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EXECUTIVE SUMMARY

River gums FEucalyptus camaldulensis are increasingly signifying the significant decline in
the ecological health of rivers and their floodplains. This long-lived species, sometimes
living up to hundreds of years has survived long periods of drought in Australia’s history
but the impacts of river regulation and diversion and the current drought has caused high
mortality of river red gums along the rivers of the Murray-Darling Basin. Extensive river
red gum areas have died along the River Murray, Lowbidgee floodplain on the
Murrumbidgee River and also in the Macquarie Marshes. Little is known of the health of

river red gums on other river systems in the Murray-Darling Basin.

We focused our research on the relatively poorly studied Lachlan River in southern New
South Wales and investigated the ecological health of river red gums within in a group of
1ts more significant wetlands, the Booligal Wetlands. These wetlands are extensive covering
about 15,000 ha. They are nationally important and are recognised for the large waterbird
colonies they can sustain. They form a part of the extensive lower Lachlan river wetlands
and rely on river flows from the upper Lachlan, with the tributaries of the Belabula and
Abercrombie Rivers. These wetlands integrate long-term changes to the river system. We
investigated more than one hundred years of rainfall patterns and hydrological changes to
the Lachlan River and the supply of water and the impacts of the changes to the river red
gum swamp communities within the Booligal Wetlands. We analysed the available
sequence of aerial photographs, spanning 35 years (1973-2008) to determine trends in river

red gum health backed up with ground truthing.

There are 10 large dams and 323 weirs within the Lachlan Catchment, an extensive system
of canals, regulators, pumps and off-river storages that allow for the diversion of water from
the river. We found no long-term decline in catchment rainfall where most flows for the
Booligal Swamps are generated but there were significant declines in the Lachlan River’s
flow have profoundly affected the ecology of the Booligal red gum swamps and these

changes have coincided with the increasing impacts of major river regulation and diversion
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of water for irrigation. The proportion of annual flows reaching Booligal from Forbes has
significantly decreased by 50% (from 30 to 15 %) in volume 1894-2007, coinciding with the
period when extraction of water from the river was maximised. The range of flows has also
halved with river regulation. Low flows have increased, while the number of periods with
zero flow has decreased. With full development of extraction (1982-2007), the frequency of
large floods to the Booligal Wetlands has decreased by 50%, compared to when the river
was unregulated. The number and duration of key flood forming flows (800 and 2,500 ML d-
1) at Booligal has decreased by 40%. Also the seasonality of flows has changed. Before
regulation, monthly flows at Booligal were substantially lower during summer (December-
February) and autumn (March-May) months, before increasing significantly during winter
(June-July), and finally decreasing steeply during spring (September-November). After
dams were built and water diverted, summer flows were significantly higher (>55%) while

winter flows were lower than unregulated conditions.

Flooding of the Booligal Wetlands now occurs less frequently, for shorter durations and at
different times of the year compared to before development. This has detrimentally
affected the red gums in the swamp with high mortality of trees. We estimated that tree
canopy cover had decreased by 85% over 12 years (1993-2008). This decline accelerated in
the last three years (2005-2008). In contrast, ‘control’ river red gums along the river
although affected by the drought with a recent loss of canopy cover, remained mostly alive.
All swamp sites had more dead trees than living trees in each size class. On ground
assessment showed that most red gum trees were dead, while remaining live trees showed
signs of severe water stress. The river red gums are the most obvious and measureable
effect of ecological decline but many other dependent organisms such as waterbirds, native
fish species, frogs, reptiles, other plants and invertebrates are likely directly or indirectly

affected by these changes.

The Booligal Wetlands are in severe decline and without significant improvement of river
flows to these wetlands, the chances of rehabilitation will be poor. Investment by
governments in the buyback of irrigation licenses offers some opportunity to rehabilitate

these nationally important wetlands.
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INTRODUCTION

Desert or dryland areas cover almost half of the world’s land surface (Kingsford, 2006).
These areas experience low rainfall (less than 500 mm per annum) which is variable in both
space and time (Gordon et al., 2004a). The dryland rivers that flow wholly or partly through
these regions, encompass some of the most biologically diverse ecosystems in the world
(Adger & Luttrell, 2000; Zedler, 2000; Ando & Getzner, 2006). However, in comparison to
mesic rivers, they remain largely unstudied (Kingsford, 1995). Dryland rivers experience
highly variable flows (Puckridge et al., 1998). Low or zero flows are common, while extreme
flows occur occasionally when high rainfall events produce large floods (McMahon &
Finlayson, 2003; Jenkins et al., 2005). This intrinsic variability in flow regimes drive the
ecology of these rivers and their associated floodplain wetlands (Puckridge et al., 1998), and
make them especially vulnerable to changes associated with water resource development

(Kingsford, 2006).

Human need for water has grown over the past century (Kingsford, 1995). To secure water
supplies, dams have been built to divert the flows of many dryland rivers globally (Petts,
1990, 1992, 1996; Kingsford, 2006). This has significantly altered their flow regime
(Kingsford, 2000a, b; Young et al., 2000a; Zedler, 2000). The effect is usually most evident
downstream where floodplain wetlands, which rely on river flows, dominate the landscape
(Mawhinney, 2003; McMahon & Finlayson, 2003; Lake et al., 2006). Dams usually reduce or
eliminate flows to floodplains as they fill, capturing flood pulses and releasing water for
diversions within the main channel (Puckridge et al., 1998). This creates a more permanent
flow in channel habitats (instead of a wetting and drying cycle), and the loss of naturally
high and low flows (Hollis, 1990; DWR, 1992; DLWC, 1997; Kingsford, 2000a; Young et al.,
2000a; Driver et al., 2003; Petts, 2003; Driver et al., 2005). Over time the link between a
river and parts of its floodplain can be severed with reductions reducing the volume,
frequency and intensity of flows to them (Walker, 1985). These changes may be dramatic,
usually quite sudden, and clearly discernible in the records (Kingsford & Thomas, 1995;
McMahon & Finlayson, 2003).
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Ecologically, floodplain wetlands are sites of high biodiversity, supporting many waterbird,
native fish, invertebrate, aquatic plant and microbe communities (Crome & Carpenter,
1988; Crome, 1988; Kingsford, 2000a; Petts, 2001; Kingsford & Auld, 2005; Jenkins &
Boulton, 2007). Most of these species depend on alternating wet and dry conditions to
complete their life cycles, based on natural flow regimes of dryland rivers (Crome &
Carpenter, 1988; Jenkins & Boulton, 2003). Regulation has reduced flood frequency and
duration of floodplain wetland (Kingsford, 2000b; Jackson et al., 2001). As a result the
amount of time that floodplain wetlands remain dry is increasing (Jackson et al., 2001;
Jenkins & Boulton, 2007). This has impaired waterbird (Kingsford & Thomas, 1995, 2002;
Kingsford & Thomas, 2004; Kingsford & Auld, 2005) and fish breeding (Puckridge et al.,
1998), killed riparian vegetation (Bren & Gibbs, 1986; MDBC, 1990; Capon & Brock, 2006),
and diminished invertebrate and macrophyte communities (Jenkins & Boulton, 2003;

Jenkins et al., 2005; Jenkins & Boulton, 2007).

The Murray-Darling Basin (MDB), Australia’s largest exorheic drainage basin
(1,100,000,000 ha?), supports a large wetland area (at least 4,000,000 ha?), 89% of which is
floodplain (Kingsford et al., 2004). Over the last 100 years major headwater dams have
been constructed to support large agricultural areas, including extensive irrigation areas
(Young et al., 2000a; MDBC, 2002). Prior to river regulation, floodplains along the Murray-
Darling Basin filled from local run-off and riverine floods, drying as river levels fell and
evapotranspiration exceeded inflows and local rainfall. Today many Murray-Darling Basin
floodplains are degraded (Shields & Good, 2002; Jayasuriya, 2003; Mawhinney, 2003;
Driver et al., 2005; Kingsford & Auld, 2005). Current rehabilitation efforts have turned
towards providing environmental flows to restore ecological integrity to the system

(McMahon & Finlayson, 1995; Papworth & Lewis, 2003; Schofield & Burt, 2003).

The Lachlan River forms part of the Murray-Darling Basin and has undergone a long
history of regulation (DWR, 1992; Roberts & Sainty, 1996; DLWC, 1997; Hillman &
Brierley, 2002) following construction of Lake Cargelligo weir in 1902. Currently there are
10 dams and 323 weirs within the Lachlan catchment (Kingsford et al., 2004) plus an
extensive system of canals, regulators, pumps and off-river storages (DLWC, 1997; Hillman

& Brierley, 2002). Intensive agriculture occupies more than 20% of the Lachlan Catchment
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area (Kingsford et al., 2004). Water for irrigation is extracted directly from the river or from
regulated distributary streams, which provide water for 50,000—-100,000 ha? annually
(DLWC, 1997). Current average surface water availability is 1,139 GL™1 year and on
average about 321 GL'1 year (or 28%) of this water is used (CSIRO, 2008). This is a
moderately high level of development and includes surface water diversions (292 GL1 year)

and eventual streamflow leakage to groundwater induced by current groundwater use

(CSIRO, 2008).

The Lachlan Catchment supports 471,011 ha of wetlands (Kingsford et al., 2004), 95% of
which is floodplain, predominantly in the lower western region of the catchment (DLWC,
1997; MDBC, 2002; Kemp, 2004; Driver et al., 2005). Nine sites are listed in the Directory
of Wetlands of National Significance, including the Booligal Wetlands (EA, 2001). The
Booligal Wetlands provide important habitat for a wide variety of native flora and fauna,
including migratory waterbirds protected under international agreements (Young et al.,
2000b). They are well known for the large numbers of waterbirds that congregate to breed
and forage in the area during and following floods (Magrath, 1992), and have been
identified as among the most important in Australia for waterbird breeding (Blakers et al.,
1984; Serventy, 1985; Maher, 1990). The regulation of the Lachlan River has decreased the
amount of water reaching this system increasingly over time (Hillman & Brierley, 2002;

Driver et al., 2003; Driver et al., 2005).

