 m from the surface, and extended to the sediment layer. In 2013, the
depth affected by low oxygen concentrations did not extend any closer to the surface
than 10 m, where at this depth the mean DO was 4.55 + 0.80 mg/L for the period of
stratification. This may be due to the release of water from the epilimnion causing the
depth of the anoxic zone to rise toward the surface water (Nurnberg 2007, Caliskan
and Elci 2009, Zouabi-Aloui et al. 2015) . Epilimnial releases may also increase the
duration of the anoxic event, sometimes by several weeks, as a result of increased
residence time of the hypolimnion (Zouabi-Aloui et al. 2015). Nutrients and metals can
accumulate as a result of this longer duration of anoxia, and also due to the lack of
hypolimnial flushing which occurs with low-level releases (Nurnberg 2007). Overall,

the analyte concentrations were lesser in 2014 than in 2013.

4.4.3 Downstream versus upstream analyte concentrations during low-level
releases

It was hypothesised that the analyte concentrations at the outlet during low-level
releases in 2013 would be greater than the upstream site during periods of
stratification. Ammonia, NO,, and TFN were found to have a greater concentration at
the outlet compared to Long Point during stratification in 2013. However, this was
also the case for NO, and TFN during periods of mixing. This is likely due to the depth
of withdrawal and the coinciding analyte values during this time. The depth of the off-
take for much of the duration of the study was from 10-15 m below the surface. When
considering this, the nutrient concentrations reflect the depth of withdrawal (Table 1).
Previous studies have illustrated similar findings of increased nutrient concentrations

downstream of reservoirs with hypolimnial releases (Camargo and de Jalon 1990,
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Camargo et al. 2005, Baldwin et al. 2010). Higher conductivity, alkalinity, and hardness
values were measured downstream of the Burgomillodo Reservoir compared to
reference sites during periods of hypolimnial releases (Camargo and de Jalon 1990).
This was attributed to the release of ions such as calcium, magnesium, manganese and
bicarbonate from the sediment-water interface in the hypolimnion, which was then
released downstream. Further, nitrate, ammonium and phosphate were found to be
at greater concentrations downstream of four reservoirs in central Spain, causing
eutrophication in downstream rivers (Camargo et al. 2005). The Hume Dam in
Australia was also found to be a net exporter of carbon, nitrogen, phosphorus and iron

due to low-level releases during periods of thermal stratification (Baldwin et al. 2010).

Throughout the duration of this study, the residence level of the dam has been
relatively low, rarely exceeding 20% capacity. It is anticipated that with a greater
residence level, the oxycline would be further from the off-take and downstream
analyte concentrations would therefore more closely reflect the concentrations

observed in the hypolimnion.

4.4.4 Downstream analyte concentrations during stratification: surface
release versus low-level release

It was expected that downstream nutrient concentrations during reservoir
stratification would be reduced with epilimnial releases compared to hypolimnial
releases, after implementation of the thermal curtain. There was a decrease in
concentrations of ammonia, oxidised nitrogen and TN in the dam releases with the
change from hypolimnial to surface releases, during stratification periods from 2013 to

2014. When a reservoir is stratified, accumulation of nutrients in the hypolimnion is

Page 102



Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative thermal curtain

common, with lower concentrations observed in the epilimnion. Thus by channelling
the surface layer containing low nutrient concentrations in 2014, the values were

decreased at the outlet compared to 2013 when hypolimnial waters were released.

When considering internal reservoir water quality, hypolimnial releases have proven to
be favourable over surface releases (Fontane et al. 1981, Nurnberg 2007). Low-level
withdrawals cause a decrease in the duration and depth of anoxia, reducing the
accumulation of nutrients and metals within the hypolimnion. However, the
downstream effects of bottom-water discharge have been acknowledged as
undesirable for the ecological health and anthropogenic use of river water. Such
downstream impacts include eutrophication, unnatural thermal regime, oxygen
depletion and the development of an unpleasant odour (Marshall et al. 2006,

Nurnberg 2007).

When hypolimnial waters are released through bottom level outlets, the stretch of
river directly downstream is often exposed to anoxic waters (Amirbahman et al. 2003,
Marshall et al. 2006). In 2013 and 2014 with low-level releases, the oxygen saturation
of the water recorded at the outlet did not reflect the anoxia observed within the
hypolimnion during stratified periods. Daily discharge of hypolimnial releases from the
Burgomillodo Reservoir in Spain directly resulted in low oxygen concentrations
immediately downstream of the dam (Camargo and de Jalon 1990). The study
identified photosynthetic activity to be directly involved in the downstream recovery
of oxygen values. Further, hypolimnetic releases to the receiving streams downstream
from two impoundments in the USA frequently contained dissolved oxygen levels of 5-

6 mg/L, reflecting aeration within the discharge structure (Marshall et al. 2006). It is
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likely that substantial aeration of the water within the outlet works and valve release
structure of Burrendong Dam is responsible for the greater DO concentrations in
hypolimnial releases. Therefore, the probability of DO contributing to poor water

quality below Burrendong Dam is low.

4.4.5 Biological implications

The concentrations of nutrients within and released from the dam need to also be
considered in terms of their impact on aquatic environments. Trigger values outlined
by ANZECC indicate the point whereby environmental disturbance is likely to occur due
to high levels of nutrients and are a useful comparison. Within the dam, increases in

nutrient concentrations were seen in the hypolimnion during thermal stratification.

