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Floodplain ecosystems across the world have declined with river regulation and ﬂoodplain development, reducing ﬂood frequency and extent and fragmenting ﬂood-dependent vegetation. There is growing evidence that
these changes to ﬂooding disproportionately aﬀect terrestrial taxa, such as bats. We compared bat activity and
insect abundance across the ﬂoodplain mosaic (river, lake, vegetated wetland, ﬂoodplain forest, ﬂoodplain
woodland) representing decreasing ﬂooding histories, and two dry habitats (dry vegetation, agricultural). We
replicated these habitats in each of six ﬂoodplain systems of the Murray-Darling Basin, a large semi-arid river
basin (1,042,730 km2) in south-eastern Australia. Our sites were spread across > 400,000 km2, traversing climatic and hydrological gradients. Rivers and lakes with open water and riparian trees had greater total activity
(5 times), foraging activity (14 times) and bat richness (1.5 times) than dry vegetation. Activities of all mesic bat
species, as well as some widespread and arid-adapted bat species, were positively associated with ﬂoodplain
habitats when compared with dry vegetation. Lowest overall total activity, foraging activity and richness were
observed in dry agricultural (cropping, grazing and fallow) habitats, with two of six threatened species in our
study area never recorded in agricultural habitats. Prey abundance was not correlated with bat activity or
habitat. The mosaic of ﬂoodplain habitats appears to be of disproportionate value for bat communities compared
to dominant land covers of agricultural and dry vegetation. Loss of ﬂoodplain habitats through continued river
regulation and ﬂoodplain development are likely reduce diversity and abundance of bats that rely on ﬂoodplains
for foraging and roosting. Lags in bat roost formation and forest structure mean these changes could take over a
century to reverse. To sustain bat communities, we recommend increasing environmental ﬂows to ﬂoodplains
during the bat lactating season, implementing stronger protection of ﬂoodplains from river regulation and
ﬂoodplain development and where possible, restoring ﬂoodplains aﬀected by agriculture into functioning
wetlands.

1. Introduction
More than 70% of the world's wetlands have been destroyed and
impaired (Kingsford et al., 2016), with ﬂoodplain wetlands often the
ﬁrst to be lost as a result of river regulation and ﬂoodplain development
(Kingsford, 2015). Aquatic and water-dependent taxa, such as microinvertebrates (Jenkins and Boulton, 2007), ﬁsh (Rayner et al., 2009),
turtles (Ocock et al., 2017), frogs (Ocock et al., 2016) and water birds
(Kingsford and Thomas, 2004) rely on frequent ﬂooding and are sensitive to anthropogenic alterations of ﬂoodplain habitats. Less is known

about how terrestrial fauna respond to ﬂoodplain disturbance (Mac
Nally et al., 2011). However, declines in productivity due to reduced
ﬂooding and absence of shelter/nesting structures (e.g. hollow-bearing
trees and fallen timber) as a result of ﬂoodplain development impact
both mobile and vagile terrestrial species (Lada et al., 2007; McGinness
et al., 2010). As anthropogenic climate change progresses, ﬂoodplains
are likely to become increasingly important for terrestrial fauna as
climate refugia (Selwood et al., 2015).
Bats are widespread mobile terrestrial predators that forage on
aquatic emergent prey in wetland and ﬂoodplain environments (Fukui
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Fig. 1. Bats and insects were sampled at six ﬂoodplain
systems within of the Murray-Darling Basin (black dashed line) in south-eastern Australia. Floodplain extent
of the six ﬂoodplain systems and main rivers are shown
in blue and degree of green shading reﬂects increasing
canopy cover around the river from treeless (brown) to
high canopy dark green (30 m resolution, Joint Remote
Sensing Research Program, 2015). (For interpretation of
the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

experiencing their greatest energetic challenges (Kurta et al., 1989).
This may also be when water balance is critical for bats, due to high
temperatures and water requirements for ﬂight and lactation (Adams
and Hayes, 2008). Bat activity and prey availability can decrease dramatically when river ﬂows decline in arid systems (Hagen and Sabo,
2012, 2014).
The Murray-Darling Basin (1,042,730 km2) in south-eastern
Australia has highly variable ﬂooding regimes, aﬀected by river regulation (Kingsford, 2000). It provides an ideal landscape to investigate
the dependency of bat communities on the mosaic of ﬂoodplain habitats, including rivers, lakes, vegetated wetlands, ﬂoodplain woodlands
and forests, created by ﬂooding regimes (Saintilan and Overton, 2010),
and that contrast with terrestrial areas. The basin also has a diverse bat
fauna (Law and Anderson, 1999; Lumsden and Bennett, 1995; Monamy
et al., 2013; Reside and Lumsden, 2011). These ﬂoodplain habitats exist
within a matrix of agricultural areas and remnant dry native vegetation.
The basin is highly regulated by dams, diversions and impoundments,
reducing the surface water availability by 48% (Leblanc et al., 2012),
and requiring national investment to return water to rivers and ﬂoodplains in order to restore biodiversity and ecological functioning
(Swirepik et al., 2016). Measurements of impacts to rivers and wetlands
and subsequent restoration attempts have generally focused on aquatic
taxa and riparian vegetation (Poﬀ and Zimmerman, 2010). We investigated dependencies of bat species across a mosaic of ﬂoodplain
habitats in the Murray-Darling Basin and contrasted this to terrestrial
ecosystems. We predicted that frequently ﬂooded environments would
be preferred foraging habitats over dry environments. We predicted
that increased foraging would be correlated with higher prey availability in frequently ﬂooded sites, which have greater habitat

et al., 2006; Power et al., 2004) and require water to drink (Griﬃths,
2013), especially when nursing young (Adams and Hayes, 2008). Despite this, few studies have investigated the importance of ﬂoodplains
for bats (Monamy et al., 2013; Pereira et al., 2009). Many bat species
rely on freshwater ecosystems and some bats (e.g. ﬁsh eating bats) trawl
for aquatic insects and ﬁsh (Campbell, 2009). They also travel and
forage along riparian corridors in dense forests (Law and Chidel, 2002;
Law et al., 2011) with some bat species preferentially roosting in
hollow trees within ﬂoodplains even when foraging areas are up to
10 km away (Lumsden et al., 2002). Some arid-adapted bat species
have evolved techniques to cope with the threat of water loss, using
torpor (decreasing body temperature and metabolic rate) (Bondarenco
et al., 2013). Such species can live over 10 km from any water source
(Williams and Dickman, 2004). Corresponding to these dependencies,
bat species are vulnerable to changes in water regimes, pollution and
climate (Jones et al., 2009) and bat species that are closely tied to water
for all parts of their life cycle, are most vulnerable (Campbell, 2009).
Freshwater ecosystems are also highly productive, supporting
higher abundances of insects and bats than nearby terrestrial ecosystems (Fukui et al., 2006). In ﬂoodplains, vegetation communities
change across a gradient of ﬂooding regimes, creating a range of
foraging opportunities that vary temporally and spatially. This environmental variability contrasts with the more homogeneous conditions in adjacent terrestrial areas. Flooding brings nutrients from large
ﬂoodplain areas, concentrating productivity in rivers and wetlands and
dramatically increasing abundance and richness of insectivorous bats
(Pereira et al., 2009; Rainho and Palmeirim, 2011). Productivity of
foraging habitats, leading to greater abundances of insect prey, may be
especially important during the breeding season when lactating bats are
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temporally. Our ﬂoodplain systems ranged from hot and arid in the
north-west with annual rainfall of 344 ± 21 mm and annual temperatures of 20.0 ± 0.01 °C (Yantabulla), to relatively cool and temperate in the south-east (Barmah-Millewa Forest: 677 ± 78 mm;
13.6 ± 0.4 °C) (Appendix S2). We sampled during extensive inundation, when high surface inﬂows (2010 − 2011) after a prolonged
drought produced the greatest ﬂooding extent observed for ten years in
the Murray-Darling Basin (Huang et al., 2014).
2.2. Survey design

