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Most floodplains have been drastically altered by vegetation clearance and river regulation for human
needs. In the mid-latitudes, these degraded ecosystems now face the formidable challenge of rapid
warming and drying of climates. If the plant diversity of floodplain forests is to be maintained under
future climates, their management must be informed by an understanding of how anthropogenic stress-
ors and environmental gradients shape these ecosystems. We used a field survey to examine the potential
drivers (forest structure, flooding and anthropogenic disturbance e.g. grazing and logging) of species rich-
ness and composition of Eucalyptus camaldulensis floodplain forests in southeastern Australia. Ninety–
three stands were surveyed over 15,500 ha of forest, covering a representative range of forest structures
and landscape positions, on a mesic and a semi-arid floodplain. Forest structure was an important predic-
tor of the richness and composition of the understorey of river red gum forests on both floodplains. In
particular, richness of native species was associated negatively with increasing canopy cover. On the
semi-arid floodplain, where there was recent flooding and grazing, these disturbances were also associ-
ated with changes in understorey composition. Recent flooding was associated positively with native spe-
cies richness, with flooded stands having twice the number of native species found in unflooded stands.
Recent grazing was associated with an increase in species richness, which may reflect the concentration
of herbivores around flooded areas. Targeted thinning to increase structural diversity among stands may
temporarily enhance habitat heterogeneity and plant diversity of floodplain forests. If a diverse, native
floodplain forest community is to be sustained in these landscapes, management must include regular
flooding that approximates the diversity of historical flooding regimes.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Global climate is predicted to become hotter (0.2 �C decade�1)
this century and precipitation may decline by up to 20% at mid-lat-
itudes (IPCC, 2007). This is an acute additional stress on native eco-
systems, which are already under intense pressure from other
anthropogenic disturbances. Since the 1850s, deforestation has in-
creased rapidly, with global forest cover declining from 85% to 71%
(Goldewijk, 2001), to meet urban and agricultural expansion. Man-
agement of landscapes for agricultural, industrial and urban uses
(e.g. river regulation and fuel reduction burning) has dramatically
altered historical disturbance regimes of native forests. Forests are
utilised heavily for their resources, including harvesting of wood
and grazing of their understoreys. In a depleted state, forests
now face the pressing challenge of rapid warming and drying of
climates. If the biodiversity of forests is to be maintained under
ll rights reserved.
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future climates, their management must be informed by an
understanding of how anthropogenic stresses shape these
ecosystems.

There is a growing understanding of how the components of
biodiversity – composition, structure and function – interact in na-
tive ecosystems. Species richness can be associated positively with
ecosystem functions, such as primary productivity and nutrient cy-
cling (Hooper et al., 2005). Plant communities with high species
richness generally have a higher resistance to invasion by exotic
species (Planty-Tabacchi et al., 1996) and may have a greater abil-
ity to recover from disturbance (Franklin et al., 1989). The majority
of the plant diversity in most forests is in the understorey flora
(Roberts, 2004). The structural complexity of forests – size-class
distribution and number of canopy strata – is known to affect
the understorey of forests, with structurally complex, mature for-
ests having higher plant diversity than in young stands or planta-
tions because they provide a wider range of habitats (Ishii et al.,
2004). Manipulation of forest structure has been used to increase
the diversity of both understorey plants and animals (e.g. Beese
and Bryant, 1999) but its effectiveness remains uncertain.
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Plant diversity of forests is shaped by disturbances such as fire,
storms and flooding. We modified the conceptual model of Roberts
(2004) to illustrate how disturbances can alter the strata of forests
creating changes in understorey composition (Fig. 1). The type,
scale, severity, frequency and season of disturbances determine
the relative amount of canopy and understorey foliage removed,
which influences resource partitioning among strata (Roberts,
2004). Disturbances increase the resources available on the forest
floor (Fig. 1), such as light, moisture, nutrients, substrates and
growing space, that provide opportunities for the establishment
of plants (Canham and Marks, 1985). Natural disturbance regimes
create spatial heterogeneity in the structure of a forest that often
produces higher plant diversity (Franklin et al., 2002). In contrast,
silvicultural management often simplifies forest structure and
composition to enhance the production of timber products. For-
estry generally aims to improve the productivity of a single com-
mercial tree species through selective stocking and thinning of
stand density, which can increase growth and richness of under-
storey plant communities (e.g. Bailey and Tappeiner, 1998) but
not necessarily their diversity. However, logging reduces the can-
opy without the other benefits of disturbance to the understorey,
such as habitat and nutrients provided by tree mortality. Grazing
by livestock and feral herbivores creates regular disturbance,
which often favours exotic weeds (Fleischner, 1994). Forests are of-
ten managed to minimise the scale, severity, frequency, and dura-
tion of natural disturbances, such as fire and flooding, to protect
timber, stock and surrounding property.
Fig. 1. Conceptual model showing how disturbance alters the strata of a forest (rounded
Model was modified from a figure in Roberts (2004).
River regulation and water extraction for human needs have
disrupted hydrological regimes of many of the world’s rivers, caus-
ing changes in forest structure (e.g. Scott et al., 1997), shifts in
plant-community composition (e.g. Trémolières et al., 1998) and
facilitating invasions of exotic species (e.g. Stromberg et al.,
2007). In arid regions, floodplain forests support a distinct flora
and fauna shaped by spatial and temporal variability in surface
and groundwater flows (Ward et al., 1999), which increase local
and regional biodiversity (Sabo et al., 2005). River regulation has
reduced the scale, frequency and duration, and changed the sea-
sonality of historical flooding, creating conditions unfavourable
for survival of floodplain trees and causing widespread dieback
across many floodplains, particularly in arid regions (Busch and
Smith, 1995). Reductions in canopy cover associated with forest
dieback are likely to change the availability of resources (e.g. light,
water, nutrients and substrates for establishment) to the
understorey.