All concentrations observed in the water column of Burrendong Dam for ammonia,
NO,, FRP, TN and TP in 2013 breached ANZECC trigger values for water quality of a
reservoir. Though concentrations within the reservoir were generally lower in 2014, all
of these nutrients at all depths were still greater than the trigger values, with the
exception of FRP, which was below the detection limit from 0.25 to 5 m in depth. The
trigger value for ammonia and NO, is 0.01 mg/L, and for TN is 0.35 mg/L. The greatest
observed concentrations of these nutrients in 2014 were 0.143 + 0.16, 0.297 + 3.3x10-
03 and 0.803 + 0.10, respectively. Additionally, the trigger values for TP and FRP in a
reservoir are 0.01 mg/L and 0.005 mg/L. The greatest observed mean values in 2014
were 0.043 + 0.04 mg/L and 0.012 + 0.02 mg/L, respectively. The greatest mean
concentration for these nutrients with the exception of NO, occurred during periods of
stratification. These results indicate the nutrient concentrations within the lake are a

point of concern for environmental disturbance.
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ANZECC trigger values were exceeded at the river sites of Long Point and at the outlet
frequently in both 2013 and 2014. Despite reductions in concentrations at the outlet
with the use of the thermal curtain in 2014, the nutrients values continued to exceed
ANZECC trigger values, with the exception of ammonia and TP during mixed periods.
The trigger value for ammonia, NO, and TN in an upland river are 0.013, 0.015 and 0.25
mg/L, respectively, and the trigger values for FRP are 0.02 mg/L and TP are 0.015 mg/L.
In 2014, the greatest mean value of ammonia, NO,, TN, FRP and TP for mixed and
stratified periods seen at the outlet were 0.023 + 0.01, 0.023 + 0.03, 0.657 + 0.03,

0.009 £ 0.9x10"03, and 0.024 + 1.4x10™ mg/L, respectively.

Taking the ANZECC guidelines into consideration, the fluctuations in all analytes at all
sites over the duration of the study could have adverse ecological impacts. Similar
ranges in nutrient concentrations were found in another study based in the Macquarie
Marshes (Kobayashi et al. 2011), indicating the eutrophication in the Macquarie River
extends as far downstream as the RAMSAR protected wetland nature reserve,
potentially disturbing the health of the environment. The eutrophication may be a
result of the land use of the catchment, which primarily used for agricultural grazing
and cropping (Green et al. 2011). These concentrations may support excessive algal
growth, including potentially toxic cyanobacteria if downstream conditions are
optimal, such as with low river discharge, making these nutrients a concern for dam

management.
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4.5 Conclusions

During mixing, nutrient and DO concentrations were homogenous through depth in
the reservoir in both years. When the reservoir was stratified in 2013 and 2014, the
hypolimnion saw increases in the concentrations of nutrients when the oxygen values
were less than 2 mg/L, supporting hypothesis 2a. These increases in nutrients do not
appear to be further affected by the thermal curtain. The downstream nutrient
concentrations were higher than upstream concentrations during periods of low-level
releases when the dam was stratified, confirming hypothesis 2b. There was a
reduction in nutrient concentrations at the outlet after sourcing surface water for
releases with the use of the thermal curtain, though these values were often still
greater than the upstream site, supporting hypothesis 2c. ANZECC trigger values that
indicate ecological disturbance were exceeded by the upstream reference site, the
outlet site and through various depths within in reservoir, thus concern for
eutrophication and disruption for ecological health of the Macquarie River is
considerable. It is recommended that monitoring of nutrient and iron concentrations

continues, especially during periods when the storage is full.
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Chapter 5: Phytoplankton

5.1 Introduction

Phytoplankton are fundamental constituent of riverine ecosystems. They often form
the major primary producer group and make a large contribution to the oxygen status
of a river (Oliver and Merrick 2006). Phytoplankton also play a critical role in the
biological cycling of nutrients including nitrogen, phosphorus and silicon (Nyholm
1978, Conley et al. 2000, Oliver and Merrick 2006), and form an important part of the
food web (Carpenter et al. 1985). Some phytoplankton species favour lakes while

others have adaptations better suited to riverine environments (Fraisse et al. 2013).

Anthropogenic alteration of a river system through the construction of a dam can turn
a flowing segment of a river (lotic system) into a lake (lentic system). Damming
modifies hydrodynamics, water clarity and nutrient content of downstream river
reaches, and homogenises downstream water temperatures (Baxter 1977, Marshall et
al. 2006, Baldwin et al. 2010). Dam releases may also dictate the phytoplankton
community composition in the downstream river reaches, as lentic populations are
released from the reservoir (Coutant 1963). As a result of this, the community
structure and longitudinal distribution of phytoplankton within rivers is altered

(Coutant 1963, Petts 1985, Zalocar de Domitrovic et al. 2007).

Thermal stratification is common for about six months of the year in large reservoirs
during the warm months in south-eastern Australia. The warm water temperatures
and high light availability in the epilimnion of stratified reservoirs provides optimal

conditions for phytoplankton growth. The hypolimnion on the other hand, is usually
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considerably cooler than the epilimnion and is often below the euphotic zone. The
lack of mixing during this time typically results in high phytoplankton density in the
epilimnion and low density in the hypolimnion. When hypolimnial water is released
from a dam, there may be a decrease in chlorophyll a directly below dams in

comparison to upstream river stretches (Coutant 1963).

Rivers and dams provide differing environmental conditions and as such each system
favours different species of phytoplankton. The turbulent flows and varying light
conditions associated with lotic systems select for species with large, round or
elongated shaped cells (Wehr and Descy 1998, Coles and Jones 2000) and species that
have a faster growth rate, like diatoms (Kohler 1994). The still and often clear waters
of lentic systems select for species that can actively regulate their position in the water
column to receive more light (Mitrovic et al. 2001). This is done by adjusting buoyancy
through the use of gas vesicles, mucilage content, or through active motility permitted
with the use of a flagellum (Fraisse et al. 2013). These species often do not compete

well in lotic environments as they have slow growth rates (Kohler 1994).

Cyanobacteria are common in slow-flowing, stratified water bodies, such as reservoirs.
Some strains, such as Anabaena, Oscillatoria and Microcystis can release cyanotoxins,
which can lead to human health issues, fish kills, death of wildlife and livestock (WHO
(World Health Organization) 2003). Cyanobacteria actively control their buoyancy via
gas vesicles and spend more time in the surface, euphotic waters compared to non-
motile, non-buoyant phytoplankton giving them a competitive advantage under
stratified conditions (Mitrovic et al. 2001). Some species are also capable of nitrogen

fixation, meaning nitrogen limitation in the epilimnion can give these species a
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competitive advantage over non-nitrogen fixing species (Kohler 1994). Surface
releases from dams may contribute high levels of potentially harmful cyanobacteria to

downstream receiving waters.

Burrendong Dam is located on the Macquarie River and sometimes has cyanobacterial
blooms. In 1998 a major bloom occurred on the Macquarie River when very low dam
levels and a bloom in the dam led to high concentrations transported for over 100
kilometres downstream causing a major incident (NSW DPI 2015). There is a high
water demand by irrigated agriculture in downstream areas which requires high
volume releases from the dam in spring and summer. These releases have previously

been drawn from the hypolimnion through the reservoir’s low-level bottom off-take.

