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Abstract

Floodplain wetlands and floodouts in the Macquarie Marshes are fed by numerous 

anastomosing and distributary channels on the lower reaches of the Macquarie River, 

southeastern Australia. River discharge is seasonally and annually variable and is 

affected by both interannual and interdecadal climatic trends, related to ENSO and IPO. 

A downstream comparison of hydrologic data shows that flows decrease significantly in 

magnitude and stream power along the allogenic lower Macquarie River as distributary 

outflows are not matched by tributary inputs. Intrinsic hydrologic and geomorphic 

thresholds along the lower Macquarie River lead to the breakdown of the trunk stream 

into smaller distributaries, with disintegration of channelised flows and development of 

extensive wetlands on the low gradient, dryland alluvial floodplain-fan. Cross-sectional 

analysis shows that the morphology and morphometry of the trunk stream change 

accordingly, with adjustments in planform and cross-sectional shape and marked 

downstream reductions in channel capacity and bed width. Despite monotonic declines 

in river discharge, gross stream power and channel cross-sectional area, there is a 

threshold change in the geomorphic response. Channel width-to-depth ratio decreases in 

the middle reaches and then increases, while channel sinuosity increases until 
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immediately upstream of the core wetlands and then rapidly declines as straight 

channels enter areas of extensive channel breakdown. Floodplain width is greatest on 

the alluvial plain, allowing a broader area of floodplain wetlands to develop, that are 

characterised by fine cohesive sediments. Floodplain connection is greatest where 

floodouts and wetlands form in the Marshes. Channel breakdown and floodplain 

wetland formation along the lower Macquarie River and in the Macquarie Marshes are 

distinct examples of a nonequilibrium response to downstream declining discharge and 

stream power, which is an inherent condition in many dryland Australian rivers during 

the Holocene.

Keywords: allogenic river hydrology; El Niño Southern Oscillation; avulsion; channel 

breakdown; floodplain wetlands; Macquarie Marshes

1. Introduction

Channel breakdown and extensive floodplain wetlands are typical features of the lower 

reaches of many rivers in the Murray-Darling Basin of southeastern Australia. The 

wetlands are important waterbird and wildlife habitats whose health is much debated 

and a subject of contention in resource management and nature conservation today. 

However, the floodplain wetlands are a fluvial landscape that is both poorly 

documented and poorly understood, and the debates over land and water management 

proceed largely in ignorance of the geomorphic factors leading to the formation and 

maintenance of the wetlands or their natural dynamics. For the most part these fluvial 

systems and their landforms have escaped detailed geomorphological investigation 

despite their large extent and common occurrence. The floodplain wetlands and their 

associated channel breakdown features are similar in many respects to floodouts, 

described in more arid areas of Australia, as ‘a site where channelized flow ceases and 

floodwaters spill across adjacent alluvial surfaces’ (Tooth, 1999a, p222). But the 

features described here also differ in many ways, including the size of the inflowing 

streams and their perennial flows. In this paper we examine the hydrological conditions 

and channel morphology of the Macquarie River that feeds the largest example of the 

floodplain wetlands in the Murray-Darling Basin, the Macquarie Marshes. Our 

hypothesis is that the floodplain wetlands and trunk stream channel breakdown occur 
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because of the particular catchment and channel hydrological and sediment transport 

conditions.

The size and shape of alluvial river channels reflect the type, amount, and rate of 

discharge and sediment supply that comes from the upstream catchment area, as 

transmitted through the cross-sectional profile (Leopold et al., 1964; Knighton, 1998). 

Similarly, the morphology of an alluvial floodplain is also genetically related to the 

channel that supplies it, and both the channels and floodplain may be affected by 

inherited features that are imposed by the landscape in which they develop. In addition, 

regional hydrology, topography, and geomorphology tend to vary in the downstream 

direction; and so downstream adjustments occur in channel and floodplain forms as 

alluvial rivers, and their processes respond to changes in these environmental controls.

However, unlike temperate zone rivers, where discharge tends to increase downstream 

and channel capacity increases accordingly, many dryland rivers exhibit the reverse 

pattern: a decrease in discharge downstream with associated reductions in channel size 

and adjustments of form. These downstream declines are particularly pronounced on the 

lower reaches of dryland rivers that receive variable floods and have significant 

transmission losses, distributary outflows and few tributary contributions in their lower 

catchments (Tooth, 1999b, 2000a, b). This is the case for the lower Macquarie River, a 

tributary of the Barwon-Darling River in southeastern Australia (Fig. 1), which 

undergoes a series of hydrological and morphological changes as it flows across a low, 

broad alluvial plain, a floodplain-fan, before it breaks down at a range of scales to form 

the Macquarie Marshes.

This paper investigates the modern hydrology of the Macquarie River, the longitudinal 

variation of flows and the longitudinal morphological changes of the channel and 

floodplain from the mid-upper catchment to the lower reaches where breakdown occurs. 

We consider whether the hydrological character and morphological response provide 

coherent explanations for channel breakdown and marsh formation and also consider 

alternative explanations. Neotectonic activity has been proposed as the cause of the 

formation of the Macquarie Marshes (Watkins and Meakin, 1996), and an example of 

tectonic damming occurs on the Murray River elsewhere in the Murray-Darling Basin 

(see Bowler, 1967). Alluvial trunk stream damming has also led to the formation of 
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terminal wetlands on another large river in the Murray-Darling Basin, the Lachlan River 

(O’Brien and Burne, 1994). Rapid loss of stream power with lower stream gradient as 

rivers enter an alluvial plain is also commonly proposed as explaining the channel 

breakdown and wetland formation.

2. Sites and methods

2.1. The Macquarie River and Macquarie Marshes

The Macquarie River and its catchment are located between latitudes 30–34º S. and 

longitudes 147–150º E. in central New South Wales, draining an area of around 26 000 

km2 at Narromine (Fig. 1). The Macquarie River drains the western side of the Great 

Dividing Range and the headwaters in these subhumid uplands (highest altitude c. 1300 

m asl) and bedrock valleys provide most of the perennial discharge to the river. The 

river then descends through a bedrock-confined alluvial valley in its middle reaches 

below Burrendong Dam and Wellington (altitude 300–240 m asl), before it debouches 

onto a semiarid alluvial floodplain-fan in its lower reaches below Narromine (altitude 

230–130 m asl; mean annual rainfall ~496 mm, mean annual evaporation ~2000 mm at 

Trangie, BoM 2005) (Figs. 1; 2A-H). Neogene sediments on the plain are up to 100 m 

thick (Watkins and Meakin, 1996) and date back to the Late Oligocene/Early Miocene 

(Martin 1997; Tomkins and Hesse, 2004). On the vast (c. 19 000 km2), low-relief, 

dryland alluvial fan plain the meandering single channel of the Macquarie River begins 

to form anabranches within a wide, cohesive (mud-dominated) floodplain, and 

eventually breaks down into a series of anastomosing and distributary channels with 

associated floodouts and floodplain wetlands in the Macquarie Marshes (Ralph et al., 

2007; Yonge and Hesse, 2009) (Figs. 2C-H). Prior to major river regulation and 

diversions, floods were able to permeate through to the downstream limits of the 

Macquarie Marshes (Downs and Sleeman, 1955) and enter the Barwon-Darling River, 

but there were also significant periods of very low and zero flow downstream of the 

Marshes (Figs. 1; 3).

