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Abstract

Context Landscape-scale research quantifying eco-
logical connectivity is required to maintain the
viability of populations in dynamic environments
increasingly impacted by anthropogenic modification
and environmental change.

Objective To evaluate how surface water network
structure, landscape resistance to movement, and
flooding affect the connectivity of amphibian habitats
within the Murray—Darling Basin (MDB), a highly
modified but ecologically significant region of south-
eastern Australia.

Methods We evaluated potential connectivity net-
work graphs based on circuit theory, Euclidean and
least-cost path distances for two amphibian species
with different dispersal abilities, and used graph
theory metrics to compare regional- and patch-scale
connectivity across a range of flooding scenarios.
Results  Circuit theory graphs were more connected
than Euclidean and least-cost equivalents in floodplain
environments, and less connected in highly modified
or semi-arid regions. Habitat networks were highly
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fragmented for both species, with flooding playing a
crucial role in facilitating landscape-scale connectiv-
ity. Both formally and informally protected habitats
were more likely to form important connectivity
“hubs” or “stepping stones” compared to non-
protected habitats, and increased in importance with
flooding.

Conclusions Surface water network structure and
the quality of the intervening landscape matrix
combine to affect the connectivity of MDB amphibian
habitats in ways which vary spatially and in response
to flooding. Our findings highlight the importance of
utilising organism-relevant connectivity models
which incorporate landscape resistance to movement,
and accounting for dynamic landscape-scale processes
such as flooding when quantifying connectivity to
inform the conservation of dynamic and highly
modified environments.

Keywords Ecological connectivity - Ecological
networks - Graph theory - Circuit theory - Least-cost -
Dispersal - Amphibians - Protected areas - Flooding -
Murray—Darling Basin

Introduction

Changes to the ecological connectivity of habitat
networks are a key threat to amphibian species, which
have recently suffered dramatic global declines and
extinctions (Stuart et al. 2004; Cushman 2006). The
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spatial structure and configuration of habitat networks
can greatly affect amphibians by influencing the
potential for dispersal between populations and breed-
ing sites (Marsh and Trenham 2001; Smith and Green
2005). By restricting gene flow (McRae and Beier
2007; Semlitsch 2008; Baguette et al. 2013), altering
metapopulation and source—sink dynamics (Hanski
and Gilpin 1991; Smith and Green 2005), reducing the
ability to adapt to changing environmental conditions
(Nufez et al. 2013; Saura et al. 2014), or by
encouraging the spread of disease (Perkins et al.
2009), changes to connectivity can critically affect the
persistence of amphibian populations (Marsh and
Trenham 2001; Heard et al. 2012a).

There is an urgent need for landscape-scale
amphibian research, particularly in highly modified
landscapes where changes to dynamic landscape
processes may have unknown impacts on habitat
connectivity and dispersal (Hazell 2003). In addition
to causing habitat loss, environmental change caused
by development can increase the resistance of the
landscape matrix to amphibian movement, potentially
increasing the likelihood of local extinctions by
restricting re-colonisation and rescue effects (Maze-
rolle and Desrochers 2005; Vos and Goedhart 2007;
Murphy et al. 2010; Wassens 2010a; Van Buskirk
2012). For amphibian species inhabiting floodplain
environments, connectivity may also be reduced by
changes to dynamic landscape processes such as
flooding which once provided transient opportunities
for dispersal (Calabrese and Fagan 2004; Zeigler and
Fagan 2014). Alternatively, connectivity may be
maintained if the structure of remaining habitats and
the intervening landscape matrix allow organisms to
access well-connected refugia or “hub” habitats
(Graham et al. 2010) or make successive “stepping
stone” movements across the landscape (Kramer-
Schadt et al. 2011; Leidner and Haddad 2011; Saura
et al. 2014).

South-eastern Australia has been identified as a
global hotspot of amphibian decline (Campbell
1999; Stuart et al. 2004). Although habitat frag-
mentation and isolation, changes to flooding regimes
caused by river regulation, and the spread of disease
through habitat networks (e.g., chytridiomycosis)
have been suggested as contributing factors, many
declines remain poorly understood (Hazell 2003;
Stuart et al. 2004). Previous research has primarily
assessed how changing connectivity and flooding
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affects amphibian ecology at the site or metapopu-
lation scale rather than across regional-scale habitat
networks (e.g., Wassens et al. 2008; Wassens and
Maher 2011; McGinness et al. 2014; Ocock et al.
2014). Key doubts also remain about the effective-
ness of Australia’s protected area systems for
conserving the surface water habitats of species like
amphibians, particularly given its poor coverage of
freshwater ecosystems and the lack of consideration
for landscape-scale processes such as flooding or
connectivity (Kingsford 2011; Chessman 2013).
Given this critical lack of knowledge, there is a
need to guide and prioritise future conservation
effects by quantifying regional- and habitat-scale
patterns of connectivity across amphibian habitat
networks.

This study used graph theory to model connectivity
between amphibian habitats within the Murray—Dar-
ling Basin (MDB), Australia’s largest agricultural
region and home to many of the country’s most
significant amphibian habitats. Graph theory uses
networks to model complex interacting systems, and
has recently seen a rapid uptake in landscape ecology
for analysing connectivity in terrestrial (e.g., Bunn
et al. 2000; Urban and Keitt 2001; Minor and Urban
2007; Saura et al. 2014), marine (e.g., Treml et al.
2007; Kininmonth et al. 2009; Hock et al. 2014), and
surface water systems (e.g., Fortuna et al. 2006;
Wright 2010; Mclntyre and Strauss 2013; MclIntyre
et al. 2014; Ruiz et al. 2014; Tulbure et al. 2014).
When applied to habitat patches, amphibian habitats
such as wetlands form network “nodes” which are
linked by “edges” if ecologically connected (Urban
and Keitt 2001; Urban et al. 2009; Galpern et al. 2011).
This simple data structure can be used to combine
measures of landscape structure (patch size, shape,
and location) with ecological knowledge of organism
movement and dispersal to efficiently study connec-
tivity across large spatial extents (Urban and Keitt
2001; Minor and Urban 2007).

Although patch-based graph theory provides a
powerful framework for studying connectivity, previ-
ous graph theory amphibian studies have overwhelm-
ingly focused on how habitat patch structure and
configuration influence connectivity, rather than
assessing how the landscape matrix influences con-
nectivity between patches themselves. Studies mod-
elling Euclidean distance between habitat patches
(e.g., Pyke 2005; Fortuna et al. 2006; Ribeiro et al.
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2011; Peterman et al. 2013; Uden et al. 2014) may
misrepresent connectivity by ignoring how landscape
conditions influence an organism’s dispersal ability
(Mazerolle and Desrochers 2005; Van Buskirk 2012;
Pittman et al. 2014). Studies have used least-cost path
modelling based on resistance to movement surfaces
to incorporate how the landscape matrix can influence
amphibian movement (e.g., Compton et al. 2007,
Decout et al. 2012), but these approaches rely on two
potentially simplistic assumptions: that movement
potential can be related to a single optimal path
between habitats, and that an organism can select that
path based on a complete knowledge of the landscape
they are traversing (Fahrig 2007; McRae et al. 2008;
Pinto and Keitt 2009).