In an innovative global first, a temperature control structure, a curtain with a
cylindrical shaped design using flexible polypropylene fabric is attached to the outlet
and extends up to 3-10m below the water surface. By releasing the surface water of
Burrendong Dam whilst the water is stratified, there is a substantial risk of
cyanobacteria being released to the downstream Macquarie River. This study aims
investigate how the phytoplankton density and cyanobacterial content of
phytoplankton communities is affected by the surface releases compared to low level

releases.

Two hypotheses were tested:

1- Low chlorophyll a concentration downstream of the dam will occur during
hypolimnial releases.
2- Chlorophyll a concentrations and cyanobacteria densities will increase downstream

of the dam with epilimnial releases.
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5.2 Study sites

The sites used in this chapter are the same as for Chapter 3 (Temperature) and have
been previously described. Two sampling sites (Long Point and Bruinbun) were
situated upstream of Burrendong Dam on the Macquarie River. Eight sites are located
intermittently along the Macquarie River downstream of Burrendong Dam, with the
first located at the outlet and the final site located 152 km downstream at Rawsonville
Bridge. The Cudgegong River is a significant tributary to Burrendong Dam, however no
sites located on this river were used for monitoring as the water temperature is

influenced by Windamere Dam.

5.3 Methods

5.3.1 Sample collection

Phytoplankton samples were collected in 250 ml PET bottles and preserved with 2 ml
Lugol’s iodine according to standard method 10200B (Kantoush et al. 2008) for
identification to genus level. For the determination of phytoplankton biomass as
Chlorophyll a, a volume of 500 mls at each site (Fig. 1) was filtered using a Buchner
Funnel and Filter Flask onto a GFC filter. Filter papers were placed immediately into 10
ml centrifuge tubes, wrapped in foil and chilled to prevent deterioration of the
pigment. The samples were chilled in a powered car fridge or esky for a maximum of 6

hours until a freezer was accessible.
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5.3.2 Chlorophyll a extraction

Filters containing phytoplankton pigments were stored in a frozen state until the point
of chlorophyll a extraction. Chlorophyll a pigment was analysed using 90% ethanol
extraction as described by ((Sartory and Grobbelaar 1984). In the lab, 10 ml of 90%
ethanol was added to each sample before they were heated in a water bath at 75°C.
Extracts were centrifuged at 1000 rpm for ten minutes before reading the absorbance
at 750 and 655 nm against a 90% ethanol blank in a UV/VIS Spectrophotometer.

Chlorophyll a was then calculated using the formula:

ug) AXxVe

CHL_A(T T KcxVsxD

Where:

A = A(665) — A(750)

Ve = volume of extract (ml)

Kc = 0.000082 L/ug/cm (spectral absorbance coefficient for chlorophyll a in 90%
ethanol)

Vs = volume of sample (ml)

D = path length of optical cell (cm)

5.3.3 Algae identification

Samples were stored at room temperature, out of direct sunlight. In the laboratory, 50
ml samples were settled in measuring cylinders and the surface 40 ml was gently
removed using a syringe and fine tubing. The concentrated samples were then
analysed using the Sedgewick-Rafter method. 1 ml of each sample was added to the
chamber of a Sedgwick-Rafter counting chamber and examined at x 200 magnification
using an Olympus BX41 compound microscope. Algal cell counts were categorised into
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“cyanobacteria” and “other” types of algae. At least 100 units of the dominant taxa
were counted in each sample, giving a precision of approximately + 15% (Hotzel and

Croome 1994).

5.3.4 Data analysis
Effect of hypolimnial and epilimnial releases on outlet chlorophyll a content: Outlet

chlorophyll a versus dam profile

Long Point gauging station (GS) was selected as an upstream reference site as it is the
closer of two monitoring sites to the reservoir, at 73 km upstream. Mean chlorophyll a
with standard error for Long Point GS and outlet GS was calculated for the months of
July and December, 2013 and 2014. These months were selected to assess chlorophyll
a in winter and summer. The mean of chlorophyll a from the sampling completed in
July 2013 (with hypolimnial releases) were plotted for comparisons with mean
concentrations of the same month at the outlet to the concentration at Long Point.
The mean chlorophyll a concentrations of July 2014 were overlayed to assess the
effect of epilimnial releases on chlorophyll a content. This was then repeated for
December of 2013 and 2014 to assess the effect of the thermal curtain during thermal

stratification within the reservoir.

Chlorophyll a depth profiles of July 2013 and 2014 were plotted to allow a comparison
of concentrations present within the mixed reservoir and at the depth of withdrawal to
the values observed at the outlet, before and after thermal curtain operation. This
was repeated for December 2013 and 2014 to compare the chlorophyll a

concentrations during thermal stratification within the reservoir.
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Effect of hypolimnial and epilimnial releases on seasonal longitudinal chlorophyll a

concentrations

Mean chlorophyll a concentrations with positive and negative standard error for the
seasons of winter (July — August), spring (September — November) and summer
(December — February) of 2013 and 2014 were calculated for each monitoring site,
encompassing a distance of 152 km downstream from the dam wall. They were
plotted on a scale of distance in kilometres to assess the longitudinal patterns of
chlorophyll a. The impacts of hypolimnial (2013) and epilimnial (2014) releases on the
longitudinal phytoplankton density during the months of winter (June, July and
August), spring (September, October and November) and summer (December, January
and February) within the reservoir were assessed. Longitudinal recovery of chlorophyll
a was assessed relative to the 95% confidence interval (95% Cl) of upstream
concentrations. A shaded region was overlayed on the plots to indicate this

confidence range.

Effect of hypolimnial and epilimnial releases on the phytoplankton community structure

at the outlet

Community structure is shown for cell counts performed on samples collected from
the outlet GS once a month. The cell counts were plotted on to a time-series column
graph. They were grouped into “cyanobacteria” and “other” categories, where full
bars indicate 100% of the phytoplankton community. The drinking water guideline
cyanobacterial cell count provided by the National Health and Medical Research
Council (NHMRC) was overlaid on the y-axis. A blue line indicative of the point in time

when the thermal curtain was installed was overlaid on the x-axis.
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Data in this chapter were formatted and graphed using Microsoft Excel 2010 and

SigmaPlot 12.5 software.

