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[1] We review the human actions, proximal stressors and ecological responses for
floodplain forests Australia’s largest river system—the Murray-Darling Basin. A conceptual
model for the floodplain forests was built from extensive published information and some
unpublished results for the system, which should provide a basis for understanding,
studying and managing the ecology of floodplains that face similar environmental stresses.
Since European settlement, lowlands areas of the basin have been extensively cleared for
agriculture and remnant forests heavily harvested for timber. The most significant human
intervention is modification of river flows, and the reduction in frequency, duration and
timing of flooding, which are compounded by climate change (higher temperatures and
reduced rainfall) and deteriorating groundwater conditions (depth and salinity). This has
created unfavorable conditions for all life-history stages of the dominant floodplain tree
(Eucalyptus camaldulensis Dehnh.). Lack of extensive flooding has led to widespread
dieback across the Murray River floodplain (currently 79% by area). Management for
timber resources has altered the structure of these forests from one dominated by large,
widely spreading trees to mixed-aged stands of smaller pole trees. Reductions in numbers of
birds and other vertebrates followed the decline in habitat quality (hollow-bearing trees,
fallen timber). Restoration of these forests is dependent on substantial increases in the
frequency and extent of flooding, improvements in groundwater conditions, re-establishing
a diversity of forest structures, removal of grazing and consideration of these interacting
stressors.
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1. Introduction
[2] Floodplain forests occupy the interface zone between

uplands and rivers, providing important sites for the
exchange of nutrients and material between these distinct
ecosystems [Ballinger and Lake, 2006]. The inundation of
floodplains ranges from regular (e.g., tropical wet seasons)
to highly irregular (e.g., arid zones), providing strong selec-
tion on the kinds of plants, animals, and microorganisms
that can persist [Parolin et al., 2004; Ballinger and Mac
Nally, 2006]. In arid regions, such as southeastern Aus-
tralia, southwestern North America, northeastern Africa,
and South Asia, floodplain forests play a key role in sup-
porting regional biodiversity and productivity. Such forests
often have higher productivity than surrounding vegetation
due to the additional water from floods and shallow
groundwater [Tockner and Stanford, 2002], which supports
a distinct flora and fauna that increases regional biodiver-
sity [Sabo et al., 2005].

[3] The dynamics of river systems and their associated
floodplains affect the quantity and quality of forest and
water resources, the biota dependent on these ecosystems,
and the terrestrial and aquatic ecosystems in adjacent parts
of the landscape [McGinness et al., 2010]. Over the past
century, there have been increasing human demands on
floodplains to supply water through pumping, diversions,
and dams. Changes in flow regimes and volumes have led
to the widespread dieback of many floodplain forests,
particularly in arid regions [Cunningham et al., 2009b;
Holland et al., 2009; González et al., 2010]. Dieback, or
substantial change in vegetation structure and composition,
can be exacerbated by interactions with other stressors,
such as climate change and changing land use [Merritt and
Cooper, 2000; Merritt and Poff, 2010; Stromberg et al.,
2010].

[4] Floodplain forests are often selected preferentially
for agricultural development because they are ‘‘accumula-
tors’’ of moisture and nutrients, so that their proportional
representation in regions may be relatively reduced
[Mackay and Eastburn, 1990]. Increases in human
demands for water and, in many areas, predicted decreases
in future precipitation coupled with higher temperatures,
suggest further ecosystem degradation and biodiversity
decline in coming decades [Palmer et al., 2008]. The
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combination of characteristics of floodplains (usually low
elevations, relatively moist, fertile soils) that are attractive
to humans renders them subject to multiple, concurrent
stressors.

[5] The Murray-Darling Basin is Australia’s largest river
system, stretching from south-central Queensland to South
Australia (25�S–37�S, 139�E–152�E); the basin covers
about 106 km2 (14% of the Australian continent). The land-
scape of the basin is composed of a mosaic of riparian,
floodplain, and upland ecosystems, much of which has
been severely modified by human actions over the last cen-
tury [McAlpine et al., 2009].

[6] The floodplain forests of the Murray-Darling Basin
have been negatively affected by a range of anthropogenic
stressors, including river regulation and water extraction,
broadscale land management actions across the whole
basin, and recent changes in climate and weather patterns
[Cai and Cowan, 2008a; Vaughan et al., 2009; Ackerly
et al., 2010; Camilleri et al., 2010]. None of these stressors
is unique to the basin; all have been documented in other
major floodplain ecosystems around the world [Foley et al.,
2005; Palmer et al., 2008]. However, there are only a few
places (e.g., the southwestern United States) where all of
these stressors have occurred synchronously and so
intensely over such a relatively short period of time. As
such, an assessment of the past, present, and the potential
future of the Murray-Darling Basin is useful in anticipating
the impacts such stressors, and their interactions, in other
major floodplain systems of the world.

