Department of
Sustainability and
Environment

Wetland connectivity models

K. Morris, F. Ferwerda and P. Papas

November 2012 (reprinted September 2013)

Arthur Rylah Institute for Environmental Research

Technical Report Series No. 241

A" i

Ryl a. h State Government *
Institute Victoria

\C.SE:_. mnrgmnmam



Wetland connectivity models

Kay Morris, Fiona Ferwerda and Phil Papas

Arthur Rylah Institute for Environmental Research
123 Brown Street, Heidelberg, Victoria 3084

November 2012 (reprinted September 2013)

Arthur Rylah Institute for Environmental Research
Department of Sustainability and Environment
Heidelberg, Victoria



Report produced by: Arthur Rylah Institute for Environmental Research
Department of Sustainability and Environment
PO Box 137
Heidelberg, Victoria 3084
Phone (03) 9450 8600
Website: www.dse.vic.gov.au/ari

© State of Victoria, Department of SustainabilibdeEnvironment 2012

This publication is copyright. Apart from fair dew for the purposes of private study, researdlicism or review as
permitted under th€opyright Act 1968, no part may be reproduced, copied, transmittexhjnform or by any means
(electronic, mechanical or graphic) without theopriritten permission of the State of Victoria, Rejment of
Sustainability and Environment. All requests andueries should be directed to the Customer Servicar€el36 186
or email customer.service@dse.vic.gov.au

Citation: Morris, K., Ferwerda, F. and Papas, P. (2012) &elticonnectivity models. Arthur Rylah Institute for
Environmental Research Technical Report Series Nh. Rdpartment of Sustainability and Environmentiddierg,
Victoria

ISSN 1835-3835 (online)
ISBN 978-1-74287-718-1 (online)

Disclaimer: This publication may be of assistance to you batState of Victoria and its employees do not guaen
that the publication is without flaw of any kind isrwholly appropriate for your particular purposesl therefore
disclaims all liability for any error, loss or otheonsequence which may arise from you relyingmniaformation in
this publication.

Accessibility:

If you would like to receive this publication in ancessible format, such as large print or audéage telephone
136 186, or through the National Relay Service (N&$)g a modem or textphone/teletypewriter (TTY )diglling
1800 555 6770r email_customer.service@dse.vic.gov.au

This document is also available in PDF format amittiernet at www.dse.vic.gov.au

Front cover photo: Wetland of the Moolort Plains, central VictoriagKMorris).
Authorised by: Victorian Government, Melbourne






Contents

F o g0 T =0 [0 o 4= T i
SUIMIMBIY <.ttt r e st e e s e e s e e e e e a R e ae e R e s R e e e e s R e emeen et sR e e e e aReemn e s e smeennenreennenre s 1

1 [ gL A oo (U Tt o] o 1SS P PTRTSRRN 2
1.1 OVervieW Of @PPIOACKH ... ...uuiiiiieti e 2
1.2 ModelliNg @PPIrOACHES .......ooiiiiiiiiiit et et e e e e e e e e e 3
2 Connectivity model: AMPhiDIiaNnS...........cooiiiiie e 4
200 I = (o (o | {011 [ PP 4
2 |V = 1 o o LR 4
2.3 ReSUIS and dISCUSSION..... oottt 9
3 Connectivity model: WaterbDirdsS........ccocoeiiiieie e 12

1 700 I = (o (| {011 [ RSP PUSRU SRR 12
G T2 |V = 1 o o 12
3.3 ReSUItS and AiISCUSSION.... ..ottt e e e e e et e e e e e e e e e e e e e eeeeeeeeeees 14
4 Connectivity MOAEl: WING .......ccooioiiiecee ettt st 17
g I = 7= Vo o | o g o 17
|V =1 T T O 17
4.3 RESUILS aNnd AISCUSSION... ..ottt e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeenes 19
5 ConNECiVItY MOAE: WALEN ......ccviieeeiececes ettt sttt ee e 21
LS00 I = = (o (o | {011 [ PSPPSR 21
L2 |V = 1 o o P 22
5.3 ReSUItS and diSCUSSION..... .ottt e e e e e e e e e e e e e e eeeeeees 23
6 GENEN Al TISCUSSION ...ttt b ettt b e bt et e e eneas 29

7 S == 0= 32
Appendix 1. Description of amphibiansrecorded in ViCtOria........cceccereeeenenieeerecese e 36
Appendix 2. Geometrical interval classifiCation...........ccveveviieein e 37
Appendix 3. Waterbirdsrecorded in Victoria that are associated with wetlands..................... 38
Appendix 4 Thiessen polygonsrepresenting areas of wind influence. ..........ccccevvveevvieecenen, 43

Appendix 5 Riverswith significant reductionsin high flows. ..........ccooeooiiiinicer e 44



Acknowledgements

This project was funded by the Natural Resourcesdtment Program. Several experts were
consulted to guide the development of wetland cotivity models for various taxa including:

e waterbirds — Richard Loyn (Department of Sustailitgland Environment)

e amphibians — Dr Michael Scroggie, Nick Clemann &iatie Howard (Department of
Sustainability and Environment)

« wind dispersed plant — Dr Elisa Raulings (Monaslvgrsity), Dr Merel Soons (Utrecht
University, Netherlands).