River red gums Fucalyptus camaldulensis form large monospecific forests on the
floodplains within the Booligal Wetlands, and are integral to the ecology of these areas
(Roberts & Sainty, 1996; Roberts, 2007). Tree hollows, fallen timber and twigs provide
habitat for aquatic and terrestrial fauna (Maher, 1984; Maher & Carpenter, 1984; Crome &
Carpenter, 1988; Crome, 1988; Briggs et al., 1993). The canopy moderates radiation and
temperature, while the leaf and bark litter help to maintain a high carbon content in the
soils (Briggs & Maher, 1983). The subsequent release of dissolved organic carbon (DOC)
from these soils on re-flooding or on rising water levels helps sustain wetland productivity
and support breeding of waterbirds (Maher, 1984; Maher & Carpenter, 1984; Crome &
Carpenter, 1988; Crome, 1988; Briggs & Thornton, 1999). Red gums reflect the water

regime gradient, and can be used as indicators of ecosystem health (Bren, 1987; Bren,
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1988). As flood frequency decreases, tree height and canopy size become progressively
smaller, and tree density decreases (Stewart & Harper, 2002). Major reductions in river
flows have resulted in the deterioration in much of the riparian red gum forest in the
Murray-Darling Basin (Briggs & Maher, 1983; Bacon et al., 1993; Briggs et al., 1997,
Stewart & Harper, 2002; Driver et al., 2005; Roberts, 2007).

Identifying the relationship between the lower Lachlan wetland ecology and flow regime is
a first step towards understanding the ecological responses to changes in flow, and future
opportunities for rehabilitation (Kingsford, 2000a; Hillman & Brierley, 2002; DECC, 2008a,
b). Knowledge of vegetation changes in response to changing flow regime is lacking, and in
particular, ecological health of the Booligal Wetlands is poorly known. The NSW
Government has bought water from the irrigation industry as part of its RiverBank
program of $105 million with 10,800 ML potentially providing an opportunity for
rehabilitation of the Booligal wetlands.

Our aim was to study the impact of an altered flow regime to the Booligal Wetlands using
river red gum swamp habitats to identify changes in vegetation health over time. This
study addressed two main objectives: 1) identification of the impact of river regulation,
including water extraction, on the Lachlan River’s natural flow regime, focusing on the
Merrimajeel/Muggabah Creek system; and 11) examination of the response of flood
dependent riparian vegetation to river regulation. As ecological impacts of regulating rivers
and diverting their water occur over long temporal scales (Kingsford & Thomas, 2002), we
used two long-term data sets. Annual hydrological data were available over more than 100
years (1894-2007) to investigate changes in river flows. We also analysed a sequence of
aerial photographs that span 35 years (1973-2008) to determine trends in river red gum
health, coupled with ground truthing.
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STUDY AREA

2.1. The Lachlan River

The Lachlan River in central western NSW has an overall length of about 1,450 km,
draining a catchment of 8,470,000 ha2? It flows from the Great Dividing Range near
Goulburn, where elevations reach 1,200 m above sea level (ASL), to the lower Lachlan
wetlands including the Great Cumbung Swamp and the Booligal Wetlands (<80 m ASL)
(Figure 1). Rainfall averages 1200 mm per annum along the eastern part of the catchment,
and 250 mm per annum in the region of the lower Lachlan wetlands, where evaporation
greatly exceeds rainfall about 4:1 (DLWC, 1997). Rainfall variability increases from east to
west, and summer rainfall is more variable than winter rainfall. The Lachlan River is
influenced by northern and southern climates producing flows spread evenly throughout
the year, but generally highest between June and October, and lowest in late summer
(February-March) (DLWC, 1997). Major tributary rivers include the Belubula and
Abercrombie Rivers, and distributary creeks include Willandra, Middle, Merrowie,
Merrimajeel and Muggabah Creeks (Figure 1). The Lachlan River is a tributary to the

Murrumbidgee River during large scale flood.

The major dam on the Lachlan is Wyangala Dam (1,220,000 ML, built 1931, enlarged
1971), at the junction of the Lachlan and Abercrombie Rivers (Figure 1). The Belubula
River is regulated by Carcoar Dam (36,000 ML, built 1970), while Lake Brewster (153,000
ML, built 1951) and Lake Cargelligo (36,000 ML, built 1902) are en-route storages for
maintaining a regulated flow in the lower Lachlan (Figure 1). Wyangala and Carcoar Dam
regulate about 70% of runoff, while Lake Brewster and Cargelligo regulate about 30% of
flows (Figure 1).
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Figure 1. Map of Lachlan River catchment in the Murray-Darling Basin, Australia (A);
Lachlan Catchment: major channels (dark blue), minor channels (light blue), major
storages (black squares), weirs (triangles), rainfall stations (circles), lower Lachlan (orange
shading), Upper Lachlan (green shading) (B); Lower Lachlan: Merrimajeel and Muggabah
Creek channel, red gum sites (Murrumbidgil Swamp MS, Lower gum Swamp LG, Top Gum
Swamp TG, Lachlan River Gum RG).
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2.2. The Booligal Wetlands

The Booligal Wetlands on the lower Lachlan floodplain have an area of about 150,000 ha?
with braided channels and depressions on and adjacent to Merrimajeel and Muggabah
Creeks (Figure 1). Sheep and cattle grazing is the predominant land use around and within
the wetlands (Magrath, 1992). The wetlands are temporary, that are inundated with
moderate to large floods of the Lachlan system (DWR, 1992; DLWC, 1997; Driver et al.,
2003; Driver et al., 2005). These sites are not responsive to creek flows below a threshold
and so effects of river management on moderate and high river flows (peak, duration, or
seasonality) are critical to inundation patterns and their ecological state (e.g. vegetation,
waterbird use). Flooding is usually in late winter and spring, and many of the wetlands dry

by late summer (Moore, 1992).

Merrimajeel and Muggabah Creeks are distributaries of Torriganny Creek, an anabranch of
the Lachlan River that carries about 60% of the total Lachlan upstream of Booligal
(Magrath, 1992; Wettin, 1997). They begin to flow when the Lachlan River at Booligal Weir
(Figure 1) exceeds around 300 ML d!. As the flow increases above 800 ML d™!, water
spreads across the floodplain and the creek systems interconnect via flood-runners to
inundate an extensive area of floodplain (Dwyer & Bennett, 1988). During these
uncontrolled flows more water flows down Merrimajeel Creek than Muggabah Creek, but
the reverse is true during controlled flows. Torriganny Weir (3.2 m) is a dropboard weir on
the Torriganny Creek which allows regulated flows into Merrimajeel and Muggabah Creeks
for 5-6 weeks during winter/spring. This provides local landholders with water for stock and
domestic use (50 — 100 ML d™); flows are generally confined to single channels in the creeks

(Moore, 1992).

Discrete wetlands retain water after Merrimajeel and Muggabah Creeks cease to flow, and
support large stands of river red gum, including Murrumbidgil Swamp (MS) (33°52’32.48”S,
144°38’53.30”E), Lower Gum Swamp (LG) (33°50'14.11”S, 144°51.40.33”E), and Top Gum
Swamp (TG) (33°45’19.117S, 144°51’40.41”’E) (Magrath, 1992; Moore, 1992; DLWC, 1997).
These stands occur on heavy grey clay soils subject to frequent or periodic flooding and are

usually depauperate in understorey species (Moore, 1992). These sites are especially
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important for colonial and non-colonial waterbird feeding and nesting sites for egrets
Egrettta intermedia, E. alba, cormorants Phalacrocorax sulcirostris, P. melanoleucos,
herons Ardea pacifica, A. novarhollandiae, Nycticorax calefonicus, ibis Plegadis falcinellus,
Threskiornis aethiopica, T. spinicollis, spoonbills Platalea regia, P. flavipes, and ducks

Anas superciliosa, A. gibberifrons, A. rhynchotis, Chenonetta jubata, Oxyura australis

(Magrath, 1992).

Murrumbidgil Swamp (about 110 ha?) on Merrimajeel Creek (Figure 1), is a potential target
for environmental flows (DECC, 2008a, b). It has a distinctive internal topography,
comprising a series of channels and mounds that reach a maximum depth of about 1.9 m.
Lower (47 ha?) and Top Gum Swamp (about 170 ha?) receive water from Muggabah Creek
(Figure 1) via flood runners. Compared to Murrumbidgil Swamp these sites are more
evenly leveled in topography and have a maximum depth of about 1.6 m. These swamps
stand out on the floodplain as they are structurally diverse within a relatively flat
environment. We focused on these three red gum swamps to investigate how they have

changed over time in response to an altered flow regime.
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METHODOLOGY

3.1. Rainfall

Essential to an understanding of the nature of the Lachlan Catchment’s hydrological
regime 1s a consideration of the climatic changes that have occurred over the last century
(Riley, 1988; Schreider et al., 2002). About 82% of the runoff enters the Lachlan River
originates in the eastern 20% of the catchment, specifically four subcatchments: the Upper
Lachlan, Belubula, Boorowa, and Gooloogong (Wettin et al., 2000). We used long-term
annual rainfall data for the period 1894-2007 as an index of run-off. We averaged annual
rainfall data for two weather stations per subcatchment (Upper Lachlan subcatchments:
Gunning (070043) and Crookwell (070025); Belubula subcatchments: Blayney (063294,
063010) and Canowindra (065006); Boorowa subcatchments: Boorowa (070220) and Cowra
(062031, 069091); Gooloogong subcatchments: Gooloogong (065019), and FEugowra
(065013)), and then weighted the contribution of each subcatchment (Upper Lachlan:
821,500 ha?, 61.1%; Boorowa: 221,400 ha?, 16.5%; Gooloogong: 43,200 ha?, 3.2%; Belubula:
258,000 ha?, 19.2%) as a percent of total catchment area (1,344,000 ha?). Annual rainfall for
all these subcatchments were then added together to give a cumulative rainfall index (RI)

per year.

