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ABSTRACT

Floodplain and riparian ecosystems have cooler,
wetter microclimatic conditions, higher water
availability and greater vegetation biomass than
adjacent terrestrial zones. Given these conditions,
we investigated whether floodplain ecosystems al-
low terrestrial bird species to extend into more arid
regions than they otherwise would be expected to
occupy. We evaluated associations between aridity
and the occurrence of 130 species using bird survey
data from 2998 sites along the two major river cor-
ridors in the Murray-Darling Basin, Australia. We
compared the effects of aridity on species occurrence
in non-floodplain and floodplain ecosystems to test
whether floodplains moderate the effect of aridity.
Aridity had a negative effect on the occurrence of 58
species (45%) in non-floodplain ecosystems, espe-
cially species dependent on forest and woodland
habitats. Of these 58 species, the negative effects of
aridity were moderated in floodplain ecosystems for
22 (38%) species: 12 showed no association with

aridity in floodplain ecosystems and the adverse ef-
fects of aridity on species occurrence were less pro-
nounced in floodplain ecosystems compared to non-
floodplain ecosystems for ten species. Greater vege-
tation greenness indicated that floodplain vegetation
was more productive than vegetation in non-flood-
plain ecosystems. Floodplain ecosystems allow
many terrestrial species to occur in more arid regions
than they otherwise would be expected to occupy.
This may be due to higher vegetation productivity,
cooler microclimates or connectivity of floodplain
vegetation. Although floodplain and riparian
ecosystems will become increasingly important for
terrestrial species persistence as climate change in-
creases drying in many parts of the world, many are
also likely to be highly affected by reduced water
availability.
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INTRODUCTION

Floodplain and riparian ecosystems offer multiple
values for aquatic and water-dependent biota.
Floodplains are vital in providing habitat for at least
some life stages of many water-dependent species
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(Junk and others 1989; Museth and others 2011)
and riparian vegetation condition positively affects
aquatic communities by maintaining water quality
and natural in-stream ecosystem processes (Death
and Collier 2010; Giling and others 2014). How-
ever, the importance of floodplain and riparian
ecosystems for non-aquatic biota (for example,
terrestrial vertebrates) is not so well known. Our
limited understanding of the reliance of terrestrial
biota on floodplain and riparian ecosystems is likely
to have underestimated the adverse ecological ef-
fects of river regulation, the benefits of natural
flooding regimes (Ballinger and Lake 2006) and the
value of floodplain and riparian vegetation for
terrestrial biota, particularly in drying climates
(Capon and others 2013).

We define floodplain ecosystems as the interface
between terrestrial and aquatic zones, consisting of
terrestrial vegetation in stream channels, adjacent
to water bodies and on floodplains, dominated by
plant species that require periodic flooding to
complete their life cycle (Naiman and others 1993).
Access to water tables and flooding allow floodplain
ecosystems to support more vegetation biomass
than one would expect given local rainfall
(Naumburg and others 2005) and to maintain more
consistent production during drought (Selwood
and others 2015b). Floodplain microclimates are
moderated by canopy cover, topography and adja-
cency to water bodies (Brosofske and others 1997).
The contrast in vegetation and microclimate be-
tween mesic floodplains and non-floodplain
ecosystems is likely to be greater in more arid cli-
mates, where water availability is limited and
temperatures are high, although the degree to
which floodplain ecosystems differ from adjacent
ecosystems depends on flood intermittency and
groundwater depth (Stromberg and others 2006;
Brand and others 2011).