[7] In this paper, we synthesize results on the population
viability and stand condition of river red gum (Eucalyptus
camaldulensis Dehnh.), the dominant tree species of the
floodplains of the Murray-Darling Basin. We present a con-
ceptual model within which our understanding of the
system is summarized, and we relate how natural resource
management and the state of river red gum forests are inex-
tricably linked to biodiversity in these ecosystems. Our
main focus is on the remnant river red gum forests of the
Victorian Murray River (Figure 1), which are the primary
management concern in The Living Murray program of the
Murray-Darling Basin Commission [Murry-Darling Basin
Commission, 2005]. There are extensive river red gum
floodplains in adjacent states (New South Wales, South
Australia), to which we refer where necessary, but the
knowledge is more complete and consistent for the Victo-
rian Murray River floodplain forests.

2. A Conceptual Model
[8] Over the past decade, there has been a wide range of

studies to describe and understand the complex ecological
processes operating on the Murray River floodplains. The
work has been multidisciplinary, from ecology, population
biology, hydrology, climatology, and environmental engi-
neering to remote sensing and forestry. To organize the var-
ied aspects of this research, we developed a conceptual
model that identifies the key components, processes, and
drivers of the floodplain forests of the Murray-Darling
Basin (Figure 2). The model is based on three levels: (1)
human actions that are either direct, such as river regulation
and forest management, or indirect, such as anthropogenic
climate change (Figure 2, octagons) ; (2) ecological stres-

sors arising from those human actions (Figure 2, rectan-
gles) ; and (3) consequent ecological responses. The latter
are focused on the population viability of river red gum
(Figure 2, shaded oval), stand structure, and stand condi-
tion. We begin by briefly considering the impacts of human
actions and describe how these have affected the ecological
stressors. We conclude by outlining effects on the river red
gum forests and floodplain biodiversity.

3. Anthropogenic Actions
3.1. Climate Change

[9] To determine how climate has changed across the
Murray River floodplain, we selected four extensive flood-
plains, which cover the range of climates along the river :
Lindsay Island–Wallpolla Island (centered on 34�120S,
141�300E), Hattah Lakes (34�420S, 142�240E), Gunbower
Island (35�450S, 144�180E), and Barmah-Millewa Forest
(35�510S, 145�030E, Figure 1). Data on rainfall, tempera-
ture, and modeled potential evapotranspiration (ET) [Allen
et al., 1998] were obtained from SILO (Queensland State
Government, Department of Natural Resources and Mines,
accessed April 2010) for the period 1889–2009. We used
daily maximum temperature because these reflect the great-
est physiological stress for the river red gum and were
highly correlated (r > 0.83) with the daily minimum
temperatures.

[10] We present information on annual anomalies. To rep-
resent climatic anomalies, the Australian Bureau of Meteor-
ology typically uses averages from the period 1961–1990
(e.g., http://www.bom.gov.au/cgi-bin/climate/change/time-
series.cgi, accessed May 2010). However, the choice of a
baseline is arbitrary and, in examining the time series, we
noted that the 54 year period 1943–1996 was comparatively
stable in both maximum temperature and rainfall, so we
have used this longer period for our analyses.

[11] The patterns of temporal variability in temperature
are similar among the four floodplains (Figure 3), so that
the average conditions provide a reasonable representation
of the broader regional trajectory. There has been a pro-
longed decline in rainfall since 1997 (Figure 3a), which is
consistent with trends across southeastern Australia [Cai
and Cowan, 2008a].

[12] The two decades prior to 1910 saw temperatures
between 1.0�C and 1.5�C above the baseline, while values
between 1910 and 1942 averaged about 0.5�C above the
baseline (Figure 3a). During the baseline period (1943–
1996), temperatures fluctuated above and below the mean
for periods of differing length (Figure 3b). Temperatures
rose rapidly (currently 1.5�C above baseline) and possibly
at an accelerating rate since 1997 (Figure 3b).

[13] Potential ET is an estimate of the atmospheric
demand for water that a plant has to meet or to avoid, and,
therefore, reflects the stresses that the forests, woodlands,
and wetlands of the floodplain experience better than
rainfall or temperature alone. The conjunction of decreas-
ing rainfall and increasing temperatures led to a near
monotonic increase in ET deficit since the mid-1990s
(Figure 3c).

3.2. River Regulation and Water Extraction
[14] Like most floodplains, the regulation of the Murray

River in southeastern Australia has reduced peak flows, and
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the historical frequency (35%–62%) and duration (40%–
80%) of extensive floods that connect the Murray River to
its anabranches [Maheshwari et al., 1995]. Annual inflows
into the Murray River (exclusive of inputs from the Darling
River and from the Snowy Mountains scheme) historically,
were extremely variable (Figure 4a). That variation has

declined markedly since the late-1990s, mainly due to
much-reduced inflows [Cai and Cowan, 2008a]. Diversions
(for irrigation, stock, and domestic) grew steadily from the
1920s, especially following the commissioning of the
Hume Dam in the upper reaches of the Murray River in the
early 1930s [Kingsford, 2000]. By the early 1990s, the state

Figure 1. Locations of extensive river red gum floodplain forests along the Murray River of southeast-
ern Australia. The Murray River flows from the Hume Dam to the ocean at Wellington, and forms the
border between Victoria and New South Wales (flow direction indicated by gray arrows).