The corrected annual rainfall index was examined for changes over the period 1894 to 2007.
Variation in rainfall was investigated using a graph showing the cumulative deviation from
the mean. We standardised annual RI data to a mean annual rainfall of 1.0 by dividing
each annual RI by the mean annual RI (Riley, 1988). Cumulative deviations were
calculated by accumulating the annual RI for each successive year and subtracting 1.0 at
each step. The resulting time series of cumulative deviation from the mean shows those
periods when rainfall were less than the mean (deviations decrease in value over time) and
periods when flows were greater than the mean (deviations increase in value) (Van Der
Wateren-De Hoog, 1995; Loth et al., 2004). We used annual rainfall data for the 12 month

period January-December to coincide with the flow data.
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3.2. Hydrological Analysis

We investigated changes in daily, monthly and annual flow over time to the Booligal
Wetlands. We used total daily flow data (ML d ') (NSW DNR, 2005; DWE, 2007) for five
river gauges on the Lachlan River: Cowra (412002); Forbes (412004); Condobolin (412006);
Hillston (412039); and Booligal (412005); one gauge on the Belubula River: Helensholme
(412033); and one gauge on the Boorowa River: Boorowa (412029) (Figure 1). Daily flow
values were transformed to monthly and annual (January-December) total flow values (ML)
to investigate long-term changes in annual river flows. Hydrological data were only
available from 1940-2007 for Forbes, 1896-2007 for Condobolin, 1942-2007 for Hillston,
1909-2007 for Booligal, 1938-2007 for Helensholme, and 1936-2007 for Boorowa. We used
local polynomial regression (LOESS function), (Cleveland et al., 1992) to estimate unknown
yearly data using known upstream gauge values. LOESS function is used to do local
regressions in R language. No long term (=100 years) flow gauge exists on either
Merrimajeel or Muggabah Creeks, thus flows into the Booligal Wetlands are based on data
from the Booligal gauge, located on the Lachlan River. This gauge was used to estimate the

amount of water entering the wetlands.

Describing the status and any trend in streamflow requires comparing current flows to
unregulated flows over all flow regimes. We identified three distinct time periods where
Lachlan River flows were affected by different levels of regulation: 1894-1930, 1931-1981,
and 1982-2007. From 1894-1930 there were no major storages along the Lachlan River, and
flows were mostly unregulated. From 1931-1981 (dams), flows were regulated by dams and
off river storages such as Wyangala Dam, Lake Cargelligo, Lake Brewster and Carcoar
Dam. From 1982-2007 many of the irrigation licences were taken up and fully developed

and extraction was maximised (extraction maximised) (DLWC, 1997).

3.2.1. Daily flow duration curves
We produced mean daily flow duration curves (FDC) to compare the relationship between
stream flow and the percentage of time it is exceeded at Booligal, Condobolin and Boorowa
for the three time periods. An FDC provides a simple, yet comprehensive, graphical view of

the overall historical variability associated with streamflow in a river basin (Vogel &
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Fennessey, 1994). FDC is a function which gives flow (q), as a function of probability (p), i.e.
q = q(p), where p is the probability that the specified flow is exceeded. We ranked annual
flow measurements, (qi), with each corresponding p giving the percentage of days for which

the flow value was equaled or exceeded (Searcy, 1959).

Daily FDC show more of the details of variation in flow data than monthly or yearly curves,
where extremes are smoothed out through averaging (Donald et al., 1999). Condobolin
(1907-2007) and Booligal (1907-2007) were used to compare the effect of river regulation at
an upstream and downstream site on the Lachlan River, while Boorowa (1936-2007) was
selected as an unregulated stream to determine whether any changes in flow were related
to climate. FDCs were constructed using all available daily flow data (ML d %) (Vogel &
Fennessey, 1994, 1995), and any missing data were omitted. We presented each FDC using
log-normal probability plots. This allowed each FDC to be linearised so that the low- and
high-flow ends of the curve were clearly displayed (Gordon et al., 2004a).

3.2.2. Flow-spell analysis
We used long-term daily flow data for Booligal to analyse flow spell patterns over time.
FDCs give no information on how flows are distributed, and streams with similar FDCs
may be very different in the way flows are grouped into long or short periods of time
(Gordon et al., 2004a). In contrast, flow-spells analyses can identify the timing, number,
duration and intensity of a flow above or below a threshold, and it accounts for the
sequencing of flows. Using Aquapak™ (Gordon et al., 2004b), we calculated the number of
times daily flows were above a specified flow threshold for the period of record. A
‘commence to flow’ (CTF) value of a wetland is the flow at the nearest river gauge at which
a wetland starts to fill (from observations, wetland gauges or landholders). Three
thresholds were selected for spells analysis: 300, 800, 2500 ML d?! based on flows at
Booligal gauge (Driver et al., 2003) to investigate how the frequency and duration of small

flows and moderate to large flood have changed over time (1898-2007).

We counted spells above each threshold as independent spells when they were greater than

seven days apart (Gordon et al., 2004a). Aquapak outputs the start and end date of a spell
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greater than a given threshold, so it is possible to analyse the frequency of spells above a
certain height and also the duration of individual spells. We categorized the flow data into
five year blocks starting at 1898-1902 and ending with 2003-2007. Within each five year
period and for each threshold we counted the number of spells longer than specified
durations (>1, >3, >7, >14, >21, >28, >56 and >112 days). We then calculated the average
(mean and standard errors) number of spells for all 5 year blocks before Wyangala Dam
(1898-1932), after Wyangala (1933-1982), and when extraction was maximised (1983-2007).
Data from 1928-1932 and 1978-1982 were not included in the analysis to create a gap
between time periods (unregulated, regulated, maximized extraction), providing some

independence.

3.2.3. Monthly flow analysis
To investigate the impact of river regulation and maximised extraction on the seasonality of
flows we calculated mean monthly (Jan-Dec) flows at Booligal for each time period (1908-

1930, 1931-1981, and 1982-2007).

3.2.4. Percentage flow analysis
Long-term (=50 years) historical data for diversions were not available, so we calculated the
volume (ML) of flows reaching downstream gauges from upstream gauges (Forbes to
Condobolin, Condobolin to Hillston, Hillston to Booligal) as a percent (annual downstream
gauge/upstream gauge*100) (Kingsford & Thomas, 1995) to provide an annual index of
water extraction on the Lachlan River between 1894 and 2007. This provided an indirect
assessment of reductions over time at the downstream gauge as a result of diversions to the
major irrigation areas. We calculated these indices using all annual flow data (ML) for the

12 month period January to December.
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3.3. Vegetation Analysis

3.3.1 Experimental Design
We used aerial photography to track the effects of changing flow regimes on floodplain
vegetation condition, specifically river red gum communities along the Merrimajeel and
Muggabah Creek system over a 35 year period (1973-2008). Aerial photography can
effectively identify changes in riparian vegetation (Bowden & Brooner, 1970; Knapp et al.,
1990; Sickel et al., 2004; Tickle et al., 2006; Yang, 2007). In particular we compared changes
in red gum swamp communities at five times (1973, 1993, 1998, 2005, and 2008) that
spanned the regulated periods with dams (1931-1981) and maximised extraction (1982-
2008). Using repeated measures, we sampled 40 points in the same swamp areas at

different times and quantified changes in canopy cover (%) (Figure 2).

Booligal
Wetlands
| | | | i | | | |
MS LG TG RG

SITE

| | | | : | | | |

1973 1993 1998 2005 2008

TIME

|

n =40
REPLICATION

Figure 2. Hierarchical experimental design for visual aerial photo vegetation analysis
showing the two levels Site and Time. There were four Site treatments: MS (Murrumbidgil
Swamp), LG (Lower Gum Swamp), TG (Top Gum Swamp), RG (Lachlan River Gum); and
five Time treatments (1973, 1993, 1998, 2005, and 2008). Each treatment was sampled 40
times (total n = 800).
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We first mapped (pilot study — June 2008) vegetation types on the Booligal 7830
topographic map sheet (1:100,000) for aerial photo interpretation (API). Murrumbidgil
Swamp (MS), Top Gum Swamp (TG) and Lower Gum Swamp (LG) were selected as red
gum floodplain swamp sites expected to be impacted by regulation. Trees along the Lachlan
River channel, river gums (RG), were selected as a control site as they were close to water
and less likely to be affected by river regulation (Roberts & Marston, 2000; Roberts et al.,
2000).

3.3.2. Aerial photography
All available aerial photographs were obtained from the NSW Department of Lands and
Vision Communicators™. These included five sets of 1:50,000 aerial photographs: one black
and white set (18/7/1973) RC10 frame camera (87.80 mm focal length) at about 5365 m
(ASL); three colour sets (22/8/1993, 17/3/1998, 20/7/2005), and flown at 7800 m ASL with an
RC30 frame camera (157.8 focal length), and an additional colour set (26/8/2008) flown at
6500 m ASL with a CONTAX 645 digital camera. All photos were taken on cloud free days
near noon when shadow effects were minimal. Several photos (3-5) were needed to fully
cover the study area; (1973: film 2126, run 4/4, print 5200, 5174, 5204; 1993: film 4144,
4150, run 3, 4, 5, print 120, 137, 139, 143; 1998: film 4432, run 4, 5, print 190, 195, 230;
2005: film 4915, 4916, run 4, 5, print 21, 24, 29; 2008: commissioned flight, one photo per
site). Other photographs of the site were available but taken at different scales making

comparisons more difficult and so were not used (Fensham & Fairfax, 2007).

3.3.3. Image processing
High resolution film scans of all photographs from 1973-2005 were completed at a
resolution of 2000 dots per inch (dpi) using a Leica DWS700 scanner and dodged as a 0-255
tonal file using Fast Dodge™. Film transparencies tend to have higher spatial resolutions
and a greater range of grey values in comparison to paper prints (Kasser & Egels, 2002;
Linder, 2003). Commissioned 2008 digital images had a 0.6 m pixel size. Each digital
photograph was stored in tagged interchange file format (TIFF). Images were orthorectified
using Leica Photogrammetry Suite component of ERDAS Imagine™ version 8.7 software

and a 1:50,000 topographic map raster of the Booligal area (NSW Department of Lands).
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This uses digital elevation model (DEM), ground control points (GCPs), and camera
calibration data to remove radial, tilt, and relief distortions inherent in aerial photographs

(Bowden & Brooner, 1970; Fensham & Fairfax, 2002).

We used a minimum of six GCPs per photo. The resulting images were projected in the
Geometric Datum Australia 1994 (GDA94) zone 55 coordinate system. A cumulative root
mean squared error (RMSE) of no more than 30 m was found for all image sets (1973, 1993,
1998, 2005 and 2008). We experimented with three different resampling algorithms
(nearest neighbour, bilinear, and cubic convolution) at three resolutions (0.5, 1.0, and 2.0
m). The bilinear resampling with a 1.0 m pixel spacing best allowed identification of
individual trees in the original images while optimizing file size and processing time(Danby
& Hik, 2007). Differences in colour, brightness and contrast among images were corrected
using Photoshop™. First we adjusted all colour images to grayscale for comparability over
the full sequence, as colour was not available for early years. Then we corrected differences
in brightness and contrast among individual images of the same year, and then corrected

for brightness among different year images (Graham & Koh, 2002).