5.4 Results

5.4.1 Effect of hypolimnial and epilimnial releases on outlet chlorophyll a
content: Outlet chlorophyll a versus dam profile

In the winter month of July, chlorophyll a content of the upstream site Long Point was
greater than values detected at the outlet (Fig. 29a). This pattern was repeated both
the year before (2013) and after (2014) the thermal curtain operation. In 2013,
chlorophyll a values observed at the outlet were almost 6 ug/L lower than at Long
Point, while in 2014, there was a decrease of 1.14 ug/L. The values detected at
Burrendong outlet in December did not match upstream values in both sampling
events (Fig. 30a). There was a difference of chlorophyll a concentration in 2013 of 6.08
ug/L, where 2.41 pg/L was observed at the outlet and 8.5 pg/L at Long Point. In 2014,
there was a difference of 11.3 ug/L between chlorophyll a observed at the outlet and
Long Point, where the concentration was 6 pg/L at the outlet, and 17.34 pg/L at Long

Point.

The chlorophyll a depth profile within Burrendong Dam in July of 2013 differed to that
of July 2014 (Fig. 29b). In 2013, the year prior to the thermal curtain use, algal density
was generally low at less than 2 pg/L from 5 m to 20 m below the surface. Chlorophyll
a was 4.5 pg/L at 0.25 m below the surface. In July of 2014, when the thermal curtain

was in use, the chlorophyll a was overall homogenous throughout the water column at
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around 3.5 pg/L. In December of 2013 and 2014, the reservoir was thermally
stratified. In December of both years, the chlorophyll a concentration was greater

than in winter, peaking at 8.27 ug/L at 10 m in 2013, and 8.46 ug/L at 3 min 2014 (Fig.

30b).
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Figure 29: a. — Chlorophyll a of July is shown at upstream site Long Point and
immediately below the dam outlet, Burrendong Dam Outlet. b. — A depth profile
within Burrendong Dam shows the chlorophyll a concentrations with depth at 0.25,

1, 3,5,10 and 20 m. In both a. and b. data is shown for 2013 and 2014, the year

before and after thermal curtain operation, respectively.
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Figure 30: a. — Chlorophyll a of December is shown at upstream site Long Point and
immediately below the dam outlet, Burrendong Dam Outlet. b. — A depth profile
within Burrendong Dam shows the chlorophyll a concentrations with depth at 0.25,
1, 3,5,10 and 20 m. In both a. and b. data is shown for 2013 and 2014, the year
before and after thermal curtain operation, respectively. Standard Error is indicated

with error bars.

5.4.2 Effect of hypolimnial and epilimnial releases on seasonal longitudinal
chlorophyll a concentrations

In all seasons of winter, spring and summer, there appears to be minimal impact of
Burrendong Dam and subsequently, the thermal curtain on chlorophyll a

concentration downstream of the dam wall (Fig. 31).

In winter, there is more variation in chlorophyll a concentration across the sites, both
on a temporal and longitudinal scale (Fig. 31a). In 2013 chlorophyll a concentration (+
95% Cl) gradually increased with distance from the dam wall, ranging from 1.4 + 0.95
ug/L at the outlet to 35.9 + 23.26 pg/L at Rawsonville Bridge (155 km downstream). In
2014 with epilimnial releases, a slight increase of 2.8 ug/L in 2014 is visible at the

outlet compared to the year before with hypolimnial releases. The chlorophyll a
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concentration peaks at 76 km at 16.67 + 4.35 pg/L downstream of the dam and
stabilises in 2014. Observed values in spring were consistently around 2 pg/L greater
in 2014 than 2013, with the exception of two sites (downstream Burrendong: 7 km,

and Ponto falls: 55km downstream) (Fig. 31b).

The greatest change in chlorophyll a concentration between the two years was seen in
summer (Fig. 31c). Algal concentration in the releases of both years were suppressed
from values observed at upstream reference sites, however the chlorophyll a
concentration increased more rapidly in 2014 with surface releases than in 2013 with

hypolimnial releases.

The downstream recovery distance of phytoplankton density was measured against
the 95% confidence interval range of the chlorophyll a concentration calculated for the
upstream reference sites, Bruinbun (104 km upstream) and Long Point (73 km
upstream). In all three seasons, the downstream longitudinal chlorophyll a

concentrations all fell within the confidence interval range of the upstream sites.
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Figure 31: Longitudinal chlorophyll a values measured at nine sites (+ 95%

confidence interval) along the Macquarie River. The range of the 95% confidence

interval of the two upstream sites is indicated by the blue shaded region. Distance

(km) from the dam indicated on the x-axis. Seasonal mean was calculated for winter

(June, July, August), spring (September, October, November) and summer

(December, January February). The blue line indicates the location of the dam.
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5.4.3 Effect of hypolimnial and epilimnial releases on the phytoplankton
community structure at the outlet

Cyanobacteria accounted for very little of the phytoplankton community in the winter
months when the dam was mixed (July 2013, May 2014 and July 2014). With the onset
of stratification within the dam in September, the percentage of cyanobacteria
released through the outlet increased in 2013 with low-level releases, and to a greater
extent in 2014, when the thermal curtain was active (Fig. 32). Overall the proportion
of cyanobacteria appears to have increased after the onset of thermal stratification,

both prior to and after thermal curtain operation.

Since the change from low-level releases to surface water releases with the use of the
thermal curtain, cell counts have increased drastically. The number of cyanobacterial
cells detected in water samples from the outlet during the mixing period of the dam in
July of both 2013 and 2014 were minimal, with other alga including diatoms and green
algae forming the greater part of the community. In September of 2013, the algal
community in the hypolimnial releases contained only just over 10% of cyanobacteria.
In the following year with surface releases, this shifted to 52% of the community
structure. Cyanobacteria dominated in January 2013, and September, October, and
April 2014. The largest cell count observed in the year prior to the thermal curtain use
was in January 2014, with 2153 cells/mL. Cyanobacterial cells accounted for 1844
cells/mL. In April the cell count sharply increased to 11460 cells/mL, with 10555

cells/mL being cyanobacteria (Anabaena).
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Figure 32: Concentration and proportion of cyanobacteria (dark) to “other” groups
(light) in phytoplankton community. The vertical blue line indicates the point in time
from when the thermal curtain was operation. The dashed horizontal line indicates

the cell count for toxic cyanobacterial species considered unsafe for human

consumption.