Figure 2. Conceptual model linking human actions (octagons) to ecological stressors (white rectan-
gles) to consequences on river red gum (RRG) population viability and stand condition. Arrows indicate
relationships that promote the quantity or process to which the arrow is directed; solid circles have
reducing or inhibiting effects. RF is rainfall, ET is evapotranspiration, and T is temperature, with up
(increases) and down (decreases) arrows indicating directions of change.
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and federal governments imposed a cap on further
increases in extractions. However, temperature rises and
reduced rainfall since the late 1990s, especially in autumn
[Cai and Cowan, 2008b], led to a marked decline in water
availability [Cai and Cowan, 2008a] (Figure 4b). For much
of the 2000s, extractions exceeded inflows (Figure 4b).

[15] A consequence of these reduced inflows and
increased diversions has been the stark reduction in floods.
River regulation has had a profound influence on the return
times of bankfull discharges. For example, comparing regu-

lated flows with modeled natural flows for a major tributary
of the Murray River in New South Wales, the Murrum-
bidgee River showed a reduction of 43%–56% in the fre-
quency of such flows between 1970 and 1998 (Table 1).
The average duration between flooding episodes increased
twofold since significant water diversions began in major
wetland sites across the basin [CSIRO, 2008]. Climate
change was not expected to greatly increase the average
inter-flood interval in most locations above this develop-
ment-driven doubling. However, for the Chowilla flood-
plain in South Australia, the average interval between
flooding increased from 2 year (historical interval) to 9
year (regulated) and is projected to increase to 19 year by
2030 [CSIRO, 2008]. The maximum period between floods
has doubled on average across the basin, but in some im-
portant floodplains, such as Barmah-Millewa and the Gun-
bower-Koondrook-Perricoota Forests, the period has
increased from 5 year (historical period) to 11 year (regu-
lated) and is projected to be 21 year by 2030 [CSIRO,
2008]. Since 1990, groundwater depths have declined on
important floodplains of the Murray River, often below the
effective reach of the roots of the trees, and an attendant
rise in salinity, with salinity often exceeding that of sea-
water (30 mS cm�1) in the lower Murray River (Table 2).

3.3. Land-Use Change and Forest Management
[16] The Murray-Darling Basin has lost at least 1.2 �

1011 trees since European settlement in the late 1700s
[Walker et al., 1993]. The loss of forests and woodlands
has been selective, with lowland woodlands in humid areas
on better soils being almost entirely converted to agricul-
ture [Environment Conservation Council, 2001]. Two
major consequences of this regional-scale land conversion
have been substantial declines in biodiversity [Bennett et
al., 1998; Barrett et al., 2003; Mac Nally et al., 2009] and
the secondary salinization of large swathes of plains sys-
tems [Bennetts et al., 2006]. For example, of the 1.3 � 107

hectare (ha) of Victoria within the Murray-Darling Basin,
202,000 ha was salinized in 1999 and 840,000 ha is
projected to be affected by 2050 [Murray-Darling Basin
Ministerial Council, 1999].

[17] The floodplain forest systems have been spared the
severest of total tree clearance. For example, 90,000 ha
(60% of historical extent) of the floodplain forest in north-
ern Victoria [Victorian Environmental Assessment Council
(VEAC), 2008] and 236,000 ha (68% of historical extent)
of the floodplain forest in the Riverina of southern New
South Wales remains [Natural Resources Commission
(NRC), 2009b]. This relatively high areal retention is due
to the management of river red gum forests for timber
extraction (poles, posts, house frames, railway sleepers,
and firewood), which has been a major activity for almost
200 years [Crabb, 1997]. The growth rates of river red
gums in the Barmah Forest and on Gunbower Island have
decreased by up to 40% over the long dry period after 1996
(Table 3). For the major production areas in Victoria, the li-
censed sawlog extractions exceeded estimated productivity
by 43% [VEAC, 2008], leading to recommendations for the
complete closure of the Barmah Forest and for a 15%
reduction in harvestable area at Gunbower Island (Table 3).

Figure 3. Details of climate dynamics for four Murray
River floodplains on the basis of anomalies relative to the
average annual values for the 1943–1996 period inclusive.
Plots are (a) annual rainfall anomaly, (b) annual tempera-
ture anomaly, and (c) annual evapotranspiration (ET)
anomaly. Solid lines are 5-year moving averages for the
four floodplains. The four floodplains, with symbols indi-
cated, are from west to east: Lindsay-Wallpolla Islands
(solid circle, 34�120S, 141�300E), Hattah Lakes (open
square, 34�420S, 142�240E), Gunbower Island (open circle,
35�450S, 144�180E), and Barmah-Millewa Forest (solid
square, 35�510S, 145�030E).
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4. Proximal Ecological Stressors
4.1. Flooding

[18] Floods are critical to the life cycle of much of the
flora and fauna on the floodplains of the Murray-Darling
Basin. Although river red gums can germinate after heavy
rainfall events, the survival of saplings is much increased
by the moist conditions provided by floods in the first few
years, which allow the taproot to reach underground water
sources and avoid future water stress [Dexter, 1978]. Very
little of the river red gum floodplain now experiences
extensive (1000s of ha), long-term (>3 mo) flooding. Man-
agement agencies have resorted to providing artificial
floods to sustain adult trees and to promote the recruitment
of saplings. These management floods are of limited areal

extent (100s of ha) and duration (<3 mo) owing to the lim-
ited water available for this purpose [Bond et al., 2008].