2. Materials and methods

We sampled the ﬂoodplain mosaic by identifying seven habitats a
priori for each of the six ﬂoodplain systems of the basin, including ﬁve
ﬂoodplain habitats decreasing in perenniality (the river channel
(~ 15–100 m width); lake (> 1 ha); vegetated wetland; ﬂoodplain
forest; ﬂoodplain woodland), and two dry habitats (dry vegetation and
agricultural land) (Fig. 2). River channels were perennially ﬂooded,
except for within the most arid ﬂoodplain (Yantabulla), where the main
river (Cuttaburra Creek) was ephemeral. Lakes and vegetated wetlands
were deﬁned as requiring annual ﬂooding and were open (treeless)
patches, either predominantly free of vegetation (lakes) or vegetated
(vegetated wetland). Floodplain forest and ﬂoodplain woodland were
dominated by trees, requiring ﬂooding every 1–3 years and 2–10 years,
respectively. Wetland plants that dominated vegetated wetlands included: Muehlenbeckia ﬂorulenta, Phragmites australis, Typha domigensis
and Bolboschoenus ﬂuviatilis. Floodplain trees were dominated by Eucalyptus camaldulensis, E. coolabah (river, lake, ﬂoodplain forest), and E.
largiﬂorens (ﬂoodplain woodland). Dry vegetation was dominated by
trees that were generally not ﬂood dependent and included Acacia aneura, E. populnea and E. oleosa. Treed areas were relatively open
(250 ± 32 trees per ha) with relatively low canopies (14.8 ± 1.2 m).
Agricultural habitats were open (treeless) areas > 100 ha, either
cropped, grazed or fallow and not regularly ﬂooded, although sometimes irrigated. All river and lake habitats held standing water, while a
third of vegetated wetland sites and 40% of ﬂoodplain forest sites had
just dried recently (soil was still moist) and all ﬂoodplain woodland
sites were dry or had dried recently. All dry vegetation and agricultural
sites were dry and had not been recently ﬂooded but may have been
irrigated. The seven habitats accounted for most landuse types within
the Murray-Darling Basin.
We sampled bats and insects, in two and one locations respectively,
in each habitat in each ﬂoodplain system. There were 79 bat sites (164
nights) and 40 insect sites (77 nights); equipment failed on ﬁve bat and
two insect sites. Each site was > 200 m from roads or tracks and at least
three kilometres from other sites, reducing spatial autocorrelation. Dry
vegetation, and agricultural sites were at least 10 km from open water.
Overall, the sites sampled spanned a geographic area of > 400,000
km2. We selected sites haphazardly, rather than randomly, due to the
logistical limitations of the large study area. However, we checked for
biases in our sampling by comparing important covariates for bats (tree
stem density and hollow availability) across our treed sites (river,
ﬂoodplain forest, ﬂoodplain woodland, dry vegetation) using analysis
of variance (ANOVA). We found no evidence for diﬀerences in either
stem density (F = 0.52, P = 0.670) or hollow availability (F = 0.57,
P = 0.637) among habitats.

2.1. Study area

2.3. Bat and insect surveys

We surveyed bats and insects within six ﬂoodplain systems of the
Murray-Darling Basin in south-eastern Australia (1,042,730 km2, 14%
of the Australian continent). Each ﬂoodplain system included a mosaic
of ﬂoodplain habitats as well as dry vegetation and agricultural areas
around a main river system within the broader Murray-Darling basin
(Figs. 1 & 2, Appendix S1). The ﬂoodplain systems varied in their river
regulation history, climates and plant communities (Appendix S1). The
Murray-Darling Basin has a highly variable climate both spatially and

We surveyed bats and insects during bat lactation (Nov–Dec, 2011),
given this is a period of high energetic (Kurta et al., 1989) and water
(Adams and Hayes, 2008) demands for bats. We recorded echolocating
bats using Anabat call recorders (Anabat II, Anabat SD1, Titley Scientiﬁc, Brendale, QLD, Australia), calibrated to the same detection distance using a bat chirper (Nevada Bat Technology, Las Vegas, NV, USA).
The lactation period coincides with the Australian spring-summer,
which is a relatively hot and dry season within the study area.

Fig. 2. Mosaic of ﬂoodplain habitat, representing the gradient of ﬂooding, categorised
into ﬁve ﬂoodplain habitats ((a) river, (b) lake, (c) vegetated wetland, (d) ﬂoodplain
forest, (e) ﬂoodplain woodland) and two dry habitats ((f) dry vegetation and (g) agricultural habitat).

availability for emergent prey as well as high productivity that results
in abundant terrestrial prey. We also predicted that species level associations across the mosaic of ﬂoodplain environments would vary, with
water dependent and mesic-adapted bats showing strongest positive
associations with ﬂoodplain habitats.
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of the whole site (a 25 m by 50 m quadrat, extending 50 m in the direction that the bat call recording microphone was pointed and 12.5 m
either side of the microphone). We characterised nightly ﬂuctuations in
temperature using maximum nightly temperature from the Bureau of
Meteorology (Bureau of Meteorology, 2014). Finally, to account for
climatic diﬀerences across ﬂoodplain systems, we recorded annual
temperature, annual rainfall and annual runoﬀ from historical data
(1921–1995) at the sub-catchment level for each site (Stein et al.,
2011).

Ultrasonic microphones were placed 1 m above ground (or above vegetation where ground vegetation > 1 m high), protected from the
weather within S-bend PVC pipes, and pointed vertically at a 45o angle
toward vegetation gaps, to reduce sound attenuation from vegetation
clutter (Patriquin et al., 2003). Bat recorders were programmed to record from dusk to 1 h after dawn, for 1–4 nights (2.1 ± 0.1 nights) at
each site, outside full moon periods ( ± 3 days). We did not sample on
rainy nights. We intended to sample for three nights at each site but
equipment failure and site access issues prevented this.
We analysed bat calls (each ﬁle recorded by the recorders comprised
a sequence of pulses and was considered a separate call), using automated call identiﬁcation software Anascheme (Adams et al., 2010),
with a local key identifying species or genus and a ﬁlter for bats with
alternating frequencies (e.g. Chalinolobus gouldii). The key misclassiﬁed < 2% of calls (n = 398), tested against independent reference calls of species expected within the study area (Appendix S3).
We created two genus groups because of call similarity: Nyctophilus
(Nyctophilus geoﬀroyi, N. gouldi, N. corbeni) and Mormopterus (M. ridei,
M. planiceps, M. petersi). We manually identiﬁed all M. macropus calls
due to their similarity to Nyctophilus spp. calls and also manually
checked all uncommon and threatened species. Feeding buzzes of bats
honing in on prey were ﬁltered, identiﬁed as sequences of short pulses
with more linear structure than other calls and then edited by manually
removing all calls that were not feeding buzzes (e.g. steep clutter calls).
We could not discount that some buzzes were drinking calls, where
water was present, given similar call structures (Griﬃths, 2013). Our
ﬁnal bat response variables, estimated for each night, included: total
activity (total number of bat calls per night including feeding buzzes);
foraging activity (number of calls classiﬁed as feeding buzzes per
night); bat richness (number of bat species or genera identiﬁed) and
taxa activity (total activity of 14 bat taxa). Each bat taxa was also assigned to one of three groups, representing decreasing dependence on
water (mesic, widespread, arid-adapted), based on ecology of the 14 bat
taxa of this study (Churchill, 2009; Monamy et al., 2013).
We sampled nocturnal insects 10 min every hour, for 8 h after
sunset, using a 12 V DC 8 watt insect light trap (E700, Australian
Entomological Supplies Pty Ltd., Bangalow, Australia) placed > 200 m
from bat recording sites, to avoid potential disturbance (Adams et al.,
2005). Insects were preserved in 70% ethanol, sorted into taxonomic
order and size class and counted, excluding non-ﬂying taxa. Size classes
were consistent with Lumsden and Bennett (2005) and based on the
length of the insect body (0.1–2, 2.1–4, 4.1–6, 6.1–10, 10.1–14,
14.1–18, 18.1–24, > 24 mm). We calculated four univariate metrics of
prey availability: total insect abundance, terrestrial insect abundance,
aquatic insect abundance and insect order richness. Terrestrial insect
abundance contained insect orders that were predominantly of terrestrial origin (Hymenoptera, Lepidoptera, Coleoptera, Hemiptera, Dermaptera, Orthoptera, Blattodea, Isoptera) and aquatic emergent insect
abundance included orders with predominantly aquatic larval stages
(Trichoptera, Ephemeroptera, Neuroptera and Plecoptera) (Lancaster
and Downes, 2013). The orders Coleoptera and Hemiptera were likely
to contain both terrestrial and aquatic taxa but these were not separated
and therefore our abundance metrics for aquatic taxa are approximate.
We calculated multivariate insect order abundance for 10 insect orders
(Hymenoptera, Lepidoptera, Trichoptera, Diptera, Coleoptera, Hemiptera, Dermaptera, Orthoptera, Blattodea, Isoptera), recorded as bat
prey (Law and Urquhart, 2000; Lumsden and Bennett, 2005) and sufﬁciently abundant (> 1%) in samples. All of the insect abundance
measures were also converted to biomass by using the mean length of
the size class in empirical relationships, relating insect dry biomass to
insect body length for diﬀerent orders (Sample et al., 1993). However,
correlations between biomass and abundance were very high (e.g. total
insect abundance/biomass, R2 = 0.92, terrestrial insect abundance/
biomass, R2 = 0.92, aquatic emergent insect abundance/biomass,
R2 = 0.95) so only insect abundance relationships were reported.
We visually estimated open water at each site, as a percentage cover