5.5 Discussion

5.5.1 Chlorophyll a content at the outlet: Hypolimnial and epilimnial releases
Algal concentration in an undisturbed river typically increases with distance
downstream and is dependent upon flow and channel characteristics (Skidmore et al.

1998). Burrendong Dam forms a physical barrier on the Macquarie River which
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disrupts this progression, a phenomena described in the serial discontinuity concept
(Stanford and Ward 2001). Considering this natural longitudinal pattern of
phytoplankton concentration, a reference site upstream was used to assess the impact
of the dam on the downstream Macquarie River. The chlorophyll a content observed
at the outlet should ideally be of a similar value. This was not the case in both summer
and winter and during epilimnial and hypolimnial releases (Figs. 29 and 30). Though
the chlorophyll a values at the outlet did not resemble those of Long Point, there was
improvement in the downstream chlorophyll a concentration with surface release in

both seasons (Figs. 29a and 30a).

For chlorophyll a observed at the outlet to match upstream reference sites, the values
observed at the reference site must be available within the dam water column. Depth
profiles of chlorophyll a at intermittent intervals in the dam indicated the chlorophyll a
values measured within the dam were too low to match those measured at Long Point
(Figs. 29 and 30). Therefore it was not possible for the chlorophyll a concentrations at
the outlet to match those of the upstream site. The concentrations measured at the

outlet did correspond with the concentrations at the respective depth of withdrawal

(Figs. 29 and 30)

In the cooler months, Burrendong Dam is usually in a mixed state with no thermal
stratification. Therefore, chlorophyll a values detected at the downstream outlet are
not expected to be affected by the depth of withdrawal within the dam (i.e. low-level
in 2013, or surface in 2014). However, the chlorophyll a content of the water releases
at the outlet was slightly higher in the winter month of July with surface releases

(2014). The difference in phytoplankton concentration may be the result of partial or
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diel stratification on the day of sampling. This could have created an environment
near the water surface for phytoplankton to migrate to within the photic zone (c.f.
Mitrovic et al. 2001). Algal density varied minimally with depth (Fig. 29b) with a

relatively small range of just less than 3.5 pg/L with depth, as expected in a mixed

reservoir.

Chlorophyll a distribution with depth was directly affected by thermal stratification in
the dam which occurred from October to early May in both years of sampling. The
photic zone is located within the epilimnion, which is several degrees warmer than the
hypolimnion, and this high light zone creates a good environment for phytoplankton
growth and proliferation (Paerl and Huisman 2008, Talling et al. 2009, Zhou et al.
2014). The hypolimnion is physically isolated from the epilimnion and atmosphere and
as a result there is usually low phytoplankton concentration present within this region.
This is consistent with the chlorophyll a values measured in the dam depth profile
during stratification. Chlorophyll a values measured at the outlet in July and December
of 2013 and 2014 appear to coincide with the values observed at the depth of
withdrawal. In December of 2013 with low-level releases, the off-take was located 18
m below the water surface. Chlorophyll a values at 10-20 m from the surface
encompassed the value observed at the outlet. The chlorophyll a content of the water
at the outlet was much lower in December 2013 than 2014 (Fig. 30a). In 2014, by
channelling the epilimnial water for release through the thermal curtain, which was
sitting at a depth of approximately 7 m from the water surface, the algal concentration
measured at the outlet had increased from 2013. This is mirrored by the chlorophyll a

values observed at the depth of the thermal curtain in the vertical profile.
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5.5.2 Effect of hypolimnial and epilimnial releases on seasonal longitudinal
chlorophyll a concentrations

Chlorophyll a longitudinal patterns below the dam were assessed on a seasonal basis.
In all three seasons of winter, spring and summer, the chlorophyll a concentration
immediately downstream of the dam wall were within the 95% confidence interval
range of upstream sites. This indicates minimal impact of the dam on the
phytoplankton density downstream of the dam, and of the thermal curtain with the

surface releases, though slight increases in the seasonal mean of summer were seen.

In the summer of 2013, low chlorophyll a content in water sourced from the
hypolimnion is likely to have played a role in the lower mean concentration in
downstream waters. By changing the depth of withdrawal using the curtain to within
the epilimnion, the water releases contained slightly higher concentrations of pelagic
phytoplankton which may have persisted downstream. There is very little in the
literature to inform on the effects of selective withdrawal in a reservoir on the

longitudinal chlorophyll a patterns or community structure of a river.

5.5.3 Effect of hypolimnial and epilimnial releases on the phytoplankton
community at the outlet

Seasonal succession

The seasonal succession of pelagic algae in lakes typically follows a pattern of
domination of small centric diatoms in spring, green algae and large diatoms in early
summer, followed by dinoflagellates then cyanobacteria in mid-late summer, and the
take-over of diatoms again in autumn (Sommer et al. 1986). Diatoms cannot regulate

their location within the water column and are prone to sinking in stagnant
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environments, making the winter period of mixing the optimal environment for their
persistence (Pinckney et al. 1998, Ptacnik et al. 2003). Green algae take over in early
summer before cyanobacteria set in when nutrients are depleted in the epilimnion
(Lopes et al. 2007). Some cyanobacterial species can control buoyancy with gas
vesicles and mucilage and do well under a stable water column such as under stratified
conditions (Mitrovic et al. 2003). Further, some also have nitrogen-fixing capabilities
(heterocysts). These features can allow cyanobacteria to dominate the phytoplankton

community in summer (Huisman et al. 2005) though this does not always occur.

When considering the cyanobacterial domination of the phytoplankton community,
the findings in this study support the typical seasonal succession of phytoplankton
reported in the literature (Kohler 1994, Wehr and Descy 1998) (Fig. 32). With minimal
cyanobacteria detected immediately downstream of Burrendong outlet in the autumn
and winter months, the increase in chlorophyll a is mainly attributed to other algae
groups including diatoms and green algae. This could be seen as beneficial to
downstream river stretches during this period as diatom groups are a naturally
occurring plankton group of lotic systems, supporting the riverine food web. Similarly,
Hartman and Himes (1961) found the proportion of diatoms in the phytoplankton
community structure downstream of the Pymatuning Reservoir to increase with
distance from the dam wall within the 16.9 km distance of sampling. Planktonic
diatoms commonly occur in lotic environments due to their fast growth rates
overcoming poor light environments (Wehr and Descy 1998) and have been measured
to contribute up to 95% of phytoplankton biomass (Montesanto et al. 2000). They also
typically dominate the algal community of reservoirs in winter, and when released

downstream, have been found to persist and increase their biomass with distance
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from the outlet (Kohler 1994). Alternatively, common summer species (including
cyanobacteria) can decrease substantially over the course of the downstream river
(Kohler 1994) though this is not always the case as witnessed by the Macquarie River
bloom of the 1990’s. The percentage of the phytoplankton community occupied by
cyanobacteria recorded at Burrendong outlet was low (< 10%) in winter of both 2013

and 2014, and increased in summer (Fig. 32).