4.2. Salinity
[19] The Murray-Darling Basin is predominantly semi-

arid with variable rainfall and high evaporation, which
leads to saline groundwater [Gee and Hillel, 1988].
Impoundments maintain elevated river levels and elevate
groundwater levels upstream of them [Jolly, 1996].
Groundwater extraction, which is common in arid and
semiarid regions, increases groundwater depth [Gore,
1994]. Reductions in flooding have resulted in a higher de-
pendence of trees on groundwater, which has lowered fur-
ther the groundwater ; this has caused the salinization of
soils in areas underlain by saline groundwater (Table 2)
[Jolly, 1996]. Riverine systems have received vast amounts
of salt from upland areas and the plains, which are depos-
ited in high-order rivers such as the Murray River. River
regulation has prevented ‘‘flushing flows,’’ which leach
salts from floodplain soils [Overton et al., 2006]. This is
particularly important in areas of drying climates, where
reduced rainfall is insufficient to leach salts from root
zones.

4.3. Grazing
[20] We use the term ‘‘grazing’’ as both grazing of

grasses and herbs and browsing on woody seedlings. Graz-
ers can be grouped into: (1) domestic livestock grazing on
floodplains; (2) invasive species (primarily the European
rabbit Oryctolagus cuniculus L., but also the European

Figure 4. Time series of total annual inflows in teralitres (TL yr�1, dashed line and gray bars), exclud-
ing inflows from the Darling River and from Snowy River diversions, into and total diversions out of
(solid line and black bars) the Murray River (a) over the last century and (b) detail of the patterns since
the onset of the long dry period in the mid-1990s. Three-year moving averages are provided for each
data set. Dashed lines are the average total inflow prior to 1997.

Table 1. Numbers of Occasions Between 1970 and 1998 in
Which Bankfull Flows Occurred With Regulated Flows and Mod-
eled Natural Flows at Six Gauging Stations Along the Murrum-
bidgee River in New South Wales, Australia [Page et al., 2005]a

Station Natural Regulated Percent Reduction

Gundagai 41 19 54
Wagga Wagga 59 26 56
Narrandera 47 22 53
Darlington Point 51 28 45
Hay 35 20 43
Balranald 25 11 56

aStations are ordered from the most upstream (Gundagai) to the most
downstream (Balranald).
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brown hare Lepus capensis L.); and (3) native mammals
(mostly kangaroos, Macropus fuliginosus (Desmarest) and
M. rufus (Desmarest)). Grazing by cattle and sheep on
Murray-Darling Basin floodplains began in the 1830s
[VEAC, 2008]. Feral rabbits became abundant in the 1890s
[Bacon et al., 1994]. Grazing licenses for livestock con-
tinue on some of the floodplains [NRC, 2009a]. The grazing
of floodplain forests by livestock, sheep, and cattle has
demonstrably adverse effects on understorey vegetation,
including the saplings of river red gum [Robertson and
Rowling, 2000]. The slope of the relationship between an
index of floodplain condition (predominantly vegetation
indicators) and a standardized measure of grazing intensity
was strongly negative (slopes were –0.14 6 0.02 SE and
–0.23 6 0.02 SE for two geomorphic regions of the river
valley) at sites on the Murrumbidgee River floodplains, a
major tributary of the Murray River [Jansen and Robert-
son, 2001]. Rabbit numbers have recovered from the
impacts of rabbit hemorrhagic disease virus [Lawrence,
2009], while some native herbivores, such as kangaroos,
have been largely restricted to remnant native vegetation,
including the floodplain forests [Morgan and Pegler,
2010].

4.4. Wood Removal: Shaping the Forest
[21] Timber management has left river red gum flood-

plain forests in a much-altered condition. Timber harvest-
ing has resulted in predominantly even-aged stands of
straight ‘‘poles’’ with few large trees areas, especially in
the more easterly remnant floodplains (Barmah-Millewa
Forest and Gunbower Island). Forest structure prior to
European settlement is thought to have consisted of rela-
tively few large (diameter at breast height �1 m), widely
spreading trees interspersed with a mosaic of mixed-aged
stands of varying sizes [Jacobs, 1955].