Abundances of terrestrial fauna often are higher
in floodplain ecosystems than in adjacent plains
and upland areas and floodplain ecosystems pro-
vide seasonal habitat and drought refuges for birds
(Woinarski and others 2000; Tischler and others
2013; Smith 2015). Although floodplain and
riparian ecosystems sometimes have higher faunal
species richness than adjacent habitats (Mac Nally
and others 2000; Smith 2015), these ecosystems
predominantly increase regional species richness by
harbouring substantially different species assem-
blages (Sabo and others 2005; Pavey and Nano
2009). The contrast between faunal assemblages in
floodplain and adjacent ecosystems is greater in
xeric areas compared to mesic and humid locations
(Sabo and others 2005). This greater contrast be-

tween floodplain and adjacent faunal assemblages
in more arid regions may occur because floodplain
ecosystems facilitate the occurrence of some species
into more arid climates than they could otherwise
occur, leading to differences between typical arid
zone assemblages and more mesic assemblages in
floodplain habitat.

Here, we explored whether floodplains moderate
the effects of aridity on species occurrence to facili-
tate the occurrence of species in more arid climate
zones than they otherwise would be expected to
occupy. Our focal region includes the forests and
woodlands in the river corridors of Australia’s largest
river system, the Murray-Darling Basin. Floodplain
forest and woodland occurs throughout the region,
forming an extensive network of vegetation on
floodplains and along rivers that is interspersed
among terrestrial ecosystems ranging from humid to
arid (United Nations Environment Program 1997;
Bureau of Meteorology (Australia) 2015a).

Terrestrial bird assemblages in floodplain and
adjacent zones are more differentiated from each
other in regions with low mean annual rainfall
(Tzaros 2001). Therefore, we evaluated changes in
the occurrence of bird species along the two major
river corridors (the Murray and Darling river
bioregions) to see whether the effects of aridity on
species occurrence differed between non-floodplain
and floodplain ecosystems. Evidence for a reduced
negative effect of aridity on species occurrence in
floodplain ecosystems compared to non-floodplain
ecosystems suggests a moderating effect of flood-
plains on the effects of aridity, allowing species to
occur in more xeric regions (Figure 1). We ex-
plored whether floodplain vegetation was more
productive than other vegetation. Finally, we
linked species associations with aridity with species
ecological traits to assess whether different guilds
(foraging, nesting, diet, habitat, movement
dynamics, body size) were more likely to be af-
fected by aridity and whether species within par-
ticular guilds differed in their likelihood to have
their distributions extended by floodplains.

METHODS
Study Region

The study region consists of bioregions along the
two major river corridors of the Murray-Darling
Basin, which include the alluvial fans and plains of
the Murray and Darling Rivers and their major
tributaries (Figure 2). Vegetation in the Murray
River corridor consists of Eucalyptus spp. forest and
woodlands, saltbush shrublands and extensive
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Figure 1. Ilustration of how differences in associations
between species occurrence and aridity in non-floodplain
ecosystems versus floodplain ecosystems can indicate the
facilitation of species occurrence in more arid regions by
floodplains. A moderating effect of floodplains on the
association between species occurrence and aridity (= less
negative in floodplain ecosystems than in non-floodplain
ecosystems) indicates that floodplains may carry species
into more arid regions.

grassland and swamp communities (Environment
Australia 2000). The Darling River corridor pri-
marily consists of woodlands and open woodlands
dominated by Eucalyptus spp. (Environment Aus-
tralia 2000; Breckwoldt and others 2004). The
floodplain zones of these corridors are primarily
dominated by river red gum (Eucalyptus camaldu-
lensis), black box (E. largiflorens) or coolabah (E.
coolabah) forests and woodlands, which are tree
species that require periodic inundation to com-
plete their life cycle (Roberts and Marston 2011;
Cunningham and others 2013). Mean annual
rainfall for most of the region ranges from 200 to
800 mm, increasing generally from west to east
along each river (Figure 1; Bureau of Meteorology
(Australia) 2015a) and the aridity of the region
ranges from humid to arid (United Nations Envi-
ronment Program 1997; Bureau of Meteorology
(Australia) 2015a).