2.4. Data analyses
To test for a relationship between bat habitat use (total activity,
foraging activity) and habitat, we ﬁtted negative binomial generalised
mixed eﬀects models (Warton et al., 2016). Habitat (river, lake, vegetated wetland, ﬂoodplain forest, ﬂoodplain woodland, dry vegetation
and agricultural) was the ﬁxed factor and site and ﬂoodplain system
were random factors using the R-package glmmADMB v0.8.3.2 (Skaug
et al., 2015). A second set of negative binomial mixed eﬀects models
were ﬁtted with bat prey abundance (total insect abundance, terrestrial
insect abundance, aquatic insect abundance) as the response variables
with the same predictor variables. As the two richness response variables (bat richness and insect order richness) were normally distributed,
we used linear mixed eﬀects models within the lme4 v1.1-13 (Bates
et al., 2017) and lmerTest v2.0-33 (Kuznetsova et al., 2016) packages to
ﬁt these models. We checked for correlation among all of our response
variables using the Pearson's correlation coeﬃcient.
We used a forward-stepwise model selection procedure to check
whether nightly ﬂuctuations in temperature (maximum nightly temperature), climate (annual rainfall, temperature and runoﬀ) or open
water (percentage open water) added additional explanatory power to
the base models (models containing only habitat as ﬁxed variable). We
added each variable one at a time to form a set of candidate models,
comparing models using the BIC and retaining the variable that resulted
in the best ﬁtting (lowest BIC) model. We then compared this model
with the null model (the model without the variable in question) using
ANOVA to check whether addition of the variable signiﬁcantly improved model ﬁt. This process was continued along the forward selection path until additional variables no longer improved model ﬁt
(P < 0.008). We used the Bonferroni correction to adjust our signiﬁcance threshold from P < 0.05 to P < 0.008, to account for
multiple testing among the 6 predictor variables (Rice, 1989). After
each new variable was added to the model, highly correlated variables
(R2 > 0.7) were removed from the selection pool to reduce collinearity, which distorts model estimation (Dormann et al., 2013). The
list of all models, their BIC, ΔBIC (compared with the base models) and
ANOVA results in Appendix S4.
Once the ﬁnal model was selected, we assessed goodness-of-ﬁt using
Dunn-Smyth residual plots (Dunn and Smyth, 1996). In these plots, we
looked for fan shapes and extreme residual values that might indicate
unaccounted for overdispersion or a violation of distributional assumptions (Warton et al., 2016). Finally, we added number of sampling
nights as a covariate, but as it was not signiﬁcant for any of the response
variables it was removed from the ﬁnal models. We tested the signiﬁcance of each explanatory variable using the X2 statistic for categorical variables and the z statistic for continuous variables and levels
within categorical variables. The resulting most parsimonious models
were reported with dry vegetation as the reference category to best
compare relative importance of ﬂoodplain habitats. We calculated the
proportion of variance explained by the ﬁxed variables in the model
(marginal R2) and by both ﬁxed and random variables (conditional R2)
(Nakagawa and Schielzeth, 2013) using scripts for models of the negative binomial family provided in Nakagawa and Schielzeth (2017).
We also examined relationships between habitat and communitylevel (multivariate) response variables (bat taxa activity and insect
order abundance), using a model-based analysis of multivariate
4
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habitat use was similar to dry vegetation (Fig. 3). Agricultural habitats
supported the lowest total bat activity, bat foraging activity and bat
richness with nine times and 19 times less total and foraging activity,
respectively, than the wettest (river and lake) habitats (Fig. 3). Bat
richness roughly doubled from ~4 species recorded nightly in agricultural habitats to ~8 species recorded in lakes (Fig. 3).
Habitat did not signiﬁcantly improve the models for any of our insect abundance or richness variables. These included: Aquatic insect
abundance (X2 = 12.65, P = 0.049), terrestrial insect abundance
(X2 = 3.85, P = 0.698), total insect abundance (X2 = 5.50, P = 0.482)
and insect order richness (X2 = 12.81, P = 0.046). All measures of
insect abundance and richness except aquatic insect abundance were
related to ﬂuctuations in temperature, increasing with maximum
nightly temperature (terrestrial insect abundance: z = 5.86,
P < 0.001; total insect abundance: z = 4.49, P < 0.001; insect order
richness: t = 3.64, P = 0.001; Table 3; Appendix S4). The model of
aquatic insect abundance ﬁt poorly, as habitat only explained 7% of the
modelled variability (Table 3). Insect community composition did not
vary signiﬁcantly across habitats (LRT = 109.7, P = 0.414, Appendix
S5). No measures of bat habitat use (total activity or foraging activity)
were related to any measures of insect abundance (total, aquatic
emergent and terrestrial insect abundance, taxa-speciﬁc prey measures)
(Appendix S6).
Bat community composition diﬀered across habitats (LRT = 261.3,
P = 0.001; Fig. 4). All bat species were recorded in all habitats except
two threatened species. Myotis macropus (mesic) was not recorded in
agricultural habitats, dry vegetation or ﬂoodplain woodland, and Chalinolobus picatus (arid-adapted) was not recorded in agricultural habitats
(Fig. 4, Appendix S7). Five bat species were negatively associated with
agricultural compared to dry habitats and no species were positively
associated with agricultural or dry vegetation compared to ﬂoodplain
(Fig. 4). In contrast, nine species were positively associated with
ﬂoodplain habitats including all mesic species, three widespread species and two arid-adapted species (Fig. 4). Of six threatened species
(Appendix S7), two were positively associated with ﬂoodplain habitats
and three negatively associated with agricultural habitats (Fig. 4).
There was support for increasing bat habitat use across the ﬂooding
gradient as eight species were positively associated with rivers, six with
lakes, seven with vegetated wetland, four with ﬂoodplain forests and
only two species positively associated with ﬂoodplain woodland
(Fig. 4).

abundance data in the mvabund (v3.9.1) package (Wang et al., 2012)
with the negative binomial distribution (function: manyglm). This
technique ﬁts separate generalised linear models to each response
variable (species) with a common set of explanatory variables, and uses
resampling to test hypotheses (Wang et al., 2012). We again used the
negative binomial family, which is appropriate for analysis of species
community data, as it works well for overdispersion and mean-variance
relationships common in count data (Warton et al., 2016). Observations
were summed for all nights at each site, using number of nights as an
oﬀset within the model. Signiﬁcance of each variable was tested using
the Likelihood Ratio Test (LRT) statistic, and 95% conﬁdence intervals
were calculated for modelled coeﬃcients. This allowed us to identify
community-level eﬀects of habitat and to identify which taxa (bat or
insect order) were likely drivers of these diﬀerences. Floodplain system
was not included as a predictor, as its inclusion contributed little to
models of bat habitat use and insect abundance (Tables 2 & 3). We used
Dunn-Smyth residual plots and mean-variance plots to assess model ﬁt
(Wang et al., 2012). We used the R environment for statistical computing (R v3.3.1) to conduct all analyses (R Development Core Team,
2016).
3. Results
We recorded a total of 68,147 bat calls from 14 bat taxa, over 164
recording nights. On average, there were 416 ± 32 (SE) total calls per
night. Of these, we identiﬁed 58% to individual taxa (one of 12 bat
species or two genera), with remaining calls either fragmentary or of
poor quality. Total activity and bat richness across ﬂoodplain systems
broadly followed patterns in annual rainfall, temperature and runoﬀ
(Table 1; Appendix S2). The more arid ﬂoodplain systems (Yantabulla,
Gwydir Wetlands, Macquarie Marshes) had lower total activity and
richness but higher insect abundance and order richness compared to
more mesic ﬂoodplains (Barmah-Millewa Forest, Lowbidgee Floodplain, Chowilla Floodplain) (Appendix S2). Among the response variables, total and foraging activity were correlated (R2 = 0.75), and total
insect and terrestrial insect abundance were highly correlated
(R2 = 0.95), however bats and insects were not correlated (all measures R2 < 0.20).
Despite variability across ﬂoodplain systems, all measures of bat
habitat use diﬀered signiﬁcantly among habitats, with greater activity
in more frequently ﬂooded habitats (total activity: X2 = 48.64,
P < 0.001; foraging activity: X2 = 44.05, P < 0.001; bat richness:
X2 = 13.28, P < 0.001; Table 2). The wettest habitats (river and lake)
had greater total activity (5 times), foraging activity (14 times) and bat
richness (1.5 times) compared to dry vegetation habitats (Table 2,
Fig. 3). However in infrequently ﬂooded ﬂoodplain woodland, bat