Algorithms from electrical circuit theory provide an
improved technique for modelling the overland move-
ment of organisms through heterogeneous landscapes
(McRae 2006; McRae and Beier 2007; McRae et al.
2008). Increasing evidence suggests that amphibians do
not rely on perceptual environment knowledge when
dispersing from natal ponds but instead make largely
random, incremental movement decisions in response
to features encountered on their path (Semlitsch 2008;
Matisziw et al. 2014; Pittman et al. 2014; Sinsch 2014).
As the flow of current through electrical networks can
be precisely related to random-walk theory (Doyle and
Snell 1984; Chandra et al. 1996), circuit theory provides
an ideal tool for modelling amphibian dispersal. By
representing landscapes as conductive surfaces consist-
ing of nodes connected by resistors, current flow
(analogous to movement probabilities) can be modelled
between source and target habitat patches. This process
simulates multiple movement paths across the land-
scape and incorporates patch isolation, spatial structure,
and landscape resistance to movement into a single
effective “resistance distance” that provides a more
realistic estimate of population-scale dispersal potential
(McRae et al. 2008).

Circuit theory has been used extensively in
amphibian genetic studies to model how landscape
resistance to movement affects gene flow (e.g., Moore
et al. 2011; Richardson 2012; Peterman et al. 2014;
Nowakowski et al. 2015a). Comparisons of experi-
mentally derived resistance surfaces suggest connec-
tivity estimates based on circuit theory modelling can
diverge significantly from Euclidean and least-cost
equivalents, particularly in complex landscapes con-
taining many potential paths for movement

(Nowakowski et al. 2015b). Despite this, no study
has yet combined circuit theory resistance distance
modelling with patch-based graph theory analysis, nor
compared how the use of resistance rather than
Euclidean or least-cost distances affects estimates of
connectivity across regional-scale habitat networks.

By using graph theory to model amphibian habitat
networks within the MDB, this study aimed to
evaluate how surface water network structure, land-
scape resistance to movement, and dynamic flooding
events combine to affect ecological connectivity for
two Australian frog species. In particular, we sought to
answer the following research questions:

(1) How do graph theory estimates of connectivity
based on circuit theory modelling compare to
other commonly used graph connection strate-
gies (Euclidean and least-cost distances)?

(2) How do network structure and dynamic flood-
ing events combine to affect regional-scale
ecological connectivity?

(3) How is the distribution and importance of
ecologically significant “hub” or “stepping
stone” habitat patches affected by network
structure and flooding?

(4) Do current protected area systems successfully
protect surface water habitats critical for facil-
itating ecological connectivity?

Method
Study area

The study area encompassed the entire MDB in south-
eastern Australia (Fig. 1). The MDB is Australia’s
largest river basin (occupying over 1 million km?) and
consists of a fragmented mosaic of natural and highly
modified intensive agricultural landscapes (Rogers
and Ralph 2010a). The MDB contains Australia’s
three longest river systems which together drain over
14 % of the nation’s landmass: the Darling (approx-
imately 2740 km long), Murray (2530 km), and
Murrumbidgee (1690 km). Although dry and semi-
arid across much of its western margins, the MDB
simultaneously provides 39 % of Australia’s entire
agricultural output while supporting some of the
nation’s most biologically diverse and ecologically
significant wetland ecosystems (Finlayson et al. 2011).
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Fig. 1 Surface water environments of the MDB study area (GA
2006) and the distribution (inser) of the focal species:
Limnodynastes fletcheri and Crinia parinsignifera (Atlas of
Living Australia; http://www.ala.org). Grey lines indicate MDB
surface water resource plan areas (Murray—Darling Basin
Authority, MDBA 2012). Numbered labels identify discussed
surface water habitats including (/) the Lower Lakes of the

These include permanent and ephemeral freshwater
lakes, lagoons, swamps, marshes, billabongs, and
waterholes, which together provide crucially impor-
tant habitat for a wide array of organisms including 29
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Murray including Lakes Alexandrina and Albert, (2) Spectacle
Lakes, (3) Gurra Lakes and Pike-Mundic wetlands, (4) River-
land and Chowilla wetlands, (5) Lake Victoria, (6) Murray—
Murrumbidgee Rivers confluence, (7) Barmah—Millewa Forest,
(8) Macquarie Marshes, and (9) Paroo River and Cuttaburra
Creek

amphibian species (Rogers and Ralph 2010a; Wassens
2010b).

The majority of the MDB’s surface water habitats
are entirely reliant on variable river flows, creating
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highly dynamic environments which vary greatly in
response to water availability and flooding (Ballinger
and Mac Nally 2006). Despite their ecological signif-
icance, decreased flows and changes to flooding
regimes resulting from river regulation, earthwork
construction, and the diversion of water for consump-
tive use have caused many surface water ecosystems
to suffer severe ecological declines (Kingsford 2000;
Rogers and Ralph 2010b; Finlayson et al. 2011).
Although some habitats have been formally protected
through listing on the Collaborative Australian Pro-
tected Areas Database (CAPAD) or the International
Ramsar Convention, the majority (94.6 %) remain
unprotected or provided with only informal protection
under the Directory of Important Wetlands of Aus-
tralia (DIWA; Nairn and Kingsford 2012).

Focal species

We selected two amphibian species highly dependent
on flooding for breeding and dispersal and with ranges
following the entire extent of the MDB (Fig. 1, inset).
Both are ground-dwelling, non-burrowing, and gen-
eralists in their ability to occupy most wetland types.
The Barking Marsh Frog (Limnodynastes fletcheri) is a
medium-sized frog (up to 50 mm in length) found
throughout the MDB (Anstis 2013). Despite occurring
in dry-semi-arid regions, L. fletcheri lacks water-
conserving features and is typically associated with
semi-permanent lake, wetland, pond, and creek habi-
tats (Amey and Grigg 1995). The species is regarded
as highly mobile and dispersive (Gonzalez et al. 2011),
with radio-tagging studies recording movements of up
to 383 m in a single 24-h period (Ocock et al. 2014).