The Macquarie Marshes (~ 30º30′–31º30′ S., 147º30′–148º E., and altitude c. 150 m asl) 

are the largest of many semipermanent, freshwater wetlands of tributary rivers in the 

Murray-Darling catchment. The Macquarie Marshes extend for a distance of around 120 
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km between the towns of Warren and Carinda and are 5 to 30 km wide (Fig. 1). Two of 

the core wetland areas, the southern Macquarie Marshes and the northern Macquarie 

Marshes, are comprised of extensive reed-beds, grass plains, woodlands and forests that 

rely on overbank and overland flooding from many small anastomosing and distributary 

channels (Figs. 2E-H). The third core wetland area along Gum Cowal-Terrigal Creek, 

further to the east, is more elongated than the southern and northern Marshes, and 

floodwaters are guided northward by the topography and alignment of the Gum Cowal-

Terrigal system. Throughout the entire marsh system, the wetlands range from 

semipermanent and frequently inundated swamps and marshes, to ephemeral 

floodplains inundated by only the largest floods. The core wetlands of the southern and 

northern Marshes make up a total area of around 400 km2, although an area of over 

2500 km2 may be inundated during major floods (Paijmans, 1981). At a broad scale, the 

Macquarie Marshes are a nonterminal floodout of the contemporary (Holocene) lower 

Macquarie River, while numerous floodplain wetlands and floodouts occur at finer 

scales within the marsh system itself.

2.2. Hydrology, climate and channel morphometry

Instantaneous and monthly hydrological data were obtained from DIPNR (2004) for 

nine gauge sites on the lower Macquarie River (see Table 1). The data were used to 

calculate mean and peak annual and monthly discharge volumes, mean annual runoff, 

specific mean discharge, return period floods (Q1.01, Q1.11, Q1.25, Q2, Q2.33, Q5, Q10, Q25, 

Q50 and Q100 using Log-Pearson distribution frequency analysis), stream power (Ω), and 

the monthly and annual coefficients of variation (CVm and CVa, respectively) for the 

sites. Estimates of upstream catchment area (Ac) and other statistical outputs were also 

obtained from DIPNR (2004). Hydrological data from the few flow gauges within the 

Macquarie Marshes is highly patchy (both spatially and temporally) and statistically 

poor because of typically very short recording periods (see DIPNR, 2004), and so this 

gauge data was not included in the downstream comparisons of longer term mean and 

peak flows.

Modelled hydrological data was also obtained from DIPNR for gauge sites along the 

lower Macquarie River, to enable comparison of calibrated pre- and post-regulation 

discharge estimates in the system. Daily flow data for two output scenarios from the 
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widely used Integrated Quantity-Quality Model (IQQM) were available in 2005: 1) a 

‘natural’ scenario (IQQM NT-47) which assumed no river regulation or flow extractions 

for the period 1890 to 2004, and; 2) a ‘water share plan’ scenario (IQQM SP-47) which 

assumed typical regulation and extraction for the same period, based on 2004 regulation 

levels and incorporating all relevant Water Management Plan rules. Climatic and 

weather conditions are equivalent in these two scenarios. Details of the assumptions, 

reliability of use and key applications of IQQM for flow modelling and decision support 

are described by DLWC (1995), Kidson et al. (2000) and Herron et al. (2002). For 

comparison of river hydrology with interannual and interdecadal climatic fluctuations in 

southeastern Australia, time series data were obtained for the Southern Oscillation 

Index (SOI) from BoM (2005) and for the Interdecadal Pacific Oscillation Index (IPOI) 

from Folland (2005).

A series of morphometric parameters were derived from 16 survey sites along the lower 

Macquarie River and in key areas of the Macquarie Marshes. The long-profile of the 

Macquarie River was determined from 1:50 000 topographic maps. Other parameters, 

including floodplain width (wf), channel sinuosity (S), and channel gradient (s), were 

also determined from the topographic maps. Field investigations were conducted mainly 

in Crown Reserves and Nature Reserves at widely spaced intervals along the river (Figs. 

1; 2). Where possible, large meander bends were avoided and straight and relatively 

undisturbed reaches were selected for cross-sectional analysis. Cross sections were 

surveyed conventionally using a Total Station digital laser theodolite or an Automatic 

Level, and the data was post-processed and tied to relevant height datums where 

possible (Ralph, 2008). Channel morphology was described in the field and from the 

surveyed cross sections. Cross-sectional data for some gauge sites was obtained from 

DIPNR (2004), and the cross section at Wright’s Crossing was obtained from Tomkins 

and Hesse (2004). Channel cross-sectional data was used to calculate morphometric 

parameters including bankfull cross-sectional area (Ab), bed width (wb), and channel 

width-to-depth ratio (w/d). Sedimentological data (sand:silt:clay ratios) from bank-top 

deposits (50 cm below the surface) were also obtained from Ralph (2001) for five sites.

3. Results

3.1. River flow and variability
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The Macquarie River is naturally seasonal and allogenic; runoff and discharge are 

primarily sourced from the upper catchment during winter (July, August, and 

September); and the river receives few tributary inputs along its lower reaches after it 

debouches onto the lowland-dryland alluvial plain. Like most inland Australian rivers, 

flows along the lower Macquarie River are also highly irregular, despite it being 

perennial; and the first two observations of the system by European explorers highlight 

this natural variability. In 1818, John Oxley travelled down the Macquarie River while 

it was in flood and his path was blocked by vastly inundated wetlands (see Oxley, 

1820); while in 1828, Charles Sturt found the marshes in a drier phase – they were 

receding and had only a few flowing creeks – and his team advanced simply by skirting 

around the margin of the marsh (see Sturt, 1833).

This flow variability is also clearly displayed by the longer hydrological records from 

the Macquarie River, which start before major regulatory structures were introduced to 

the system (e.g., the 120-year flow record at Dubbo; Fig. 3A; Table 1). These flow 

records are characterised by significant variations in mean and peak monthly and annual 

discharge, both at-a-station and between gauge sites along the river (Figs. 3A-D). The 

coefficient of variation (CV; see McMahon, 1979) for annual flows (CVa) on the lower 

Macquarie River ranges from 1.26 at Dubbo to 0.761 at Oxley, the last gauge with a 

long record upstream of the core wetlands of the Macquarie Marshes (Table 1). The 

mean CVa for the lower Macquarie River is around 1.1, which is similar to the mean CVa 

calculated for all rivers in drylands (0.99) and greater than the mean CVa of all rivers 

from continental Australia (0.67) (McMahon, 1979).

Large flood events are evident at many sites along the lower Macquarie River, for 

example at Dubbo where the two largest floods on record occurred in 1955 and 1956, 

and where other significant events occurred in 1926, 1950, 1959, and 1990 (Fig. 3A; 

Table 1). Large floods are interspersed by medium- and small-sized events, with some 

periods of very low or even zero flow. Flood peaks are less extreme and less variable in 

gauge records from sites farther downstream, for example upstream of the Macquarie 

Marshes at Warren and Oxley and downstream of the Marshes at Carinda where flood 

magnitudes are usually at least one order of magnitude less than at Dubbo (Figs. 3A-D). 

The maximum recorded monthly discharge ranges from ~ 5872 m3 s-1 at Dubbo to ~ 51 
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m3 s-1 at Oxley, as recorded in the 1950s (Table 1; Figs. 3A-C). The lower Macquarie 

River also exhibits a downstream lag between flood peaks at gauge sites, even prior to 

large scale regulation by Burrendong Dam, and significant flood attenuation occurs in 

the Marshes between Warren and Carinda (Fig. 3D). A reduction in discharge 

downstream is partly explained by far fewer tributary inputs, while several low level 

regulation structures (e.g., Warren Weir and Marebone Weir) further reduce the 

variability of moderate and low flows in the distal reaches.

Interannual and interdecadal climatic and hydrological variability in eastern Australia 

are known to be strongly influenced by the El Niño-Southern Oscillation (ENSO) 

(Allan, 1988). Extreme changes in the Southern Oscillation Index (SOI) have been 

linked to extreme rainfall events (strong positive SOI; La Niña), to periods of very little 

rainfall (strong negative SOI; El Niño) (Adamson et al., 1987; Allan, 1988), and to 

extremes in river discharge (Williams et al., 1986; Adamson et al., 1987; Power et al., 

1999). The impacts of ENSO in Australia also appear to vary on an interdecadal 

timescale in accordance with low-frequency climatic fluctuations related to sea surface 

temperature in the Pacific Ocean, known as the Interdecadal Pacific Oscillation (IPO), 

or the Pacific Decadal Oscillation (PDO) in the northern Pacific (Power et al., 1999; 

Folland et al., 2002; Franks and Kuczera, 2002; Kiem et al., 2003). Variations in rainfall 

in Australia are significantly correlated with the SOI when the IPO index (IPOI) is 

negative and poorly correlated when the IPOI is positive, and river flows show a similar 

response (Power et al., 1999). In particular, flood records from eastern Australia, 

including the Macquarie River, exhibit marked inter- and multidecadal variability based 

on IPO-modulated ENSO events (Franks and Kuczera, 2002; Kiem et al., 2003; Verdon 

et al., 2004).