Bird Data

We used bird survey data from BirdLife Australia’s
New Atlas of Australian Birds (Barrett and others
2003), from 01-Jan-1998 to 31-Dec-2013. All
standard 2-ha/20-min surveys in native vegetation
(Department of the Environment 2014) within the
study region were used, which consisted of 2998
sites that were surveyed at least once (mean num-
ber of surveys = 2.3; standard deviation = 4.8),

including 1547 sites within floodplain vegetation.
We focused on native terrestrial birds, excluding
non-native species and obligate wetland birds from
the analyses. We also excluded birds of prey because
they range over areas substantially greater than 2
ha. We included species that were observed in at
least ten surveys (130 species) in floodplain and
non-floodplain zones to allow comparisons in spe-
cies occurrence between these two zones; previ-
ously, we have shown that applying a lower limit of
ten produces similar results to more severe limits up
to 100 occupied sites (Selwood and others 2015b).

Spatial Data

We used QGIS 2.0 (QGIS Development Team 2013)
and R (R Core Team 2015) with the packages
‘raster’ (Hijmans and van Etten 2013) and ‘map-
tools” (Bivand and Lewin-Koh 2013) to obtain
information about each survey site using coordi-
nates from the Atlas of Australian Birds data. We
classified all survey sites as (1) floodplain ecosys-
tems or (2) non-floodplain ecosystems (all other
native vegetation). We defined floodplain ecosys-
tems as sites located in communities dominated by
river red gum, black box or coolabah, with spatial
information on occurrence from (Cunningham and
others 2013). Although shrublands and grasslands
are present on some floodplains in the drier parts of
the Murray-Darling Basin, we focus here on the
more mesic woodland and forested floodplain
communities. We obtained information on the
vegetation community type of each site (nested
within floodplain and non-floodplain ecosystem
type) to control for species” vegetation associations
(Department of the Environment 2012). Informa-
tion on precipitation and potential evapotranspi-
ration at each site was obtained from spatial data
modelled for 500-m grids by the Bureau of Mete-
orology (Bureau of Meteorology (Australia)
2015a). The aridity of each site was calculated
using the inverse of the United Nations Environ-
ment Program aridity index (Ezcurra 2006),
A = ET/P. Here, P is mean annual precipitation and
ET is mean annual potential evapotranspiration so
that higher values of A indicate higher aridity. We
obtained information on native vegetation cover in
the landscape surrounding sites from a digital map
of native vegetation cover (Department of the
Environment 2014).

Vegetation Greenness

We tested whether floodplain vegetation was likely
to be more productive than non-floodplain vege-
tation by comparing the Normalized Difference
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Vegetation Index (NDVI) at surveyed sites. NDVI is
a measure of vegetation greenness that provides an
estimate of photosynthetic activity (Wang and
others 2004). We used mean annual estimates of
NDVI calculated from bands 1 and 2 of the MODIS
Terra satellite 250-m imagery NASA (Atlas of Liv-
ing Australia and Bureau of Rural Sciences 2015).
We tested whether NDVI was higher in floodplains
compared to non-floodplain ecosystems, and in-
cluded aridity as a covariate in the model to ac-
count for the effects of climate on vegetation
productivity. Our model was:

NDVI; = 6o + 01F; + 524; + ev

Here, F is binary (1= floodplain ecosystem, 0 =
non-floodplain ecosystem), A4; is the aridity at site 7
and ey is the random effect of specific vegetation
community type, nested within F (Department of
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the Environment 2012). The Js are regression
parameters.

Species Occurrence

We evaluated the occurrence of individual species
in the Murray River and Darling River bioregions
to test whether individual species occurrence de-
creased with increasing aridity (4) in non-flood-
plain ecosystems, and whether this negative
association was less, or absent, in floodplain
ecosystems (Figure 1). We estimated the probabil-
ity p; of observing the species during a single survey
at site 7, and modelled the number of observations
as a Binomial variable: y; ~ Binomial(#;, p;), where
n; was the number of surveys conducted at a site.
For each species, the model was

logit(p:) = Bo + e Ai + Bs.cji Fi + Ba iy Vit Bs ey Ci + €
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Figure 2. Location of the study region (black shaded region in inset map) and study sites (black dots on enlarged map) along
the Murray and Darling River corridors. The study region consists of the Riverina and Darling River Plains bioregions as
classified by Department of the Environment (2012b). Rainfall isohyet bands are shaded in grey scale with darker colours
indicating higher rainfall;/egend indicates maximum rainfall per band.
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Table 1. Species Traits and Guild Categories Used to Compare Species Responses to Aridity