[22] River red gum forests have been extensively exploited
for firewood for more than a century. In the public forests of
the Murray-Darling Basin, approximately 1.15 � 105 t yr�1

of firewood and approximately 1.22 � 105 t yr�1 of timber
(including wood chips) are removed [Crabb, 1997]. A conse-

quence of this intense harvesting pressure has been a near-
complete elimination of fallen timber (logs and branches
�10 cm diameter and �1 m long, [Harmon et al., 1986;
Mac Nally et al., 2002a]). Measurements and estimates of
total current fallen timber loads (2001) ranged between 12
and 24 t ha�1, with a total load of about 4.75 � 106 t in the
floodplain forests of the southern Murray-Darling Basin
(Table 4). If fallen timber loads prior to European settlement
in the nineteenth century were similar to loads found in inac-
cessible areas of the floodplains of southern New South
Wales (�125 t ha�1) [Robinson, 1997], then current loads
are only 15% of former loads (Table 4). Thorough investiga-
tions of nineteenth century literature and diaries provided no
more definitive measures of presettlement loads than these
estimates [Mac Nally and Parkinson, 2005].

5. Ecological Consequences: River Red Gum
Stand Condition and Demography
5.1. Trajectories of Stand Condition

[23] River regulation of the Murray-Darling Basin,
which has much reduced flooding frequencies and led to a
decline in groundwater availability, has led to the extensive
dieback of floodplain forests. The dieback of river red gum
forests along the Victorian Murray River floodplain
increased from 45% to 70% of the floodplain forests
between 1990 and 2009 (Figure 5) [Cunningham et al.,
2009a; Cunningham et al., 2011]. In 2009, 79% of the for-
ested area on the Murray River floodplains contained some
degree of forest dieback. The proportions of affected areas
did not differ substantially between the 1990 and 2003 esti-
mates, but both values were substantially less than the 2006
and 2009 estimates, which were not different (Figure 5).
This substantial decline in stand condition since 2003 sug-
gests that the area of dieback will continue to increase
unless the frequency and extent of flooding is substantially
elevated.

[24] Groundwater depth and salinity are strong predictors
of stand condition in river red gum forests [Cunningham
et al., 2011]. In the upper, eastern-most Murray region,

Table 3. Timber Harvesting Estimates for River Red Guma

Floodplain Forest

Growth Rates
(m3 ha�1 yr�1)

Available Areas
(ha)

Growth Over Avail-
able Areas (m3 yr�1)

Sawlogs
(m3 yr�1)

FF DC FF RC FF DC FF RC

Barmah 0.24 0.14 18,100 0 4,344 2,534 2,970 0
Gunbower Island 0.20 0.12 11,458 9,884 2,292 1,375 1,573 814

aTimber harvesting estimates are based on the long-term, frequent-flooding (FF) growth rates and on revised estimates under current dry conditions
(DC) and recommended changes (RC) adapted from VEAC [2008].

Table 2. Characteristics of Groundwater Bores From Four Floodplains Along the Murray River Floodplainsa

Region N

Groundwater in 1990 Groundwater in 2006

Depth (m) Salinity (mS cm�2) Depth (m) Salinity (mS cm�2)

Chowilla and Lindsay/Wallpolla 89 4.3 6 0.2 26.3 6 2.5 4.9 6 0.2 32.0 6 2.7
Hattah Lakes 60 4.6 6 0.3 24.0 6 2.7 5.8 6 0.3 24.6 6 2.8
Gunbower Island 34 4.7 6 0.5 16.3 6 2.2 6.6 6 0.5 18.7 6 2.4
Barmah-Millewa Forest 105 9.0 6 0.4 2.5 6 0.5 11.0 6 0.5 2.8 6 0.5

aValues are means 6 SE [Cunningham et al., 2011].
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where the groundwater is predominantly fresh (<15 mS
cm�2, Table 2), stand condition decreased with increasing
groundwater depth. However, the condition of stands in the
lower, western-most Murray floodplains improved with
increased groundwater depth because of the high salinity
of the groundwater (>30 mS cm�2, Table 2) [Cunningham
et al., 2011]. Therefore, effective groundwater management
differs across the Murray River floodplain.

[25] In natural germination events, large numbers of seed-
lings emerge, often in dense copses. The thinning of estab-
lished trees in river red gum forests has been suggested to
improve stand condition and associated ecologically impor-
tant characteristics. In a 42 year thinning experiment at Bar-
mah Forest, in the more mesic, easterly part of the Murray
River floodplains (Figure 1), the thinning of high-density
(> 1000 trees ha�1) stands appeared to improve survivorship

in the continuing dry conditions [Horner et al., 2010].
Above-ground carbon storage rates were substantially higher
(3.1–4.1 t C ha�1yr�1) in all treatments in which the initial
density (4000 ha�1) was thinned to less than 1000 trees ha�1.
Unthinned forests stored 1.6 6 0.3 t C ha�1yr�1 [Horner
et al., 2010]. The numbers of hollow-bearing trees, which are
critical for breeding and shelter for much of the vertebrate
fauna of many temperate Australian forests, including river
red gum forests [Bennett et al., 1994; Gibbons et al.,
2002], were much more prevalent in thinned stands. No
hollows were detected in unthinned stands, but there were
20 6 15 SE hollow-bearing trees ha�1 for the other thinned
treatments [Horner et al., 2010].