The comparison of total and peak annual discharge at Dubbo with SOI and IPOI shows 

that several large floods on the lower Macquarie River occurred in conjunction with 

strong positive SOI values when the IPOI was negative (Figs. 4A-E). These associations 

are most pronounced for the larger floods in the system (in 1950, 1955–1956, 1973–

1974, and 1990) although moderate floods also appear to be related to high SOI and low 

IPOI values, for example in 1890, 1916–1917, 1963, and 1998 (Figs. 4A-E). The plot of 

the cumulative deviation from the mean of peak annual discharge at Dubbo shows a 

period of below average flows between 1895 and 1920, and near average flows from 
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1920 to 1950, with few ENSO/IPO modulated events, while the IPOI was mostly 

positive (Figs. 4C-E). A period of above average flows is evident between c. 1950 and 

1960, when several ENSO/IPO modulated events occurred while the IPOI was mostly 

negative. A period of below average annual discharge followed the very large floods of 

the 1950s, with perturbations since c. 1980 when the IPOI again became mostly 

positive. In particular, the IPO appears to explain the clustering of floods and long 

relatively dry spells on the Macquarie River over a multidecadal timescale. When the 

SOI and IPOI are not strong, the river is more likely to react to other climatic influences 

(and see Williams et al., 1986).

Inter- and multidecadal patterns of variation in the annual flows of many rivers in the 

Murray-Darling Basin have also been previously identified and attributed to secular 

climatic change. Riley (1988) noted similar multidecadal oscillations as those described 

above using cumulative deviations from the mean discharge for the Macquarie River. 

Similar trends during the historical period were shown for the Barwon, Darling, 

Lachlan, and Murrumbidgee Rivers in the Murray-Darling Basin (Riley, 1988). 

Arguments have also been made for a similar cycle of flood-dominated regimes (FDR) 

and drought-dominated regimes (DDR) in coastal catchments in southeastern Australia 

(Erskine and Warner, 1988; Warner, 1994). These cyclic flow regimes have also been 

linked to recent morphologic changes of alluvial channels in southeastern Australia (i.e., 

river metamorphosis) (Warner, 1994). However, it is now clear that the inter- and 

multidecadal variations identified by these previous conceptual flow regime models are 

most likely related to the IPO. Indeed, knowledge of this underlying climatic 

mechanism and its time series largely explains the wide-ranging effects of ENSO 

variability and hydrological changes in many eastern Australian river systems, including 

the Macquarie.

3.2. Effects of flow regulation on river discharge

Flows along the lower Macquarie River and into the Macquarie Marshes have been 

regulated to some extent since 1896, when the first weir was built at Warren (DIPNR, 

2004). Discharge along the lower reaches of the river has also been heavily controlled 

since the installation of Burrendong Dam in 1967 (Kingsford, 2000). These flows are 

further controlled by a series of weirs, regulators, bypass canals, earthen embankments 
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and irrigation channels and siphons that aid the diversion and abstraction of water for 

industrial and domestic purposes. Significant abstraction occurs for stock, irrigation and 

town use upstream of the Marshes: potentially ~ 25% of the annual volume passing 

downstream of Burrendong Dam, on average, according to the conditions set out in the 

Macquarie Marshes Water Management Plan 1996 (DLWC and NPWS, 1996; Ralph, 

2008). This abstraction occurs in conjunction with normal ‘losses’ due to flow 

transmission and overbank flooding upstream of the Marshes (~ 21%), and the 

significant amounts of water entering distributary creeks (~ 23%) and the wetlands 

themselves (~ 29%), leaving only a small amount (~ 8%) to flow through to the Barwon 

River confluence (average annual loss estimates derived by Ralph, 2008, and see the 

references therein). Before major regulation, diversions and abstraction along the 

Macquarie River, ~ 51% of flows passing Dubbo in the period 1944–1953 reached the 

Macquarie Marshes more than 200 km downstream but this proportion had already 

decreased to ~ 21% by the period 1984–1993 (Kingsford and Thomas, 1995).

Large-scale river regulation has significantly altered the flow regime on the lower 

Macquarie River by reducing the frequency of large- and medium-sized floods and 

eliminating many periods of very low or zero flow by establishing a base-flow of 

between 2000 and 10 000 Ml mo-1 (Brander, 1987). An analysis of pre- and post-

Burrendong Dam flow records at Oxley Station (i.e., 1943–1966 versus 1967–1986) 

showed that the frequency of large floods (> 60 000 Ml mo-1) and significant floods (30 

000–60 000 Ml mo-1) decreased by 58.7% and 15.1%, respectively, between these 

periods; while the frequency of freshes (10 000–30 000 Ml mo-1) and regulated flows (< 

10 000 Ml mo-1) increased by 68.7% and 25.9%, respectively, because of regulation 

(Brander, 1987). As well as these changes to the frequency and magnitude of flows 

since the installation of Burrendong Dam in 1967, a comparison of peak and mean 

monthly discharge of the Macquarie River at Dubbo shows that the seasonality of flows 

along the lower Macquarie River has shifted from a winter to summer dominance (Figs. 

5A-B). Clearly, the same pattern also exists just upstream of the Macquarie Marshes at 

Oxley, along with an overall decrease in peak and mean monthly flows at this site (Figs. 

5C-D). Together, these trends reflect some of the measured at-a-station hydrological 

changes resulting from regulation and water extraction since 1967.
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The effects of regulation and water resource developments on discharge at gauge sites 

on the lower Macquarie River are also able to be analysed using calibrated IQQM data 

from scenarios where climatic and weather conditions are equivalent. The IQQM ‘water 

share plan’ scenario SP-47 that incorporates the impacts of dams, weirs, diversions and 

water extraction yields lower mean annual discharge volumes for all of the gauge sites 

versus that of the IQQM ‘natural’ scenario NT-47 without water resource development 

(Table 2; Fig. 6). Comparison of these two IQQM outputs shows that river regulation 

and extractions account for a 5.7% to 6.6% reduction in mean annual discharge at 

gauges in the bedrock-confined alluvial valley between Burrendong and Narromine. A 

reduction of between 15.2% and 20.5% in mean annual discharge is evident at gauge 

sites on the unconfined alluvial fan plain between Gin Gin and Marebone (Table 2; Fig. 

6). It is in this area that floodplain development for irrigated agriculture is much more 

extensive and where managed diversions occur into large distributary systems. Within 

the Marshes, at Oxley, a 24.2% reduction in mean annual discharge occurs due to the 

water resource development conditions included in the ‘water share plan’ scenario, and 

a 26.6% reduction in mean annual discharge occurs downstream of the Marshes at 

Carinda. These results highlight the uneven distribution of the modelled impacts of 

regulation and extractions on discharge volumes along the river, with reaches 

downstream of major towns and irrigation developments suffering greater reductions in 

flow overall.