4. Discussion
A key ﬁnding of our study was that more frequently ﬂooded habitats
supported greater bat (total and foraging) activity and bat richness than

Table 1
Mean ( ± SE) activity (calls per night) for 14 bat taxa and total activity and foraging activity, recorded on six ﬂoodplain systems within the Murray-Darling Basin, south-eastern Australia
(see Fig. 1).
Species

Yantabulla

Myotis macropus
Vespadelus darlingtoni
Vespadelus regulus
Chalinolobus morio
Vespadelus vulturnus
Mormopterus lumsdenae
Austronomus australis
Saccolaimus ﬂaviventris
Nyctophilus spp.
Chalinolobus gouldii
Mormopterus spp.
Chalinolobus picatus
Scotorepens greyii
Scotorepens balstoni
Total activity
Foraging activity

0
0
0
0
0
0
0.09 ± 0.05
11.28 ± 4.28
3.49 ± 1.55
14.76 ± 7.61
24.06 ± 10.11
8.95 ± 6.97
84.56 ± 24.75
1.05 ± 0.38
259.01 ± 77.24
9.88 ± 4.99

Macquarie Marshes

Gwydir Wetlands

Chowilla Floodplain

Lowbidgee Floodplain

Barmah-Millewa Forest

0.33 ± 0.29
0
0
0
20.58 ± 9.31
0
0.21 ± 0.1
3.94 ± 1.38
14.29 ± 8.88
36.38 ± 14.59
40.43 ± 11.45
0.56 ± 0.26
31.57 ± 8.8
4.88 ± 2.6
374.71 ± 84.85
6.83 ± 2.54

0
0
0
0.06 ± 0.04
37.35 ± 10.75
1.12 ± 0.41
0.18 ± 0.09
7.77 ± 2.61
2.85 ± 1.37
5.26 ± 2.53
142.08 ± 38.91
0
27.96 ± 11.51
10.48 ± 6.62
382.81 ± 98.13
12.74 ± 4.44

0.04 ± 0.04
3.24 ± 1.23
123.45 ± 56.91
22.89 ± 7.36
3.68 ± 0.97
0
0.73 ± 0.24
0
2.71 ± 2.21
33.45 ± 15.51
82.2 ± 19.85
0.25 ± 0.16
0.43 ± 0.16
0.63 ± 0.28
430.74 ± 105.12
26.63 ± 8.99

0.18 ± 0.14
1.79 ± 1.58
97.17 ± 48.31
4.68 ± 1.73
32.68 ± 12.71
0
37.26 ± 17.62
0.17 ± 0.08
6.4 ± 4.24
61.02 ± 21.31
63.6 ± 17.71
0
1.29 ± 0.51
2.73 ± 1.22
540.31 ± 165.08
33.06 ± 15

3.58 ± 2.33
46.14 ± 24.32
27.6 ± 13.52
2.74 ± 1.42
105.67 ± 50.09
0
12.54 ± 5.38
0.19 ± 0.12
4.67 ± 1.65
20 ± 6.14
60.67 ± 23.65
0
0
1.24 ± 0.54
476 ± 132.04
30.59 ± 13.75
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Table 2
Summaries of ﬁtted mixed eﬀects models relating total activity (calls per night), foraging activity (buzzes per night) (generalised linear: negative binomial) and bat richness (linear) to
signiﬁcant predictors and habitats. The reference category (intercept) for habitat was dry vegetation. Standard deviations (SD) are shown for random factors (site and ﬂoodplain system)
and standard errors (SE) for ﬁxed factors. Variance gives the amount of variability within random intercepts for diﬀerent sites and ﬂoodplain systems. The test statistic (TS) was the z
statistic for generalised linear mixed eﬀects models (total and foraging activity) and the t statistic for linear mixed eﬀects models (bat richness). Marginal R2 (R2M) estimates the variance
explained for the ﬁxed eﬀects in each model (without the random eﬀects), while Conditional R2 (R2C) estimate the variance explained for both ﬁxed and random eﬀects.
Response (R2M/R2C)

Predictors

Variance

Total activity
(0.42/0.81)

Site
Floodplain system
Intercept
Agricultural habitat
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Site
Floodplain system
Intercept
Agricultural habitat
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Site
Floodplain system
Intercept
Agricultural habitat
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Annual temperature

0.520
< 0.001

Foraging activity
(0.39/0.77)

Bat richness
(0.33/0.72)

Coeﬃcient

4.87
− 0.64
0.29
0.85
0.97
1.56
1.63
1.478
< 0.001
0.46
− 0.34
0.2
1.19
2.25
2.92
2.71
2.35
< 0.001
5.26
− 0.93
0.54
1.68
1.26
2.38
2.09
− 0.8

SD/SE
0.721
< 0.001
0.25
0.35
0.34
0.35
0.34
0.35
0.35
1.122
< 0.001
0.48
0.68
0.64
0.63
0.62
0.63
0.63
1.53
< 0.001
0.56
0.79
0.77
0.77
0.77
0.78
0.78
0.21

TS

P

19.37
− 1.82
0.85
2.46
2.83
4.45
4.7

< 0.001
0.068
0.396
0.014
0.005
< 0.001
< 0.001

0.97
−0.5
0.32
1.88
3.63
4.63
4.33

0.33
0.618
0.752
0.059
< 0.001
< 0.001
< 0.001

9.32
− 1.17
0.7
2.18
1.64
3.05
2.68
− 3.87

< 0.001
0.245
0.488
0.033
0.106
0.003
0.009
< 0.001

Fig. 3. Violin plots of ﬁtted means ( ± 95%
CI) of bat habitat use total activity (calls night− 1), foraging activity (no. feeding
buzzes night− 1), bat richness (number of
bat taxa recorded night− 1), bat prey abundance (total insects, terrestrial insects,
aquatic insects) and insect order richness,
across a mosaic of ﬁve ﬂoodplain (ﬂoodplain woodland, ﬂoodplain forest, vegetated wetland, lake, river) and two dry habitats (agricultural, dry vegetation).
“Violins” show probability density at different values of the response variables.
Asterisks indicate ﬂoodplain habitats where
the response variable was signiﬁcantly different from dry vegetation.
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Table 3
Summaries of ﬁtted mixed eﬀects models relating total insect, terrestrial insect and aquatic emergent insect abundance (generalised linear: negative binomial) and insect order richness
(linear) to signiﬁcant predictors and habitats. The reference category (intercept) for habitat was dry vegetation. Standard deviations (SD) are shown for random factors (site and
ﬂoodplain system) and standard errors (SE) for ﬁxed factors. Variance gives the amount of variability within random intercepts for diﬀerent sites and ﬂoodplain systems. The test statistic
(TS) was the z statistic for generalised linear mixed eﬀects models (total, terrestrial and aquatic emergent insect) and the t statistic for linear mixed eﬀects models (insect order richness).
Marginal R2 (R2M) estimates the variance explained for the ﬁxed eﬀects in each model (without the random eﬀects), while Conditional R2 (R2C) estimate the variance explained for both
ﬁxed and random eﬀects.
Response (R2M/R2C)

Predictors

Insect order richness
(0.30/0.51)