[26] These results were mirrored in planting experiments
where treatments were of different initial densities at Bar-
mah over the same period [Horner et al., 2009]. Therefore,
manipulations of stand density may provide some tempo-
rary improvement in condition, but increased water avail-
ability through flooding is ultimately required to mitigate,
if not reverse, the negative impacts of a rapidly drying
climate and water extractions.

5.2. Population Processes of the River Red Gum
[27] Reduced water availability and quality caused by

river regulation, salinization, and a drying climate has cre-
ated unfavorable conditions for all stages of the life history
of the river red gum. Recruitment appears to be affected by
the interaction of reduced flooding, grazing, and soil salin-
ity. In September 2006, we established two pairs of grazed
and ungrazed (3 � 3 m) plots at each of six creeks across
the Lindsay-Wallpolla Islands floodplain. Ungrazed plots
were fenced with mesh to 1.8 m high to exclude all mam-
malian herbivores. Half of the creeks were experimentally
flooded by the responsible natural resource management
agency. Plots were surveyed eight times between October
2006 and June 2008. Sediment salinity can influence popu-
lation viabilities of floodplain plants by limiting germina-
tion and by killing seedlings [Cramer and Hobbs, 2002], so
we measured sediment salinity. We used a Weibull survival
model with flooding and grazing as factors and with sedi-
ment salinity as a covariate. The positive effects of flooding
on survival (on a log (survival) scale: 2.04 6 1.27 SD)
were nullified by grazing (–1.28 6 0.49) and sediment sa-
linity (–0.42 6 0.21). Given the extensive dieback of
mature trees, there is an urgent need to enhance seedling
and sapling recruitment. The restoration of population via-
bility needs to consider the effects of these multiple inter-
acting stressors that limit recruitment.

6. Ecological Consequences: Floodplain
Biodiversity

[28] The floodplain biota is affected by several aspects of
stand structure and condition and by flooding. The
structural characteristics of the forests, especially the
much-modified ‘‘pole’’ versus ‘‘spreading tree’’ forms, and
the removal of fallen timber have demonstrable effects on
floodplain vertebrates [Mac Nally and Horrocks, 2007].
Avian assemblage structure is likely to change substantially
because different birds species respond differently to stand
structure, the availability of shrubs, etc. For example, the
encroachment of invasive Tamarix spp. into Populus-Salix
forests in the southwestern United States, associated with

Table 4. Estimates of Fallen-Timber Loads on Southern Murray-
Darling Floodplains [Mac Nally et al., 2002a]

Floodplain
Area
(ha)

Mean Fallen-Timber
Load (t ha�1)

Floodplain
Totals (t)

Barmah Forest 30,000 24.4 741,900
Gunbower Island 21,000 16.0 335,900
Goulburn River 7,000 11.8 83,800
Millewa Forest 33,600 16.8 562,600
Ovens River 10,000 18.7 188,000
Murray Channel 119,480 18.9 2,262,900
Total 221,080 18.9 4,175,100
Unharvested estimates

[Robinson, 1997]
442,160 125 27,635,000

Percent remaining — 15%

Figure 5. Times series of dieback in river red gum forests
across the Victorian Murray River Floodplain. Forest die-
back includes all stands where the average tree has less
than 80% of its potential crown. Data are adapted from
Cunningham et al. [2009a, 2009b]. Bars are standard devia-
tions of estimates. Years with the same letter did not have
substantial differences in the extent of dieback using odds
ratios >10 (see Table 5).
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increases in groundwater depth due to pumping, led to
declines in species richness and the number of unique spe-
cies on the floodplain [Brand et al., 2008]. Vertebrates
appear to respond to river red gum stand condition, but
flooding per se is indirectly important, probably through
increasing the availability of prey invertebrates [Mac Nally
and Horrocks, 2008].

6.1. Animals
[29] Small mammals and birds in these floodplain forests

prefer higher loads of fallen timber than are typically avail-
able in managed forests [Mac Nally et al., 2002b; Lada
et al., 2007]. Although not yet teased apart experimentally,
this response is likely to be related to increased cover, shel-
ter from predation, and higher availability of food, espe-
cially of invertebrates [Mac Nally and Horrocks, 2007].
We manipulated woodloads in thirty 1 ha plots, and moni-
tored them prior to and after the manipulations [Mac Nally,
2001]. Bird assemblages were much affected by fallen-
timber loads, with clear differences in avian composition at
sites with loads exceeding 40 t ha�1 compared with sites
with lower timber loads [Mac Nally and Horrocks, 2007].
The densities of a near-threatened bird species, the brown
treecreeper (Climacteris picumnus), were substantially
higher in all treatments with timber loads �40 t ha�1 (Fig-
ure 6), which was possibly due to a higher availability of
invertebrate prey.