Trait Guilds

Body mass

Mean adult body mass category: small ( < 20 g), medium (>20-50 g), large

(>50-200 g), very large (>200 g). Source: Dunning (2007), Lislevand and others (2007)
Nesting Primary nesting substrate: Terrestrial vegetation, ground, hollow, ledge, brood parasite,

aquatic vegetation
Foraging

Primary foraging substrate: aerial, bark, canopy, ground, shrub

Diet Primary food source: carnivore, frugivore, granivore, nectarivore or insectivore

Habitat preference

Forests and woodlands (‘forest’), open country including farmland (‘open’), low

native vegetation (‘shrub’), habitat adjacent to water (‘water’)

Movement dynamics

Resident (local movements only), migrant (moves out of a region seasonally), itinerant

(moves within a region seasonally)

Unless specified, source for information was species reference in Marchant and Higgins (1990); Higgins and Davies (1996); Higgins (1999); Higgins and others (2001); Higgins

and Peter (2002); or Higgins and others (2006).

Veli) = B + Paci Fis

ﬁn,c ~ N(Bna 6%)?@' = &1¢[4] + &

Here, the estimated effect of the aridity for site 7
nested within river corridor ¢ (Murray or Darling),
Yei- depends on whether the site is on a floodplain
(F; = 1) or not (F; = 0), with f;being a measure of
the effect of aridity in non-floodplain ecosystems
and f, being the difference of that effect in flood-
plain ecosystems. We included F as a covariate in
the model to account for species associations with
floodplains, thereby allowing us to identify a
moderating effect of floodplains on aridity (f,) that
is independent of species apparent preference or
disfavour of floodplain habitat. Where the effect of
aridity is negative (fi; < 0), f> > 0 indicates a
moderating influence of floodplains, resulting in a
less negative or positive association with aridity in
floodplains. We included specific vegetation type
(V, nested within F) and the percentage cover of
native vegetation (C) in the surrounding landscape
(500 m radius) to account for species—habitat
associations and for the effects of landscape context
(Thomson and others 2009). The river corridor-
specific aridity effects (B, ., f,.) and covariate ef-
fects (Bs, Bac, Bs.) comprise overall mean (fixed)
effects, B,, and random variation with variance o2.
The spatial random error components (¢;) are for
sub-region (Interim Biogeographic Regionalisation
for Australia, Department of the Environment
2012b) (g1) and site (e3), which were modelled as
independent and identically distributed. We used
linear combinations to estimate the marginal pos-
terior distributions for the mean association be-
tween species occurrence and aridity in the
floodplain ecosystem (B = By + Bs).

Species Traits

We grouped species into guilds within the fol-
lowing ecological traits: body mass, nesting sub-
strate, foraging substrate, diet, habitat preference
and movement dynamics (Table 1). We tested
whether (1) the effects of aridity on species
occurrence (B;) and (2) moderating effect of
floodplains on aridity effects (B, for species where
B, > 0) were related to species ecological traits.
We used a random effects model to partition the
variation in B; and B, among species traits. We
included as a random effect the phylogeny of our
species constructed from Jetz and others (2012) to
control for species relatedness. Models were
weighted by the inverse variance of the species-
specific posterior distributions of the response
variables B; and B,. The proportion of variation
explained by each trait and phylogeny was cal-
culated from the posterior means of the random
effects variance parameters (Gelman, 2005). We
used uninformative (flat) inverse-Wishart priors.
Posterior distributions were sampled with chains
of 100,000 iterations after 15,000 iteration burn-in
periods and a thinning rate of 100. Three inde-
pendent chains were run for each model and
convergence was checked using the Gelman-Ru-
bin diagnostic test in the package ‘coda’ in R
(Plummer and others 2006).