3.3.4. Image interpretation
Automated classification of panchromatic aerial photography for detecting vegetation
change has been applied successfully to large-scale photography (<1:20,000) (e.g. (Carmel &
Kadmon, 1998; Kadmon & Harari-Kremer, 1999), but it becomes increasingly problematic
at smaller scales (>1:20,000) (Danby & Hik, 2007). Pixel-based image classification schemes
based only on grey values may fail because of reduced variation in brightness among
vegetation types, particularly in old photographs (Fensham & Fairfax, 2002). Shadows are
also problematic for automated pixel-based classification of panchromatic images (Hudak &
Wessman, 1998; Hutchinson et al., 2000). Experience is growing with object-based
classification (Liliberte et al., 2004), but poor contrast in the 1973 photographs limited such
application (Fensham & Fairfax, 2007). For these reasons we opted for user-based
interpretation of digital images rather than an automated classification (Danby & Hik,

2007).
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We quantified canopy cover (%) visually at random location in each of the sites. Using
ARCGIS (ESRI) version 9.3 Hawth’s Tool we generated 40 random points per site: MS, LG,
TG, RG; for each time period: 1973, 1993, 1998, 2005, 2008. In total, 800 points were
generated. We then used the grid overlay tool to establish 25m? grid layer oriented to the
cardinal points (north, south, east and west). We used each random point to guide which
grid was assessed. If a point fell on two grids, then we selected the grid to the west; if a
point fell on more than two grids, we selected the grid to the north-west. Canopy cover (%)
was estimated per quadrat visually using a standardised visual chart (SRA, 2008). Canopy
cover was categorized into 11 classes: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100%. The
original photographic stereo pairs were used for interpretation providing a stereo view of

the study sites in the third dimension (Fensham & Fairfax, 2002).

The visual (ocular) method for estimating canopy cover is relatively easy to use, but has
known precision issues (Nowak et al., 1996). To verify the visual estimates we also
quantified canopy cover using the point count method to compare the accuracy of the visual
canopy cover estimates. We generated a further 100 random points per site per time. Tree
canopy cover was estimated by counting the number of points that fell on tree crowns
compared with the total number of points in the area sampled. Tree canopy cover was
calculated as % canopy cover = 100 x (dots falling on tree canopy/total number of dots
within sampled area). These data were then compared to visual estimates and ground truth

data. To minimise bias, all images were interpreted by one observer in a random order.

3.3.4. Field assessment
We compared field data that corresponded to the timing of the last image analysed to test
the rigour of the methodology (29/8/08-3/9/08) (Figure 3). It was not possible to collect
similar data for any of the historic images. First we generated 18 random points within
each site (MS, LG, TG, RG) using ARCGIS Hawths Tool random point generator. We then
located these points in the field (global positioning system (GPS), Trimble Pathfinder
Basic+, £2 m). Each point centered a 25 m? quadrat, orientated to the cardinal points using
a handheld magnetic compass. At each point we laid out two 25 m tapes and 4 corner flags

that included trees for measurement. we divided each 25 m? quadrat into six separate
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transect lines (Figure 4), as these produce precise estimates of vegetation cover (Hanley,
1978) at 0, 5, 10, 15, 20, 25 m along the northern edge of each quadrat. The transects ran in

a north — south direction, making up 150 m of transect for each quadrat.

Using the point intercept method, we systematically measured tree canopy cover (%)
visually at 2.5 m intervals along each transect using a crosshair vertical periscope (Dodd et
al., 2003), at 66 points per quadrat. The crosshair vertical periscope allowed unambiguous
assessment of canopy as we could position it vertically and then where the cross hairs met,
we could make an assessment. At each point percentage cover estimates were standardized
using a visual chart (SRA, 2008) as a guide. We estimated canopy cover of each grid by
averaging all 66 points per 150 m transect. Before sampling a series of digital photos of the
canopy were taken in the field and calibrated between observers to minimise bias. This

exercise was repeated at each site.

Booligal
Wetlands

SITE
MS LG TG RG

REPLICATION

Figure 3. Experimental design of field assessment to compare red gum sites: MS
(Murrumbidgil Swamp), LG (Lower Gum Swamp), TG (Top Gum Swamp), and RG (Lachlan
River Gums) 2008. Each site was sampled 18 times (Total samples = 72).
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Figure 4. Diagram of 25m? quadrat used for field assessment. Dashed lines represent 6 X
25 m line transects orientated North-South direction. Open circles represent 66 X
percentage cover points where tree cover was estimated at 2.5 m intervals along each 25 m

transect (11 per 25 m transect).
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We counted all trees within each 25m? quadrat, and grouped them into four diameter at
breast height (DBH) size classes (10-50 c¢m, 50-100 ¢cm and >100 cm) (Roberts, 2007)
assessing if they were dead or alive. Dead trees had trunk bark peeled away and were
devoid of green leaf growth; trees classed as alive exhibited green leaf growth and trunk
bark condition was still intact (Cunningham et al., 2007). From the assessment, we got an
overall tree density count as well as a percentage live versus dead measure per quadrat. We
also described understorey condition (presence/absence, species, and height), ground cover
(density, composition), trunk bark condition of trees (peeling away of cork cambium),
evidence of reproduction (flowers and buds) and disturbance (cattle, sheep, goats, rabbits,
rubbish, and proximity to roads). Additionally we collected GCPs using a GPS for

orthorectification.
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3.4. Statistical analyses

We used linear regression analyses to investigate the effects of time (1894-1930, 1931-1981,
1982-2007) (independent variable) on changes in hydrology between different parts of the
river (Forbes to Condobolin, Condobolin to Hillston, Hillston to Booligal) as a proportion of
flow (%) (dependent variable). Residuals from regressions were examined to ensure that
assumptions of analyses held. The Shapiro-Wilk normality test (Shapiro & Wilk, 1965)
showed the data were not normal (W = 0.897, P < 0.001). Percentage flow estimates were
arcsine-square-root transformed in all analyses to improve normality and to prevent
dependence between the variance and the mean (Sokal & Rohlf, 1995). Assumptions of
independence were not violated, but data were still not normally distributed. Linear
regression is robust to assumptions of normality (Zar, 1999), and inspection of residual
plots showed the data were not drastically skewed and so were used for the regression

models.

Means of all API visual percentage cover data were compared using a two-way analysis of
variance (ANOVA). Site (S) was a random factor while time (T) was a fixed factor, while
and the dependent variable was percentage cover. Means of all API tree numbers were
compared using a three-way ANOVA. This analysis used the measures of health (either
dead or alive) and class (four DBH size classes) as categorical variables. Site (S) was a
random factor and Health (H) and Class (C) were fixed factors. For both these ANOVAs,
statistical models were produced with multipliers, mean square estimates, F-ratio
denominators, and degrees of freedom (Tables 1 & 2). Equations for the variance of each
term in the ANOVA model were applied for both random and fixed factors on the basis that
arithmetically, the equivalent to a variance component can be calculated for fixed terms
(Quinn & Keough, 2002). Means of all field cover data were compared using a one-way
ANOVA. Site (S) was a random factor while percentage cover was the dependent variable

with n=18 quadrats per site.

All statistical analyses were done using SYSTAT for Windows, Version 11.0 (SYSTAT,
Evanston, Illinois, USA). Power of all tests was significant at P = 0.05. The relationship

between the mean and variance as well as the residuals from the analysis was examined to
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check for heterogeneous variances and non-normality (Winer, 1991, Quinn & Keough,
2002). Tukey's tests were employed for the unplanned multiple comparisons (Day & Quinn,
1989).
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Table 1. Statistical design for API visual analysis. Factor S has i =a levels where a=4;
factor T has j =b levels where b=5. All combinations of 2 effects are replicated n times (r
=40n). Factor Site (S) is random and factor Time (T) is fixed. Formulae to determine
estimated mean squares (E(MS)), variance components, denominators for F-ratio tests

(den.) and degrees of freedom (df) are shown.

Source of Multipliers E(MS) Den. df Variance component
variation 1]—1,
1.S 1 b n o; + bnoy 4 3 6,=[MS,-MS, ]/bn
2.T; 2 0 n Oetnoggtancy 3 4 o} =[MS;-MSg ]/an
3. SxT; ; 0 n CetNosa 4 12 o%,=[MSg,-MS]/n
4. ey ;1 1 O 780 MS,
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Table 2. Statistical design for API visual analysis. Factor S has i =a levels where a=4;

factor H has j =b levels where b=2; factor C has k=c levels where [=3. All combinations of 3

effects are replicated n times (r =40n). Factor Site (S) is random, while factors Health (H)

and Class (C) are fixed. Formulae to determine estimated mean squares (E(MS)), variance

components, denominators for F-ratio tests (den.) and degrees of freedom (df) are shown.

Source of Multipliers E(MS) Den. df Variance component

variation i j K
LS 1 b o o *+ bno} 7 3 o4=[MSy-MS,]/bn
2.H; a 0 ¢ % + CnG%uy + acncly, 4 1 o% = [MSy- MSgy]/ acn
3.Cy a b 0 o + bno¥,t abnoy, 5 2 6%=[MS.- MSg ]/abn
4. SxHj 1 0 ¢ o% + cnokuy 7 3  o%y=[MSgyu-MS,]/cn
5. SxCj 1 b 0 o% + bnok.c 7 6  o%c=[MSgc-MS,]1/bn
6. H<Cjc a 0 0 o¢ + anciuc 7 2 o= [MSpc-MS. 1/an
7. € ijk] 1 1 1 o 414 MS,
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RESULTS

4.1 Climate

For the period that rainfall data are available (1894-2007), several wet and dry periods can
be distinguished (Figure 5). The series begins with a succession of wetter-than-normal
years until the late 1890s. There is a dry period from 1901-1916, an increase in rainfall to
about the mid 1930s, a decrease to the mid 1940s and a very wet period to 1960. Rainfall is
above average from 1958 to 2007, although within this time period there three periods of
rainfall increase and decrease which peaked in 1962, 1978, and 1990. From 1990 to 2007
there is a declining trend in rainfall; however, the amount of rainfall is above the long term

average.