[30] Some vertebrate species appear to respond not only
to fallen-timber loads but to flooding and the availability of
large trees, which have a much higher probability of bear-
ing hollows upon which the species rely [Horner et al.,
2010]. The pole-oriented management in the eastern Mur-
ray River floodplains has produced stands that are largely
bereft of tree hollows, with follow-on effects on hollow-
dependent fauna [Horner et al., 2010]. Tree hollows de-
velop from large, essentially horizontal branches [Vesk et

al., 2008], which are deliberately removed by current forest
management practices to improve sawlog production
[NRC, 2009a].

[31] The most common small-mammal species on river
red gum floodplains, the yellow-footed antechinus (Antechi-
nus flavipes), a small marsupial carnivore (30–80 g), appears
to respond to three factors (Table 5). Antechinuses were
more likely to be trapped (a measure of abundance, [Lada
et al., 2008a]) at locations with higher fallen-timber loads,
around areas of recent flooding, and where there are more
large, hollow-bearing trees (Table 5). Females did not pro-
duce young in sites with �20 t ha�1, and the most breeding
was at sites with the highest fallen-timber loads (80 t ha�1)
[Mac Nally and Horrocks, 2008]. The population dynamics
of A. flavipes appear to be strongly related to the extent and
duration of floods [Mac Nally and Horrocks, 2008]. Popula-
tion surges in A. flavipes probably occur because of elevated
availabilities of food. Flooding appears to cause irruptions
of both abundances, and biomass of beetles that contribute
to higher food availability for the ground-feeding, insectivo-
rous antechinuses [Ballinger et al., 2005, 2010]. These
increases in beetles are greater in areas that are inundated
for longer periods. For example, the number of beetles was
six times higher in extensively flooded sites compared with
unflooded sites, while biomasses were almost 100-fold
higher (Table 6). Females of A. flavipes have as many as 15
young in a season (mean ¼ 10.4 6 2.2 SD), which is con-
sistent with a life history of opportunistic, explosive breed-
ing, so populations are capable of responding rapidly to
fluctuations in resource availability. Therefore, when floods
generate high invertebrate flushes, antechinus survivorship
is high and densities increase sharply.

[32] Birds respond directly to river red gum stand condi-
tion [sensu Cunningham et al., 2009b]. We looked at four
measures of avian response: (1) the total number of species
recorded over five visits ; (2) the total records of all species
over five visits ; (3) the number of species showing any
breeding activities ; and (4) total breeding activity summed
over all species. We used quantile regression for the me-
dian [Koenker, 2010] because of the non-normality of the

Figure 6. Densities (mean 6 SE) of the brown tree-
creeper (Climacteris picumnus) in a mesoscale experiment
involving relocation of fallen timber among treatments
[Mac Nally, 2006]. There were four replicate 1 ha plots for
all treatments except the cleared treatment (n ¼ 6), and
data are for pre- (open bars) and postmanipulation (hatched
bars) surveys. Pre- and postmanipulation means were dif-
ferent for all treatments apart from cleared 20 t ha�1 and
the control.

Table 5. Dependence of Trapping Rates (Genders Combined) of
the Yellow-Footed Antechinus on Site Characteristics on the Mur-
ray River Floodplaina

Predictor Variable Coefficient 6 SDb

Change in
Capture Odds

(95% CI)c

Distance to floods (km) �0.45 6 0.19 �36% (�56, �8)
Fallen-timber load (t ha�1) 0.31 6 0.07 þ36% (19, 56)
Numbers of large trees (� 60 cm) 0.17 6 0.07 þ19% (3, 36)

aResults from a Bayesian binomial response model on the basis of a sur-
vey of one hundred eighty-three 0.25 ha plots [Lada et al., 2007].

bCoefficients are estimated changes in the log-odds transformed capture
rate per 1 SD change in the predictor variable.

cExpected change in the odds of capturing antechinus per unit change in
the predictor variable (e.g., the odds of capturing an antechinus in a single
trap night increase by 36% for every additional ton per hectare of fallen
timber). Values were derived directly from the regression coefficients
(odds ratio ¼ exp (coefficient/SD), where SD is the SD of the predictor
variable). Ninety-five percent CI ¼ 95% Bayesian credible interval: 95%
of the posterior probability mass of the parameter estimates lies within
these limits.
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data. After taking into account the influence of other cova-
riates (e.g., numbers of tree hollows, fallen-timber loads),
stand condition (scored on a scale of 0–15) had a positive
effect for the four response variables. The estimated slopes
(25% and 75% credible intervals) were: (1) total number of
species recorded, 0.70 (0.15–1.31); (2) total records of all
species (i.e., the numbers of individuals of all species seen
over all visits), 4.00 (0.38–5.77); (3) number of species
showing any breeding activities, 0.33 (0.20–0.63); and (4)
total breeding activity summed over all species, 0.60
(0.10–2.46).