The Eastern Sign-bearing Froglet (Crinia parin-
signifera) is a small species (<20 mm) found most
frequently within the MDB’s temperate southern and
eastern regions. Although little is known about the
species’ ability to resist dry conditions, C. parin-
signifera is believed to be relatively resilient to
changes in wetland hydrology and breeds opportunis-
tically in ephemeral still-water habitats containing
diverse aquatic or submerged vegetation (Wassens
2010b). C. parinsignifera is thought to have a
relatively limited dispersal ability based on its small
size and high degree of philopatry (Mac Nally 1984).
Although neither L. fletcheri or C. parinsignifera are
listed as threatened in the MDB, decreases and shifts
in the timing of water availability are believed to be

responsible for an up to tenfold decrease in the average
density of C. parinsignifera observed in southern
MDB sites since the late 1970s (Mac Nally et al.
2009).

Graph and resistance surface creation

We created network graphs for L. fletcheri and C.
parinsignifera by considering Geoscience Australia
(GA) lake, wetland, and reservoir topographic features
(Table 1) as potential surface water habitat patches or
‘nodes’, and potential ecological connections between
these habitats as ‘edges’ (Urban and Keitt 2001). To
assess how landscape resistance to movement and the
strategy used to connect graphs influence connectivity
estimates, graph edges were created using three unique
distance measures: Euclidean, least-cost and circuit
theory resistance distances (Fig. 2). As measures of
effective distance, least-cost and circuit theory graph
connection strategies use spatial resistance surfaces to
provide a quantitative estimate of the costs faced by an
organism when moving across features in the land-
scape. This potentially allows distant patches to be
considered connected if separated by optimal move-
ment terrain, or disconnected despite being in close
proximity if the intervening landscape is hostile to
movement (Spear et al. 2010; Zeller et al. 2012).

We used surface water, land cover (including
vegetation), and transportation features to develop
resistance surfaces as these have been found to
strongly affect the distribution and movement of
Australian floodplain amphibian species (Jansen and
Healey 2003; Hazell et al. 2004; Wassens et al. 2008;
Heard et al. 2012b; Ocock et al. 2014). Resistance
surfaces were developed at the resolution of the
Australian 250 m Dynamic Land Cover Dataset
(DLCD), the highest resolution land cover data
available for the entire MDB (Table 1). Although
circuit theory approaches have been shown to be
highly resilient to the choice of study resolution
(McRae et al. 2008), we combined DLCD mapping
with linear hydrological and transport features sourced
from GA topographic mapping and the MDB Water-
bodies Project (Table 1) to ensure these narrow but
potentially significant movement barriers or corridors
were accounted for in our analysis.

Landscape features were consolidated into 27
unique units (see Supplementary material) by com-
bining similar features (e.g., “shrub” and “chenopod
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Table 1 Datasets used to model connectivity across the MDB

Datasets Types Resolution Description Sources
National Dynamic Land Land cover 250 m Nationally consistent Australian land cover GA and
Cover Dataset (DLCD) classification ABARES
(2011)
GEODATA TOPO 250K Topographic  1:250,000  Surface water bodies, roads, urban fabric, transportation GA (2006)
Series 3 and stream networks
MDB Waterbodies Project Topographic  1:25,000 Polygon and point artificial waterbodies GA (2010)
WorldClim Climate 1000 m Interpolated current condition monthly rainfall Hijmans
et al.
(2005)
CSIRO MDB Floodplain Flood 500 m Maximum current condition flooding extent in the MDB  Chen et al.
Inundation Model (MDB- modelling under ecologically significant annual recurrence (2012)
FIM2) intervals (ARIs)

shrub” to “arid or semi-arid shrubland”). To account
for climatic variation in vegetation communities,
vegetation units were divided further into temperate
and arid—semi-arid subunits using a current condition
WorldClim 500 mm annual rainfall threshold (Hij-
mans et al. 2005). Saline waterbodies unsuitable for
either amphibian habitat or movement terrain (Smith
et al. 2007) were differentiated from freshwater by
identifying surface water patches intersecting DLCD
“salt lake” cells.

Given the lack of empirical movement data avail-
able for Australian amphibian species, we parame-
terised resistance surfaces using literature and the
expert opinion of six researchers with a combined
130 years of research or field experience with the focal
species and study area. Landscape units were rated on
a consistent scale indicating their resistance to move-
ment relative to hypothetically optimal movement
terrain, with ratings based on the species’ ability or
willingness to cross a unit and any physiological costs
or risks of mortality associated with the crossing
(Zeller et al. 2012). Literature ratings were weighted to
assign the highest certainty to research studying
dispersal or movement of the focal species or closely
related taxa within the study area, whereas expert
opinion weightings took into account expert-specific
estimates of certainty and years of experience with the
focal species (see Supplementary material for addi-
tional details).

To study how flooding affects amphibian connec-
tivity, we combined parameterised resistance surfaces
with CSIRO MDB-FIM2 present-condition flood
inundation modelling (Table 1) for eight inundation
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scenarios: no flooding and 1, 2, 5, 10, 20, 50, and
100 year average recurrence interval (ARI) floods. We
kept habitat patches consistent across flooding sce-
narios and instead modified resistance surfaces within
inundated areas to focus on how flooding alters
landscape resistance to movement between habitats.
Locations with a >50 % modelled likelihood of
inundation were assigned minimum resistance to
movement (resistance of 1), resulting in 16 resistance
to movement surfaces unique to each focal species and
flooding scenario.

Graph connection strategy

A Euclidean distance graph connection strategy
ignored landscape resistance to movement and flood-
ing, and assumed that any two habitats separated by
less than a maximum distance threshold were con-
nected. Pairwise Euclidean distances between the
edges of habitat patches were measured using the
gDistance package (Van Etten 2014) within the
statistical software R v3.0.3 (R Development Core
Team 2014), and converted to graph edges by
preserving connections lower than the maximum
dispersal distance of each species as estimated from
literature and expert opinion (3250 m for L. fletcheri
and 960 m for C. parinsignifera).