Cumulative Deviation From Mean

T T T T T
1900 1920 1940 1960 1980 2000

Year

Figure 5. Cumulative deviation from mean annual rainfall index. All annual rainfall have
been standardised to the mean annual flow for the total period of record (1894-007). Dotted

line represents average rainfall.
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4.2. Volumetric Changes

Before Wyangala Dam was built in 1931, annual flows at Booligal followed a similar
pattern of variability and quantity to annual river flows measured at Forbes (Figure 6) but
afterwards, the pattern of flows diverged in quantity although annual patterns of
variability coincided. After 1971 when Wyangala Dam’s storage capacity was increased and
the construction of Carcoar Dam was complete (Figure 6), this trend intensified. The
proportion of annual flows reaching Booligal from the Forbes have significantly decreased
by 50% (from 30 to 15 %) in volume 1894-2007 (R2=0.22, p=<0.001, (percentage flow) =282.5-
0.13 year) (Figure 6).
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The proportion of annual flows reaching downstream gauges from upstream gauges
(Condobolin from Forbes, Hillston from Condobolin, and Booligal from Hillston) has
generally decreased over time (Table 3, Figure 7). However, the percentage of the volume of
annual flows reaching Condobolin from Forbes increased significantly over the 113 year
period (1894-2007) (Table 3, Figure 7), resulting in about a 5% increase. There was no trend
(p>0.05) in flows between 1894-1930, 1931-1981 and 1982-2007 (Table 3). In contrast, the
proportion of annual water reaching Hillston from Condobolin decreased significantly from
1894-2007 (Table 3, Figure 7,), resulting in about a 15% decline. There was no trend for
flows in the period 1894-1930, 1931-1981, and 1982-2007 (Table 3).

The percentage of annual flow reaching Booligal from Hillston declined significantly over
the 113 year period (1894-2007) (Table 3), reducing by about 50% (Figure 7). There was a
significant decrease in flows (~20%) in the period after regulation (1931-1981). After
extraction was maximised (1982-2007) this trend increased with about a 30% reduction in
the proportion of flows reaching Booligal from Hillston. There was no trend for flows in the

period 1894-1930, when the river was unregulated (Table 3).

As well, variability in terms of proportion of flows reaching downstream gauges has
decreased over time for all gauge comparisons (Table 4). There is a progressive decrease in
the range of flows for increasing regulation (dams and maximized extraction) for all gauges
(Table 4). For all gauge comparisons, the range has more than halved. Maximum flows
reaching Condobolin from Forbes have decreased and minimum flow increased (~550%)
with extraction maximised. Minimum and maximum values of flows reaching Hillston from
Condobolin have decreased with regulation while minimum flows to Booligal from Hillston

have remained stable but maximum values have decreased over time (Table 4)
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Table 3. Results of simple linear regression analyses for the annual proportion of flow

reaching downstream gauges from upstream gauges (Forbes to Condobolin, Condobolin to

Hillston, and Hillston to Booligal) for four time periods (1894-2007, 1894-1930, 1931-1981,

1982-2007). Data were transformed by arcsine-square root.

Time R2 Coefficient Constant P Value
Period (Intercept) (Slope)

Forbes - 1894-2007 0.0462 -0.361 0.000493 0.022
Condobolin— <04 1930 0.0458 3.116 0.00193 0.203
1931-1981 0.0401 -1.107 0.000877 0.159
1982-2007 0.00148 0.0684 0.000273 0.852
Condobolin—  1984-2007 0.113 2.870 -0.00119 <0.001
Hillston 1894-1930 0.0128 4.077 -0.00183 0.505
1931-1981 0.0457 2318 -0.00910 0.132
1982-2007 0.0654 4.861 -0.00219 0.207
Hillston - 1894-2007 0.314 3.906 -0.00169 <0.001
Booligal 1894-1930 0.0244 3.538 -0.00150 0.356
1931-1981 0.0821 3.892 -0.00169 0.041
1982-2007 0.248 6.513 -0.00300 0.010
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Table 4. Descriptive statistics (means, medians, min., max.) of the annual proportion of
flow reaching downstream gauges from upstream gauges (Forbes to Condobolin, Condobolin
to Hillston, and Hillston to Booligal) for three time period (1894-1930, 1931-1981, 1982-
2007).

Time Period Mean = SE Min (%) Max (%0) Median (%)
(%)

Forbes — 1894-1930 63 +3 9 82 68
Condobolin 1931-1981 67 +2 31 96 68
1982-2007 68 +2 50 83 68
Condobolin - 1894-1930 61+4 53 205 55
Hillston 1931-1981 5442 26 77 54
1982-2007 4542 23 62 46
Hillston - 1894-1930 78 + 3 35 138 78
Booligal 1931-1981 65+2 26 117 64
1982-2007 5142 32 70 52
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4.2.1. Changes in daily flow duration

Since regulation, the duration of daily flows within the Lachlan River has changed
considerably. The most significant differences are at the low-flow end of the curves (Q70-Qoo,
70th-99th percentile). Low flows have increased, while zero flows have decreased. This
effect is similar at Condobolin (Figure 9) and Booligal (Figure 8) sites, but the impact is
most severe at Booligal. Before regulation (1907-1930), the river ceased to flow 26% of the
time at Booligal, and 9% of the time at Condobolin. After regulation (1930-1981), cease to
flow decreased to 3% and 0.6% respectively. This trend continued after extraction was
maximised (1982-2007) when no zero flow days were recorded at either Booligal or
Condobolin (Figure 8 & 9). The 95% (Qgs) (95% percentile) low-flow after maximised
extraction is two orders of magnitude more than the unregulated flows at Booligal (Figure
8). The number of flows exceeding Qso (50t percentile) at Booligal have increased
substantially since regulation, from 60% to 86% of the time under unregulated (1907-1930)
and regulated conditions (1931-1981 and 1982-2007) (Figure 8).

High flows were less affected than low flows. The duration of large floods (>25,000 ML d-!)
at Condobolin (Figure 9) and at Booligal (Figure 8) (>3,000 ML d!), is similar to before
regulation (1907-1930) and after regulation (1931-1981), occurring about <1%, and 9% of
the time respectively. But after maximised extraction (1982-2007), the frequency of large
floods at Booligal decreased by 50% (Figure 8). This pattern was not repeated upstream at
Condobolin where the incidence of flows >25,000 ML was similar (<1%) (Figure 9). Also
after maximised extraction, high flows (Qi0) at Booligal decreased in magnitude by 50%
compared to unregulated flows while upstream at Condobolin high flows (Q10) remained the

same (Figure 8 & 9).

Medium and low to moderate flows at Condobolin (3,000-25,000 ML d!) were not
significantly affected by regulation or maximised extraction (Figure 9). In contrast,
downstream at Booligal, medium size flows were reduced (Figure 8). Flows of 500 ML d!
were exceeded 30% and 35% of the time under unregulated (1907-1930) and regulated
(1931-1981) conditions respectively, but only 17% of the time after maximised extraction

(1982-2007) commenced (Figure 8).
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At Booligal, all flows important for wetland inundation (300 ML dt, 800 ML d, and 2,500
ML d') were reduced after maximised extraction started in 1982. The occurrence of these
flows increased after regulation, but decreased after maximised extraction (Figure 8). Flows
exceeding 300 ML d! increased after regulation from 36% to 44%, but then declined to 30%
of the time after maximised extraction. Flows exceeding 800 ML d-! occurred 25% and 28%
of the time before and after regulation, but since maximised extraction only 15% of all flows
have exceeded this threshold. Flows exceeding 2,500 ML d! occurred 11% and 13% of the
time before and after regulation respectively, but after maximised extraction this decreased

to around 8% (Figure 8).

The daily FDC for Boorowa (Figure 10) revealed that changes in streamflow were not
consistent throughout the catchment. High and medium flows were very similar under
regulated (1936-1981) and maximised extraction (1982-2007) periods. But in contrast to
flows of the Lachlan River, where low flows replaced zero flow periods, the number of zero

flow days at Boorowa has actually increased by about 4% in the Boorowa River.
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4.2.2. Changes to seasonality
The seasonal regime of the Lachlan River at Booligal has also changed since regulation
commenced in 1931 (Figure 11). For each time period (1907-1930, 1931-1981, 1982-2007),
the curve has become progressively flatter, suggesting a loss in monthly heterogenic flows
(Figure 11). Consequently, considerably less water has reached Booligal over time. Before
regulation (1908-1930), monthly flows at Booligal were substantially lower during summer
(December-February) and autumn (March-May) months, before increasing significantly
during winter (June-July), and finally decreasing steeply during spring (September-
November) (Figure 11). After river regulation began (1931-1981), summer flows in the
Lachlan were significantly higher (55%) while winter flows were lower than unregulated
conditions. For spring, September flows were lower but subsequent spring monthly flows
were higher compared to unregulated conditions (Figure 11). After extraction peaked (1982-
2007), this effect was further exacerbated (Figure 15) with a drop in volume of summer and

winter flows relative to unregulated conditions.
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Figure 11. Mean (tSE) monthly flow st Booligal on the Lachlan River before
regulation (1908-1930, solid line, filled circles)), after regulation (1931-1981, dotted
line, open circles) and after maximum extraction (1982-2007, dashed line, filled

triangles).
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4.2.3. Changes in flow thresholds
The frequency and duration of different flows at Booligal changed with increasing
regulation and extraction. At flows of 300 ML d!, spells of 7-112 days had similar
frequencies before regulation (1908-1927), after regulation (1931-1981), and after
maximised extraction (1982-2007) (Figure 12). But, the number of spells lasting 1-3 days
substantially increased after extraction was maximised, from about 9 to 19 per 5 year

period (Figure 12).

The number and duration of spells at thresholds of more than 800 ML d-! and 2,500 ML d
did not differ before (1908-1930) and after regulation (1931-1981) (Figure 12). However, in
comparison to unregulated flows, the number of spell lasting 1-56 and 1-28 days at 800 ML
d! and 2,500 ML d?! respectively decreased by around 40% since maximised extraction
(Figure 12). Spells at thresholds of 800 ML d-! and 2500 ML d! and exceeding 56 days were

not significantly different across all time periods.
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4.3. Vegetation Change

4.3.1. Aerial photo interpretation
All four sites (MS, LG, TG and RG) demonstrated a similar trend in vegetation condition;
they increased canopy cover from 1973 to 1993, then decreased from 1993 to 2008 (Table 5,
Figure 13). Time was a significant factor, accounting for 73% of variation in the model
(Term 2, Table 5), due to the significantly reduced canopy cover in 2008 compared to 1973,
1993, 1998 and 2005 years (Tukey’s p<0.05). Sites were also significantly different (Table 5,
p=<0.001, 26% variation), with MS, LG and TG maintaining less cover than the control site
RG (Tukey’s p=<0.05). The degree and rate of change was not consistent over time or among
sites as indicated by the significant interaction in visual estimates of cover between site
and time (Table 5, P=<0.01). Cover declined more rapidly and was more widespread at

swamp sites (MS, LG, and TG) compared to trees found along the Lachlan River (RG).