Site
Floodplain system
Intercept
Agricultural
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Max nightly temperature
Site
Floodplain system
Intercept
Agricultural
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Max nightly temperature
Site
Floodplain system
Intercept
Agricultural
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River
Max nightly temperature
Site
Floodplain system
Intercept
Agricultural
Floodplain woodland
Floodplain forest
Vegetated wetland
Lake
River

Total insects
(0.29/0.65)

Terrestrial insects
(0.34/0.75)

Aquatic emergent insects
(0.07/0.17)

Variance

Coeﬃcient

0.834
0.412
7.51
−2.46
−0.41
−0.17
−1.96
−0.81
− 0.7
1.02
1.401
0.657
7.09
−1.10
0.59
0.16
−0.58
0.29
−0.62
1.18
1.704
1.523
6.58
−0.98
0.29
0.30
−0.78
0.12
−0.57
1.59
< 0.001
1.073
2.71
−1.58
0.49
0.19
−0.12
−0.35
1.09

SD/SE
0.914
0.642
0.75
0.92
0.94
0.94
0.94
0.94
0.92
0.28
1.184
0.811
0.75
0.90
0.91
0.90
0.91
0.90
0.91
0.26
1.305
1.234
0.88
0.96
0.98
0.97
0.98
0.97
0.97
0.27
< 0.001
1.036
0.73
0.84
0.83
0.79
0.81
0.76
0.77

TS

P

10.07
− 2.69
− 0.43
− 0.18
− 2.08
− 0.86
− 0.76
3.64

< 0.001
0.012
0.669
0.856
0.045
0.395
0.453
0.002

9.52
− 1.22
0.65
0.17
− 0.64
0.32
− 0.67
4.49

< 0.001
0.220
0.520
0.860
0.520
0.750
0.500
< 0.001

7.50
− 1.02
0.30
0.31
− 0.80
0.13
− 0.59
5.86

< 0.001
0.310
0.760
0.750
0.420
0.900
0.560
< 0.001

3.7
− 1.88
0.58
0.24
− 0.14
− 0.46
1.4

< 0.001
0.061
0.559
0.812
0.886
0.647
0.161

“booms” of ﬂooding (Bunn et al., 2006), feeding on aquatic emergent
insects during periods of high energy requirement (e.g. lactation). The
ﬂoodplain trees probably also attracted bats, such as N. geoﬀroyi and C.
gouldii, to roost in hollows (Lumsden et al., 2002). While mean activity
levels within diﬀerent ﬂoodplain habitats varied between species, further work is needed to determine whether species partition ﬂoodplain
habitats according to preferences for diﬀerent structures (Blakey et al.,
2016) or prey. Selection of habitat by bats in ﬂoodplains is likely to not
only be inﬂuenced by foraging habitat quality, but also roost availability (Lumsden et al., 2002), predation risk (Lima and O'Keefe, 2013),
prey sources (Arrizabalaga-Escudero et al., 2015) and ﬂoodplain phase
(Pereira et al., 2009). This means that multiple habitat types may be
used across diﬀerent seasons or even over the course of a night's foraging (Lumsden et al., 2002). Floodplains with perennial water are likely
to be especially important during drought phase, which can be common
in semi-arid environments. For these reasons, further studies tracking
movements of individual bats and spanning longer time periods are
needed to elucidate the complexities of bat ﬂoodplain habitat use.
Our lack of relationship between insects and habitat types or insects
and bats may be the result of insect super abundance from extensive
ﬂooding, reﬂected in nightly insect biomass > 10 times that recorded
in other Australian light-trapping studies (Gonsalves et al., 2013;
Scanlon and Petit, 2007; Threlfall et al., 2012). Our temporal replication was limited: 1–4 nights per site during one maternity season, so

dry habitats across a large river basin (Table 2, Fig. 3). Conversely,
agricultural habitats had the lowest bat activity and richness of all
habitats (Table 2, Fig. 3). These trends were robust to variable climatic
conditions across the basin: bat activity and richness peaked where
annual rainfall and runoﬀ were high and annual temperatures were low
(Appendix S2). However, insect abundance did not vary with habitat
(Table 3, Appendix S5) and no measures of insect abundance including
measures of prey abundance speciﬁc to bat species, were found to be
drivers of bat activity (Appendix S6).
Habitats with open water sources (lakes and rivers) supported the
highest bat activity and richness (Table 2, Fig. 3), consistent with other
studies across the world (Korine et al., 2016; Salvarina, 2016). Bats use
echolocation to detect smooth water surfaces for drinking (Greif and
Siemers, 2010) and water surfaces larger than 0.5 m wide and 15 m
long attract the greatest number of bat species including large, less
manoeuvrable species (Razgour et al., 2010; Tuttle et al., 2006). This
requirement to drink may partly explain high levels of habitat use at
rivers and lakes. Riparian vegetation, alongside open water foraging
and drinking areas (e.g. rivers and lakes) also probably provides high
quality foraging “edges” for bats (Gonsalves et al., 2012).
As expected, all mesic bat species associated positively with ﬂoodplain habitats (Fig. 4) but so did three widespread and two arid species,
including three threatened species/groups (Fig. 3). Arid-adapted bat
species could move into ﬂoodplain mosaics to capitalise on productivity
7
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and prey availability decline dramatically during periods of lowered
river ﬂows in arid systems (Hagen and Sabo, 2012). The Murray-Darling Basin is intensely regulated, with 248 large dams with a storage
capacity of 125% annual runoﬀ (Finlayson et al., 2013). We predict that
this regulation adversely aﬀects bat communities, due to the strong
positive associations between bats and ﬂoodplain habitats, which are
likely to be even stronger during periods of low ﬂow.
Floodplain development, through the clearing of trees and disconnection of ﬂoodplain habitats (Steinfeld and Kingsford, 2013) is
likely to negatively aﬀect bat communities in the Murray-Darling Basin
(Figs. 3 & 4) as it has in other world ﬂoodplains, like the Pantanal in
Brazil (Alho et al., 2011). Floodplain development reduces available
tree roosts (Lentini et al., 2012), foraging habitat (e.g. edges and
clutter), prey abundance (Hendrickx et al., 2007) and potentially increases exposure to predators (Lima and O'Keefe, 2013). This damage
continues with 70,000 ha of ﬂoodplain mosaic replaced by crops in
1997–2011 in the Gwydir Wetlands (Eco Logical Australia, 2011), a
pattern reﬂected elsewhere in the world (Coleman et al., 2008). Such
clearing may continue, as only 10.8% of ﬂoodplain wetlands in Australia are within protected areas, even though they are the most extensive wetland type in the country (55%) (Bino et al., 2016). It may
take > 75 years and potentially up to 150 years for ﬂoodplain mosaics
to be restored from agricultural landuse to re-establish habitat resources for insectivorous bats (Cunningham et al., 2015). Unless
ﬂoodplains are protected from further clearing, bat diversity and
abundance are likely to decline. Such declines in bat communities may
also adversely aﬀect surrounding agriculture, as bats provide ecosystem
services in the form of insect pest regulation, increasing crop yield and
decreasing pesticide costs across the globe (Kunz et al., 2011).
These eﬀects of river regulation and ﬂoodplain development on
ﬂoodplain mosaics and bat communities will be exacerbated with
continuing anthropogenic climate change (Jenkins et al., 2011;
Kingsford, 2011). Surface water availability is projected to decrease by
a further 11% by 2030, with increased duration between beneﬁcial
ﬂoods more than doubling for 60% of wetlands in the basin across the
Murray-Darling Basin (Leblanc et al., 2012). This may lead to contraction of populations of bats to ﬂoodplain mosaics (Fig. 4). Projected
temperature increases range from 0.8 °C in the south to 1.1 °C in the
north-western part of the Murray-Darling by 2030 (Chiew et al., 2008).
These temperature increases could also reduce the number of bat species using ﬂoodplains as bat richness declined with annual temperature
(Table 2).
Floodplain habitats were disproportionately important for bats
compared to adjoining dry and agricultural environments for bat
communities. This means that bats have joined the growing list of taxa
likely to be aﬀected by river regulation (Ballinger et al., 2005;
Kingsford and Thomas, 2004; Lada et al., 2007; Ocock et al., 2016;
Rayner et al., 2009; Selwood et al., 2015). Floodplain bat conservation
will increasingly depend on environmental water allocations and restoration of wetlands cleared for agriculture. Priority sites are primarily
open water with riparian vegetation around water margins, including
canopy trees. We recommend reinstating ﬂooding regimes in ﬂoodplain
environments during the bat lactating season and preferably into the
season when juvenile bats begin to ﬂy (September–January). Also, in
areas where ﬂoodplains are heavily fragmented (e.g. Gwydir Wetlands),
agricultural areas that increase ﬂoodplain connectivity should be restored to functioning ﬂoodplain vegetation, cognisant of the limited
restoration potential given intense cultivation histories (Dawson et al.,
2016). To protect the mosaic of ﬂoodplain vegetation and thus habitat
types, eﬀort should be made to restore natural ﬂooding regimes in
ﬂoodplains (Rogers and Ralph, 2010). Finally, legal protection of remaining ﬂoodplain areas should be urgently sought, both in Australia
and elsewhere as the future of the world's ﬂoodplains remains tenuous
(Kingsford, 2015).