Effective distances between habitat patches based
on resistance surfaces for each species and flooding
scenario were measured using least-cost path (Adri-
aensen et al. 2003) and circuit theory models of
landscape connectivity (McRae 2006; McRae et al.
2008). Least-cost distances were calculated using the
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Fig. 2 A comparison of the three connection strategies
(Euclidean, least-cost and resistance distance) used to construct
graphs (networks) from a surface water habitat patches. Graphs
constructed using (b, ¢) the Euclidean distance strategy
considered habitat patches connected if separated by less than
an organism’s maximum dispersal distance, ignoring the
influence of landscape resistance to movement. Resistance to
movement surfaces (d) were used to calculate (e, f) least-cost
and (g, h) resistance distance graphs. These may be less

gDistance R package (Van Etten 2014), and reflected
the minimum cost accumulated along the shortest path
between two habitats (measured in cost units). Resis-
tance distances were calculated using the Circuitscape
v4.04 software package (Shah and McRae 2008), and

(h) Resistance distance graph

o

X

Graph component

o

o

o

connected than Euclidean graphs where terrain between habitats
offers high resistance to amphibian movement (i.e., highly
modified agricultural land to north of example landscape) or
more connected within optimal movement terrain (i.e., flood-
plain to the south). Graph nodes (c, f, h) are symbolised by their
degree centrality (the number of connections between the node
and its neighbours; see Table 2), and annotated to illustrate
several common graph theory concepts

incorporated both minimum movement costs and the
availability of alternative pathways between habitats
(McRae et al. 2008). Both least-cost and resistance
distances were calculated between patch edges with
raster cells connected to their eight immediate

@ Springer



2052

Landscape Ecol (2015) 30:2045-2065

Table 2 Global (regional-scale) and local (patch-scale) connectivity metrics used in this study, including definitions and potential

ecological interpretations

Metrics Scales  Definitions Potential ecological interpretation References
Graph edges Global Total number of connections The overall connectivity of a habitat network Newman (2003)
between nodes in a network based on the number of potential dispersal
paths between habitats
Nodes Global Proportion of all nodes connected to Prevalence of discrete habitat clusters or Newman (2003)
forming at least one neighbour possible metapopulations (a lower
components proportion indicates fragmentation and
(%) many isolated habitats)
Maximum Global Size (in nodes) of the network’s Larger groups of connected habitats may Wright (2010)
component largest group of connected nodes provide increased opportunities for gene
size flow and long-distance dispersal
Global Global Likelihood that any three High values suggest resilience due to Montoya and Sol
clustering neighbouring nodes are completely redundant dispersal paths through the habitat (2002)
coefficient connected, forming a closed network
triangle
Degree Local  The number of edges (connections)  High degree nodes (in this study, the top Estrada and
centrality between a node and its neighbours 10 %) may serve as well-connected “hub” Bodin (2008)
(DC) patches that facilitate local dispersal and Urban et al.
(2009)
Betweenness  Local  The number of times a node lies on  High betweenness nodes (top 10 %) may Newman and
centrality the shortest path through the represent “stepping stones” between habitat ~ Girvan (2004)
(BC) network between any other two clusters, facilitating long-distance dispersal

nodes

through the network

neighbours. To reduce computing time across the 1
million km? study area, we restricted neighbouring
patches and resistance surfaces to a 15 km buffered
analysis window around each focal patch (St-Louis
et al. 2014). This also minimised edge effects and
accounted for connectivity between surface water
habitats located near but outside the MDB boundary.

To construct least-cost and resistance distance
graphs which could be compared to Euclidean distance
equivalents, we identified least-cost and resistance cut-
off values at which 95 % of corresponding Euclidean
distances between each pair of nodes were below the
estimated maximum dispersal distance of the focal
species. This 95 % threshold was selected to mimic the
output of 95th percentile dispersal kernels frequently
used in metapopulation ecology (Hanski 1998).
Unique graphs for each flooding scenario were then
generated by connecting all habitat patch pairs sepa-
rated by effective distances lower than the least-cost or
resistance distance cut-off values.

Global and local connectivity analyses

We used the igraph R package (Csardi and Nepusz
2006) to compute graph theory metrics for each
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connection strategy (Euclidean, least-cost, and resis-
tance distance), species (L. fletcheri and C. parin-
signifera) and flooding scenario (no flood to a
100 year ARI). Global metrics evaluated connectivity
ata global or regional scale, allowing us to characterise
and compare habitat network resilience, fragmenta-
tion, and potential implications for long-distance
dispersal, gene flow, and metapopulation dynamics
across the study area (Bunn et al. 2000; Urban and Keitt
2001). Global metrics (Table 2) quantified total poten-
tial connections between habitats across the entire
network (total number of graph edges), the proportion
of habitats forming into groups of interconnected
nodes (or “components” in graph theory terminology),
the size in patches of the largest group of connected
habitats (maximum component size), and the degree to
which habitats formed tightly connected clusters
(global clustering coefficient). For more detailed
descriptions of global graph metrics, readers are
referred to Newman (2003) and references in Table 2.

Local metrics operated at the patch-scale, and
identified individual patches critical for maintaining
connectivity across habitat networks (Minor and
Urban 2007). We calculated degree centrality (DC)
for each individual habitat patch, a local metric
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quantifying the number of edges (connections)
between a node and its neighbours (Table 2). Nodes
with degrees in the highest 10 % were taken to
represent “hubs” of connectivity which are likely to
be important for facilitating organism movement
within the patch’s local neighbourhood (Estrada and
Bodin 2008; Urban et al. 2009). The ability of a habitat
patch to facilitate connectivity beyond its immediate
neighbourhood can be quantified by measuring its
betweenness centrality (BC), or the number of times a
node lies on the shortest path through the network
between any other two nodes (Table 2). Betweenness
values in the top 10 % were identified to highlight
crucial “stepping stones” which enable long-distance
dispersal across the landscape or connect otherwise
disconnected groups of habitat patches (Newman and
Girvan 2004). To visualise the spatial distribution of
local metric values across the study area, we converted
habitat polygons to continuous 15 x 15 km cell raster
surfaces based on mean DC or BC values.

To assess how successfully protected area schemes
maintain connectivity within the MDB, we compared
mean local metric values between unprotected habitats
and those within three protected area classifications:
habitats formally protected within Australia’s national
reserve system (Collaborative Australian Protected
Areas Database or CAPAD), informally protected at a
national level (Australian Directory of Important
Wetlands or DIWA), and formally protected interna-
tionally (Ramsar Convention).