MS, LG and TG had higher canopy cover in 1993 than RG but were considerably lower in
2008, decreasing significantly by over 60% (Table 5 & 6, Figure 13). This reduction in
canopy cover was gradual from 1993 to 2005; (~15%), but between 2005 and 2008, there was
further substantial reduction (MS 56%, LG 40%, TG 35%) in canopy cover. By contrast,
canopy cover of RG remained relatively stable from 1973-2005 (64.0 - 68.3% cover) but
experienced a 20% reduction from 2005 to 2008 (48.5 + 3.1%) (Table 6, Figure 13).

Remote visual and point count methods for estimating vegetation canopy cover yielded
similar results between site and time (Table 6, Figure 13 & 14). All classes were observed
(0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100%), but most ranged from 30-70%, which equates
to open forest under the Specht’s classification (Specht et al., 1974).

42 ©




Table 5. API visual canopy cover two-way ANOVA results. Mean squares, degrees of

freedom, f ratio, P values (<0.05), and variance components are presented

Source of MS
Variation
1. Site 14,044.833
2. Time 32,602.313
3. SitexTime 1709.729
4. Error 443.019

df

12

780

F

31.703

73.591

3.859

P

0.000

0.000

0.000

VC (%)

.26

73
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Figure 13. Mean (=SE) estimates of tree percentage cover at five dates (1973-2008) for the
four sites: Murrumbidgil Swamp (MS), Lower Gum Swamp (LS), Top Gum Swamp (TS) and
Lachlan River Gums (LR) estimated from aerial photo interpretation — visual classification

method.
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Figure 14. Mean (=SE) estimates of tree percentage cover at five dates (1973-2008) for the
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Lachlan River Gums (LR) estimated from aerial photo interpretation — visual classification

method.
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4.3.2. Comparison of field data and API
There was a significant difference among the four sites in the canopy cover estimated in the
field in 2008 (Table 7, p=<0.001, Figure 15). Post-hoc tests show that MS, LG and TG were
similar, with canopy cover around 12.6%; while RG has significantly more cover (33%)
(Tukey’s p=<0.05). These results are similar to those from API, where swamp sites were
more similar to each other than the control site RG in the comparison of river red gum

canopy cover (Table 7, Figure 15).

Both remote methods (visual and point count) tended to over-estimate canopy cover
compared to ground assessments (2008) at MS, TG (11 £1.2) and RG (33 + 2.7) sites (Table
6, Figure 15). Photographic estimates and field data were similar at LG (13 +1.1%) (Table 6,
Figure 15). Error was highest at MS, TG, and RG, where remote methods overestimated
cover by around 114% (14 to 30%), 33% (11.6 to 17.2%) and 46% (33 to 48.5%) respectively;
whereas LG was only about 6% (14 to 14.8%).

Table 7. One way ANOVA results comparing field data. arcsine square root

transformed data. Mean squares, degrees of freedom, f ratio and p values are

presented.
MS df F P
Site 0.224 3 34.224 <0.001
Error 0.007 68
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ground truth data for 2008.
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4.3.3. Current red gum condition

The number of dead red gums was higher at swamp sites (MS, LG, TG) for all diameter at
breast height (DBH) classes than at the control site along the Lachlan River (Figure 16).
RG (Plate 4) site had significantly more living trees and less dead trees in all (Figure 16)
compared to swamp sites (MS, LG, and TG) (p<0.05) Dead trees were more common in
smaller trees, in comparison to larger trees for RG. All swamp sites had more dead trees
than living trees in each size class. MS had significantly more large dead trees (class C,
>100cm DBH) (p<0.05), in comparison to other sites. LG and TG had significantly more
small dead tress in class A in comparison to MS and RG (p<0.05) (Figure 16).

There was a significant interaction effect between site*health and site*class (p=<0.05)
(Table 8). However inspection of the variance components reveal that the site*health effect
is contributing much more to the model (Term 4, Table 8). Tukey’s test show that within
each site (MS, LG, TG and RG) the number of live versus dead trees significantly differed
(Tukey’s p=<0.05), swamp sites had more dead trees than alive, but the opposite was true
for RG. Also there were significantly more live trees found at the RG in comparison to

swamp sites (Tukey’s p =<0.05).

Trees at MS (Plate 1), LG (Plate 2) and TG (Plate 3) were exhibiting signs of dieback.
Dieback describes a condition where trees die or decline in condition prematurely and often
rapidly. As was seen in the field, large numbers of trees were affected at once. Dieback
contributed to the loss of tree cover. Trees exhibiting symptoms had poor crowns, with
sparse foliage and a large proportion of dead twigs and branches. They were also
susceptible wind-throw and clearing. Large dead trees (Class C: DBH >100cm) were most
common (Figure 16). There were signs of partial recovery by the growth of new shoots from
the trunk and major branches (epicormic shoots). But in most cases these shoots had died
back as well. Fallen trees, branches and bark within the swamps had contributed

substantially to the ground layer.
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Table 8. Red gum condition and diameter class three-way ANOVA results. Mean squares,

degrees of freedom, f ratio, P values (<0.05), and variance components (VC) are presented.

Source of MS df F P VC (%)
Variation
1. Site 0.007 3 0.109 0.955 0.1
2. Health 0.597 1 8.949 0.003 11
3. Class 0.084 2 1.257 0.285 0.6
4. SitexHealth 4.342 3 65.099 0.000 87
5. SitexClass 0.383 6 5.739 0.000 0.6
6. Health xClass 0.055 2 0.823 0.440 0.01
4. Error 0.067 414 0.02
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(Diameter at breast height (cm)) and condition (A-alive, D-dead) of red gums at each site in

September 2008 (MS, LG, TG, and RG), based on field assessment.
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2008.

Pictures showing the current condition of Murrumbidgil Swamp,

Plate 1.
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Plate 2. Pictures showing the current condition of Lower Gum Swamp, 2008.
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Plate 3. Pictures showing the current condition of Top Gum Swamp, 2008.
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Plate 4. Pictures showing the current condition of Lachlan River Gums, 2008.
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DISCUSSION

The Booligal Wetlands on the Lachlan River in arid Australia (Figure 1) have joined a
growing list of wetland ecosystems that exhibit symptoms of ecological collapse as a result
of water resource development. The intrinsic character of the Lachlan River’s hydrological
regime has changed. The frequency, duration, variability and volume of flows have reduced
(Figures 8-10), while the seasonality of flows has changed (Figure 11). This has meant less
flooding of the Booligal Wetlands. Consequently, the condition of red gums in swamps has
declined over the last 35 year period (1973-2008), with an accelerated dieback of trees over
the last three years (2005-2008) (Figure 13 & 14). On ground assessment showed that most
red gum trees were dead, while remaining live trees showed signs of severe water stress

(Figure 15).

River regulation has affected flow regimes of other rivers within the Murray-Darling Basin
(Walker, 1985; Kingsford & Thomas, 1995; Maheshwari et al., 1995; Kingsford, 2000a;
McMahon & Finlayson, 2003), including the Lachlan (Massey, 1997; Driver et al., 2003;
Driver et al., 2005). Few published studies have addressed the specific impacts on terminal
wetland systems (but see Kingsford & Thomas 1995; 2004) and there are no detailed
studies of the ecological impacts on the Booligal Wetlands of the Lachlan River. The most
ecologically important parts of the river are usually at its lowest point where it spreads
onto the floodplain wetlands, such as the Booligal wetlands. Effects on these wetlands can
best examined through changes to flow volume and also examination of ecological effects
(e.g. river red gums). This information can then form the basis of a planned environmental

flow strategy.

5.1 Changes to flow volume

River flows to the Booligal Wetlands have been reduced by at least 50% by diversions
upstream (1894 to 2007) (Figure 6 & 7). Flows from Condobolin to Hillston and Hillston to
Booligal have been most affected (Figure 7). Much of this occurred after irrigation licenses
were fully developed in the catchments: after 1982 (Figures 6 &7). Irrigation use of water in

the Lachlan Catchment has varied from about 100,000 to 450,000 ML y! since 1983
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(DLWC, 1997). This water use decreased the frequency of small and medium flood events in
the Lachlan River. Such flows are especially important for maintaining flood dependent
riparian vegetation such as river red gums (Meeson et al., 2002). This has decreased the
frequency of small and medium flood events in the Lachlan River. These flows are
especially important for maintaining flood dependent riparian vegetation such as river red
gums (Jansen & Healey, 2003). Irrigation usage in the Lachlan Catchment has varied from

about 100,000 to 450,000 ML y-1 since 1983 (DLWC, 1997).

The number and duration of key flood forming flows (800 and 2,500 ML d-!) at Booligal has
decreased by 40% (Figure 12). Flows lasting four to eight weeks have declined which has
affected duration of flooding. Similarly, the size and duration of large spring floods (>3,777
ML d') and smaller (>315 ML d) floods have decreased at Booligal (Sims, 1996). Floods of
long duration are essential to allow flood dependent aquatic organisms sufficient time to
breed and recruit (Wood et al., 2000; Sheldon et al., 2002; Jenkins & Boulton, 2003). As a
result the Booligal Wetlands floodplain has been almost severed from its river, resulting in
a loss of connectivity. This impact may increase over time with increasing extraction of
groundwater. Projected groundwater access is set to increase in the Lachlan (CSIRO, 2008),
which may mean further reductions to flows to Booligal wetlands even though the surface
extractions are capped because of connectivity between ground and surface waters in the
Lachlan. Although the contribution of groundwater to streamflow within the Lachlan
Catchment was not assessed, groundwater over-extraction has occurred in the lower
Lachlan alluvial aquifers (CSIRO, 2008), further contributing to decreased streamflow.
Extractions have increased substantially during the drought to offset the lack of surface

water.