Model Fitting

Species occurrence and vegetation greenness
models were fitted using integrated nested Laplace
approximations (INLA) using the INLA package
(Rue and others 2009). INLA uses deterministic
approximations to posterior marginal distributions
for Bayesian inference, which makes it an accurate
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Figure 3. Species
associations with aridity
in non-floodplain
ecosystems (light grey) and
floodplain ecosystems
(dark grey) for species that
had a negative association
with aridity in non-
floodplain ecosystems (Pr
(B; < 0) > 0.9). Bars
represent 80% credible
intervals for posterior

distributions, central line
indicates mean. Species
are arranged according to
those with (A) strong
evidence for a less
negative association with
aridity in floodplain
ecosystems (Pr

(B > 0) > 0.9), these
species are listed in
Table 2 (B) no evidence
for a difference in the
association with aridity
between ecosystems and
(C) strong evidence for a

more negative association
with aridity in floodplain
ecosystems (Pr

(B, < 0) > 0.9). All

species and mean effect
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and computationally efficient solution for large
datasets (Rue and others 2009). We used the
MCMCglmm package (Hadfield 2010) in R to fit the
species trait models because this package allows for
the incorporation of a phylogenetic tree and
weighting of the response variable based on
uncertainty. We considered a posterior probability
of Pr (parameter > 0) > 0.9 as strong evidence
that the parameter had a positive association to the
response variable, and a posterior probability of Pr
(parameter < 0) > 0.9 as strong evidence for a
negative association (Kass and Raftery 1995).

REsuLTS
Vegetation Greenness

Floodplain vegetation had greater NDVI compared
to non-floodplain vegetation (6, = 2.25, SD = 0.39,
Pr(é; > 0) > 0.9) after accounting for the effects
of aridity, which had a negative association with
NDVI (6, = —10.8, SD = 0.27, Pr(d, > 0) > 0.9).

sizes are listed in Table S1.

Species Occurrence

For all but one species (yellow-throated miner
Manorina flavigula), the associations between spe-
cies occurrence and aridity were in the same
direction for both river corridors, so we report on
the mean trend across river corridors. Of the 130
species that we analysed, 58 (45%) showed strong
evidence of lower occurrence with higher aridity in
non-floodplain ecosystems (Pr (B; < 0) > 0.9,
Figure 3, see Table S1 in Supporting Information),
but the effect of aridity was moderated in flood-
plain ecosystems for 22 of these species (38%) (Pr
(B, > 0) > 0.9, Figure 3A; Table 2): 12 species
showed no association with aridity in floodplain
ecosystems (Pr (Bs < 0) and Pr(Bs > 0) < 0.9)
and, while still negative, the adverse effects of
aridity on species occurrence were less in flood-
plain ecosystems compared to mnon-floodplain
ecosystems for ten species (Figure 3A). Only nine
species showed a more negative association with
aridity in floodplain ecosystems than in non-
floodplain ecosystems (Pr (B, < 0) > 0.9, Fig-
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Table 2. List of Species For Which the Negative Effect of Aridity on Occurrence Was Moderated in
Floodplain Vegetation (that is, Effect of Aridity in Floodplain Vegetation Was Positive, Neutral or Less

Negative than in Non-floodplain Vegetation)

Common name

Scientific name

Scarlet robin

Spotted bowerbird
Chestnut-rumped thornbill
Inland thornbill

Yellow thornbill
Red-capped robin
White-browed babbler
Spiny-cheeked honeyeater
Silvereye

Apostlebird

Little raven

Australian raven

Dusky woodswallow
Rufous whistler

Little friarbird

Striped honeyeater
Yellow-rumped thornbill
Grey butcherbird
Black-faced cuckoo-shrike
Laughing kookaburra
Grey shrike-thrush
Australian magpie