Cyanobacteria

While increased chlorophyll @ may be considered a beneficial outcome of surface
releases in respect to planktonic food resources, it is essential to also consider any
possible adverse consequences of cyanobacteria in release waters. Cyanobacterial
blooms are potentially damaging to the ecological health of the Macquarie River, as
well as to the downstream communities that rely on the river for drinking water
supply, agricultural irrigation and recreation. Cyanotoxins are released from both
actively growing and lysed cells and are produced in up to 75% of cyanobacterial
blooms (Singh and Dhar 2013). The toxins may be neurotoxic, hepatotoxic, and
dermatotoxic and can harm organisms including zooplankton, fish, birds, and
mammals (Singh and Dhar 2013). There are risks for human use as drinking water, for
example the town of Wellington uses the Macquarie River as its drinking water source.
As a result, the impact of dam releases on downstream cyanobacterial concentrations
is a principal management concern. The World Health Organisation (WHO)
recommends a safe water guideline of 1 pg/L of the hepatotoxin microcytsin (Chorus
and Bartram 1999) and this has been translated into a guideline of 6,500 cells/mL of

the cyanobacteria Microcystis aeruginosa (NHMRC 2011).
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Reservoir releases introduce lentic phytoplankton species into a lotic environment and
potentially toxic cyanobacteria are common in the epilimnion of a thermally stratified
reservoir. As stratified dams can create an environment suitable for the proliferation
of cyanobacteria leading to blooms (Jones and Poplawski 1998, Mitrovic et al. 2011,
Bittencourt-Oliveira et al. 2012) epilimnial releases may source and seed cyanobacteria
downstream of the dam. This could be a contributing factor to the increased
phytoplankton chlorophyll a biomass that was observed below the dam in the post-
curtain stratification period of 2014 and epilimnial releases. Residence time was high
in the river as a result of low discharge volume, meaning the downstream Macquarie
River may have been more favourable environment for lentic phytoplankton species
including cyanobacteria. Cell counts confirmed the community structure to be
dominated by the potentially toxic cyanobacterial species Anabaena. In April the cell
count increased to 11460 cells/mL, with 10555 cells/mL being cyanobacteria
(Anabaena). This is above the limit for the safe consumption of drinking water set by

NHMRC (NHMRC 2011).

The probability of cyanobacterial blooms being released downstream of the dam
during periods of thermal stratification within the reservoir are substantially higher
with surface releases compared to hypolimnial releases. The percentage of the
phytoplankton community in Burrendong Dam occupied by cyanobacteria increased
with surface releases during the summer months. Though cell counts had increased in
January 2014 with low-level releases, the cell count had increased to levels that

surpass the safe drinking water guidelines in April of 2015 with surface releases.
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5.6 Management options

There are a few options for preventing cyanobacterial blooms within the reservoir
being transported downstream. One of these could be dropping the depth of the
thermal curtain to below the thermocline, or potentially the installation of an algal
curtain. Lowering the thermal curtain to a greater depth from the water surface, such
as near or below the thermocline, could prevent or reduce the toxic algal cells from
being released downstream. However, this would again result in cold water pollution.
Depending on the speed by which the curtain is lowered, cold shock may become a
risk. Cold shock in agquatic organisms occurs as a result of sudden temperature change
(Donaldson et al. 2008), usually caused by the sudden change in release depth from
surface to low-level (Ryan and Preece 2003). An array of symptoms can occur, ranging
from impeded foraging success to the organism entering into a coma-like state,
rendering them at risk of predation or physical damage from striking the substrate
from in-stream turbulence (Donaldson et al. 2008, Lyon et al. 2008). This could be
avoided with slower lowering of the thermal curtain. The appropriate depth of the
curtain may be dictated by the distribution of cyanobacteria through depth, as during
stratified conditions they may not be homogenous within the epilimnion (Mitrovic et
al. 2001, Medrano et al. 2013). If most cyanobacteria are within the top 2 to 4 m then
a curtain at 7 or 8 m may miss the bulk of them. Sinking dead cyanobacterial cells
could also be an issue as they may release more cyanotoxins into the water column
than live cells (Berg et al. 1987, Watanabe et al. 1992). However, the concentration of

toxins present at varying depths within a reservoir is currently not tested.

A secondary option may be an algal curtain submerged from the water surface to an

appropriate depth, for example, 3 - 5 m could physical obstruct floating algal cells from
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accessing the outlet of the thermal curtain. This would depend on the depth
distribution of algae and how this changes on a daily time scale and with
environmental factors such as wind. Also the physical ability of a floating curtain to
withstand the draw of the water through the curtain opening will need to be assessed.
Research should be done to identify if this is feasible from the physical perspective,
and if so, whether the distribution of cyanobacteria with depth would be practical for
the use of the algal curtain and to determine the best depth to set it at, depending on
meteorological conditions and diel cycles. If most cyanobacteria are found to occur in
the surface few metres of water, it may be possible that a large percentage of the
bloom would be impeded from being released downstream, decreasing the risk from

releases and the likelihood of a bloom establishing in the Macquarie River.

5.7 Conclusions

Epilimnial releases resulted in increased chlorophyll a concentrations from hypolimnial
releases, measured at the outlet. The epilimnial releases also appeared to improve the
longitudinal recovery of chlorophyll a in summer compared to hypolimnial releases.
With the change from hypolimnial to epilimnial releases, cell counts of cyanobacteria,
and the proportion of cyanobacteria to other alga genera increased substantially.