Connectivity between a river channel and a wetland is dictated by the position of the
wetland (both elevation and distance from channel) with respect to the main channel and
the flow regime of the river (Kondolf et al., 2006). Floodplain—river ecosystems are dynamic
mosaics of patches (Thoms et al., 2005). Hydrological connectivity between the river
channel and various floodplain patches stimulates floodplain—river ecosystems (Tockner &
Standford, 2002). Flooding facilitates not only exchanges of water, but sediments, nutrients

and biota between the river channel and the floodplain (Jenkins & Boulton, 2003). These
570




transfers are considered to be essential for the functioning and integrity of these systems

(Lake & Marchant, 1990; Lake et al., 2006).

Connectivity between the Booligal wetlands and the river channel has also been reduced
(both incidentally and intentionally) by channel incision and levee construction resulting in
less frequent inundation of the floodplain and flow through side channels (DLWC, 1997).
Channel incision and consequent increased channel capacity has further reduced the
frequency and depth of floodplain inundation for the same flows delivered from upstream.
Merrimajeel and Muggabah Creeks are used as conduits to deliver stock and domestic
water to landholders downstream (DLWC, 1997). Past clearing of lighum from the creek
channels has probably also resulted in more efficient fast flowing water as the lignum
would have promoted increased flooding (Driver et al., 2003). Restricted lateral connectivity
also decreases floodplain productivity, nutrient exchange, and dispersal of biota between

the river and floodplain wetlands (Jenkins & Boulton, 2003).

The manipulation of flows over time to meet irrigation, stock, industrial, domestic and town
water supply requirements has been well documented in other regulated dryland rivers in
the Murray-Darling Basin. In the Barwon—Darling River, flows are highly modified through
the presence of nine headwater dams, 15 main channel weirs and 267 licensed water
extractors, reducing median annual runoff by 42% over a 60-year period (Thoms &
Sheldon, 2000). Small flood events suffered the greatest impact with reductions in
magnitude of between 35 and 70%. Overall, flows show a marked increase in predictability
and consistency (Thoms & Sheldon, 2000). In the Gwydir River valley, a combination of
water extraction, drainage and levee construction has resulted in a 75% reduction in total

wetland area (Mawhinney, 2003; Powell et al., 2008).

Australia 1s not alone in diverting a large proportion of the flow from its dryland rivers.
Some of the world’s largest rivers now run dry for part of the year or are likely to do so as a
result of large-scale water abstraction (Petts, 1996; Kingsford, 2000a; Gunderson et al.,
2006a; Omer, 2008). The most striking example of the consequence of diverting water from

a dryland river system, however, must be that of the Aral Sea in Uzbekistan and
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Kazakhstan where water from the incoming Amu- and Syr-Darya Rivers has been diverted
for irrigation (Micklen, 1988). There has been a change in lake volume from 1,090 km? in
1960 to 310 km? in the 1990s (Aladin & Williams, 1993). As a result, 83% of the fish fauna
and 96% of the macroinvertebrate fauna of the Aral Sea are extinct, with only 3.6% of the
vast reedbeds remaining (Micklen, 1988). Approximately 50% of all the flows in South
Africa are held within storage dams, with an unknown percentage diverted. Such
hydrological changes have had drastic impacts on the aquatic ecology of the southern

African rivers (Allanson et al., 1990).

This halving of the water volume to the Booligal Wetlands and changes to commence to flow
thresholds which have reduced the frequency of flooding has had major impacts on the
Booligal wetlands. Consequently, water for flood dependent vegetation such as river red

gum has become insufficient to maintain viable populations.

5.2. Ecological effect on the Booligal Wetlands

The Booligal Wetland red gum swamp ecosystems have been dramatically affected by river
regulation and water extraction. These floodplain wetlands have been disproportionately
affected by river regulation and water extraction (Kingsford, 2000a), in comparison to red
gums located on the main river channel. The recent dieback in red gum vegetation (2005-
2008) signals a critical change in state of the Booligal Wetlands swamp ecosystems; and
follows a 12 year erosion of the natural resilience of the system. Ecological resilience in
aquatic and wetland systems is defined as the amount of disturbance that a system can
absorb without a change in structure and composition (Capon & Brock, 2006; Gunderson et
al., 2006b; Walker et al., 2006). The significant percentage of trees exhibiting signs of stress
indicate that the phenomenon is related to floodplain and river processes, and likely the

result of a combination of drought and a lack of extensive or frequent flooding.

Similar declines in red gum health have been observed on several other rivers within the
Murray-Darling Basin (Bren & Gibbs, 1986; Bren, 1987; Bren, 1988; Francis & Sheldon,
2002; Stewart & Harper, 2002). In southeastern Australia, regulation of the Murray River,

Australia’s longest river (2,520 km), has significantly decreased the frequency and duration

59 ©




of flooding (Maheshwari et al., 1995). Qualitative assessments of red gum crown condition
from aerial photographs and field observations have shown a substantial decline in tree
condition in the lower Murray River during the past 20 years (MDBC, 2005). Surveys
between December 2002 and May 2004 along the River Murray revealed that there has
been a dramatic decline in tree health over a relatively short period of time. The number of

unhealthy trees assessed rose from 51.5% to 75.5% (MDBC, 2005).

There is a close association between the health of mature red gum trees, the establishment
of seedlings, and the duration, frequency and timing of flooding. As flooding is the primary
source of water for river red gums. They require flood events one in three years for optimal
growth (Roberts & Marston, 2000). Reflecting this, we found canopy cover was highest in
1993 (Figure 13), following the 1990 and 1993 flood events within the Booligal Wetlands.

As well, floods are needed for germination and successful recruitment. Seedling survival
limits recruitment (Bren & Gibbs, 1986; Bren, 1988). While seeds are held in the aerial seed
bank for a minimum of two years, studies of red gum populations along the River Murray
have found that the volumes of seeds in stressed trees are significantly reduced (Meeson et
al., 2002). As a result of declining health and dry conditions, recruitment rates of trees
within the Booligal Wetlands are expected to be insufficient to maintain populations as a

result of the lack of flooding.

There will be direct consequences on the entire ecosystem. Foliage loss has impacts beyond
that of individual or tree populations (MDBC, 2005). Large-scale foliage loss will reduce
organic detritus inputs into the river. This will likely lead to reductions in detritus-
dependant flora and fauna that would cause commensurate losses of ecologically linked
plant and animal populations, such as fish and waterbirds (Briggs et al., 1997; Briggs &
Thornton, 1999). The decline of the Booligal wetlands red gum swamps and its associated
impact on waterbird breeding is unknown but many waterbirds require live trees for
nesting. River red gum swamps of the Lachlan, Murray, and Murrumbidgee Rivers are

important breeding areas for waterfowl (Frith, 1967).
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Decreases in flood events have been linked to declines of waterbirds in the Macquarie
Marshes and Lower Murrumbidgee floodplains (Kingsford & Thomas, 1995; Kingsford &
Thomas, 2004). Inland wetlands are also important for shorebirds (Charadriiformes) (Nebel
et al., 2008). A iarge-scale aerial shorebird survey which sampled about a third of the
Australian continent found that migratory shorebirds have declined by 73% over a period of
24 years (1983—2006) (Nebel et al., 2008). This has been linked to river regulation and

water extraction.

The current drought is not the major cause of the death of red gums in the Booligal
wetlands. Severe droughts can cause trees and other woody plants to die off suddenly if the
soil-profile dries out completely (Brock et al., 2003; Bond et al., 2008). The foliage wilts and
browns-off, and usually the trunk splits, making tress more susceptible to insects. South-
eastern Australia is presently experiencing one of the worst droughts observed in the region
in the last 200 years (BOM, 2008). However despite the years between 2005 and 2008
recording the lowest Lachlan River inflows since the 1890’s, this is not considered
uncommon historically (DLWC, 1997). This is the first major drought since the construction
and operation of Wyangala Dam. Anecdotal evidence suggests that drought-related tree
decline events have occurred in the past, with tree condition improving once rainfall or
flooding resumed (Roberts & Sainty, 1996). Many of the trees are likely to be hundreds of
years old (CSIRO, 2008), and so would have experienced other droughts as severe as the

present one.

Grazing may have exacerbated the impact of reduced flooding on river red gum
regeneration. Grazing and trampling by livestock are important post-recruitment mortality
agents for river red gums (Robertson & Rowling, 2000). Wetlands in the Murray-Darling
Basin are prone to greater impacts by introduced grazers, as stock concentrate around
water sources (Meeson et al., 2002). Domestic cattle and sheep cause soil compaction and
erosion while reducing plant biomass and species richness and water quality (Bacon et al.,
1993). All lower Lachlan River sites (MS, LG, TG, RG) had similar grazing pressure from
domestic cattle and sheep, as well as feral animals (goats, rabbits, pigs), however the red
gum trees surveyed along the Lachlan River (RG) were healthier than those found within

the swamp sites (MS, LG, TG). The number of stock (cattle and sheep) kept on farms has
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decreased with the drought. The condition of mature trees is less affected by grazing effects

and so 1t does not explain the recent collapse of red gums.

This powerful evidence for the state of the red gums swamps of the Booligal wetlands comes
primarily from the ability to assess their state over a long period of time. Few studies have
applied digital image processing as a tool for extracting vegetation data from aerial
photographs (Apan et al., 2002). This reflects uncertainty about the effectiveness of digital
processing for extracting reliable vegetation data from aerial photographs (Kadmon &
Harari-Kremer, 1999; Fensham & Fairfax, 2003; Danby & Hik, 2007). This is true for black
and white photos in which the spectral information is limited to grey levels and resulted in
my overestimation of tree canopy cover (1:50,000). However, black and white photos are
both the most common type of aerial photograph and the only type for which long-time
sequences are available which is essential to demonstrate change in long lived species and
landscapes (Fensham & Fairfax, 2002; Fensham et al., 2002). This makes black and white
aerial photographs an invaluable source of information on long-term patterns and rates of
vegetation change. Other hydrological changes to the flow regime of the Lachlan River may
also have affected the viability of not just the river red gums in the Booligal Wetlands but
other organisms that utilize these wetlands (e.g. waterbirds, frogs, native fish species, and

invertebrates).