Nevertheless, key characteristics of the pre- and post-regulation hydrology remain 

similar and are typical of the flow regime of the lower Macquarie River. In particular, 

both the historical data and the IQQM outputs show a general downstream decline in 

discharge below Narromine, with lower and less variable flows entering the Macquarie 

Marshes (at Marebone and Oxley) and leaving the system (at Carinda) than in reaches 

upstream (Figs. 3; 5; 6). Care must be taken in interpreting other differences between 

the historical and modelled datasets, since the IQQM outputs have fixed levels of 

development and management rules for a set time period and the historical data 

incorporates a wide range of variables including changes in climate and water use 

conditions over time. However, while water regulation and extraction has no doubt 

contributed to a decline in flow into the Marshes in recent times, these factors have not 

altered the broader trend of declining discharge along the lower Macquarie River which 

is critical for processes of channel breakdown and floodplain wetland formation.
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Within the Macquarie Marshes, records of significant flood events correspond with 

relatively long periods (> 50 d) of high flows (> 3000 Ml d-1) at Marebone Weir 

(Kidson et al., 2000). Areas of inundation also show a good correlation with flows 

gauged at Marebone Weir (Kidson et al., 2000), and up to 86% of variation in flooded 

areas can be explained by flow variability upstream of the core wetlands at Oxley 

Station (Kingsford and Thomas, 1995). Flows are also spatially variable throughout the 

system depending on the arrangement of active (flooded) anabranches and wetland 

feeder channels, and many parts of the system are intermittent or ephemeral. As a 

general rule, floods of 50–150 106 m3 (i.e., 50–150 Gl) at Marebone Weir inundate the 

core wetland areas in the southern and northern Macquarie Marshes; while 

progressively greater amounts of floodwaters inundate the medial and then the more 

distal, ephemeral floodplain (Kidson et al., 2000). Floods permeate through the network 

of marsh channels slowly and seep overbank. Flow velocity decreases significantly 

through densely vegetated parts of the marsh system, leading to widespread 

backflooding (Ralph, 2008). Some flows eventually reconverge in channels farther 

downstream of the core marshes, aided by diversions into Bulgeraga Creek and the 

Northern Bypass Channel. However, once the water has been filtered and taken up by 

vegetation, absorbed by the soil and otherwise evaporated or used on the floodplain, 

flows exiting the system are far smaller than those entering from upstream.

3.3. Downstream trends in discharge and stream power

A comparison of hydrological parameters derived from historical data (including pre- 

and post-regulation flows) from gauge sites along the lower Macquarie River shows a 

clear downstream trend of decreasing discharge into the reaches with floodplain 

wetlands (Figs. 7A-G). Both mean annual and mean monthly discharge volumes 

increase through the reaches in the bedrock- and terrace-confined alluvial valley to 

maximums of ~ 1200 106 m3 and ~ 110 106 m3, respectively, before declining markedly 

beyond the limit of terrace confinement as transmission losses dramatically increase in 

the reaches on the alluvial plain (Fig. 7B). Losses to groundwater from the river are 

very poorly constrained. Groundwater recharge is thought to occur within the bedrock-

confined alluvial valley upstream of Narromine and in the channel for a short distance 

downstream. For the period 1985-2006 these losses were estimated at around 22 106 m3 
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yr-1 (CSIRO, 2008), or <2% of mean annual discharge at Narromine. Further 

downstream, some discharge from shallow groundwater back into the channel occurs 

around Gin Gin (CSIRO, 2008). Upstream of the first marshes, only high stage flood 

losses occur to the surrounding palaeochannels. In the lower reaches of the river on the 

alluvial plain, medium and high stage losses occur to palaeochannels and, most 

importantly, to active anabranches, distributaries, and floodplain marshes. Within the 

Macquarie Marshes, near-surface shallow groundwater is recharged from floodwaters 

and rainfall on the floodplain, but this remains isolated and distinct from the main, and 

typically deep, groundwater aquifers (Hollins et al., 2009).

Catchment-related hydrological parameters associated with mean annual and mean 

monthly discharge, including mean annual runoff (mean annual discharge / catchment 

area) and specific mean discharge (mean monthly discharge / catchment area), also 

decline with increasing distance downstream and reach a minimum beyond the core 

areas of the marshes (Fig. 7C). The relatively high values for mean annual and monthly 

discharge and mean annual runoff and specific mean discharge at Gin Gin may reflect 

the fact that this data includes the largest floods on record, but does not include the 

preceding years with below average flow, as well as effects of bed and flood level 

control exerted by inset bedrock steps in this reach and minor contributions to the river 

from shallow groundwater discharge in the area (Figs. 7B-C). The same factors may 

account for an increase in stream power at Gin Gin (see Fig. 7F).

Peak discharge for large flood events of low to medium return periods (i.e., Q100–5) also 

decrease significantly downstream along the river, although this decline begins well 

within the lower bedrock-confined reaches before the river emerges beyond the terrace 

limit and onto the floodplain-fan (Fig. 7D). Large flood discharge also increases slightly 

from a minimum in the core marshes to become marginally greater at the lowermost end 

of the system, where reconverging channels concentrate the flows left over from the 

Marshes. Similarly, the peak discharge of small floods of high return period (including 

the mean annual flood, i.e., Q2.33 and Q2–1.01) also decline downstream from the lower 

limits of valley confinement (Fig. 7E). However, unlike the larger and less frequent 

flood events, these smaller yet more frequent floods build up throughout the reaches in 

the alluvial valley before remaining low on the floodplain-fan and into the marshes, 

reflecting less overbank losses to the floodplain and a backwater effect in the channel.
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These hydrological trends translate into general downstream declines in gross stream 

power along the lower Macquarie River that occur in accordance with downstream 

declines in discharge (Q2) and the maintenance of a fairly constant channel gradient 

(Fig. 7F). Two gross stream power data sets are compared in Fig. 7F, showing the 

difference between values calculated on a nonuniform-length reach basis (determined 

by measuring the reach length around each gauge and extrapolating between elevation 

contours on topographic maps) and those calculated using the average channel gradient 

of the river on the alluvial plain (determined by measuring the entire channel length 

between the uppermost and lowermost elevation contours on the topographic maps). 

Both gross stream power long-profiles decrease downstream, although the data 

calculated using the reach gradient method for Gin Gin is an outlier to this trend. This is 

most likely due to the factors already mentioned in relation to an increase in discharge 

at Gin Gin, and the fact that bedrock steps locally increase bed slopes in this reach. 

Specific stream power was only able to be calculated for a few sites; however, these 

values indicate a decline from ~ 10 W m-2 in the reach within the bedrock-confined 

alluvial valley to ~ 3 W m-2 in the reaches near the core marshes (Fig. 7F). A higher 

value of ~ 22 W m-2 was derived for Gin Gin, just below the terrace limit, although this 

data may be viewed as an outlier for the reasons stated above. While stricter 

determination of stream power was not possible because of data limitations, the trends 

clearly show significant declines in the downstream direction, reaching a minimum as 

the trunk channel branches into distributaries and eventually floods out in the 

Macquarie Marshes.

The annual and monthly coefficients of variation at the gauge sites along the lower 

Macquarie River also decline downstream onto the plain and into the marshes as the 

effects of variable rainfall in the upper catchment are attenuated within the channel (Fig. 

7G). Notably, CVa and CVm increase where the channel re-forms downstream of the core 

marshes, possibly reflecting the variability of flows that are able and currently allowed 

to permeate through to the downstream end of the system from diversions in the 

northern Macquarie Marshes. Since the hydrological data used for these analyses 

includes post-regulation records, the trends in CVa and CVm may be affected by the 

regulatory effects of Burrendong Dam in 1967.
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3.4. Channel morphology and capacity

Cross-sectional changes are evident for the main channel of the Macquarie River as it 

flows from a bedrock-confined alluvial valley onto a broad and unconfined alluvial 

floodplain-fan and breaks down into the Macquarie Marshes (Fig. 8). Channel 

morphology shows significant variation between many sites (Fig. 8: cross sections 1–

16) and marked downstream changes also occur in morphology and morphometric 

parameters, with similar trends in floodplain controls (Figs. 9A-G).