Fig. 4. Coeﬃcient estimates ( ± 95% CI) from ﬁtted multivariate generalised linear
models, relating positive or negative responses in bat taxa activity (total activity of 14 bat
taxa) to ﬁve ﬂoodplain habitats (purple: river, blue: lake, turquoise: vegetated wetland,
green: ﬂoodplain forest, and brown: ﬂoodplain woodland) and one dry habitat (red:
agricultural). The other dry habitat (dry vegetation) was the reference category, with
coeﬃcients representing comparisons with dry vegetation. Coeﬃcients that crossed zero
were not signiﬁcantly diﬀerent from the reference category. Conﬁdence intervals were
not calculated for coeﬃcients where zero activity was recorded (Cpic – agricultural habitat) or where the reference category had zero activity (Mmac). Horizontal dashed lines
separate bat taxa and solid lines separate water dependence categories for bats (mesic,
widespread, arid-adapted). Bat taxa were arranged in predicted decreasing water dependency: Myotis macropus (Mmac), Vespadelus darlingtoni (Vdar), Vespadelus regulus
(Vreg), Chalinolobus morio (Cmor), Vespadelus vulturnus (Vvul), Mormopterus lumsdenae
(Mlum), Austronomus australis (Aaus), Saccolaimus ﬂaviventris (Sﬂa), Nyctophilus spp.
(Nyct), Chalinolobus gouldii (Cgou), Mormopterus spp. (Morm), Chalinolobus picatus (Cpic),
Scotorepens greyii (Sgre), Scotorepens balstoni (Sbal). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

ﬂuctuations of insect abundance between nights with changing temperature (Table 3) may have obscured habitat relationships and decoupled the insect-bat relationship. As our study was conducted during
a period of extensive inundation, we suspect that during dry periods,
the importance of wet habitats for bats and insects would likely increase
as emergent aquatic insects generally concentrate around water sources
in drying environments (Hagen and Sabo, 2012). Further studies should
investigate prey habitat during dry phases, as this may diﬀer from bat
habitat (Arrizabalaga-Escudero et al., 2015). Ideally, orders that contain both aquatic and terrestrial taxa (e.g. Hemiptera, Coleoptera and
Diptera) should be separated in future studies.

4.1. Conservation implications
Clearly, there are implications from our ﬁndings for the eﬀects of
river regulation (reduction and alteration of ﬂooding) and ﬂoodplain
development (wetland loss through vegetation clearing and agriculture)
on bat communities. Regulation of rivers reduces wetland extent and
ﬂooding frequency (Kingsford et al., 2016) causing dieback of ﬂoodplain forests (Cunningham et al., 2009) and reducing abundance of
both aquatic and terrestrial insects (Jonsson et al., 2013). Bat activity
8

Biological Conservation 215 (2017) 1–10

R.V. Blakey et al.

236–244.
Eco Logical Australia, 2011. Planning for Wetter Times in the Gingham and Lower Gwydir
Floodplain. Armidale, Australia.
Finlayson, C.M., Davis, J.A., Gell, P.A., Kingsford, R.T., Parton, K.A., 2013. The status of
wetlands and the predicted eﬀects of global climate change: the situation in Australia.
Aquat. Sci. 75, 73–93.
Fukui, D., Murakami, M., Nakano, S., Aoi, T., 2006. Eﬀect of emergent aquatic insects on
bat foraging in a riparian forest. J. Anim. Ecol. 75, 1252–1258.
Gonsalves, L., Law, B., Webb, C., Monamy, V., 2012. Are vegetation interfaces important
to foraging insectivorous bats in endangered coastal saltmarsh on the Central Coast of
New South Wales? Pac. Conserv. Biol. 18, 282–292.
Gonsalves, L., Law, B.S., Webb, C., Monamy, V., 2013. Foraging ranges of insectivorous
bats shift relative to changes in mosquito abundance. PLoS One 8, e64081.
Greif, S., Siemers, B.M., 2010. Innate recognition of water bodies in echolocating bats.
Nat. Commun. 1, 107.
Griﬃths, S.R., 2013. Echolocating bats emit terminal phase buzz calls while drinking on
the wing. Behav. Process. 98, 58–60.
Hagen, E.M., Sabo, J.L., 2012. Inﬂuence of river drying and insect availability on bat
activity along the San Pedro River, Arizona (USA). J. Arid Environ. 84, 1–8.
Hagen, E.M., Sabo, J.L., 2014. Temporal variability in insectivorous bat activity along two
desert streams with contrasting patterns of prey availability. J. Arid Environ. 102,
104–112.
Hendrickx, F., Maelfait, J.P., Van Wingerden, W., Schweiger, O., Speelmans, M., Aviron,
S., Augenstein, I., Billeter, R., Bailey, D., Bukacek, R., Burel, F., Diekötter, T., Dirksen,
J., Herzog, F., Liira, J., Roubalova, M., Vandomme, V., Bugter, R., 2007. How
landscape structure, land-use intensity and habitat diversity aﬀect components of
total arthropod diversity in agricultural landscapes. J. Appl. Ecol. 44, 340–351.
Huang, C., Chen, Y., Wu, J., 2014. Mapping spatio-temporal ﬂood inundation dynamics at
large river basin scale using time-series ﬂow data and MODIS imagery. Int. J. Appl.
Earth Obs. Geoinf. 26, 350–362.
Jenkins, K.M., Boulton, A.J., 2007. Detecting impacts and setting restoration targets in
arid-zone rivers: aquatic micro-invertebrate responses to reduced ﬂoodplain inundation. J. Appl. Ecol. 44 (4), 823–832.
Jenkins, K., Kingsford, R.T., Closs, G., Wolfenden, B., Mattaei, C., Hay, S., 2011. Climate
change and freshwater ecosystems in Oceania: an assessment of vulnerability and
adaptation opportunities. Pac. Conserv. Biol. 17, 201–219.
Joint Remote Sensing Research Program, 2015. Persistent Green-Vegetation Fraction and
Wooded Mask - Landsat, Australia coverage Version 2.0.
Jones, G., Jacobs, D.S., Kunz, T.H., Wilig, M.R., Racey, P.A., Willig, M., 2009. Carpe
noctem: the importance of bats as bioindicators. Endanger. Species Res. 8, 93–115.
Jonsson, M., Deleu, P., Malmqvist, B., 2013. Persisting eﬀects of river regulation on
emergent aquatic insects and terrestrial invertebrates in upland forests. River Res.
Appl. 29, 537–547.
Kingsford, R.T., 2000. Ecological impacts of dams, water diversions and river management on ﬂoodplain wetlands in Australia. Austral Ecol. 25, 109–127.
Kingsford, R.T., 2011. Conservation management of rivers and wetlands under climate
change – a synthesis. Mar. Freshw. Res. 62, 217–222.
Kingsford, R.T., 2015. Conservation of ﬂoodplain wetlands - out of sight, out of mind?
Aquat. Conserv. Mar. Freshwat. Ecosyst. 25, 727–732.
Kingsford, R.T., Thomas, R.F., 2004. Destruction of wetlands and waterbird populations
by dams and irrigation on the Murrumbidgee River in Arid Australia. Environ.
Manag. 34, 383–396.
Kingsford, R.T., Basset, A., Jackson, L., 2016. Wetlands: conservation's poor cousins.
Aquat. Conserv. Mar. Freshwat. Ecosyst. 26, 892–916.
Korine, C., Adams, R., Russo, D., Fisher-Phelps, M., Jacobs, D., 2016. Bats and water:
anthropogenic alterations threaten global bat populations. In: Voigt, C.C., Kingston,
T. (Eds.), Bats in the Anthropocene: Conservation of Bats in a Changing World.
Springer Open, Cham, Switzerland, pp. 215–241.
Kunz, T.H., de Torrez, E.B., Bauer, D., Lobova, T., Fleming, T.H., 2011. Ecosystem services
provided by bats. Ann. N. Y. Acad. Sci. 1223, 1–38.
Kurta, A., Bell, G.P., Nagy, K.A., Kunz, T.H., 1989. Energetics of pregnancy and lactation
in free-ranging little brown bats (Myotis lucifugus). Physiol. Zool. 62, 804–818.
Kuznetsova, A., Brockhoﬀ, P.B., Chrisensen, R.H.B., 2016. lmerTest: tests in linear mixed
eﬀects models. https://cran.r-project.org/web/packages/lmerTest/index.html,
Accessed date: 30 June 2017.
Lada, H., Thomson, J., Macnally, R., Horrocks, G., Taylor, A., 2007. Evaluating simultaneous impacts of three anthropogenic eﬀects on a ﬂoodplain-dwelling marsupial Antechinus ﬂavipes. Biol. Conserv. 134, 527–536.
Lancaster, J., Downes, B.J., 2013. Aquatic entomology. Oxford University Press,
Oxford, UK.
Law, B., Anderson, J., 1999. A survey for the Southern Myotis Myotis macropus
(Vespertilionidae) and other bat species in River Red Gum Eucalyptus camaldulensis
forests of the Murray River, New South Wales. Aust. Zool. 31, 166–174.
Law, B., Chidel, M., 2002. Tracks and riparian zones facilitate the use of Australian regrowth forest by insectivorous bats. J. Appl. Ecol. 39, 605–617.
Law, B., Urquhart, C.A., 2000. Diet of the Large-footed Myotis Myotis macropus at a forest
stream roost in northern New South Wales. Aust. Mammal. 22, 121–124.
Law, B.S., Chidel, M., Tap, P., 2011. Bat activity in ephemeral stream-beds in the Pilliga
forests: clarifying the importance of ﬂyways and buﬀer widths in open forest and
woodland. Aust. Zool. 35, 308–321.
Leblanc, M., Tweed, S., Van Dijk, A., Timbal, B., 2012. A review of historic and future
hydrological changes in the Murray-Darling Basin. Glob. Planet. Chang. 80–81,
226–246.
Lentini, P.E., Gibbons, P., Fischer, J., Law, B.S., Hanspach, J., Martin, T.G., 2012. Bats in a
farming landscape beneﬁt from linear remnants and unimproved pastures. PLoS One
7, e48201.