An acute example of forest dieback under river regulation are
the river red gum (Eucalyptus camaldulensis Dehnh.) floodplain for-
ests of the Murray-Darling Basin, which is Australia’s largest river
system (Cunningham et al., 2009a). Similar to most floodplains,
woody vegetation of the Murray-Darling Basin was extensively
cleared, with up to 90% converted to agriculture in many areas
(Walker et al., 1993). River red gum forests now exist as isolated
fragments within an agricultural landscape and provide vital refu-
gia for regional biodiversity (Lada et al., 2008). Within remnant for-
ests, dieback has increased substantially in extent from 45% to 70%
rectangles) creating potential drivers (ovals) of change in understorey composition.
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of the Victorian Murray River floodplain between 1990 and 2009
(Mac Nally et al., 2011). Similar increases in forest dieback after
river regulation have been observed on arid floodplains of Africa
(O’Connor, 2001), Europe (González et al., 2010) and North Amer-
ica (Williams and Cooper, 2005). A drying climate and increasing
human needs for water suggest forest dieback will continue to
spread, posing the most immediate threat to the biodiversity of
these arid floodplains.

In the absence of adequate water availability (rainfall and flood-
ing) for the majority of the floodplain, manipulation of stand struc-
ture may ‘drought proof’ the forest and ensure the maintenance of
regional biodiversity. Reducing tree density by silvicultural thin-
ning has been suggested to accelerate restoration of many flood-
plain forests but it remains largely untested (Berg et al., 2003).
Planting trees at, and thinning regenerating forests to, low densi-
ties (<1000 trees ha�1) increased the survival rates of river red
gum on a mesic floodplain of the Murray River during the recent
extended drought (1997–2010, Horner et al., 2009, 2010). The re-
sponse of the understorey to thinning is likely to be more complex
than the overstorey due to the diversity of species and life-forms
involved, and the response of understoreys should be more rapid
given shorter generation times. The composition of the understo-
rey is likely to be influenced by other factors including microcli-
mate, residual biomass, microtopography, available substrates
and nutrients, and abundance of propagules (Fig. 1).

If the plant diversity of floodplain forests is to be maintained
under future climates and human needs, we must understand
the factors that shape the understoreys of these regionally impor-
tant ecosystems. Here, we determine the relative influence of for-
est structure and potentially important disturbances – flooding,
grazing and logging – on the species richness and composition of
floodplain forests. A correlative approach was used because
large-scale manipulations are infeasible.
2. Methods

2.1. Study area

Two floodplains along the Murray River with differing current
and historical water availability were surveyed to provide a broad
view about the disturbances that shape the plant diversity of flood-
plain forests. The semi-arid floodplain, Wallpolla Island (34�070S
141�480E), and the mesic floodplain, Gunbower Island (35�460S
Fig. 2. Distribution of Eucalyptus camaldulensis forests and woodlands along the Victoria
and mesic (Gunbower Island) floodplains, other floodplains mentioned and the dams al
144�170E, Fig. 2), are from distinct bioregions with contrasting cli-
mates, geomorphologies, lithologies and biota (Pressey, 1986).

Wallpolla Island (9400 ha, 5–10 km wide) is within an en-
trenched river valley (ca 15 km wide) with a diversity of land-
forms, including anabranch creeks, oxbow lakes, ephemeral
swamps, scroll plains and meander belts (Pressey, 1986). Water
availability on this floodplain is relatively low, with mean annual
rainfall of 283 mm and mean annual evaporation of ca 1800 mm
(BoM, 2009). Groundwater is shallow (4.9 ± 0.2 m) and saline
(32 ± 3 mS cm�2, Cunningham et al., 2011), and river regulation
has reduced the frequency of extensive floods from 46 to 25 years
per century (MDBC, 2005a). River red gum forests occupy ca
1800 ha on the island, being restricted largely to banks of distrib-
utary creeks and scroll plains adjacent to the Murray River
(MDBC, 2006). Logging of river red gum has been opportunistic
and sporadic, largely due to its low productivity. Wallpolla Island
has been grazed intensively by cattle, sheep and rabbits from the
1880s.

Gunbower Island is 300 km upstream of Wallpolla Island
(Fig. 2), and is an extensive (19,930 ha), flat (0.2 m km�1) alluvial
plain, two-thirds of which is covered by river red gum forest
(MDBC, 2005b). The floodplain has higher water availability than
Wallpolla Island, with a mean annual rainfall of 394 mm and mean
annual evaporation of ca 1500 mm (BoM, 2009). The frequency of
extensive floods has reduced from 62 to 24 years per century since
river regulation (MDBC, 2005a), and groundwater is shallow
(6.6 ± 0.5 m) and moderately saline (19 ± 2 mS cm�2, Cunningham
et al., 2011). Gunbower Island has been managed intensively for
timber (firewood and sawlogs) since the 1870s (Donovan, 1997).
Therefore, it is likely that the diversity of forest structures was sub-
stantially higher prior to European settlement. The island has been
grazed intermittently by sheep and cattle since the 1840s (Mac
Nally and Parkinson, 2005).