These findings support our hypotheses 3a and 3b.
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Chapter 6: Conclusions & Recommendations

6.1 Summary of findings

This research thesis examined the occurrence and cause of historical CWP in the
Macquarie River below Burrendong Dam and the effectiveness of an innovative
thermal control structure, the thermal curtain, in mitigating CWP. This was achieved
through analysis of historical temperature data, and through comparisons of thermal
patterns in 2013 and 2014 summer periods. This included comparing temperatures
above and below the dam as well as the longitudinal distance of thermal disruption
downstream of the dam. The research also examined the impacts of the dam on
nutrient concentrations and algal concentration (as chlorophyll a) and cyanobacteria

concentration before and after thermal curtain operation.

This research is highly important for assessing the effectiveness of the thermal curtain
in mitigating CWP. It is also important as a means to gather information and to advise
for the effective management of the structure. Prior studies have suggested releases
from Burrendong Dam had resulted in degraded downstream water quality, likely to
be affecting downstream ecological health (Astles et al. 2003, Lugg and Copeland
2014). Improvement in water quality downstream of the dam is desirable for this
purpose, that is, the improvement of downstream ecological health, particularly with
the important role of environmental flows delivered from the dam. Water of warmer
temperatures would be beneficial for both environmental and anthropogenic uses.

The thermal curtain has been developed as an affordable alternative to the more
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expensive options of multiple level off-takes for the mitigation of CWP and

improvement of downstream water quality.

6.1.1 Historic CWP below Burrendong Dam

CWP has been a long term problem occurring in the Macquarie River below
Burrendong Dam. Findings from the analysis of historical data indicated the CWP
caused thermal suppression of around 13.5°C below the dam. CWP was a result of
hypolimnial releases during periods of thermal stratification, with the months of
December and January exhibiting the greatest thermal depression. Three factors were
identified as major contributors to historical CWP: thermal stratification of the water

body, large residence level of the dam and large discharge volumes.

6.1.2 Effect of the thermal curtain: Temperature

Operation of the thermal curtain resulted in the improvement of the thermal regime
downstream of the dam. By sourcing water from the epilimnion of the stratified water
body for release instead of from the hypolimnion, the downstream water
temperatures were more similar to the natural thermal regime of the Macquarie River.
The thermal regime improved by up to 3°C in daily mean, and 2.5°C in monthly mean.
These improvements are modest when considering the low residence level of the
reservoir for the duration of the study, where it rarely exceeded 20% capacity. With a
lower residence level the thermocline is located closer to the off-take, meaning
warmer temperatures are likely to be released downstream than with greater
residence level when the thermocline sits at a higher altitude from the outlet. Though

substantial improvements were identified in the thermal regime as a result of the
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thermal curtain use with low residence level, it is likely that more profound

improvement will occur with a deeper reservoir, when the capacity is closer to 100%.

The mean daily temperatures in the year before operation of the thermal curtain were
compared to the thermal requirements for the spawning of native fish. This indicated
spawning temperatures were not met for 3 common species, golden perch, Murray
cod and Silver Perch and that temperature is a factor in the reduction of native species
downstream of Burrendong Dam. With improved temperatures using the curtain,
these minimum spawning temperatures were met for all there fish for at some periods

directly below the dam.

Diel variation is also an important component of a rivers thermal regime. Cold water
releases reduced the diel variation. With warm surface releases, diel variation
improved markedly, where the maximum value of the diel range rose by a factor of
1.5. The study also found that thermal stratification occurs within the thermal curtain
itself. When discharge is less than 800 ML/day, thermal stratification within the
curtain reduces the effectiveness of the thermal curtain in mitigating cold water
pollution. Flows above this threshold lead to the break-down of thermal stratification.

It was during these periods when the thermal curtain was found to be most effective.

6.1.3 Effect of the thermal curtain: Nutrients

The nutrient concentrations within the reservoir throughout the duration of the study
were frequently greater than ANZECC trigger values. Thermal stratification led to the
development of an oxycline and DO levels below 2 mg/L in the hypolimnion, and an
increase in the concentration of most analytes in the hypolimnion. Some of these

nutrients (ammonia, NO, and TFN) were increased in discharge waters from the
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hypolimnion from upstream values. The concentrations were reduced slightly with the
operation of the thermal curtain. However, the strength of stratification and duration
of anoxic conditions in the hypolimnion may have increased. This may be amplified
with greater residence level and lead to a more profound impact on nutrient

concentrations.

6.1.4 Effect of the thermal curtain: Phytoplankton

By changing the release depth from below the thermocline to above it and within the
epilimnion, there was an increase in downstream phytoplankton concentration,
measured as chlorophyll a (ug/L). The longitudinal recovery of phytoplankton density
to upstream values was improved in summer. While it is useful to have phytoplankton
concentrations that are similar to upstream of the dam from surface releases, there is
the risk of toxic cyanobacteria. Late in the summer of 2015 cell counts indicated that
the majority of the phytoplankton composition below the dam consisted of potentially
toxic strains of cyanobacteria, and cell counts increased with surface releases. Surface
releases may be detrimental to downstream riverine health and investigation of
management control options are necessary to reduce the risk of toxic blooms
developing in the Macquarie River seeded by the dam, which could endanger the

health of livestock, wildlife and humans.
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6.2 Management recommendations

6.2.1 Thermal curtain depth: is 7 m effective?

The position of the thermal curtain should be located above the thermocline. This will
allow the warm surface waters to be targeted, lowering the possibility for cooler,
hypolimnetic water to be drawn. This project identified that the optimum
temperature range to closely match upstream reference site thermal regime was
available in the epilimnion. If water was sourced from the hypolimnion, these
temperatures would be reduced. This would result in the downstream thermal regime
being colder than required, and the thermal curtain not being used to its fullest

potential.

For the duration of this study, 7 m was an appropriate height for the functionality of
the thermal curtain. However, the study did not extend to include the end of the
stratification period of the first year of thermal curtain operation. Surface releases
strengthen stratification and raise the thermocline with respect to depth in the
reservoir. The depth of the thermal curtain for current use was decided according to
the thermal stratification pattern within Burrendong Dam according to data collected
when low-level release valve was operational. Therefore, it is suggested that the
thermal profile be monitored to ensure the epilimnion is being targeted most
effectively. Furthermore, the stratification patterns may also change with increased
volume of the reservoir. For this study, the dam remained at around 20% of full

capacity.
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6.2.2 Problematic cyanobacteria

A secondary curtain could be submerged from the water surface to an appropriate
depth surrounding the current thermal curtain, for example, 3-5 m. This could
physically obstruct algal cells from accessing the top of the thermal curtain. Some
cyanobacteria may still be below this depth depending on mixing conditions, and dead
cyanobacterial cells may still be directed to the outlet through the thermal curtain.
Such a system may reduce a large percentage of cyanobacterial blooms from within
the reservoir from being released downstream. Thus the likelihood of high
concentrations or blooms being seeded in the downstream stretch of the Macquarie

River would be reduced.