Petroica multicolor
Chlamydera maculata
Acanthiza uropygialis
Acanthiza apicalis
Acanthiza nana

Petroica goodenovii
Pomatostomus superciliosus
Acanthagenys rufogularis
Zosterops lateralis
Struthidea cinerea
Corvus mellori

Corvus coronoides
Artamus cyanopterus
Pachycephala rufiventris
Philemon citreogularis
Plectorhyncha lanceolata
Acanthiza chrysorrhoa
Cracticus torquatus
Coracina novaehollandiae
Dacelo novaeguineae
Colluricincla harmonica
Gymnorhina tibicen

Species are listed in order of effect size depicted in Figure 3A. Nomenclature follows Christidis and Boles (2008).

ure 3C), whereas the other 27 species showed no
substantial difference in the negative association
with aridity in floodplain ecosystems compared to
non-floodplain ecosystems (Figure 3B). Twenty-
nine species (22%) showed a positive association
between occurrence and aridity (Pr
(By < 0) > 0.9) in non-floodplain ecosystems; the
associations differed for just seven of these species
in floodplain ecosystems: two had a more positive
association with aridity in floodplain ecosystems
and five species had a less positive association with
aridity in floodplain ecosystems (see Table S1 in
Supporting information). The occurrence of 43
species in non-floodplain ecosystems was not
strongly related to aridity (see Table S1 in Sup-
porting information).

Species Traits

Habitat guild explained most of the variation in
species response to aridity (53 %), while other traits
and phylogeny explained very little variation
(<4% each; Figure 4A). Species that occupy forest
and woodland habitats on average were more likely
to have a negative association with aridity in non-
floodplain ecosystems (Pr (effect > 0) > 0.9)

(Figure 4B). Species traits explained little variation
in whether floodplain ecosystems mediated the
negative effect of aridity on species occurrence
(Figure 4C); 6% of the variation in B, was attrib-
uted to nesting substrate (Figure 4C, D), whereas
other traits and phylogeny each explained less than
2% of variation (Figure 4C).

DiscussioN

The occurrence of 45% of terrestrial bird species in
non-floodplain ecosystems along the Murray and
Darling river corridors was negatively associated
with aridity. Aridity can influence the occurrence
of faunal species through two mechanisms: (1)
abiotic conditions that impose direct physiological
limitations on species occurrence, and (2) limita-
tions on occurrence based on the availability of
habitat resources provided by vegetation, which
itself is influenced by aridity. Temperatures in arid
landscapes fluctuate greatly, maximum tempera-
tures are high, rainfall is sporadic and free water is
limited (Davis and others 2013). As aridity in-
creases, energy needs and evaporative water loss
increase, which can result in selective pressure on
biota related to basal metabolic rates (Tieleman and
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Figure 4. Mean (central line) and 95% credible intervals for (A) variance components by species trait for species response
to aridity index, with habitat guild explaining the most variation in species associations with aridity; (B) estimated effects
of aridity index on each habitat guild (effects < 0 = negative association with aridity; (C) variance components by species
trait for the extension of species distributions by floodplain ecosystems, with nesting guild explaining the highest amount
of variance among the species traits; and (D) estimated effects of floodplains on species aridity association by nesting guild
(positive effect indicates floodplain ecosystems facilitate species occurrence in more arid regions). Asterisks indicate effects

with Pr > 0.9.

others 2003). Arid ecosystems are resource limited
compared to more mesic ecosystems because low
water availability limits primary production (Knapp
and Smith 2001). Tree cover generally decreases in
more arid regions (Schulze and others 1996;
Scholes and others 2002). Among habitat guilds,
the occurrences of species that prefer forest and
woodland habitat were most negatively affected by
aridity, suggesting that declines in tree cover in arid
regions may play an important role in limiting
species occurrence.