Forest structure differed across each island, ranging from open
forests (10–30 m tall, 30–45% projective foliage cover) to wood-
lands (10–30 m tall, 20–25% projective foliage cover, Specht,
1981). These forests and woodlands are monodominant with a
low understorey (<2 m) of shrubs, sedges and grasses. River regu-
lation, water extraction, logging, altered burning and grazing (e.g.
rabbits, sheep, cattle and kangaroos) have modified vegetation
structure and composition along the entire Murray River flood-
plain, including the two floodplains studied (Mac Nally and Parkin-
son, 2005).
n Murray River floodplain, showing the locations of the semi-arid (Wallpolla Island)
ong the river (semi-circles).
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2.2. Stand selection

Within each floodplain, a random-stratified approach was used
to select stands covering a range of forest structures and environ-
mental conditions (e.g. flooding frequency and landform). Selection
was first stratified by the dominant forest types using mapped veg-
etation communities, which were based on structural, life-form
and species information (DSE, 2003). A digital map of predicted
stand condition (Cunningham et al., 2009a) was used to obtain a
range of forest structural types within each forest type. This stand
condition map provided a quantitative assessment of forest die-
back (reduction in canopy) on these floodplains based on quantita-
tive ground surveys, remote sensing and advanced modelling
methods, which was subsequently validated with an independent
survey. Maps of both floodplains were classified separately into
areas of high [stand condition score (SCS) = 10.1–15.0], medium
(SCS = 5.1–10.0) and low (SCS = 0.2–5.0) condition using ArcGIS
(ESRI, Redlands, California). Sites were selected randomly within
each forest type � condition class using Hawth’s Tools (http://
www.spatialecology.com). At least 14 stands were selected ran-
domly in each class, resulting in 50 and 43 stands being surveyed
at Gunbower and Wallpolla Islands, respectively.

2.3. Field survey

Stands were measured in the austral spring (September and
October) of 2008. At each stand, a 0.25 ha forest structure plot
was established. At Gunbower Island, all plots were circular (radius
28.2 m), whereas at Wallpolla Island, 84% of plots were rectangular
(125 � 20 m) due to the predominantly linear nature of the creek-
line woodlands. In each plot, total tree basal area (BA, m2 ha�1) was
estimated by measuring diameter at breast height (dbh; 1.3 m) of
all trees (alive and dead) with stems P10 cm in diameter, includ-
ing multi-stemmed trees. All saplings (<10 cm dbh and >1 m tall)
and seedlings (6 1 m tall) were counted. We calculated live basal
area (LBA) and the percentage live basal area (%LBA) as the propor-
tion of the total BA contributed by live trees. We defined trees as
dead when green leaves were absent from the crown (Cunningham
et al., 2007). Percent LBA was used as a predictor variable, rather
than the proportion of live trees, because it reflects the larger im-
pact of large trees on water and nutrient dynamics. Plant area in-
dex (PAI) was estimated from hemispherical photos of the
canopy, which were first classified using image analysis (MultiSpec
Application Version 3.1, Purdue University, Indiana), with the pro-
gram Winphot 5.00 (ter Steege, 1996). PAI is the area of leaves and
stems per unit ground area, without adjustment for clumping of
canopy components. Hemispherical photographs were taken with
a Nikon Coolpix 995 digital camera and fisheye lens adaptor FC-
E8 (Nikon, Sydney, Australia), with one photograph taken at the
centre of square and circular plot while two photographs were ta-
ken evenly spread across the rectangular plots.

Within each plot, all vascular plants within a 20 � 20 m quadrat
were identified to species, using nomenclature based on Walsh and
Entwisle (1994–99). Projected cover (<3%, 3–5%, 6–10%, 11–25%,
26–50%, 51–75%, >75%) and abundance (<2, 2–10, 11–25, 26–100,
101–1000, >1000 individuals) were estimated for each species.
Cover of leaf litter, cryptogams and bare ground were recorded.

Stands were categorised into broad landform types according to
McDonald (1998). A plain is a large, very gently inclined element of
unspecified geomorphological agent whereas a scroll plain is a
large undulating flat formed by aggradation from channelled flow
as a creek migrates laterally. A flood-out is an open depression, in-
clined radially from a point on the margin of a creek, aggraded by
over-bank creek flow. Creek banks now have higher flooding fre-
quencies than scroll plains and flood-outs because floodplain
creeks have been the focus of recent managed flooding programs.
Landform was used as a surrogate for historical flooding regime,
with the order creek bank, flood-out, scroll plain and plain associ-
ated with decreasing flooding frequencies. At Gunbower Island, 49
of the 50 stands were classified as plains, so this variable was not
included in any subsequent analysis. In July 2008, most of the dis-
tributary and anabranch creeks at Wallpolla Island were flooded by
pumping and retention of river water within floodplain creeks
using artificial levees. Evidence of recent flooding of a stand was
determined from residual pools, saturated soils and strand lines
of debris.

We estimated the intensity of other disturbances within each
stand using an ordinal scoring system: 0 = none, 1 = minor,
2 = moderate, 3 = severe. Historical logging was assessed by count-
ing tree stumps, with minor = 1–2, moderate = 3–10 and severe
>10 stumps. Intensity of total recent grazing (i.e. rabbits, kangaroos
and sheep) was quantified by summing the number of visual signs
including dung, tracks and evidence of browsing on vegetation
(Williams et al., 1995), with minor = 1–5 signs, moderate = 6–20
signs and severe >20 signs. Abundance of rabbit warrens, which
create soil disturbance different from that of grazing, was esti-
mated as minor = 1, moderate = 2–4 and severe >5 warrens.