5.3. Other hydrological changes to flow

Seasonality, frequency of low flows and reduced variability has fundamentally changed in
the Lachlan River (Figures 8-12). The intensity and timing of high winter flows has been
dampened (Figure 11) with regulation and water extraction. Naturally occurring high
winter flows are now captured and stored in the main reservoirs (Wyangala Dam, Carcoar
Dam, Lake Cargelligo and Lake Brewster) for release in the dry summer season to support
irrigation and agriculture. As a result, summer flows have become unnaturally high when
stored water is being released for downstream uses. This finding is supported by other
studies (Driver et al., 2000; Driver et al., 2003; McMahon & Finlayson, 2003; Driver et al.,
2005). As a result, peak winter floods have reduced in intensity. Sims (1996) also found a

large reduction in spring flows in the lower Lachlan. Changes to seasonal flooding regime
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may have impacted on the survival and recruitment of river red gums. Optimal conditions
for recruitment of river red gums are winter-spring flooding (when seed fall is at a peak)
followed by spring-summer rainfall (Dexter, 1970). Recruitment of river red gums is also
dependent on seed supply, with trees producing between 100 and 150 million seeds before
they are replaced by a single individual (Meeson et al., 2002). Trees produce large seed
crops every 2-3 years but this cycle can be highly variable (Boland et al., 1980; Meeson et
al., 2002).

Low flows have also increased, replacing zero flows. Dams typically affect the hydrology of
regulated systems by imposing an artificial lake environment on the stream (Finlayson et
al., 1994). Increases in low flows extend beyond the main river channel and affects some of
the lower distributary creeks. Low flows in Willandra Creek, which extends west between
Lake Cargelligo and Hillston (Figure 1), have substantially increased since regulation. The
model by Sims (1996) compared regulation flow data against flow data when flow
regulation was much less intense. Modelling of the lower Lachlan flows indicated that the
frequency of smaller flows (about 200 ML day!) at Booligal weir has increased. There are
primarily two contributors to increased low flows: supply of stock and domestic flows to
lower end users and the current operation of environmental flows in the Lachlan as

translucent flow releases.

Water for stock and domestic use is permitted to persons with land that has water on or
adjacent to a water body (Driver et al., 2003). Land use along Willandra Creek is
predominantly grazing and wool production but also includes the use of irrigated water for
pastures, fodder, and cash crops. Irrigation flows have been delivered since 1982. Willandra
Creek have entitlements comparable to irrigation entitlements on the Lachlan River.
Naturally the creek would have been largely or completely dry for much of the year, and
occasionally for successive year, and flows were most likely dominated by winter/spring
freshes, and low flow periods during summer to autumn. Before regulation the creek could
have required about 8,280 ML d! to flow from the Lachlan River off-take. After regulation
the flow regime of the creek changed to supply water for irrigation and stock and domestic
needs (Driver et al., 2003). A regulator at Willandra Creek Weir (Figure 1) now controls

flows into the system. Lesser flows into the creek have increased substantially. Typically
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50-100 ML d! are diverted into the creek most days of the year since the enlargement of
Wyangala Dam in 1971. As well, the environmental flow management strategy is to utilise
translucent dam releases. These require part of the reservoir inflow at Wyangala to be
passed immediately downstream, essentially increasing low flows. While an increase in low
flow duration is less likely to impact on the Booligal Wetlands the implications for the

Lachlan River’s aquatic biodiversity may be profound.

Variability has also decreased in the flows of the Lachlan (Figure 11 & 12). Arid dryland
rivers have aquatic (Sheldon et al., 2002; Brock et al., 2003) and riparian (Bren, 1988)
species with special behavioural or physiological adaptations for variability. The timing, or
predictability, of flow events is critical ecologically because the life cycles of many aquatic
and riparian species are timed to either avoid or exploit flows of variable magnitudes (Poff

et al., 1997).

Decreases in flow variability change the biota from lotic to lentic and can increase water
losses to evaporation and groundwater recharge (Gordon et al., 2004a). Generally,
maximum biotic diversity is maintained in streams by a level of disturbance that creates
environmental heterogeneity, yet still allows the establishment of communities (Ward &
Standford, 1983; Resh et al., 1988). A ‘patchy’ substrate maintained by periodic flooding will
support more diverse biota than one which is inundated constantly, or conversely, not at
all. For fish, flow variability parameters influence length of breeding season, spawning
periodicity, length of life cycles, age at maturity, colonisation ability, species richness and

major variations in assemblage structure (Puckridge et al., 1998).

5.4. Management implications

A compromised river is one that preserves a simplified form but has lost function because
the hydrologic processes no longer create and maintain habitat and natural disturbance
regimes necessary for ecosystem integrity (McAllister et al., 2006). The Lachlan River is an
ecologically compromised river. The use of water to meet the economic and social needs has
affected the whole flow regime of the Lachlan River system, so much so that many

ecosystem processes no longer or seldom occur, particular for its terminal wetlands.
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Environmental flow management will be challenged by the current state of the Booligal

Wetlands.

The ecological integrity of riverine ecosystems depends on their natural dynamic character
(Poff et al., 1997). While a return to natural flows is not feasible for the Lachlan River and
its Booligal Wetlands, it is important for sustainable water management to recognise that
water use and river regulation affect the health of rivers and other flood-dependent
ecosystems, and to attempt to address these impacts where possible. Regulated rivers, such
as the Lachlan, have the capacity to manipulate flow patterns to provide ecological benefits.
The delivery of additional water for the red gum swamps of the Booligal Wetlands is

essential to improve wetland health and prevent further degradation.

Current river restoration projects, such as RiverBank, the NSW Government's $105-million
Initiative, are returning water to parched floodplain wetlands via environmental water
allocations through the purchase of water licenses (DECC, 2008a, b). With insufficient
water to recover natural flood patterns, the challenge is to predict thresholds for flood
frequency, duration and timing that will restore structure, function and resilience (Lake &
Marchant, 1990; Lake & Bond, 2007) to arid-zone floodplain wetlands. Targets and
indicators for arid-zone river restoration must incorporate this variability and ability to
recover after flooding that typifies the ‘boom-bust’ ecology of arid-zone rivers and avoid

interpreting ‘bust’ populations as ‘unhealthy’ (Sheldon et al., 2000; Sheldon et al., 2002).

However, despite best effort, it may take some time before the Booligal Wetlands red gum
swamps show signs of improved health. There may be opportunities for increased flows to
the Booligal wetlands by ensuring that bought environmental flows are delivered there,
perhaps utilizing current stock and domestic flows. As well, it may be possible to reconsider
the current translucent flow rules and acknowledge that this water may also be needed to

produce effective ecological benefits.

Increased irrigation activities, and the associated diversion of flows may limit the recovery

potential of floodplain trees compared with past drought events. This would have
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widespread implications for both the appearance and the ecological functions of the Booligal
Wetlands and floodplain. While recovery from dieback is possible (Haines et al., 1994;
George et al., 2005), the regeneration capacity of the Booligal Wetlands red gum swamps is
severely diminished. Red gums do not depend on soil seed banks for persistence (Meeson et
al., 2002; MDBC, 2005); instead they exhibit serotiny, retaining most of their seeds in the
canopy and release them as light, continuous seed rain (Jensen et al., 2007). Due to limiting
surface and sub-surface soil moisture, successful regeneration via seedling establishment
follows major flood events (Bacon et al., 1993). For the river red gum community,
environmental flows would be needed at least one year in three years to ensure the survival
of established tress, while successful germination and seed bank recruitment require

winter-spring flooding, usually following autumn rains (Bren & Gibbs, 1986; Bren, 1987).

In many respects the far reaching effects of river regulation and water extraction are yet to
be realised for the Lachlan River. El Nifio droughts may increase. The El Nifio Southern
Oscillation (ENSO) is a major climatic event that globally influences soil dynamics and the
abundance, community structure, and species and genetic diversity of dryland flora and
fauna (Niemeyer et al., 2005). The ENSO globally induces either severe floods or intense
droughts in drylands for a period of > 12—-18 months and has a return interval of 2—10 years
(McMahon & Finlayson, 2003; Bond et al., 2008). Human induced climate change is
predicted to increase the frequency and intensity drought events in south eastern Australia
(CSIRO, 2008). Rainfall-runoff modelling with climate change projections from global
climate models indicates that runoff in the Lachlan region is more likely to decrease than
increase. Increase drought would further affect end of system flows in the Lachlan River

(CSIRO 2008).

Floodplains are a vital component of lowland rivers but our knowledge of the effects that
droughts have on their aquatic biota and processes during extended dry periods and
drought remains poor and fragmentary (Kingsford, 2006). With drought the movement of
water, nutrients and trophic subsidies from the catchment and the riparian zone into
streams becomes progressively weaker, if not ceased altogether. Drought combined with
river regulation may severely damage the “flood pulse” boom of floodplain river systems

(McMahon & Finlayson, 2003; Gordon et al., 2004a). Whilst we have some understanding of
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how the biota of running waters contend with drought at both the population and
community levels, we have a poor understanding of how ecosystem processes, such as
nutrient cycling, and the nature of trophic interactions, change with drought, and whether
permanent or lasting changes occur (Kinzig et al., 2006). Research should pursue the
question of what long-term proactive measures need to be progressively implemented to

contend sustainably with drought and drying due to climate change

5.5. Summary

The impact of dams and water extraction are a global ecological challenge. During the
latter half of the 20th century, two large dams were built each day, on average (WCD 2000).
By 2000, the number of large dams had climbed to more than 47,000, and an additional
800,000 smaller dams now block the flow of the world’s rivers (Petts, 1992; Cowell &
Stoudt, 2002; Petts & Gurnell, 2005). That existing dams retain approximately 10,000 km3
of water, the equivalent of five times the volume of all the world’s rivers illustrates the

global extent of human alteration of river flow.

Major water resource development in the Lachlan catchment has altered the hydrological
regime of the Lachlan River, affecting its terminal wetlands, including the Booligal
Wetlands. The median annual discharge has been reduced, flows have become more
predictable and the summer flow peaks have been dampened. These hydrological changes

have affected physical and biological processes within the river and its dependent wetlands.

River regulation and water extraction for irrigation have effectively cut the river off from
its floodplain and the results are catastrophic. The red gum swamps of the Booligal
Wetlands have experienced a 15 year decline in health, accelerated over the past three year
period most likely due to the current drought. If current tree health decline continues, the
Booligal wetlands red gum swamps may be lost. With only 15% of all the trees surveyed in
2008 considered healthy, there are serious implications for the long term survival of a range
of terrestrial and aquatic ecosystems, as well as the dependent flora and fauna.
Environmental flows are the key to restoration but they must be sufficient to provide for

life history requirements of the river red gums.
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Increased irrigation activities, and the associated diversion of flows may limit the recovery
potential of floodplain trees compared with past drought events. This would have
widespread implications for both the appearance and the ecological functions of the Booligal

Wetlands and floodplain.
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