The cross-sectional profiles from the uppermost three sites at Dubbo [1], Wright’s 

Crossing [2], and Weemabah [3] (see Fig. 2B) exhibit features associated with lateral 

channel adjustment and migration, including asymmetrical channel forms with a wide 

bed, in-channel bars and islands, benches, and some ridge and swale floodplain 

topography (Fig. 8). The cross section from the Ganalgang site [5] also shows slightly 

asymmetrical features in the channel bed; and in general, these types of channel and 

floodplain features are indicative of the fluvial behaviour of the relatively large (wide 

and deep) meandering reaches between Dubbo [1] and Ganalgang [5] (Fig. 1). These 

migrational features may also be enhanced at Wright’s Crossing [2] that was on the 

apex of a large, gravelly meander bend by necessity of access.

However, despite the presence of almost continuously meandering, sinuous reaches 

along the majority of the lower Macquarie River (of both wandering and regular 

meandering patterns), most of the sites downstream of Gin Gin [4] exhibit regular 

symmetrical cross-sectional forms that have little evidence of in-channel or floodplain 

features associated with lateral adjustment (Fig. 8). The cross sections also show that 

small but significant levees have developed through vertical accretion at several sites 

downstream from Weemabah [3], particularly at Ganalgang [5], Carval [6], 

Mumblebone [7] (see Fig. 2C), Gradgery [9], and Old Buckiinguy [11] (see Fig. 2D). 

The majority of these levee deposits are also relatively symmetrical around the main 

channel. Farther downstream at Monkeygar Creek [12] (the continuation of the 

Macquarie River channel) in the southern Macquarie Marshes, low levees and broad 

alluvial deposits are features that occur around the channel on the marsh floodplain. 

Both leveed and nonleveed (often incised) channels exist in the southern Marshes [13], 

where superelevation of the main channel (Monkeygar Creek, on the right-hand side of 
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the transect) above the surrounding floodplain has led to its recent avulsion (The 

Breakaway [13], on the left-hand side of the transect) (Fig. 8). The main channel then 

experiences floodout and widespread surface flow dispersal in Willancorah Swamp [14] 

(see Figs. 2E-F). Downstream of the core floodplain wetlands in the northern Macquarie 

Marshes (see Fig. 2G), at Miltara [15] and Yanda [16] (see Fig. 2H), flow can 

reconverge in a shallow inset river channel. At these sites, the channels are irregularly 

shaped and do not display depositional features such as levees, but rather, show 

evidence of minor incision into older channels on the surrounding floodplain (Fig. 8). 

This reflects the role of the channel at these sites as little more than an alluvial drain at 

the downstream end of the marsh system.

As well as variations in channel shape and bedform, both bed width and channel size 

diminish markedly with increasing distance downstream along the lower Macquarie 

River as it approaches and enters the Macquarie Marshes (Figs. 8; 9A-D). A 

downstream comparison of these and other key morphometric parameters shows that all 

changes along the river occur while the low channel gradient of the lower Macquarie 

River remains nearly constant and with almost no additional tributary inputs on the 

plain (Figs. 9A-F). Channel capacity (i.e., bankfull cross-sectional area) generally 

declines downstream from ~ 800–600 m2 in the bedrock-confined alluvial valley near 

Dubbo before decreasing to ~ 260 m2 at the first marshes and reaching a minimum of ~ 

20 m2 at the core marsh (Fig. 9C). Exceptions to this downstream trend occur in the 

form of a bedrock step-affected reach near the limit of alluvial terrace confinement at 

Weemabah and Gin Gin, while channel area also increases slightly downstream of the 

core marshes.

The bed width of the channel also declines steadily with increasing downstream 

distance from ~ 50 m in the alluvial valley at Dubbo to a minimum of ~ 5 m just 

upstream of the core marshes (Fig. 9D). Channel depth was variable because of varying 

channel, bank, and floodplain form at the sites. Channel w/d decreases from ~ 1:20–1:15 

above the point where the river leaves the bedrock-confined alluvial valley and enters 

the alluvial plain, and then remains in the order of 1:5 from the terrace limit until the 

initial areas of floodplain marshes (Fig. 9E). Within the core marshes, w/d increases 

significantly to ~ 1:12 as channels bifurcate, and then the channels remain shallow 

beyond the downstream limit of the marshes. This reversal of the trend in channel shape 
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reflected by w/d occurs despite a monotonic decrease in channel capacity and discharge, 

suggesting a threshold change in channel morphological response.

Floodplain width remains relatively constant through most of the alluvial reaches and 

well out onto the floodplain-fan, and even the first floodplain marshes occur when the 

floodplain is still quite narrow (Fig. 9B). The width of the modern floodplain then 

dramatically increases from < 5 km to ~ 30 km in the core marshes and remains very 

wide through these wetlands until the area where the main channel re-forms farther 

downstream. Downstream changes in floodplain width are partly related to loss of 

confinement by bedrock and older alluvium. The marshes occupy a tract of low ground 

between slightly elevated palaeochannel ridges (Pearce, 2000; Yonge and Hesse, 2009).

Channel sinuosity is also relatively constant until the end of valley and terrace 

confinement, after which the river gradually becomes more sinuous on the plain until 

the first marshes occur (Fig. 9F). Large fluctuations in sinuosity in the reaches between 

the end of terrace confinement and the core marshes reflect the complex history of the 

current channel, which is composed of older sinuous segments and straighter segments 

resulting from more recent avulsions. This change in the trend of sinuosity occurs at 

around the same point on the river at which the trend of channel shape change also 

reverses (Fig. 9E). Sinuosity declines markedly in the core marshes as channels change 

planform from meandering to straight. Monkeygar Creek (the continuation of the 

Macquarie River channel and the product of a late nineteenth to early twentieth century 

avulsion) is a relatively straight channel typical of distributary channels throughout the 

wetlands (Yonge and Hesse, 2009). Sinuosity gradually increases after a continuous 

channel re-forms at Miltara, at the downstream end of the northern Marshes.

The general downstream decrease in coarse sediments along the lower Macquarie River 

is shown by overbank deposits at five sites, which were sampled from the top of the 

bank 2–3 m from the channel and at ~ 50-cm depth below the surface (i.e., beneath a 

possible agricultural mixing zone; Ralph, 2001). The sediment samples consist mostly 

of sand-sized particles (~ 70%) at the downstream limit of the bedrock-confined 

reaches, which then become rare (sand < 5%) as they are increasingly replaced by fine, 

cohesive silts and clays (~ 70% and 25% respectively) in the reaches near the first 

marshes (Fig. 9G). Clays then dominate over silts (~ 53% vs. 43%) as the Macquarie 
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River enters the core marshes, while slightly more sand was detected in an abandoned 

segment of the Macquarie River in the southern Macquarie Marshes (clay ~ 60%, sand 

21%). The cohesion of these sediments inhibits lateral migration, while dense riparian 

vegetation (such as deep-rooted Eucalypt trees, shrubs, and grasses) also promotes bank 

stability and vertical accretion processes on the lower reaches of the Macquarie River. 

Gravel and coarse sand bedload is extensive in the bedrock-confined reach, becoming 

increasingly rare in the modern channel until it is effectively absent downstream of 

Warren. The explorer John Oxley, however, noted a sandy bed near Warren in 1818 (a 

few days journey by river from Mount Harris; Oxley, 1820, p. 231); and small sand 

bodies have been found in abandoned channels within the southern Macquarie Marshes 

(Yonge and Hesse, 2009). In the marshes today, following construction of dams and 

weirs, the majority of coarse bedload are fine gravels and pieces of pedogenic carbonate 

and ironstone derived from bank erosion (Ralph, 2008).

4. Discussion

4.1. Intrinsic versus extrinsic controls on channel breakdown

While Watkins and Meakin (1996) proposed that there may be some structural 

(neotectonic) influence on long-term sedimentary depocentres and recent river ponding 

on the Macquarie Alluvial Plain, no physical investigations have been made of this 

theory and no independent evidence exists of Quaternary tectonics in the region. Of two 

small Neogene depocentres identified as possible tectonic features and associated by 

Watkins and Meakin with the southern and northern areas of wetlands, one is not 

coincident with the marshes (area A of Watkins and Meakin, 1996, p. 73, shown as 31° 

9’S., 147° 22’E.; true location of Southern Macquarie Marshes 31° 0’S., 147° 32’E.). 