2.4. Statistical analysis

Three complementary analyses were used to identify relation-
ships between plant-community composition and candidate pre-
dictor environmental variables. First, differences in total (native
and exotic) plant-community composition among stands were rep-
resented using non-metric, multidimensional scaling (NMDS).
NMDS ordinations were performed with the ‘smacof’ package (de
Leeuw and Mair, 2009) in R (R Development Core Team, 2005).
Various combinations of analyses were performed using standard-
ised and non-standardised data, and several distance measures
(e.g. Bray–Curtis, Canberra), but all combinations provided nearly
identical results. Results calculated from presence–absence data
using the Bray–Curtis measure were presented because we were
interested mainly in differences in plant-community composition.
Relationship between the NMDS ordination of total plant-commu-
nity composition and (a) environmental variables and (b) species
were examined by fitting vectors to ordination plots using the
‘envfit’ function of the ‘vegan’ package for R (Oksanen et al.,
2005). Species vectors were re-labelled with their corresponding
functional group to show how these groups were positioned along
environmental gradients. A functional group classification derived
from Casanova and Brock (2000) was used, which includes flood-
dependent (D), flood-tolerant (T), flood-intolerant (I) and exotic
flood-intolerant (E) groups. Flood-dependent species have traits
that allow them to tolerate frequent flooding (3 in every 5 years)
whereas flood-tolerant species have traits that let them tolerate
intermittent flooding (1 in every 5 years). Flood-intolerant species
have traits that allow them to tolerate moisture stress and/or high
ambient salt concentrations. The association between recent flood-
ing and total plant-community composition was determined using
the ‘ANOSIM’ function (analysis of similarity) in the ‘vegan’ pack-
age (Oksanen et al., 2005) for R (R Development Core Team, 2005).

Second, non-parametric, multivariate regressions (McArdle and
Anderson, 2001) were performed to investigate relationships be-
tween response (native plant-community composition) and pre-
dictor (environmental) matrices. Variation in understorey
composition (or species turn-over) was partitioned among envi-
ronmental predictors. Analyses were conducted on sets of environ-
mental variables that formed common groups (Table 1). Location of
the stands (latitude and longitude) was included to account for
spatial correlation among nearby stands. To examine effects of
exotic plants on native species composition, exotic species were
omitted from the response matrix and included as predictor

http://www.spatialecology.com
http://www.spatialecology.com


Table 1
Sets of environmental variables (and abbreviations) used in multivariate models. See Section 2 for detailed explanations.

Set Variable

Forest structure Plant area index (PAI), % live basal area (%LBA), live basal area (LBA) and stand density
Regeneration Tree seedling abundance and sapling abundance
Recent floodinga Management flood in April 2008
Landform Creek bank, scroll plain or flood-out (surrogate for historical flooding regime)
Rabbit Dung, digging and warren abundance
Logging Historical logging estimated from abundance of cut stumps
Grazing Total recent grazing intensity (e.g. presence of chewed vegetation, dung and tracks), which includes rabbits
Exotic Plant cover (%) and species richness
Location Latitude and longitude

a Wallpolla Island only.
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variables (cover and richness). All non-parametric multivariate
regressions were done using the DISTLM program (Anderson,
2004). The DISTLM forward v1.3 algorithm uses stepwise variable
selection, which is usually to be avoided given spurious results that
may arise from a limited search of variable space (Mac Nally,
2000). However, given there were currently no facilities to under-
take all-subset analyses using permutation approaches, we pro-
ceeded with DISTLM forward as the only option. All tests were
based on Bray–Curtis dissimilarities, calculated from presence–ab-
sence data. P-values were calculated using 4999 permutations of
residuals under the reduced model.

Third, the response of understorey native species richness to
forest structure, which was the strongest predictor of native spe-
cies composition, was determined using Bayesian model averaging
(BMA, Hoeting et al., 1999). For the semi-arid floodplain, recent
flooding was also included as a predictor to explore its interaction
with forest structure. BMA incorporates model selection uncer-
tainty into inference and prediction, producing more accurate pre-
dictions than methods using a single ‘best’ model (Thomson et al.,
2007). We used the ‘bic.glm’ function in the ‘BMA’ package (Raftery
et al., 2009) in R (R Development Core Team, 2005). A Poisson error
distribution was used for the species richness data, which are
counts and hence non-negative. The posterior probability that a
variable had a non-zero coefficient in the predictor model [Pr(b
– 0)] was used as a measure of the influence of that variable on
the response. Variables that had values of Pr(b – 0) > 0.75 were
considered to be ‘key predictors’ of native species richness. Pr(b
– 0) values of 0.50–0.75 indicate weaker evidence of being predic-
tors, whereas values of Pr(b – 0) < 0.50 indicate no evidence of
being useful predictors (Viallefont et al., 2001).

3. Results

A total of 247 species from 57 families was recorded during the
survey (Appendix 1, Supplementary material). More species were
recorded (181 species from 48 families) on the semi-arid floodplain
of Wallpolla Island than on the mesic floodplain of Gunbower Is-
land (141 species from 38 families). Asteraceae (daisies), Poaceae
(grasses) and Chenopodiaceae (saltbushes) were the three most
prevalent families on both floodplains, accounting for 47% of the
species present (Appendix 1, Supplementary material). Native spe-
cies richness over 400 m2 was 23 ± 1 species ð�x� SEÞ on the semi-
arid floodplain compared with 14 ± 1 species on the mesic flood-
plain. The number of exotic weeds was 6 ± 1 species on both the
semi-arid and mesic floodplains.