Acknowledgements
We thank Sylvia Hay, Kim Jenkins and Kat J. Bormann for improving this manuscript. Andrew Letten provided code for Fig. 4. Jane
Humphries, Tim O'Kelly, Michael Mulholland, Narelle Jones, Simon
Frankel, Deb and Paul Kaluder and Garry and Leanne Hall provided
invaluable local expertise and on-ground support. Luke Hogan, Greg
Ford and Pia Lentini generously donated reference calls to test our key
and Greg Ford and Terry Reardon supplied expert assistance on call
identiﬁcation. Lindy Lumsden and Matina Kalcounis-Rueppell provided
insightful comments on the ﬁrst draft. Finally, thanks to all our volunteers for their ﬁeld and lab assistance, with an extra special thank
you to Liz Cameron, our Insect Lab Manager. RTK acknowledges support from the Australian Research Council Linkage Project 481
(LP0884160). This is Contribution No. 566 of The Institute for Bird
Populations.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2017.08.030.
References
Adams, R.A., Hayes, M., 2008. Water availability and successful lactation by bats as related to climate change in arid regions of western North America. J. Anim. Ecol. 77,
1115–1121.
Adams, M.D., Law, B.S., French, K.O., 2005. Eﬀect of lights on activity levels of forest
bats: increasing the eﬃciency of surveys and species identiﬁcation. Wildl. Res. 32,
173.
Adams, M.D., Law, B.S., Gibson, M.S., 2010. Reliable automation of bat call identiﬁcation
for eastern New South Wales, Australia, using classiﬁcation trees and Anascheme
software. Acta Chiropterologica 12, 231–245.
Alho, C., Fischer, E., Oliveira-Pissini, L.F., Santos, C.F., 2011. Bat-species richness in the
Pantanal ﬂoodplain and its surrounding uplands. Braz. J. Biol. 71, 311–320.
Arrizabalaga-Escudero, A., Garin, I., García-Mudarra, J.L., Alberdi, A., Aihartza, J., Goiti,
U., 2015. Trophic requirements beyond foraging habitats: the importance of prey
source habitats in bat conservation. Biol. Conserv. 191, 512–519.
Ballinger, A., Mac Nally, R., Lake, P.S., 2005. Immediate and longer-term eﬀects of
managed ﬂooding on ﬂoodplain invertebrate assemblages in south-eastern Australia:
generation and maintenance of a mosaic landscape. Freshw. Biol. 50, 1190–1205.
Bates, D., Maechler, M., Bolker, B., Walker, S., 2017. Package ‘lme4’. ftp://ftp.ctex.org/
mirrors/CRAN/web/packages/lme4/lme4.pdf, Accessed date: 30 June 2017.
Bino, G., Kingsford, R.T., Brandis, K., 2016. Australia's wetlands - learning from the past
to manage for the future. Pac. Conserv. Biol. 22, 116–129.
Blakey, R.V., Law, B.S., Kingsford, R.T., Stoklosa, J., Tap, P., Williamson, K., 2016. Bat
communities respond positively to large-scale thinning of forest regrowth. J. Appl.
Ecol. 53 (6), 1694–1703.
Bondarenco, A., Körtner, G., Geiser, F., 2013. Some like it cold: summer torpor by freetail
bats in the Australian arid zone. J. Comp. Physiol. B. 183, 1113–1122.
Bunn, S.E., Thoms, M.C., Hamilton, S.K., Capon, S.J., 2006. Flow variability in dryland
rivers: boom, bust and the bits in between. River Res. Appl. 22, 179–186.
Bureau of Meteorology, 2014. Climate data online. Available at. http://www.bom.gov.
au/climate/data/index.shtml, Accessed date: 6 June 2014.
Campbell, S., 2009. So long as it's near water: variable roosting behaviour of the largefooted myotis (Myotis Macropus). Aust. J. Zool. 57, 89–98.
Chiew, F., Teng, J., Kirono, D., Frost, A., Bathols, J., Vase, J., Viney, N., Young, W.,
Hennessy, K., Cai, W., 2008. Climate data for hydrologic scenario modelling across
the Murray-Darling Basin. In: A Report to the Australian Government from the CSIRO
Murray-Darling Basin Sustainable Yields Project. Canberra, Australia.
Churchill, S., 2009. Australian Bats 2nd Edition. Allen & Unwin, Crows Nest, NSW.
Coleman, J.M., Huh, O.K., Braud Jr., D., 2008. Wetland loss in world deltas. J. Coast. Res.
24, 1–14.
Cunningham, S.C., Mac Nally, R., Read, J., Baker, P.J., White, M., Thomson, J.R.,
Griﬃoen, P., 2009. A robust technique for mapping vegetation condition across a
major river system. Ecosystems 12, 207–219.
Cunningham, S.C., Mac Nally, R., Baker, P.J., Cavagnaro, T.R., Beringer, J., Thomson,
J.R., Thompson, R.M., 2015. Balancing the environmental beneﬁts of reforestation in
agricultural regions. Perspect. Plant Ecol. Evol. Syst. 17, 301–317.
Dawson, S., Fisher, A., Lucas, R., Hutchinson, D., Berney, P., Keith, D., Catford, J.,
Kingsford, R., 2016. Remote sensing measures restoration successes, but canopy
heights lag in restoring ﬂoodplain vegetation. Remote Sens. 8, 542.
Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., Marquéz, J.R.G.,
Gruber, B., Lafourcade, B., Leitão, P.J., Münkemüller, T., Mcclean, C., Osborne, P.E.,
Reineking, B., Schröder, B., Skidmore, A.K., Zurell, D., Lautenbach, S., 2013.
Collinearity: a review of methods to deal with it and a simulation study evaluating
their performance. Ecography 36, 027–046.
Dunn, P.K., Smyth, G.K., 1996. Randomized quantile residuals. J. Comput. Graph. Stat. 5,

9

Biological Conservation 215 (2017) 1–10

R.V. Blakey et al.