Floodplains moderated the negative effects of
aridity on the occurrence of species in the Murray
and Darling river corridors, with 38% of species
that were negatively affected by aridity in non-
floodplain ecosystems showing weaker or no de-
crease in occurrence with higher aridity in flood-
plain ecosystems. Conversely, there was little
difference in the association between aridity and

species occurrence in floodplain ecosystems for
species whose occurrence was positively associated
with aridity in non-floodplain ecosystems. Along
the aridity gradient, floodplain sites had higher
NDVI than other vegetation, indicating that flood-
plain forest and woodland is more productive than
other vegetation (Wang and others 2004), probably
due to higher water availability and greater soil
fertility (Naumburg and others 2005; Ballinger and
Lake 2006). These outcomes suggest that floodplain
ecosystems act as a ‘green tongue’, allowing species
to occupy drier regions than they would otherwise
(Figure 1). Floodplain ecosystems moderated the
effect of aridity across habitat, foraging, nesting and
dietary guilds, which suggests that there may be
greater amounts of a broad range of resources in
floodplain forests and woodlands compared to
other habitats in arid regions. Floodplain vegeta-
tion of the Murray-Darling Basin is dominated by
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species of Eucalyptus, which provide a higher
abundance of food (for example, nectar and car-
bohydrate rich exudates) and nesting resources (for
example, hollows) for birds compared to tree spe-
cies that dominate non-floodplain in arid zones,
such as Acacia spp. (Pavey and Nano 2009; Tischler
and others 2013). Resource availability in flood-
plain ecosystems is likely to be more reliable during
periods of low rainfall because floodplain vegeta-
tion has access to water through streams, floods or
groundwater (Selwood and others 2015b).

Cooler and wetter microclimatic conditions in
floodplain ecosystems may facilitate the occurrence
of species in more arid regions than they could
otherwise occur based on annual rainfall or tem-
perature. We did not collect data on site microclimate
conditions, and available climate data are at a more
coarse resolution than our sampling units (Bureau of
Meteorology (Australia) 2015¢, 2015b). However,
extensive canopy cover and proximity to water may
moderate microclimate in floodplain ecosystems,
resulting in lower daytime temperatures and higher
relative humidity than in adjacent habitats (Bro-
sofske and others 1997; Danehy and Kirpes 2000),
especially in arid zones where non-floodplain habitat
has relatively low canopy cover. Arid zones experi-
ence lower night-time temperatures compared with
more mesic regions with higher canopy cover, which
may place relatively greater energetic demands on
birds during the night (Kortner and others 2001).
Higher vegetation cover in floodplain ecosystems is
likely to provide greater availability of micro-refuges
for animals to shelter from hot daytime conditions
and also warmer nighttime conditions. Relief from
the pressure of climate conditions in floodplain
ecosystems may allow some species to expand farther
into arid zones. Access to water in arid zones can
assist birds to ameliorate the effects of evaporative
water loss (Fisher and others 1972), so that proximity
to water in floodplain ecosystems may facilitate
species occurrence in arid regions (McCluney and
Sabo 2009).

Riparian and floodplain ecosystems provide an
interconnected network of vegetation throughout
landscapes and over regions (Fremier and others
2015). Despite extensive clearing for agriculture,
the floodplain forests and woodlands of the Mur-
ray-Darling Basin remain some of the largest and
more contiguous vegetation types in south-eastern
Australia (McGinness and others 2010). The higher
connectivity of floodplain vegetation compared to
other vegetation types, particularly in much mod-
ified landscapes, may contribute to the broader
distribution of species ranges in floodplain ecosys-
tems along these river corridors. Changes in species

composition with increasing loss of landscape cover
are less apparent in riparian vegetation than in
other vegetation types (Bennett and others 2014).
It is possible that floodplain ecosystems facilitate
the extension of species distributions into arid
zones through the provision of more continuous
corridors of vegetation for movement of individuals
and therefore, meta-population persistence, which
may otherwise be hindered in more fragmented
non-floodplain vegetation. There is genetic evi-
dence that this is the case for a woodland-depen-
dent marsupial, the vyellow-footed antechinus
Antechinus flavipes (Lada and others 2008).