Several environmental variables had strong relationships with
the non-metric multidimensional scaling (NMDS) plots of total
(native and exotic) species composition of stands from the semi-
arid and mesic floodplains, including understorey richness
(R2 = 0.70 and 0.57, respectively), plant area index (PAI, R2 = 0.53
and 0.63, respectively) and % exotics (R2 = 0.70, Gunbower only,
Fig. 3a and b). On the mesic floodplain, increases in the forest
structure variables (PAI, percentage live basal area (%LBA) and
stand density) were correlated with a decrease in total richness
(Fig. 3b). On the semi-arid floodplain, where floods had occurred
recently, there was a clear difference in total plant-community
composition between flooded and unflooded stands (ANOSIM Glo-
bal R = 0.5, P < 0.001, Fig. 3a and c), which was perpendicular to the
compositional changes associated with forest structure. Total rich-
ness and abundance of understorey species on the semi-arid flood-
plain was correlated positively with recent flooding and grazing,
and was correlated negatively with exotic species (Fig. 3a).

Flood-intolerant (I) and flood-tolerant (T) species were present
on both floodplains (Fig. 3c and d), but flood-dependent (D) species
were present only on the recently flooded semi-arid floodplain
(Fig. 3c). Many of the flood-intolerant species were exotic annual
grasses and herbs (e.g. Hordeum leporinum, Lolium perenne, and Cir-
sium vulgare), whereas flood-tolerant and flood-dependent species
were mostly native species. On the semi-arid floodplain, halophytic
shrubs were a distinctive feature of the flood-intolerant group (e.g.
Mesembryanthemum nodiflorum, Atriplex lindleyii and Atriplex lepto-
carpa), which was associated with stands with a lower plant area
index (PAI) and percentage live basal area (%LBA, Fig. 3a and c).
The flood-tolerant group contained herbs, including Centipeda min-
ima, Stemodia florulenta, and Wahlenbergia fluminalis, whereas the
flood-dependent group was dominated by low prostrate plants,
such as Glossostigma elatinoides and Epaltes australis. This group oc-
curred in the littoral zone created by the receding floodwater. On
the semi-arid floodplain, stands with higher PAI had no character-
istic species, suggesting an understorey consisting of species com-
mon to all groups (Fig. 3c).

On the mesic floodplain, the flood-tolerant group was distin-
guished by higher relative abundances of perennial species. In gen-
eral, the flood-tolerant group was associated with stands of low to
intermediate PAI (Fig. 3b and d). The flood-intolerant group on the
mesic floodplain could be divided into two sub-groups distin-
guished by the proportion of exotic species (%exotics) and PAI
(Fig. 3b and d). The exotic sub-group (E) was associated mostly
with annual species (described above) and higher PAI (Fig. 3d, left
side), whereas the native sub-group (I) was associated with peren-
nial species, a lower proportion of exotic species and lower PAI
(Fig. 3d, bottom right).

Looking at native species only, environmental matrices (Table 1)
explained 75% and 53% of variation in plant-community composi-
tion among stands on the semi-arid and mesic floodplains, respec-
tively (Table 2). On both floodplains, forest structure variables (PAI,
LBA, %LBA and stand density) collectively explained the highest
proportion of variation (18–20%) in native plant-community com-
position (Table 2). On the semi-arid floodplain, forest structure,
landform, historical logging, recent grazing and exotic species all
contributed significantly to explaining variation in native plant-
community composition (Table 2a). Flooding explained only 1%



Fig. 3. NMDS ordinations of stands by total (native and exotic) species composition for the semi-arid floodplain (Wallpolla Island, a and c) and the mesic floodplain
(Gunbower Island, b and d). Circles represent the relative composition of stands, with their size proportional to their plant area index (PAI). Filled circles indicate recently
flooded stands. Vectors of environmental variables (a and b) and indicator species by functional group (c and d) with significant correlations (P < 0.01) are shown, with the
amount of variance explained indicated by the length. Functional groups were adapted from Casanova and Brock (2000): flood-dependent (D), flood-tolerant (T), flood-
intolerant (I) and exotic flood-intolerant (E). Centroids for the composition of stands from different landforms are indicated as follows, creek bank (CB), scroll plain (SP) and
flood-out (FO) in (a).
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of the variation in the native species data, but was correlated with
the creek bank (R = 0.73) and scroll plain (R = �0.58) landforms. In
contrast, recent flooding was not correlated with stem density
(R = 0.07), historical logging (R = 0.14), recent grazing (R = 0.40) or
exotic species (R = 0.19). On the mesic floodplain, exotic species
(10%) and location (8.5%) matrices explained the second and third
highest amounts of variation in native plant-community composi-
tion (Table 2b). Recent grazing and historical logging appeared to
be unimportant on the mesic floodplain (P > 0.05, Table 2b).