Rayner, T.S., Jenkins, K.M., Kingsford, R.T., 2009. Small environmental ﬂows, drought
and the role of refugia for freshwater ﬁsh in the Macquarie Marshes, arid Australia.
Ecohydrology 2, 440–453.
Razgour, O., Korine, C., Saltz, D., 2010. Pond characteristics as determinants of species
diversity and community composition in desert bats. Anim. Conserv. 13, 505–513.
Reside, A.E., Lumsden, L.F., 2011. Resource partitioning by two closely-related sympatric
freetail bats, Mormopterus spp. Aust. Zool. 35, 155–166.
Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution (N. Y) 43 (1), 223–335.
Rogers, K., Ralph, T.J., 2010. Floodplain Wetland Biota in the Murray-Darling Basin:
Water and Habitat Requirements. CSIRO publishing, Collingwood, Australia.
Saintilan, N., Overton, I., 2010. Part II: ecosystem response modelling in the Northern
Basin. Introduction: darling Basin. In: Saintilan, N., Overton, I. (Eds.), Ecosystem
Response Modelling in the Murray Darling Basin. CSIRO Publishing, Collingwood,
Australia, pp. 52–53.
Salvarina, I., 2016. Bats and aquatic habitats: a review of habitat use and anthropogenic
impacts. Mammal Rev. 46, 131–143.
Sample, B.E., Cooper, R.J., Greer, R.D., Whitmore, R.C., 1993. Estimation of insect biomass by length and width. Am. Midl. Nat. 129, 234–240.
Scanlon, A.T., Petit, S., 2007. Biomass and biodiversity of nocturnal aerial insects in an
Adelaide City park and implications for bats (Microchiroptera). Urban Ecosyst. 11,
91–106.
Selwood, K.E., Clarke, R.H., Cunningham, S.C., Lada, H., Mcgeoch, M.A., Mac Nally, R.,
2015. A bust but no boom: responses of ﬂoodplain bird assemblages during and after
prolonged drought. J. Anim. Ecol. 84, 1700–1710.
Skaug, H., Fournier, D., Nielsen, A., Magnusson, A., Bolker, B.M., 2015. Generalized
linear mixed models using ADModel Builder R package version 0.8.3.2. http://
glmmadmb.r-forge.r-project.org/, Accessed date: 6 June 2015.
Stein, J.L., Hutchinson, M.F., Stein, J.A., 2011. National Catchment and Stream
Environment Database version 1.1.1.
Steinfeld, C.M.M., Kingsford, R.T., 2013. Disconnecting the ﬂoodplain: earthworks and
their ecological eﬀect on a dryland ﬂoodplain in the Murray-Darling basin, Australia.
River Res. Appl. 29, 206–218.
Swirepik, J.L., Burns, I.C., Dyer, F.J., Neave, I.A., O'Brien, M.G., Pryde, G.M., Thompson,
R.M., 2016. Establishing environmental water requirements for the Murray-Darling
basin, Australia's largest developed river system. River Res. Appl. 32, 1153–1165.
Threlfall, C.G., Law, B., Banks, P.B., 2012. Inﬂuence of landscape structure and human
modiﬁcations on insect biomass and bat foraging activity in an urban landscape. PLoS
One 7, e38800.
Tuttle, S.R.S., Chambers, C.C.L., Theimer, T.C.T., 2006. Potential eﬀects of livestock
water-trough modiﬁcations on bats in northern Arizona. Wildl. Soc. Bull. 34,
602–608.
Wang, Y., Naumann, U., Wright, S.T., Warton, D.I., 2012. Mvabund- an R package for
model-based analysis of multivariate abundance data. Methods Ecol. Evol. 3,
471–474.
Warton, D.I., Lyons, M., Stoklosa, J., Ives, A.R., Schielzeth, H., 2016. Three points to
consider when choosing a LM or GLM test for count data. Methods Ecol. Evol. 7,
882–890.
Williams, A., Dickman, C., 2004. The ecology of insectivorous bats in the Simpson Desert
central Australia: habitat use. Aust. Mammal. 26, 205–214.

Lima, S.L., O'Keefe, J.M., 2013. Do predators inﬂuence the behaviour of bats? Biol. Rev.
Camb. Philos. Soc. 88, 626–644.
Lumsden, L.F., Bennett, A.F., 1995. Bats of a semi-arid environment in south-eastern
Australia: biogeography, ecology and conservation. Wildl. Res. 22, 217–240.
Lumsden, L.F., Bennett, A.F., 2005. Scattered trees in rural landscapes: foraging habitat
for insectivorous bats in south-eastern Australia. Biol. Conserv. 122, 205–222.
Lumsden, L.F., Bennett, A.F., Silins, J.E., 2002. Location of roosts of the lesser long-eared
bat Nyctophilus geoﬀroyi and Gould's wattled bat Chalinolobus gouldii in a fragmented
landscape in south-eastern Australia. Biol. Conserv. 106, 237–249.
Mac Nally, R., Cunningham, S.C., Baker, P.J., Horner, G.J., Thomson, J.R., 2011.
Dynamics of Murray-Darling ﬂoodplain forests under multiple stressors: the past,
present, and future of an Australian icon. Water Resour. Res. 47, 1–11.
McGinness, H.M., Arthur, A.D., Reid, J.R.W., 2010. Woodland bird declines in the
Murray-Darling Basin: are there links with ﬂoodplain change? Rangel. J. 32,
315–327.
Monamy, V., Taylor, J.E., Gonsalves, L., Ellis, M.V., 2013. Bassían bats in the Eyrean subregion? Preliminary acoustic data from the Bogan and Macquarie Rivers in semi-arid
NSW. Aust. Zool. 36, 461–470.
Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2 from
generalized linear mixed-eﬀects models. Methods Ecol. Evol. 4 (2), 133–142.
Nakagawa, S., Schielzeth, H. 2017. Extending R2 and intra-class correlation coeﬃcient
from generalized linear mixed-eﬀects models: capturing and characterizing biological
variation. BioRxiv beta: the prerprint server for Biology. http://biorxiv.org/content/
early/2017/04/16/095851.article.info. doi: 10.1101/095851 (Accessed 16th May,
2017).
Ocock, J.F., Bino, G., Wassens, S., Spencer, J., Thomas, R.F., Kingsford, R.T., 2017.
Identifying Critical Habitat for Australian Freshwater Turtles in a Large Regulated
Floodplain: Implications for Environmental Water Management. Environ.
Manag. 0–1.
Ocock, J.F., Kingsford, R.T., Penman, T.D., Rowley, J.J.L., 2016. Amphibian abundance
and detection trends during a large ﬂood in a semi-arid ﬂoodplain wetland. Herpetol.
Conserv. Biol. 11, 408–425.
Patriquin, K., Hogberg, L., Chruszcz, B.J., Barclay, R.M., 2003. The inﬂuence of habitat
structure on the ability to detect ultrasound using bat detectors. Wildl. Soc. Bull. 31,
475–481.
Pereira, M.J.R., Marques, J.T., Santana, J., Santos, C.D., Valsecchi, J., De Queiroz, H.L.,
Beja, P., Palmeirim, J.M., 2009. Structuring of Amazonian bat assemblages: the roles
of ﬂooding patterns and ﬂoodwater nutrient load. J. Anim. Ecol. 78, 1163–1171.
Poﬀ, N., Zimmerman, J., 2010. Ecological responses to altered ﬂow regimes: a literature
review to inform the science and management of environmental ﬂows. Freshw. Biol.
55, 194–205.
Power, M.E., Rainey, W.E., Parker, M.S., Sabo, J.L., Smyth, A., Khandwala, S., Finlay, J.C.,
McNeely, F.C., Marsee, K., Anderson, C., 2004. River-to-watershed subsidies in an
old-growth conifer forest. In: Polis, G.A., Power, M.E., Huxel, G.R. (Eds.), Food Webs
at the Landscape Level. University of Chicago Press, Chicago, US, pp. 217–240.
R Development Core Team, 2016. R: a language and environment for statistical computing. https://www.r-project.org, Accessed date: 6 June 2016.
Rainho, A., Palmeirim, J.M., 2011. The importance of distance to resources in the spatial
modelling of bat foraging habitat. PLoS One 6, e19227.

10