The two major centres of Neogene sediment thickness (Watkins and Meakin, 1996, p. 

73) are not associated with wetlands at all. Furthermore, Late Pleistocene 

palaeochannels, with larger dimensions than the modern river and preserved on the 

surface of the plain, were able to cross the plain, and these depocentres, and join the 

Barwon River without interruption. Tectonic blockage of the Goulburn and Murray 

Rivers to form the Barmah wetlands (Bowler, 1967; Stone, 2006) has left conspicuous 
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beheaded palaeochannels, diverted channels, and lake basins that have no counterparts 

on the Macquarie or other similar rivers in the Murray-Darling Basin.

Tributary damming is another mechanism that may cause channel breakdown and 

ponding to create wetlands. This may be the origin of the Great Cumbung Swamp at the 

terminus of the Lachlan River (O’Brien and Burne, 1994), blocked by sedimentation 

from the Murrumbidgee River, or Narran Lake at the terminus of the Narran River, a 

basin partly dammed by sediments of the Barwon River. However, this is not the case 

for the contemporary Macquarie River system that has a long-profile that, along its 

lower reaches, continues to decline steadily to the tributary junctions with both the 

Castlereagh River and Barwon-Darling (Figs. 8; 9A). Neither neotectonics nor tributary 

damming explain important morphological characteristics of the Murray-Darling Basin 

floodplain wetland systems, including the Macquarie Marshes: the absence of large 

scale basin forms; the absence or restricted presence of lentic (ponded) water bodies; the 

persistence of regular valley and channel gradients and dominance of lotic (flowing 

water) marsh systems; the formation (via avulsion) and persistence of irregularly spaced 

anabranches and distributary channels in the system; or the formation of perennial and 

intermittent wetlands at the distal reaches of these distributary channels. Therefore, 

these mechanisms are not regarded as having a role in channel breakdown or floodplain 

wetland formation in the Macquarie Marshes.

A very dramatic decline in channel or valley gradient as a river valley enters an 

unconfined alluvial plain may result in dramatic loss of stream power, rapid deposition 

of sediment, avulsion, and channel breakdown. However, no consistent or large 

decrease in gradient of the Macquarie River occurs anywhere along its course from the 

bedrock-confined alluvial valley to its entry onto the alluvial plain or across the alluvial 

floodplain-fan (Figs. 8; 9A) which we attribute to continued aggradation within the 

bedrock-confined valley and alluvial plain (Tomkins and Hesse, 2004). While 

Pleistocene palaeochannels radiating from the head of the floodplain-fan at Narromine 

show that the river has switched courses in the past, none of these palaeochannels show 

evidence of breakdown and marsh formation, except for the modern channel where the 

location of breakdown is more than 150 km from the valley mouth. All of those 

palaeochannels were larger than the modern river channel with greater channel-forming 
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discharges. Nevertheless, flow (un)confinement may have a contributing role in channel 

hydrology and eventual channel breakdown.

The location of all Late Holocene depositional facies on the Macquarie Alluvial Plain 

appears to be influenced by inherited topographic controls imposed by the slightly 

elevated remnants of abandoned Late Quaternary channels (Yonge and Hesse, 2009). 

These palaeochannel deposits confine the contemporary channel and floodplain and 

influence patterns of floodplain inundation, restricting the loss and return of overbank 

flows. Although the modern floodplain widens rapidly where the core Macquarie 

Marshes have formed and complete channel breakdown occurs, the floodplain is still 

narrow where the marshes first begin to form on the lower Macquarie River, just 

downstream of Warren. Floodplain confinement is therefore not the primary cause of 

marsh formation, but the width of the floodplain is an important additional control on 

the extent of floodplain wetlands in the system. In addition, some palaeochannels at the 

floodplain margins are able to conduct water if their levees are breached and 

floodwaters are able to enter. Such reoccupied palaeochannels allow the loss of some 

floodwaters from the system, for example, Marra Creek and Milmiland Creek (Fig. 1).

The widespread occurrence of floodplain wetlands on the lower reaches of several other 

inland rivers on the Darling Riverine Plain (Ralph, 2008; Yonge and Hesse, 2009) 

strongly suggests that common hydrologic and physiographic factors are most likely the 

dominant influences on channel breakdown and contemporary floodplain wetland 

formation and morphodynamics in these inland systems. Floodplain wetlands on the 

lower Macquarie River appear to date from 6-8 ka BP (Yonge and Hesse, 2009) and 

have formed in response to the declining discharges experienced around the last glacial 

termination by all the rivers in the Murray-Darling Basin. It is likely that similar 

floodplain wetlands on other river systems in the Murray-Darling Basin will also be of 

Holocene age.

4.2. Intrinsic hydrological trends leading to channel breakdown

On the lower Macquarie River, downstream reductions in channel capacity, bed width, 

and the amount of coarser sediments in overbank deposits occur in conjunction with 

marked downstream declines in discharge volume, flood discharge, and stream power. 
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Bedrock and terrace confinement of the floodplain also declines, and greater 

distributary outflows and transmission losses occur as the lower Macquarie River 

crosses the broad, low-gradient alluvial plain. The eventual breakdown of the river, in 

other words its inability to maintain a channel, appears to be a consequence of the 

failing flows in the main channel as it crosses the floodplain-fan. Therefore, the 

catchment hydrology and that of the lower Macquarie River is reflected by the 

geomorphology of the trunk channel and its sediment load, planform and floodplain 

landforms. Altogether, evidence exists for a positive feedback between downstream 

declining flows, declining sediment transport capacity and stream power, channel form 

and ultimately breakdown, which relates to avulsive behaviour and nonequilibrium 

fluvial conditions in the marshes.

The most important controls on channel breakdown and marsh formation on the lower 

Macquarie River are the hydrology of the river and catchment. This begins at the 

catchment scale where the gradients of high to low rainfall and low to high evaporation 

from the upper to lower parts of the catchment and the effects of regional climatic 

fluctuations have significant effects on flows along the lower Macquarie River and 

those entering the Macquarie Marshes. Discharge is dependant on variable rainfall and 

runoff in the upper catchment, and the river receives very few inputs on its lower 

reaches where it debouches onto the lowland-dryland alluvial plain. By this very nature, 

the flow regime of the lower Macquarie River is seasonal and variable, while discharge 

declines with increasing distance from the headwaters. River regulation and water 

resource developments have not altered this pattern of downstream declining discharge, 

but rather have exacerbated it by reducing the overall amount of water reaching the 

Macquarie Marshes. Considerable decreases in discharge and stream power then occur 

because of overbank flooding on the floodplain-fan and distributary outflows into 

smaller channels and palaeochannels, which are not balanced by tributary contributions.

The geomorphology of the Macquarie River responds in kind, adjusting to these lower 

discharge and stream power conditions on the floodplain-fan by contracting in size. As 

sediment load also becomes finer and bedload rarer downstream, the channel initially 

becomes deeper and narrower in shape. However, while channel capacity and bed width 

decrease downstream fairly continuously, beyond a point where floodplain wetlands 

first occur fed by middle and upper bank distributary “breakaway” channels, the river 
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channel reverses its deepening trend and becomes shallower (increasing w/d) as in-

channel accretion inevitably occurs. Channel sinuosity also becomes greater 

downstream initially, but this trend also reverses near the point of first occurrence of 

floodplain wetlands and the river becomes less sinuous in the core marshes. Lateral 

migration features, which at first are prominent components of the sinuous channel, 

decrease in prominence; and vertical accretion features become more obvious in the 

distal reaches (Fig. 8). Downstream of the tipping point where this change in 

morphological trend occurs, the modern trunk channel is composed of reaches of 

tortuous meanders interspersed with lower sinuosity reaches resulting from multiple 

avulsions and channel reoccupations. These avulsive features increase in frequency 

downstream as the channel decreases in capacity, the channel shallows, and vertical 

accretion features dominate until the sinuous trunk stream of the Macquarie River 

abruptly terminates in a discontinuous wetland. In this lowermost reach, fairly straight 

anabranches and distributary channels divert water from the main channel and onto the 

floodplain until these channels also lose coherence and break down to form the core 

marshes.