There was a negative relationship between native species rich-
ness and PAI (canopy cover) among the stands on both floodplains
(bPAI = �0.19, Fig. 4, and Table 3). In contrast, there was a strong
positive relationship between recent flooding and native species
richness on the semi-arid floodplain (bflood = 0.71, Table 3a). The
model-averaged flood coefficient indicated that flooded stands
had more than twice the number of native species compared with
unflooded stands (95% C.I. = 1.85–2.21, Table 3a). The negative
coefficient of PAI was ameliorated by the positive coefficient of re-
cent flooding on the semi-arid floodplain (bPAI + bPAI⁄flood = �0.031,
Table 3a). On the mesic floodplain, there was a strong positive rela-
tionship between %LBA and native species richness [Pr(b –
0) = 0.84, Table 3b], and weaker evidence of a negative relationship
between LBA and native species richness [Pr(b – 0) = 0.71,
Table 3b]. In contrast, there was no evidence that LBA or %LBA were
associated with native species richness on the semi-arid floodplain
(Table 3a).

4. Discussion

Forest structure was an important predictor of the composition
and species richness of the understorey of river red gum forests on
both the mesic and semi-arid floodplains (Figs. 3 and 4 and Tables
2 and 3). On the semi-arid floodplain, where recent managed flood-
ing had occurred and recent grazing was more intense, these dis-
turbances were associated with different changes in total (native
and exotic) species composition to those correlated with changes
in forest structure. (Fig. 3a and c). Forest structure explained the
most variation in native species composition on both floodplains,
with less variation explained by recent or historical flooding (im-
plied from landform, Table 2). Richness of native species decreased
with increasing canopy cover (estimated as plant area index,
Fig. 4). Recent flooding was associated positively with native spe-
cies richness, possibly reducing the negative impact of high canopy
cover (Table 3). Therefore, the plant diversity of these forests is
likely to be improved by increasing structural diversity among
stands and increasing flooding frequency across the floodplain.



Table 2
Non-parametric, multiple regression of multivariate native species composition data
from the (a) semi-arid and (b) mesic floodplains on sets of environmental variables
fitted sequentially. Significant relationships (P > 0.05) between species composition
and environmental sets are indicated in bold. Sets of environmental variables are
shown in Table 1.

Variable %Vara F P Cum%b

(a) Semi-arid (Wallpolla Island)
Forest structure 18.3 2.1 <0.01 18.3
Landform 15.5 2.7 <0.01 33.7
Logging 7.7 1.3 0.02 41.5
Rabbit 4.6 0.8 0.78 46.2
Grazing 16.5 3.3 0.04 62.6
Exotic 5.1 1.3 0.04 67.7
Location 3.6 0.9 0.37 71.3
Regeneration 2.6 0.7 0.52 73.9
Recent flooding 1.3 0.6 0.71 75.2

(b) Mesic (Gunbower Island)
Forest structure 19.9 2.8 <0.01 19.9
Exotic 10.0 3.1 <0.01 29.9
Location 8.5 2.8 <0.01 38.4
Rabbit 4.4 1.5 0.08 42.8
Grazing 4.8 1.1 0.34 47.6
Logging 4.1 1.5 0.11 51.8
Regeneration 1.5 0.5 0.93 53.3

a %Var = percentage of variance in species data explained by that set of variables.
b Cum% = cumulative percentage of variance explained.
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We developed a conceptual model of the factors that affect the na-
tive species richness of these floodplain forest understoreys to pro-
vide a framework for interpreting our findings (Fig. 5). This model
illustrates the interactions among human actions, disturbances and
the potential drivers of understorey composition outlined in Fig. 1.
In particular, it emphasises the direct and indirect (through forest
structure) impacts of flooding on the understory of floodplain
forests.

Canopy trees can affect the growing environment for understo-
rey species through competition for water and nutrients, shading
altering the microclimate and litter deposition (Fig. 1). Conse-
quently, plant species richness should decline with increasing
canopy cover (Thomas et al., 1999). Among the stands surveyed,
those with the highest canopy cover had the lowest native species
richness (Fig. 4 and Table 3). The negative association of canopy
cover and richness was similar on both the semi-arid and the mesic
floodplains. Similar negative impacts of tree density and basal area
on the understorey of floodplain forests were found in the south-
western United States (Stromberg et al., 2012). The influence of
forest structure on species richness was reduced by recent flood-
ing, with tree mortality (percentage live basal area) being unim-
portant on the semi-arid floodplain, even though variation in tree
mortality was much higher among flooded than unflooded
stands.

The open nature of river red gum forests and woodlands (20–
45% projective foliage cover, Specht, 1981) suggests that shading
is unlikely to restrict growth of understorey plants. Instead, the
demonstrated suppression of understorey plants by the canopy
of river red gums (del Moral and Muller, 1970) suggests intense
competition for water. River red gums have well-developed root
systems that produce lateral roots up to 20 m from the trunk (Bren,
1992) and tap roots at least down to 10 m (Davies, 1953). The trees
preferentially use surface water over ground water (Mensforth
et al., 1994). Strong belowground competition for resources be-
tween trees and understorey plants has been demonstrated by root
trenching experiments in floodplain forests of the southeastern
United States (Jones et al., 1997). In addition, the crowns of trees
facilitate interception of up to 22% of rainfall and their architecture
directs water to their bases (Johnson and Lehmann, 2009). As can-
opy cover of stands increases, a higher proportion of rainfall should
be intercepted and redirected to the base of trees where tree roots
would out-compete understorey species for surface moisture.
Fig. 4. Relationships between native plant species richness and plant area index at (a) t
Island). Filled circles indicate flooded stands.
These characteristics give the trees a strong competitive advantage
over understorey species.