Results
Global or region-scale connectivity

At a regional-scale, connectivity varied greatly depend-
ing on species, flooding scenario, and graph connection
strategy (Euclidean, least-cost, and resistance distance).
As a consequence of L. fletcheri’s greater dispersal
ability, L. fletcheri networks exhibited higher values
(inferring increased connectivity) for all global graph
metrics and flooding scenarios compared to C. parin-
signifera (Fig. 3). During smaller flooding scenarios (no
flooding—20 year ARI), overall connectivity measured
by graph edge counts was higher for Euclidean than
least-cost and resistance distance networks for both
species (Fig. 3a). Both least-cost and resistance network
connectivity increased as optimal movement conditions
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Fig. 3 Global graph metrics for two MDB amphibian species:
Crinia parinsignifera (first column of panels) and Limnody-
nastes fletcheri (second column) for eight flooding scenarios (no
flooding—100 year ARI flood). Connectivity metrics include
a number of edges, b proportion of nodes forming components,
c global clustering coefficient, and d size of the largest graph
component. Results compare resistance distance (orange) with
Euclidean (blue), and least-cost (green) connection strategies
(for interpretation of references to colours in this figure caption,
readers are referred to the web version of this article). (Color
figure online)

associated with flooding allowed for additional move-
ment between habitat patches, although resistance
graphs gained new connections faster than least-cost
equivalents. Edge counts for resistance networks over-
took their Euclidean equivalents during large flooding
scenarios, with 50 % higher values observed for L.
fletcheri during a 100 year flood (Fig. 3a).
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Networks for both species were highly fragmented,
particularly under the resistance distance no flooding
scenario. During this scenario only 33 and 58 % of C.
parinsignifera and L. fletcheri habitats formed com-
ponents, respectively (Fig. 3b), inferring that a large
proportion of potential habitats remained completely
isolated for these species in the absence of flooding.
Although this proportion steadily increased for both
species during small floods (1-10 year ARIs), the
largest increase occurred between 50 and 100 year
events. During the largest flooding scenario, 68 % of
L. fletcheri habitat patches formed components com-
pared to only 45 % for C. parinsignifera (Fig. 3b). A
lower proportion of habitat patches formed into
connected components under all resistance and least-
cost graphs compared to Euclidean graphs.

At the expense of forming new components, both
species’ resistance graphs displayed the highest values
of the global clustering coefficient for all floods with
recurrence intervals over 5 years (Fig. 3c). Clustering
rose rapidly with minor flooding as new connections
appeared between neighbouring floodplain habitats.
Although clustering was consistently higher for L.
fletcheri, values for C. parinsignifera continued to rise
with increased flooding while L. fletcheri clustering
largely levelled off by a 20 year event. Least-cost
graphs exhibited a different pattern, starting with
higher initial clustering than Euclidean equivalents
during small flooding scenarios and increasing only
slightly with additional flooding.

Maximum component sizes were smaller for resis-
tance graphs compared to both Euclidean and least-
cost equivalents during small flooding scenarios and
increased by less than four habitat patches between a
no flooding and 10 year ARI scenario for both species
(Fig. 3d). Larger floods had little effect on the size of
C. parinsignifera’s largest component, which added
only six additional habitat patches between a 20 and
100 year flood to reach a maximum of 146 habitat
patches, or less than 1.5 % of the 9959 habitat patches
in the study area. In contrast, the maximum component
size for L. fletcheri increased rapidly from 226 to 806
connected habitat patches during the same floods,
causing over 8 % of all habitat patches to join into a
single connected component. This large increase in
maximum component size was not replicated for least-
cost graphs, which instead saw the greatest increase
between 20 and 50 year floods (256-409) and did not
increase greatly during a 100 year event (409-431).
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Local or patch-scale connectivity

We calculated local graph metrics for each surface
water habitat patch to identify potential “hubs” (using
the DC metric) and “stepping stones” (using the BC
metric). Local metric values varied spatially and in
response to flooding. Both DC and BC values were
consistently lower for C. parinsignifera (Fig. 4a,b), as
fewer overall connections between habitat patches
(Fig. 3a) ensured that each patch had a lower number
of neighbours and were less likely to be situated on as
many shortest paths between other patches.

During small or no flooding scenarios, resistance
graph DC metric values revealed highly connected
habitat patches that represented important “hubs” of
connectivity in the absence of flooding. These patches
were typically well-connected to many smaller neigh-
bours given their large size, location, and spatial
configuration, and included Lakes Alexandrina and
Albert on the lower Murray and large wetlands associ-
ated with the Paroo River and Cuttaburra Creek in the
north-west of the MDB (Fig. 4a). During these dry
scenarios, patches connected using resistance distances
consistently had fewer neighbours than Euclidean
graphs (Fig. 5a). This discrepancy was particularly
apparent in highly modified or semi-arid regions, with
exceptions occurring only in locations characterised by
optimal landscape conditions for amphibian movement
such as the Macquarie Marshes in the central MDB for
L. fletcheri (Fig. 5a). Although smaller differences in
DC were apparent between resistance and least-cost
graphs within non-floodplain regions, least-cost net-
works were more connected than resistance equivalents
along much of the Murray River in the absence of
flooding (Fig. 5b).

As a Euclidean distance connection strategy
ignored landscape resistance to movement, the spatial
distribution of local metric values did not change with
flooding scenario for these networks. In contrast, the
importance and distribution of “hub” habitats varied
greatly for least-cost and resistance networks as
additional optimal flooded movement terrain
increased the likelihood of connections between
floodplain habitats. The largest differences between
resistance graphs and other connection strategies
occurred within floodplain regions during larger
flooding events, where extensive regions of inundated
terrain allowed habitat patches to accumulate many
more connections than indicated by either Euclidean
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Degree centrality

a
( ) Crinia parinsignifera Limnodynastes fletcheri

No flood

1-in-10 year flood

1-in-100 year flood

0.091 0.58 1 1.7 3.6 120

Fig. 4 Spatial distribution of resistance distance graph a degree
and b betweenness centrality local metrics for two MDB
ampbhibian species: Crinia parinsignifera (first and third column
of panels) and Limnodynastes fletcheri (second and fourth
columns). Results are shown for three flooding scenarios (no
flooding, 10, and 100 year ARI flood; panel rows) and
visualised by quantile-classified average values within

or least-cost strategies. The largest increases in DC
occurred in areas where extensive flooding coincided
with groups of highly clustered habitat patches,
including the Gurra Lakes, Pike-Mundic, Riverland
and Chowilla wetland complexes on the Murray, the
Murray—Murrumbidgee confluence, and the Barmah—
Millewa Forest (Fig. 4a).