Our finding that floodplains facilitate the occur-
rence of species in more arid regions is consistent
with greater distinctness of floodplain and riparian
faunal assemblages from adjacent assemblages in
arid regions than in wetter regions (Woinarski and
others 2000; Sabo and others 2005). Previous work
in our study region found that terrestrial bird
assemblages are more differentiated between
floodplain and adjacent habitats along the Murray
River as mean annual rainfall decreases (Tzaros
2001). The extension of species distributions into
arid regions along tongues of floodplain vegetation
probably contributes to greater differences in local
species composition between floodplain and other
vegetation, and so, increases local and regional
species richness (Sabo and others 2005).

Areas that provide relief from high temperatures,
have greater water availability, and support more
vegetation biomass will become increasingly
important for species persistence as climate change
increases drying in many parts of the world (Hart-
mann and others 2013; Reside and others 2014).
Floodplain ecosystems provide drought refuges for
fauna from which individuals can disperse when
conditions moderate (Seabrook and others 2011;
Selwood and others 2015b) and more stable species
assemblages during drought than other vegetation
types (Haslem and others 2015; Nimmo and others
2016). Here, we show that floodplain ecosystems
moderate the effect of aridity on species occur-
rence, which further highlights the important role
that these zones play in enabling species persis-
tence in drying climates. Riparian zones enabled
the persistence of mesic plant communities in past
geological periods of climate drying (Meave and
others 1991) and floodplain ecosystems have the
potential to be important areas for species persis-
tence and adaptation under human-induced cli-
mate change (Capon and others 2013).

The degree to which floodplain ecosystems differ
from surrounding uplands depends on flood fre-
quency and duration, flow intermittency and
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groundwater depth (Brand and others 2011). Hu-
man land-use and drying climate conditions may
reduce the contrast in vegetation productivity be-
tween floodplain and non-floodplain ecosystems
by affecting water availability. Multiple anthro-
pogenic pressures have affected the floodplain
ecosystems of the Murray-Darling river system
(Mac Nally and others 2011). Reduced flood fre-
quency and changed flooding regimes have led to
extensive dieback of floodplain forests and wood-
lands, and the drying climate is exacerbating these
effects (Horner and others 2009). Changes to
groundwater depth and salinity have contributed
to forest dieback (Cunningham and others 2011).
Therefore, the ameliorative effect of floodplains on
aridity is likely to be less than it was prior to reg-
ulation of the Murray-Darling river system. The
ongoing pressures of human land-use and a drying
climate may further dampen the capacity for
floodplain ecosystems to carry bird species into
more arid climate zones.

Floodplains are not immune to the effects of
climate drying and terrestrial fauna in these
ecosystems may have limited resistance to drought
and recovery in wetter periods (Selwood and others
2015a). Many floodplain ecosystems have been
much disturbed by human land use, which may
further limit their resistance to climate change
(Whitford and others 1999). Floodplain ecosystems
around the world have experienced reduced
stream-flow and inundation due to water extrac-
tion for human land use, high levels of urban and
agricultural development (Tockner and Stanford
2002), disruptive land uses such as grazing, timber
extraction and secondary impacts such as salinity
and alien plant invasions (Richardson and others
2007; Mac Nally and others 2011). The mainte-
nance of intact floodplain vegetation and ecological
restoration of modified floodplain ecosystems will
maximize the value of these areas for terrestrial
fauna in arid zones, particularly as climate change
intensifies (Seavy and others 2009). We have
shown that floodplain ecosystems are important for
contributing to regional terrestrial bird assem-
blages. Management of floodplain ecosystems,
including environmental water allocations, should
include the setting and monitoring of goals for
terrestrial biota alongside aquatic and water-de-
pendent biota, which are usually the focus for
management in such ecosystems.
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