Given the negative relationship between canopy cover (PAI) and
plant species richness (Fig. 5), one might anticipate that the canopy
reduction associated with dieback of floodplain forests (Williams
and Cooper, 2005; Cunningham et al., 2009a) would increase spe-
cies richness. The dieback of floodplain forests on the Murray River
floodplain has been attributed to river regulation, which has de-
creased the frequency and extent of floods, lowering ground water
and reducing leaching of salts drawn up from naturally saline
ground water (Cunningham et al., 2011). The response of the
understorey to forest dieback is also likely to be driven by the
non-structural factors shown here to influence their composition
(Fig. 3 and Table 2). Prolonged inter-flood periods and soil salinisa-
tion may reduce opportunities for flood-dependent species to
reproduce successfully, leading to an impoverished soil seed bank
he semi-arid floodplain (Wallpolla Island) and (b) the mesic floodplain (Gunbower



Table 3
Importance of variables in predicting native species richness at the (a) semi-arid and
(b) mesic floodplains, determined by Bayesian model averaging (BMA). Pr(b – 0) is
the probability of a non-zero coefficient in the predictor model, with key predictors
[Pr(b – 0) > 0.75] indicated in bold. Estimated coefficients of predictors with standard
error are given. Coefficients are based on the weighted posterior mean coefficient of
retained models produced by BMA.

Predictor variable Pr(b – 0) Estimated coefficient

(a) Semi-arid (Wallpolla Island)
Plant area index 1.00 �0.191 ± 0.046
Live basal area 0.20 �0.011 ± 0.037
%Live basal area 0.26 �0.018 ± 0.040
Stand density 0.16 �0.006 ± 0.019
Flood 1.00 0.709 ± 0.093
Live basal area � Flood 0.58 �0.067 ± 0.071
%Live basal area � Flood 0.29 0.024 ± 0.047
Plant area index � Flood 0.93 0.160 ± 0.077
Stand density � Flood 0.09 �0.002 ± 0.023

(b) Mesic (Gunbower Island)
Plant area index 1.00 �0.186 ± 0.050
Live basal area 0.71 �0.093 ± 0.075
%Live basal area 0.84 0.096 ± 0.058
Stand density 0.12 �0.003 ± 0.020
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and a reduced capacity to respond to subsequent floods (Siebent-
ritt et al., 2004). Therefore, factors contributing to dieback of the
canopy (i.e. reduced flooding frequency and soil salinization) may
also be detrimental to the maintenance of understorey diversity
(Fig. 5).

Unflooded stands on the semi-arid floodplain, regardless of
their canopy cover, were characterised by salt- and drought-toler-
ant plants and exotic weeds, suggesting a shift from a floodplain
Fig. 5. Conceptual model showing the relationships among climate change (trapezoi
(rounded rectangles) and potential drivers (ovals) of understorey native plant speci
relationships that promote the quantity or process to which the arrow is directed; solid c
shown here to be drivers of understorey native plant species richness (see Tables 2 and 3)
with up and down arrows indicating increases and decreases, respectively.
forest flora in the long absence of flooding. This also implies that
the canopy reductions associated with forest dieback would not
lead to an understorey flora consisting of floodplain forest species.
The lack of species associated only with unflooded stands suggests
a ubiquitous flora that tolerates drought (Fig. 3c). Stands on the
mesic floodplain that had not been flooded recently and without
forest dieback – that is, with high canopy cover (PAI) and low mor-
tality (%LBA) – had a high proportion, abundance and cover of exo-
tic species (Fig. 3b), suggesting dieback on this floodplain is also
unlikely to lead to an increase in native species richness due to a
lack of native propagules. Similarly, there was an increased abun-
dance of exotic annual species in stands with a lower flooding fre-
quency on the mesic floodplain of Barmah Forest on the Murray
River (Stokes et al., 2010). Floodplains that no longer receive regu-
lar flooding are likely to become effectively dryland plant commu-
nities dominated by exotic species.

Recent flooding on the semi-arid floodplain reversed this trend
by doubling the number of native species compared to unflooded
stands, reducing the proportion of exotic species in the understo-
rey (Fig. 3 and Table 3a). The increase in richness after the floods
was due to germination of flood-dependent species from the soil
seed bank (Casanova and Brock, 2000) and to the persistence of
the ubiquitous flora. Flooding dramatically increased the domi-
nance of native species on a mesic river red gum forest on Gulpa
Island (Fig. 2) but this response was short lived with abundant exo-
tic species supported in the following dry year (Lunt et al., 2012).
On semi-arid floodplains of northern Australia, more frequent
flooding increased species richness and the similarity of species
composition while rarely flooded areas had a more dissimilar flora
(Capon, 2005). Unregulated rivers commonly have a higher species
d), resource management (hexagons), disturbances (rectangles), forest structure
es richness in Eucalyptus camaldulensis forests and woodlands. Arrows indicate
ircles have reducing or inhibiting effects. Disturbances and forest structure variables
are outlined in bold. RF = rainfall, ET = evapotranspiration and Temp = temperature,
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richness than nearby regulated rivers (e.g. Uowolo et al., 2005). A
return to historical flooding regimes is likely to increase the abun-
dance of floodplain species through germination of the soil seed
bank and immigration of propagules with floodwaters.