Compared to DC which increased positively with
increasing flooding extent, resistance graph BC values
exhibited a more complex response based on a patch’s
location in its wider network and the spatial

(b Betweenness centrality
Crinia parinsignifera Limnodynastes fletcheri

Mean betweenness centrality

.
0.037 0.33 1.3 7 83 37000

15 x 15 km raster cells. Grey lines indicate MDB surface
water resource plan areas (MDBA 2012). Numbered labels
identify (/) the Lower Lakes, (2) Lake Victoria and the
Spectacle Lakes, Gurra Lakes, Pike-Mundic, Riverland and
Chowilla wetlands, (3) Murray—Murrumbidgee confluence, (4)
Barmah-Millewa Forest, (5) Macquarie Marshes, and (6) Paroo
River and Cuttaburra Creek

configuration of flooding during each scenario. As
habitat patches with very high DC values have many
connections between their neighbours, several poten-
tial “hubs” (e.g., Paroo River and Cuttaburra Creek
wetlands) also exhibited high BC values (Fig. 4b). In
addition to habitats located in less flood-prone regions
(e.g., Lakes Alexandrina and Albert), these habitats
consistently served as important “stepping stones”
regardless of flooding extent. Other habitat patches
were important during small floods but lost their
significance as larger flooding created redundant
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Resistance vs. Euclidean distance graphs

(a)
Crinia parinsignifera

Limnodynastes fletcheri

No flood

1-in-10 year flood

1-in-100 year flood

Mean difference in degree centrality

b) Resistance vs. least-cost distance graphs
Crinia parinsignifera Limnodynastes fletcheri

Resistance Resistance
graphs less I L J 1 | graphs more
connected -419 -2.7 -1 -03 0.2 0.4 0.7 1 1.7 24 connected

Fig. 5 Difference in degree centrality between resistance
distance and a Euclidean and b least-cost graphs for two
MDB amphibian species: Crinia parinsignifera (first and third
column of panels) and Limnodynastes fletcheri (second and
Sfourth columns). Results are shown for three flooding scenarios
(no flooding, 10, and 100 year ARI flood; panel rows) and
visualised by quantile-classified average values within

pathways through neighbouring habitat patches. These
habitats were typically located at the centre of
floodplains and included patches within the Spectacle
Lakes, Gurra Lakes, Pike-Mundic, and Riverland
wetland complexes (Fig. 4b).

The highest BC values were observed along a large
stretch of the Murray River extending westward from
the Murray—Murrumbidgee confluence (Fig. 4b). For
L. fletcheri, large flooding in this region (100 year
ARI) caused the entire floodplain to connect into a

@ Springer

15 x 15 km raster cells. Grey lines indicate MDB surface
water resource plan areas (MDBA 2012). Numbered labels
identify (/) the Lower Lakes, (2) Lake Victoria and the
Spectacle Lakes, Gurra Lakes, Pike-Mundic, Riverland and
Chowilla wetlands, (3) Murray—Murrumbidgee confluence, (4)
Barmah-Millewa Forest, (5) Macquarie Marshes, and (6) Paroo
River and Cuttaburra Creek

single 400 km long graph component containing over
800 habitat patches (Figs. 3d, 4b). Within this com-
ponent, 12 small lakes and the larger Lake Victoria
located along 130 km of the Murray exhibited
extremely high BC values (>150,000). Despite being
more fragmented overall, C. parinsignifera networks
also displayed the highest BC values along a similar
stretch of the Murray where extensive flooding
provided abundant movement paths for the species
despite its lower dispersal ability.
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Importance by protected status

We evaluated the success of national and international
schemes for protecting the MDB’s “hub” and “step-
ping-stone” habitats by comparing the mean local
metric values of protected and non-protected habitats.
For both species, habitat patches formally protected
within Australia’s national reserve system (CAPAD)
exhibited significantly higher DC (Fig. 6a) and BC
scores (Fig. 6b) than non-protected habitat patches.

This remained true during all flooding scenarios but was
particularly apparent during moderate—large floods
(20-100 year ARI). Informally protected nationally
important wetlands (DIWA) provided additional con-
nectivity, displaying higher local metric values com-
pared to CAPAD habitats for all flooding scenarios.
Formally protected habitats listed on the International
Ramsar Convention were typically associated with the
highest overall metric values, but also displayed the
most variability of any classification (Fig. 6a, b).

(a) Crinia parinsignifera Limnodynastes fletcheri
—e— Ramsar
15 4 —e— DIWA
- —e— CAPAD
% —e— Not protected
@ 10-
(&)
o
o
()]
&
54 —// /
_____/////‘//:_’_‘
0 -
1 I 1 1 1 1 I 1 1 I 1 1 I 1 1 I
(b)
- 1000 -
.c_E
c
[0
o e®
@ 100
2 —
C
o /
s
= 10 1
m ‘-”/

T
None 1 2 5

10 20 50

T
100

T
None 1 2 5

20 50 100

Flooding scenario (ARI)

Fig. 6 Comparison of habitat conservation listing by resistance
distance graph a degree and b betweenness centrality local
metrics for two MDB amphibian species: Crinia parinsignifera
(first column of panels) and Limnodynastes fletcheri (second
column). Unprotected habitats (black), those listed on the

Collaborative Australian Protected Area Database (CAPAD;
blue), Directory of Important Wetlands (DIWA; green), and
Ramsar Convention (orange) are compared by mean metric
value and shaded 95 % confidence intervals. Betweenness
centrality values are plotted on a log scale. (Color figure online)
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Discussion

Amphibians are of critical conservation concern, with
over one third of species threatened with extinction
globally (Stuart et al. 2004; Vi¢ et al. 2008). Although
both our focal species are currently believed to be
widespread across the MDB, many formerly common
and widespread Australian amphibian species have
recently suffered severe and unpredicted declines
(Mahony 1996; Hines et al. 1999; Mac Nally et al.
2009). Decreases in extensively distributed amphibian
species may go undetected until they reach a consid-
erable magnitude and can be obscured through often
considerable time lags associated with habitat isola-
tion and other reductions in ecological connectivity
(Tyler 1991; Hazell 2003). We used a graph theory
approach to generate regional-scale assessments of
ecological connectivity for two MDB amphibian
species and spatially explicit estimates of the impor-
tance of individual habitats as critical connectivity
providers. By doing so, this study aimed to increase
current understanding of how habitat network struc-
ture, landscape resistance to movement, and dynamic
flooding events may combine to influence the ongoing
viability and persistence of amphibian populations.

Effect of graph connection strategy

We combined patch-based graph theory with circuit
theory, an improved model for amphibian movement
previously used for modelling amphibian connectivity
in genetic studies. Although previous graph theory
studies have used resistance surfaces to study amphib-
ian ecological connectivity (e.g., Compton et al. 2007,
Decout et al. 2012), our work is the first to evaluate
graphs based on circuit theory resistance distances.
We compared graphs created using resistance dis-
tances with Euclidean and least-cost approaches,
finding that the influence of graph connection strategy
varied strongly both spatially and in response to
dynamic processes such as flooding.

Previous graph theory studies have assessed struc-
tural connectivity by measuring Euclidean distances
between habitats (e.g., Pyke 2005; Fortuna et al. 2006;
Ribeiro et al. 2011; Peterman et al. 2013; Ruiz et al.
2014; Tulbure et al. 2014; Uden et al. 2014). Euclidean
distance graph connection strategies may correlate
well with amphibian species richness in relatively
undisturbed areas with optimal movement terrain
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(Ribeiro et al. 2011), but regularly over-predict
connectivity in complex heterogeneous landscapes
(Fletcher et al. 2011). We found Euclidean graphs
consistently provided higher connectivity estimates
compared to resistance and least-cost equivalents
during small flooding and in highly modified or
semi-arid regions where terrain offered high resistance
to amphibian movement. In these situations, connec-
tion strategies based only on distance will greatly
overestimate the likelihood of dispersal between
habitat patches. In addition, the inability of Euclidean
graphs to reflect changes in landscape resistance to
movement associated with flooding may result in large
underestimates of connectivity in floodplain regions,
particularly during larger flooding events.