A nonlinear response of sedimentation patterns to near-linear flow decline is exhibited 

by the river and appears to result in the final breakdown of the channel. A threshold 

defining a change of response to continued declining flow occurs at a point below 

Warren and is marked by the first occurrence of perennial floodplain wetlands. The 

continued loss of flow and transport competence cannot be sustained indefinitely by 

channel contraction in the laterally migrating channel. In-channel and bank-top 

sediment accumulation increase as stream power declines. This contributes to overbank 

and distributary flow losses and further loss of stream power, in a positive feedback, 

and to a switch to avulsive behaviour in the system. The overbank flows combine to 

form distributary channels (locally termed “breakaways”), which eventually cut through 

levees in the upper or middle bank and supply water and sediment to the floodplain 

wetlands. The attenuated, less variable flows of the lower reaches can provide near 

perennial flow into these breakaways, fostering the development of perennial wetland 

communities. Nevertheless, the distributary channels are prone to inefficiency and 

become clogged with sediment and vegetation, and as a result they are historically 

highly dynamic. Historical surveys show abundant evidence of channel and marsh 

abandonment and formation within the core marshes, while sections of the sinuous 
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trunk stream of the Macquarie River show evidence of a range of morphological 

changes, some major and others minor (Ralph, 2008).

Overall then, the significant downstream changes in channel morphology and capacity 

that occur along the lower Macquarie River as it approaches and enters the region of 

widespread channel breakdown in the Macquarie Marshes are a response to the 

environmental setting and hydrological and geomorphological controls of the river. The 

patterns of downstream adjustments in the Macquarie River also give an insight into the 

nature, location and extent of channel breakdown in other allogenic rivers. The 

Macquarie River and Macquarie Marshes are typical of many rivers that break down 

into anabranching and distributary tracts with floodplain wetlands on the riverine plains 

of the Murray-Darling Basin.

4.3. Avulsion and wetland stability on the lower Macquarie River

The cohesive nature of the channel and floodplain sediments on the lower Macquarie 

River restricts lateral channel migration significantly, leading to a dominance of vertical 

accretion and the predisposition for periodic avulsion to be the main form of lateral 

adjustment on the modern alluvial floodplain. There has been a long history of channel 

and marsh changes in the modern system; and sedimentation and avulsion are identified 

as primary mechanisms of channel and floodplain wetland adjustment within the 

Macquarie Marshes, leading to anastomosis, distributary formation, and both wetland 

formation and abandonment (Ralph et al., 2007; Ralph, 2008; Yonge and Hesse, 2009).

The conditions that are favourable for avulsion on the lower reaches of the Macquarie 

River include: (i) downstream declines in discharge and stream power that lead to a 

reduction in sediment transport capacity; (ii) downstream declines in channel width, 

depth, and cross-sectional area in response to declining stream power and discharge; 

(iii) increased lateral channel stability (i.e., reduced capacity to migrate) because of 

cohesive, fine-grained floodplains and established herbaceous and woody riparian 

vegetation; (iv) floodplain gradients that allow diversion of overbank flows away from 

the main channel; (v) increased in-channel sedimentation and vegetative constrictions; 

and (vi) the potential for an avulsion trigger to occur at susceptible locations, such as 

the blockage of a channel by a large log jam that is followed by a bank-breaching flood 
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event. Such an avulsion is seen at Buckiinguy Break in the southern Macquarie Marshes 

(Ralph, 2001, 2008), but may be rare because of the absence of woody riparian 

vegetation in the core marshes and the inability of most floods to transport fallen trees. 

Once formed, distributary channels also dissipate water and sediment on the floodplain 

before breaking down into a series of marshes with smaller, discontinuous channels.

However, it is still unclear how avulsion and the other mechanisms of channel 

breakdown and floodplain wetland morphodynamics operate within the marshes 

themselves; for example, the roles of overbank sedimentation and varying cross-

floodplain and channel gradients on a very flat floodplain; the role of herbaceous 

riparian and in-channel vegetation and their feedbacks with in-channel sedimentation; 

and further reductions in discharge, increased distributary outflows, and channel 

diminution leading to breakdown and floodout. These questions will be the subject of 

further papers.

5. Conclusions

The Macquarie Marshes are a fine-grained alluvial system of disintegrating 

anabranching and distributary channels with associated floodplain wetlands that occur 

on the lower reaches of the Macquarie River in inland southeastern Australia. An 

analysis of downstream hydrological and morphological changes on the lower 

Macquarie River provided clear evidence of an intrinsic alluvial mechanism of channel 

breakdown, which explains the location, type, and extent of marsh formation. Extrinsic 

factors such as neotectonic activity, trunk stream damming, or a sudden decrease in 

channel gradient do not account for the formation of the marshes or their characteristic 

features. However, the degree of (un)confinement of the floodplain by slightly elevated 

palaeoalluvial deposits appears to play a contributary role in the ultimate complete 

breakdown of channelised flow and the formation of extensive semipermanent 

wetlands. This type of channel breakdown and floodplain wetlands is a distinct example 

of a nonequilibrium response to downstream declines in discharge and stream power, 

which is an inherent condition in many dryland Australian rivers during the Holocene.
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Figure Captions

Fig. 1. The Macquarie River and its catchment: a subcatchment of the Murray-Darling 

in south-eastern Australia. The neighbouring Bogan River and catchment are coupled 

with the Macquarie for administrative purposes and water is diverted from the lower 

Macquarie River to the Bogan River. Elevations, tributaries, distributaries, major 

palaeochannels, and rainfall and evaporation isohyets are shown. The location of the 

Macquarie Marshes and the cross section sites along the lower Macquarie River and in 

the Marshes are also indicated. Elevation data from Herron et al. (2002) and climate 

data from BoM (2005).
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Fig. 2. Photographs of the lower Macquarie River and Macquarie Marshes, including, in 

downstream order: (A) Macquarie River at Wellington (town centre; ~ 325 km 

downstream from river source in the upper catchment), (B) Macquarie River at 

Weemabah (locality; ~ 514 km from source), (C) Macquarie River at Mumblebone 

upstream of the core marshes (locality; ~ 656 km from source), (D) Macquarie River at 

Old Buckiinguy in the southern Macquarie Marshes (locality; ~ 764 km from source), 

(E) oblique aerial view of Monkeygar Creek and Willancorah Swamp that form the 

main discontinuous branch of the Macquarie River in the southern Macquarie Marshes 

(locality; ~ 785 km from source), (F) Monkeygar Creek at Willancorah in the southern 

Macquarie Marshes (locality; ~ 786 km from source), (G) oblique aerial view of 

Macquarie River distributary channels including Bora Creek in the northern Macquarie 

Marshes (locality; ~ 805 km from source), and (H) Macquarie River at Bells Bridge 

(locality; ~ 862 km from source).
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Fig. 3. Hydrographs of peak monthly discharge of the Macquarie River at (A) Dubbo, 

(B) Warren, and (C) Carinda showing the history of flooding for the period of the 

records, both pre- and post-installation of Burrendong Dam in 1967, and the general 

decline in flood discharge before and after flows pass through the Macquarie Marshes 

upstream of Carinda. A downstream decline and slight lag in discharge between Dubbo, 

Warren, and Carinda is also shown in (D) for some small floods during the period 

1960–1962, prior to the installation of Burrendong Dam. Note: The data for Carinda is 

on the secondary axis in (D), and the scale is an order of magnitude lower than that of 

Dubbo and Warren. Time series flow data from DIPNR (2004).
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Fig. 4. Discharge of the Macquarie River at Dubbo, including (A) total and (B) peak 

annual flow, compared with (C) cumulative deviation from the mean of peak annual 

discharge, (D) SOI, and (E) IPOI. Grey curves for SOI (La Niña, +ve; El Niño, -ve) and 

IPOI represent 3 and 9 years running averages, respectively. Time series flow data from 

DIPNR (2004), SOI data from BoM (2005), and IPOI data from Folland (2005).
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Fig. 5. The magnitude and seasonality of peak and mean monthly flows in the 

Macquarie River at (A-B) Dubbo , and at (C-D) Oxley, before and after the construction 

of Burrendong Dam in 1967. Time series flow data from DIPNR (2004).
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Fig. 6. Mean annual discharge at sites along the lower Macquarie River and in the 

Macquarie Marshes, derived from IQQM daily time step data for ‘natural’ and ‘water 

share plan’ scenarios (modelled for the period 1890 to 2004), and historical discharge 

data from DIPNR (2004). The entire length of each historical flow record was used. 