[33] The yellow-footed antechinus also responds to stand
condition. We used data from extensive surveys of 268 sites
in Barmah, Millewa, Gunbower, Koondrook, and Perricoota
Forests [Lada et al., 2007, 2008a, 2008b, 2008c]. The
captures per trap-night of females were positively associ-
ated with stand condition [quantile regression: 0.005,
bounds ¼ (0.001–0.014)], and even more strongly for the
rare females that reach a second breeding season [quantile
regression: 0.007, bounds ¼ (0.006–0.010)]. Males, all of
which die after breeding, were negatively associated with
stand condition [quantile regression: –0.013, bounds ¼
(–0.022, 0.0002)], which is consistent with their ejection
from the home ranges of territorial females and their exten-
sive searching for mates during the short breeding season
[Lada et al., 2007].

6.2. Floodplain Understorey Plants
[34] The drying climate is likely to exacerbate forest die-

back and lead to landscape-scale changes in the population
viability of trees and forest structure. The processes respon-
sible for forest dieback (reduced flooding and soil saliniza-
tion) may result in a change in understorey plant
assemblages. At Wallpolla Island, in the more xeric west of
the Murray River floodplains (Figure 1), the richness of
native understory plants was strongly negatively associated
with plant area index, a measure of canopy coverage (Table
7). Flooding had a pronounced positive effect on native
plant richness, more than doubling the number of species

compared to unflooded sites, while there was a weaker neg-
ative effect of increasing canopy cover (Table 7).

[35] Structural heterogeneity among stands is a strong
predictor of species diversity at the patch-scale [Connell,
1978; Petraitis et al., 1989]. Manipulating forest structure
through silvicultural thinning reduces tree mortality, and
enhances wildlife habitat quality and aboveground carbon
storage [Horner et al., 2010]. Therefore, combinations of
thinning and restoration flooding treatments should create a
larger variety of forest structures that will enhance plant
species richness and functional diversity.

7. Conclusions
[36] The ecology of the floodplain forests along the Mur-

ray River has been drastically changed by a combination of
anthropogenic actions (Figure 2). Increasing river regula-
tion and water extraction and a drying climate have reduced
the frequency and extent of flooding. Forest management
has altered forest structure from one dominated by large,
spreading trees, interspersed with a mosaic of mixed-aged
patches, to one of even-aged stands of slender ‘‘poles’’ with
few large trees and low fallen timber loads. River red gum
forests have undergone extensive dieback (70% of the for-
est) and recruitment events are rare on the floodplains due
to reduced flooding frequencies, increasing soil and
groundwater salinity and ongoing grazing. These pro-
nounced structural changes to the forest have led to
declines in the abundance, richness, and breeding activity
of birds and mammals, and have shifted the understorey to-
ward a terrestrial flora dominated by weeds. The lack of
current regeneration means that there is a substantial risk of
complete forest loss as the older trees senesce and die with-
out replacement. The restoration of these forests is depend-
ent on substantial increases in the frequency and extent of
flooding, re-establishing a diversity of forest structures and
consideration of the interacting stressors of grazing and
salinity.
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Table 6. Abundances and Biomasses of Beetles in Areas of No,
Medium, and Extensive Flooding on the Barmah Floodplain in
2001 [Ballinger et al., 2005]a

Variable, Treatment N (Sites) Mean (Range)

Abundanceb

No flooding 7 8 (6–11)
Medium flooding 8 14 (11–17)
Extensive flooding 9 47 (38–57)

Biomassc

No flooding 7 35 (19–63)
Medium flooding 8 75 (43–132)
Extensive flooding 9 2981 (1808–4915)

aFlooding definitions: no flooding: soil dry and compacted, ground
cover of dry grasses, no aquatic-insect exuviae evident; moderate flood-
ing: soil dry, ground covering generally of verdant grass but may be some
dead aquatic plants present, few aquatic-insect exuviae present, may be
some silt deposited by floodwaters evident; extensive flooding: damp soil,
considerable growth of aquatic plants, many exuviae of aquatic insects
attached to tree trunks, often extensive silt deposition, ‘‘watermark’’ left on
tree trunks.

bAbundance ¼ individuals (0.022 m2 trap surface area)�1 (5 d)�1.
cBiomass ¼ mg (0.022 m2 trap surface area)�1 (5 d)�1.

Table 7. Predictors of Species Richness of Native Understory
Plants at the More Xeric, Westerly Wallpolla Island Determined
by Bayesian Model Averaging [Raftery et al., 1997]

Predictor Variablea Pr (Inclusion)b Estimated Coefficient (6 SE)c

Plant area index 1.00 �0.19 6 0.05
Live basal area 0.20 �0.01 6 0.04
Percent live basal area 0.26 �0.02 6 0.04
Tree density 0.16 �0.01 6 0.02
Flood 1.00 0.71 6 0.09

aPlant area index is the area of leaves and stems per unit ground area;
percent live basal area is the proportion of the total basal area of a stand
containing live stems; flood is the application of an experimental flood.

bPosterior probability that the predictor variable is included in the best
predictive model. Variables with Pr (inclusion) > 0.75 were identified as
key predictors.

cCoefficients are based on the weighted posterior mean coefficient of
retained models produced by Bayesian model averaging.
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