Least-cost path modelling provides an alternative
approach which incorporates landscape resistance to
movement, but which may also misrepresent connec-
tivity by imposing a potentially inappropriate directed
movement model on organisms such as amphibians
which may favour more random, undirected dispersal
throughout much of their life cycle (Pittman et al.
2014; Sinsch 2014). Although least-cost graphs pro-
duced similar results to resistance equivalents in
regions with high resistance to amphibian movement,
key differences occurred in areas such as along the
Murray River during small flooding scenarios. Here,
narrow but low resistance linear river features allowed
least-cost networks to become connected without the
presence of large areas of innundated floodplain
required by resistance equivalents, causing least-cost
graphs to predict a higher initial availability of
dispersal paths and greater habitat clustering. As
least-cost distances are measured along single optimal
paths through the landscape, the addition of optimal
movement terrain associated with increased flooding
in areas surrounding habitat patches did little to
increase the connectivity of least-cost graphs, causing
global metric values to increase at lower rates than for
equivalent resistance networks.

These results highlight the utility of incorporating
landscape resistance to movement and organism-
relevant modelling approaches in network analyses.
For amphibian species reliant on random-walk dis-
persal strategies, a circuit theory model is likely to
better reflect the landscape-scale influence of flooding
by producing lower resistance values in the presence
of abundant undirected movement pathways through
the landscape (McRae et al. 2008; Pittman et al. 2014;
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Sinsch 2014). Where uncertainty exists about an
organism’s dispersal mode (i.e., random or directed),
our results indicate that comparing graphs constructed
using multiple strategies may be more informative
than relying on a single method. We suggest that a
multiple graph construction approach may be used to
complement already common multi-species approaches
(e.g., Moilanen et al. 2005), minimising the likelihood
that connectivity estimates are impacted by the selec-
tion of effective distance measure. This is likely to be
particularly important in highly dynamic landscapes
like the MDB or for focal species whose dispersal is
strongly affected by the quality of the matrix between
habitat patches (Prevedello and Vieira 2010).

Regional-scale connectivity and flooding

By altering the resistance of the landscape matrix to
movement, dynamic processes such as flooding may
create “transient connectivity windows” where condi-
tions temporarily increase the probability of individuals
or populations moving successfully between habitat
patches (Zeigler and Fagan 2014). Our findings suggest
that dynamic opportunities for dispersal created by
flooding are vital for maintaining regional-scale eco-
logical connectivity across the highly fragmented
habitat networks of the MDB, and may play a key role
in determining the persistence and dynamics of water-
dependent amphibian metapopulations (Keymer and
Marquet 2000; Johst et al. 2002; Wassens 2010a).

During small or absent flooding, a large proportion
of potential L. fletcheri and C. parinsignifera habitats
existed as single patches completely isolated from any
neighbours. Without access to dispersal from neigh-
bouring populations, organisms in these habitats may
be at particularly high risk of demographic or genetic
isolation, inbreeding depression, or stochastic local
extinction events (Hanski 1999; Keller and Waller
2002). As flooding increased, the number of potential
ecological connections between habitats rose greatly
for L. fletcheri, and to a smaller extent the less mobile
C. parinsignifera. In the MDB, this effect of infre-
quent but large flooding may play a crucial role in
facilitating rare dispersal events, potentially allowing
usually isolated populations to avoid local extinction
through rescue effects or recolonization (Hanski 1999;
Johst et al. 2002).

Climate change, river regulation and agricultural
development are expected to affect both the

availability of surface water and the frequency of
future flooding within the MDB (Pittock et al. 2006;
Finlayson et al. 2011). L. fletcheri is believed to be
particularly vulnerable to changes in water availabil-
ity, with flooding playing a key role in maximising
recruitment by encouraging breeding and dispersal
(Gonzalez et al. 2011; McGinness et al. 2014; Ocock
et al. 2014). Our results indicate that during large
flooding events, L. fletcheri habitats connect into large
groups of tightly clustered habitats which may extent
hundreds of kilometres across the MDB, potentially
providing long distance dispersal pathways that may
be vital for enabling shift ranges in response to
environmental change (Wright 2010). This network
structure suggests the vagile and dispersive L. fletcheri
may be relatively resilient to changes in habitat
distribution and the quality of the intervening land-
scape matrix, but only if large flooding events
continue to provide access to permanent refugia and
enable regular dispersal between floodplain habitats
(Ocock et al. 2014).

While large floods combined with L. fletcheri’s
greater dispersal ability to form large groups of
connected patches by driving new connections
between geographically isolated habitat clusters, these
connections were not available to the less vagile C.
parinsignifera. Our findings indicate that even large
flooding is unlikely to facilitate similar long-distance
dispersal opportunities for C. parinsignifera, support-
ing recent speculation that dispersal limitations may
make this species particularly vulnerable to climatic
and environmental change (Gonzalez et al. 2011).
Optimistically, habitat clustering compared to other
metrics increased at a similar rate with flooding for C.
parinsignifera as for L. fletcheri, and continued to rise
during larger flooding events. Although C. parin-
signifera is believed to be relatively resistant to
changes in flooding regimes (Wassens 2010a), flood-
ing is still likely to play a significant role in
maintaining metapopulation dynamics and increasing
local genetic diversity for this species by providing
regular access to resilient, highly clustered groups of
connected habitats.

Patch-scale connectivity
Our study identified individual surface water habitats

critical for maintaining connectivity within the MDB
during different flooding events, providing a powerful
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approach for prioritising conservation or allocating
limited and contested environmental flows (i.e., envi-
ronmental water released into rivers and wetlands to
maintain their ecological health). We identified habi-
tats that served as highly connected “hubs” during
even dry scenarios, including the relatively undevel-
oped Paroo River and Cuttaburra Creek catchments in
the MDB’s north-west and the internationally signif-
icant Lower Lakes of the Murray. In a dynamic surface
water system like the MDB, these large, well-
connected, and relatively permanent habitats may
serve as essential refugia for organisms dispersing
from ephemeral habitats during drought periods
(Davis et al. 2013). During increased flooding, many
of the most important “hubs” were located along the
floodplains of the Murray River. These habitats
included the Ramsar-listed Barmah—Millewa Forest,
recently the site of the largest environmental water
release in Australia’s history (McGinness et al. 2014).
Our results suggest that the continued provision of
environmental flows to such habitats is likely not only
to support the ongoing viability of local amphibian
populations, but also assist in maintaining regional-
scale ecological connectivity.