Alternatively, the thermal curtain could be dropped to below the thermocline to
prevent the release of harmful cyanobacteria downstream as is currently suggested
practice. In this case, the potential for cold shock would need to be investigated. If

identified to be a problem, reducing the lowering speed of the curtain is suggested.

6.2.3 Nutrients

Nutrient and metals analysis completed in this study indicate that the dynamics within
the reservoir itself has impacted on their concentrations, with levels exceeding
ANZECC guidelines for the protection of ecosystems. The nutrient concentrations
observed at the outlet were reduced with the use of the thermal curtain, though still
greater than the ANZECC trigger values. The eutrophication of the Macquarie River is
likely to be as a result of external nutrient loading, with the land use of the catchment

largely agricultural. It is recommended nutrients are monitored closely with the
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monitoring of cyanobacteria populations as the concentrations may exacerbate or

support blooms.

6.2.4 Future use of the thermal curtain

Overall, the thermal regime improved with the use of the thermal curtain despite
relatively low dam levels. It is anticipated the downstream ecological health and water
quality will benefit from this. The data from this study indicates that the thermal
curtain appears to be a successful and more affordable alternative to other current
options for CWP mitigation, such as MLO’s. Therefore, its future use in other dams
should be considered. It is recommended to continue thermal monitoring at
Burrendong Dam, and to test the effectiveness of the curtain during a period of higher

dam levels such as above 50% capacity.

Some factors that directly affect the success of the thermal curtain structure in
mitigating CWP should be taken into account when contemplating installation at other
dams. For example, the discharge thresholds as a means of weakening or preventing
thermal stratification within the thermal curtain itself. The threshold for Burrendong
Dam was identified to be discharge volumes of greater than 800ML/day. At
Burrendong, this should not be an issue due to high water demands during the
stratification period. However, the thermal curtain in a dam with smaller release
volumes may not be as successful in improving the downstream thermal regime as
these volumes may not be sufficient to break down stratification within the curtain.
Therefore dam purpose and subsequent release volumes should be taken into

consideration when considering the installation of a thermal curtain.
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6.3 Research recommendations

6.3.1 Reservoir residence level

1- Ongoing monitoring under a deeper reservoir

The results of this study assess the effects of the dam and thermal curtain on
temperature, nutrients and algae when the reservoir rarely exceeded 20% capacity for
the duration of the study and the thermocline was closer to the off-take. It is highly
recommended that future research continues to assess these factors under a range of
operating conditions including when the dam is closer to full capacity. It is anticipated
that increased storage volume will affect the development and depth of the
thermocline and oxycline during thermal stratification. This warrants further
investigation of the effectiveness of the thermal curtain in mitigating CWP and the

effects on algae and nutrients within and below the dam.

2- Stratification within the thermal curtain

Residence level may affect the strength of stratification within the thermal curtain,
effectively altering the discharge threshold. An increase in the residence level can
affected the development and depth of a thermocline within a body of water. This
should be taken into consideration in future. This may also influence the discharge
threshold required to breakdown the stratification. Further study is required to
understand the full extent of the impacts of residence level on the development of
thermal stratification within the thermal curtain, and how different capacities of a dam
may affect this and subsequently the effectiveness of the thermal curtain in mitigating

CWP.
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6.3.2 Phytoplankton
3- Continued monitoring of chlorophyll a and algal community structure for long

term analysis and to account for annual variation in results

Ongoing monitoring of phytoplankton dynamics in terms of chlorophyll a and
community structure is recommended. The findings of this study were based on
information gathered over a period of one year prior to, and one year after the
operation of the thermal curtain. While trends and patterns were identified, this data
pool does not account for the possibility of annual variation. Further monitoring to
gather more data is recommended to further support and strengthen the findings in
this study and to encompass different algal community dynamics including

cyanobacterial dominance and blooms.

4- Management options for prevention of releasing cyanobacterial blooms
downstream:

a. Development of an algal curtain

This study has found that the release of surface waters can increase the cell count of
cyanobacteria occurring downstream. This is a primary management concern as the
occurrence of potentially toxic blooms downstream of the dam would have major
impact on downstream towns and drinking water supply, recreation, agricultural stock
and wildlife. It has been recommended in this study that an algal curtain be
considered to form a physical barrier to buoyant algal cells, preventing their release
downstream through the thermal curtain. Therefore, future research is required to
determine if cyanobacterial vertical distributions are suitable for a curtain, and if so,

the most effective depth for it to go down to.
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b. Lowering the thermal curtain: determine the most appropriate and

effective depth

Lowering the thermal curtain is an alternative management option in order to prevent
the release of potentially harmful cyanobacterial blooms to downstream stretches of
the Macquarie River. An appropriate depth should be identified for the most effective
management. It is likely that the curtain will be required to be lowered to a point near
or below the thermocline. A depth to balance cyanobacterial discharge downstream
and cold water pollution should be found. Further, the speed by which the curtain
should be dropped needs to be determined. If the curtain is lowered too quickly, there
is a risk of causing cold shock in downstream biota. Cold shock occurs as a result of
sudden temperature change and can manifest through an array of symptoms in fish,

ranging from discoordination to fatality.

6.3.3 Biological measurements for recovery

There is very little in the literature on the effect of the thermal regime on biota. The
most common information available is on fish, and generally focuses on the effects of
thermal suppression and elevation on younglings in laboratory environments. Further
research should include the effects of the thermal curtain and dam operation on a
range of biota including zooplankton, macroinvertebrates, mussels and fish. The
findings of this study are encouraging, whereby the improvements in the thermal
regime downstream of Burrendong Dam as a result of the use of the thermal curtain
are likely to support the breeding of native fish. To include the effects of CWP
mitigation on aquatic organisms in future studies would be an important for

understanding how the thermal improvements may have improved river health.
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