IQQM scenario output files used were NT47Flow [natural] and SP47Flow [water share 

plan] and were provided by DIPNR in 2005.
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Fig. 7. Locations of (A) gauges, tributaries and distributaries along the lower Macquarie 

River and Macquarie Marshes, and downstream changes in (B) mean annual and mean 

monthly discharge, (C) mean annual runoff and specific mean discharge, (D) large flood 

discharge, (E) small flood discharge, (F) gross stream power and specific stream power, 

and (G) annual and monthly coefficients of variation. The relatively high values for 

discharge and stream power at Gin Gin may reflect the fact that this data includes the 

largest floods on record, but does not include the preceding years with below average 

flow, as well as effects of bed and flood level control exerted by inset bedrock step in 

this reach and minor contributions to the river from shallow groundwater discharge in 

the area. Time series flow data from DIPNR (2004).
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Fig. 8. Downstream changes in channel size and morphology along the lower 

Macquarie River and in the Macquarie Marshes. The channel at Weemabah [3] is also 

shown in Fig. 2B, the channel at Mumblebone [7] is shown in Fig. 2C, the channel at 

Old Buckiinguy [11] is shown in Fig. 2D, sites between the cross sections at Monkeygar 

Creek and Willancorah Swamp [13–14] are shown in Figs. 2E-F, an area between the 

cross sections at Willancorah Swamp and Miltara [14–15] is shown in Fig. 2G, and the 

channel at Bells Bridge [16] is shown in Fig. 2H. Note: * denotes cross section data 

sourced from DIPNR (2004) and ^ denotes cross section data sourced from Tomkins 

and Hesse (2004). Shading beneath the cross sections gives no indication of the 

underlying sedimentology or lithology.
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Fig. 9. Downstream changes in channel morphometry along the lower Macquarie River 

and Macquarie Marshes, including (A) longitudinal gradient, (B) floodplain width, (C) 

channel area, (D) channel bed width, (E) channel width-to-depth ratio (w/d), (F) channel 

sinuosity, and (G) the composition (sand:silt:clay) of bank-top sediments.
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Table 1
Details of selected flow gauging stations and hydrological characteristics of sites along the middle-lower reaches of the Macquarie River and in the Macquarie Marshesa

Gauging 
station 
(DIPNR site 
code)

Period 
of 
gauge 
record

Approximat
e altitude 
(m asl)

Approximate 
catchment 
area (km2)

River 
distance 
from 
source 
(km)

Mean 
annual 
discharge 
(106 m3)

Mean 
annual 
flood (Q2.33 

m3 s-1)

Maximum 
monthly 
discharge 
(m3 s-1)

Date of 
maximum 
monthly 
discharge

Annual and 
monthly 
coefficients 
of variation 
(CVa, CVm)

DIPNR site notes / control 
structures

Burrendong
(421040)

1960 - 
2004

300 13980 291 981.75 231.67 2091.25 Aug. 1990 0.684
1.55

Channel: bedrock and gravel; large 
concrete dam immediately upstream

Wellington
(421003)

1909 - 
1975

280 14130 325 857.79 633.88 4247.53 Feb. 1955 1.16
2.06

Channel: gravel and bedrock

Dubbo
(421001)

1885 - 
2004

250 19600 402 1249.9 512.55 5871.50 Feb. 1955 1.26
1.93

Channel: sand and mud, some finer 
gravel; road bridge 250 m upstream; 
concrete weir 750 m downstream

Narromine
(421006)

1901 - 
1982

230 25950 473 1196.53 487.31 3912.04 Feb. 1955 1.16
1.94

Channel: sand and mud, some finer 
gravel; concrete weir; rocks

Gin Gin
(421031)

1954 - 
2004

200 26936 528 1285.76 330.40 998.51 Aug. 1990 1.12
1.68

Channel: sand and mud; bar 100 m 
downstream; weed; road bridge 200 m 
and 500 m upstream

Warren Weir
(421004)

1901 - 
2004

190 26968
(26570b)

597 705.26 190.53 491.01 Jun. 1921 0.898
1.59

Channel: mud and sand; road bridge 
200 m upstream; concrete weir 80 m 
downstream

Marebone 
Weir
(421090)

1976 - 
2004

170 27000
(0b)

684 431.19 40.19 50.46 Nov. 2000 N/A
N/A

Concrete weir with lifting gates; 
regulator 5 m and 200 m upstream

Oxley Stn.
(421022)

1943 - 
2004

160 27500
(26570 c)

745 337.22 32.562 50.97 Jul. 1950 0.761
1.02

Channel: mud; weed

Carinda 
(Bells Bridge)
(421012)

1926 - 
2004

130 30100 861 155.87 12.96 132.19 Aug. 1990 1.35
1.9

Channel: mud; road bridge 20 m and 
80 m upstream

aDerived from DIPNR (2004) or calculated using historical time series flow data from DIPNR (2004), with the exception of the altitude and distance from source data that were derived from 
topographic maps.
bIndicates inaccurate data in DIPNR (2004) and so more accurate estimates are presented.
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Table 2
Mean annual discharge estimates for gauging stations along the middle-lower reaches of the Macquarie River and Macquarie Marshes derived from Integrated Quantity-Quality Model (IQQM) 
‘natural’ and ‘water share plan’ scenariosa, and historical mean annual discharge volumesb

Gauging 
station

Period of 
gauge 
record

Period of 
calibrated 
IQQM daily 
flow data

Historical 
mean annual 
discharge 
(106 m3)

IQQM 
‘natural’ 
scenario 
mean annual 
discharge 
(106 m3)

IQQM ‘water 
share plan’ 
scenario 
mean annual 
discharge 
(106 m3)

Difference (reduction) 
between IQQM ‘natural’ 
and ‘water share plan’ 
scenario mean annual 
discharges (%)

Burrendong 1960 - 2004 1890 - 2004 981.75 972.56c 910.93c 6.34
Wellington 1909 - 1975 1890 - 2004 857.79 972.56c 910.93c 6.34
Dubbo 1885 - 2004 1890 - 2004 1249.9

1224.70 1144.15 6.58
Narromine 1901 - 1982 1890 - 2004 1196.53 1345.57 1268.61 5.72
Gin Gin 1954 - 2004 1890 - 2004 1285.76 1274.52 1013.22 20.50
Warren Weir 1901 - 2004 1890 - 2004 705.26 689.28 580.09 15.84
Marebone 
Weir

1976 - 2004 1890 - 2004 431.19
354.88 300.95 15.20

Oxley Stn. 1943 - 2004 1890 - 2004 337.22 269.71 204.59 24.15
Carinda 
(Bells 
Bridge)

1926 - 2004 1890 - 2004 155.87

137.81 101.13 26.61

aDaily time step data for IQQM ‘natural’ scenario NT-47 and ‘water share plan’ scenario SP-47 supplied by DIPNR in 2005; IQQM mean annual discharge estimates from Ralph (2008).
bCalculated using historical time series flow data from DIPNR (2004).
cThe calibrated data is assumed to be equivalent for the Wellington reach downstream of Burrendong Dam.
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