Small changes in topography on floodplains are associated with
substantial differences in hydrology and floodplain vegetation pat-
terns are often attributed to local elevation gradients (Hupp and
Osterkamp, 1985). In flooded areas, functional groups were distrib-
uted along an elevation gradient associated with duration and
depth of flooding. That is, flood-dependent species were usually
found at or in the water, flood-tolerant species occurred on the
drying sediments, and dryland species occurred on the dry bank.
Landform (depositional versus bedrock-derived) is known to con-
trol the richness of understorey plants on North American flood-
plains (Mouw and Dixson, 2008). Here, landform type explained
a significant amount of the variation in plant-community composi-
tion on the semi-arid floodplain (Fig. 3a and Table 2a) because
landform type was correlated with recent flooding (R = 0.73 and
�0.58 for creeks and scroll plains, respectively). Landform pro-
vided a good surrogate for recent flooding, as managed floods were
restricted to creek channels and banks, and is also indicative of his-
torical flooding. In contrast, landform could not be used on the me-
sic floodplain due to a lack of variation.

Grazing (cattle, sheep, rabbits and kangaroos) affects the plant
diversity of floodplains (Fig. 5), including alterations to species
composition (e.g. Robertson and Rowling, 2000) and forest struc-
ture (e.g. reducing canopy and shrub cover, Schulz and Leininger,
1990), and disruptions to ecosystem function (e.g. altering nutrient
cycling, Chaneton et al., 1988). Intense grazing on river red gum
floodplains can limit recruitment of river red gum seedlings and
saplings, creating very open woodlands, and change composition
of the understorey (Robertson and Rowling, 2000). Here, recent
grazing explained a significant amount of variation in native
plant-community composition (Table 2a). Counter-intuitively, re-
cent grazing was correlated negatively with exotic species and cor-
related positively with the abundance and richness of understorey
species on the semi-arid floodplain (Fig. 3a). This may be due to the
positive correlation of recent grazing with recent flooding, because
herbivores congregate near water where plant growth is most
abundant (Jansen and Robertson, 2001). Although exclusion of
grazers on a mesic river red gum forest did not reduce abundance
of exotic species, grazing was shown to reduce the recovery of na-
tive species following flooding (Lunt et al., 2012). Therefore, the
successful regeneration of floodplain understoreys may require
both flooding and exclusion of grazers.

Our surveys did not allow for the exploration of potential neg-
ative effects of grazing after floods or historical impacts of grazing
on these floodplains. However, the native flora on most floodplains
of the Murray River is likely to have been degraded by decades of
river regulation, grazing and timber removal. This would have
shaped the current, ubiquitous flora of the surveyed floodplains,
which contained a relatively high proportion of exotic species
(Fig. 5). Similarly, the lack of change in understorey composition
over 12 years of stock exclusion in a mesic river red gum forest
on Gulpa Island (Fig. 2, Lunt et al., 2007) is suggestive of such a de-
graded flora. However, the dominance of native species on grazed
floodplains often increases rapidly after flooding (e.g. Chaneton
et al., 1988). Therefore, although grazing may be deleterious to
maintaining native species richness on floodplains, increasing the
frequency of flooding may lead to more profound increases in
the plant diversity of floodplains than by reducing grazing alone
(e.g. livestock removal, rabbit and kangaroo control).

Although increased flooding frequency should improve the
plant diversity of floodplains, it presents a formidable challenge
with a drying climate. Reduced precipitation and competing
demands for water from a growing human population mean
historical flooding regimes can only be returned to a small fraction
of the historical floodplain. The Murray River floodplain, like many
floodplains, is becoming divided into the limited areas that receive
managed floods, the majority of areas that are flooded only during
rare (ca 20 years) flow events that exceed the capacity of dams, and
the remainder that may never be flooded again. The majority of the
floodplain only receiving rare flood events is likely to decrease hab-
itat heterogeneity across floodplains, resulting in the loss of spe-
cies-rich, flood-dependent communities (Nielsen and Brock,
2009). The crucial question is: How to mitigate further declines
in the plant diversity of the vast landscapes that essentially will
no longer function as floodplains?

Mitigating further declines in plant diversity on floodplains that
are rarely flooded is a challenge common to the arid floodplains of
Mediterranean Europe, southern Africa, the southwestern United
States and southern Australia. Here, we have identified critical
relationships between forest structure, flooding, grazing and the
composition of understoreys in floodplain forests (Fig. 5). These
findings suggest potential management options for floodplain for-
ests that are affected by the increasing stresses of river regulation
and a drying climate. Manipulating forest structure, in particular
canopy cover, may provide a partial solution to sustaining plant
diversity on floodplains that are rarely flooded. Given the uncer-
tainties of future regional climate and water availability, it would
be unwise to expect that one particular forest structure will max-
imise plant diversity of floodplains. For floodplains that will no
longer be flooded due to river regulation and a drying climate,
the silvicultural conversion of these forests to dryland woodlands
and savannahs may be the best option. In the absence of regular
flooding, these structural changes are already occurring with the
spread of forest dieback across arid floodplains (e.g. Cunningham
et al., 2009b). Whether there are any additional ecological benefits
of thinning these forests compared with the passive reduction of
density associated with forest dieback has yet to be tested experi-
mentally. The pressures of salinization, which is associated with
reduced flooding, and grazing would remain and continue to in-
crease the abundance of salt-tolerant and exotic species, respec-
tively. Removal of grazing may increase the abundance of native
species but would not ensure a floodplain forest flora was main-
tained. Some frequency of managed flooding would be necessary
to mitigate soil salinization. Targeted thinning to increase struc-
tural diversity among stands may temporarily enhance habitat het-
erogeneity and plant diversity of floodplain forests. However, these
actions must be combined with regular flooding to provide a vari-
ety of flooding regimes across the landscape, if a diverse, native
floodplain forest community is to be sustained in these arid
regions.
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