We identified “stepping stone” habitats that con-
tributed disproportionately to overall network con-
nectivity. “Stepping stones” increased in importance
as flooding caused regions of the MDB to join into
long chains of connected habitats. “Stepping stone”
habitats often included large, well-connected “hubs”
(e.g., Lake Alexandrina on the lower Murray), but
others were small in size and located strategically
along the central Murray River. By providing transient
links between amphibians populations located along
Australia’s longest inland river system, these habitats
may be vital for enhancing regional-scale gene flow
and for enabling water-dependent organisms to move
effectively through the highly fragmented MDB
landscape.

Although “stepping stone” habitats may increase
connectivity for amphibian species themselves, they
may also facilitate the spread of disease through
amphibian habitat networks. Recent research suggests
that the amphibian fungal disease chytridiomycosis
may be widespread in semi-arid—arid surface water
habitats of Australia (Fisher et al. 2009; Ocock et al.
2013). L. fletcheri had the highest infection prevalence
of seven amphibian species found to be infected with
the disease in a central MDB site (Ocock et al. 2013).
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Resource managers attempting to monitor or prevent
the spread of the disease through amphibian habitat
networks are likely to benefit greatly from the
identification of “stepping stone” habitats that repre-
sent important choke points in the landscape through
which disease vectors may pass (Brooks et al. 2008;
Perkins et al. 2009).

Protected areas and ecological connectivity

This study is one of the first to use local graph metrics
to assess how existing protected areas maintain
landscape-scale ecological connectivity (Minor and
Lookingbill 2010; Uden et al. 2014). Our findings
indicate that both formal and informal protected area
listings provide valuable frameworks for maintaining
ecological connectivity within the MDB. Surface
water habitats protected formally under Australia’s
system of reserves (CAPAD) were considerably more
likely to serve as important connectivity providers
compared to non-protected habitats. This result is
particularly significant given how poorly Australia’s
reserve system represents surface water environments
(Kingsford et al. 2004, 2011; Fitzsimons and Robert-
son 2005; Nairn and Kingsford 2012).

Internationally significant Ramsar-listed wetlands
exhibited the highest overall local connectivity values
of any protected area listing. As many of the MDB’s
Ramsar sites support diverse and abundant amphibian
populations (McGinness et al. 2014; Ocock et al.
2014), these habitats are likely to play significant roles
both as population sources and as facilitators of
connectivity through their wider habitat network.
Although Ramsar wetlands represented particularly
significant “hubs” and “stepping stones”, nationally
important but unprotected wetlands (DIWA) also
exhibited connectivity values significantly higher than
both unprotected and protected CAPAD habitats. This
suggests that DIWA wetlands previously identified as
significant based on non-connectivity ecological cri-
teria may represent ideal candidates for future formal
protection, providing a balance between preserving
ecologically significant habitat at the site scale while
enhancing ecological connectivity across the wider
MDB.

Our findings also support recent calls for more
comprehensive approaches to the conservation of
fresh water habitats that combine site-scale habitat
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protection with the maintenance of dynamic catch-
ment-scale processes such as flooding (Fitzsimons and
Robertson 2005; Kingsford 2011; Chessman 2013).
The importance of CAPAD, DIWA and Ramsar
habitats was even more pronounced as flooding extent
increased. It is likely that these sites will only reach
their full potential as connectivity providers when
floods are sufficient to provide extensive areas of
optimal movement terrain between neighbouring
habitats. Formal protection alone is unlikely to be
enough to allow protected areas to facilitate ecological
connectivity across the MDB’s habitat networks.
Conserving or improving flooding regimes through
provision of environmental flows will be critical for
maintaining connectivity and the long-term resilience
and persistence of the MDB’s flood-dependent
amphibian species.

Limitations and future work

Although the graph theory approach used here repre-
sents a powerful, flexible and spatially consistent
framework for the analysis of ecological connectivity,
some important limitations should be noted. The
resistance to movement component of this study relied
on expert opinion, which may produce connectivity
estimates which differ from those based on empiri-
cally derived resistance values (Zeller et al. 2012). Our
findings should therefore be viewed as spatially
explicit hypotheses of “potential” rather than “func-
tional” connectivity, and tested by field-based track-
ing, relocation, or genetic studies before being used to
guide conservation policy. To ensure connectivity
analyses are based on best-available ecological
knowledge, our model uses reproducible scripts that
can easily accept improved input data. This will allow
our results to be re-run and re-assessed as new
empirical movement data becomes available (Zeller
et al. 2012).

We relied on present-condition modelled flooding
scenarios in the absence of historic inundation mapping
covering our study area (Chen et al. 2012). These
datasets restricted our analysis to the dynamics of the
MDB’s floodplains, potentially ignoring the influence of
non-floodplain phenomenon such as the flooding of
rain-fed wetlands (Wassens et al. 2013). The modelled
scenarios provide composite estimates of flooding

across the entire MDB, whereas actual flooding events
may be temporally disjointed or restricted to individual
catchments. Although the effects of this are likely to be
minimal given the fragmented nature of both our focal
species’ habitat networks, our flooding scenarios should
nevertheless be interpreted as “best case” flooding
events which potentially overestimate connectivity. Our
model additionally considered only how flooding
affects movement between existing surface water
habitats rather than incorporating changes to the struc-
ture and availability of habitats themselves. Although
this allowed us to focus on an important but so far little-
studied aspect of connectivity (Zeigler and Fagan 2014),
future work investigating the effect of spatial habitat
change will be required to produce a more comprehen-
sive model of connectivity for the MDB’s dynamic
floodplain environments (e.g., Wassens 2010a).

Recently, remotely sensed time series of surface
water extent and distribution have been used to
study connectivity in spatiotemporally dynamic
landscapes (Ruiz et al. 2014; Tulbure et al. 2014).
Such an approach would greatly benefit future work
studying ecological connectivity at regional scales
by providing improved spatial data on potential
organism habitats and flooding inundation, and by
incorporating the temporality of landscape dynam-
ics. Combing the modelling techniques used in this
study (graph and circuit theory) with spatially
explicit and temporally dynamic remotely sensed
surface water datasets would allow regional- and
site-scale connectivity trends to be quantified in high
resolution across both space and time. This may
provide an invaluable means to explore and predict
the influence of climate change, land use intensifi-
cation and evolving environmental policies on the
ecological connectivity of Australia’s increasingly
vulnerable surface water ecosystems.
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