In addition, Adrian Kitchingman provided GIS supipor



Summary

Increasing recognition of the role dispersal pliaysxplaining community assembly has highlighted
the need to consider connectivity in conservatiammng. The objective of this project was to
develop statewide maps of wetland connectivitynform wetland risk assessment and prioritisation.
To represent the diverse biota of wetland systémesproject aimed to develop models of wetland
connectivity for waterbirds, amphibians, wind-disgesl plant propagules and water. Understanding
patterns of connectivity for waterbirds also pr@gdnsight into the dispersal patterns of plant and
invertebrate propagules which they carry. Wates astboth a conduit for the movement of actively
dispersing taxa and a dispersal vector for taxahvtisperse passively, such as plant and inveteebra
propagules.

Assessments of wetland connectivity were informgd beview of the dispersal biology of aquatic
taxa as well as consultation with experts. Modglapproaches within a GIS framework were used to
develop wetland connectivity models as these aghemcurrently provide the best method for
assessing connectivity at a statewide scale.

The project has produced preliminary models of aretlconnectivity for amphibians and waterbirds.
New wetland mapping is currently being undertakech &ill result in an updated Victorian wetland
inventory and spatial layer in 2012. It is recomdehthat our models of connectivity are re-run when
the new wetland spatial layer is available. An eatibn of the amphibian model by experts has
highlighted areas for model improvement and théseillsl be incorporated when the models are re-
run.

Due to the complexity of modelling hydrological cattivity and the limitations of current datasets,
the project has focussed only on floodplain wetkaridoodplain wetlands identified in this project
were validated using known floodplains but thisraggh requires further validation and development
to more thoroughly delineate active floodplain¥iotoria. In addition several approaches were used
to identify floodplain wetlands that are likelyhave reduced connectivity with their source rivers.

Models of wetland connectivity for wind dispersddr propagules required the development of
novel, spatially explicit approaches. Unfortunatidlgre were insufficient resources to fully develop
these models. This report provides examples of @ty maps produced from the modelling
approach developed, along with discussion of fivaitations.

Assessing connectivity at an ecosystem level resnatire of the challenges of landscape ecology. This
project has provided insight into the processeisdbianect wetland systems and has made a major
advance towards the development of maps of wettandectivity for a broad range of wetland taxa.

Connectivity models are based on our current utaleding of the habitat requirements, dispersal
distances and landscape permeability of represemtaixa. In many cases these have been informed
from expert opinion as data is lacking. As ourensthnding of these attributes improves through
further research, and our spatial knowledge refaredi mapped, it will be possible to develop more
refined models. Testing model outputs againstahclispersal data or genetic studies will be rasglir
before the validity of connectivity models can bdged. Testing the sensitivity of the resultshi t
assumptions in the model will identify managemeniviies that are most influential. These are
critical tasks for the future.

Once individual models of representative wetlaratebare completed and validated it may be possible
to combine them to provide a system-based map témgeconnectivity. An integrated map of

wetland connectivity will provide a tool for guidjrpolicy, strategic investment, planning and policy
development. However, an understanding of the patiaf connectivity at a group or species level

will still be required to inform targeted managemieerventions for specific taxa.



1 Introduction

Biological connectivity broadly refers to the atyilof plants and animals to move among habitat

patches in the landscape and is fundamental tmatkntly accepted paradigms of community

assemblage (Leibolet al. 2004). Increasing recognition of the rolgpersal plays in explaining

community assembly has highlighted the need toidensonnectivity in conservation planning. The

broad objective of this project was to develop adarstanding of connectivity for wetland

ecosystems to inform wetland risk assessment aadtisation. Specifically the project aimed to

develop statewide maps of potential wetland convigcaind to assign connectivity scores to

individual wetlands. These tools will assist thedscape-scale management of aquatic habitats in the

following ways (Morris 2012):

» identify wetlands that are biologically linked afodm functional mosaics;

» identify bottlenecks in the movement of wetlandataxnong core habitats;

» identify wetlands that act as stepping stones aathle species to move to refuges during a
disturbance and to re-colonise sites when conditéoe again suitable;

* assess if a loss in connectivity could be conthifguto poor wetland condition;

» identify sites for habitat restoration and/or ci@athat will have flow on benefits to other
habitats by enhancing connectivity; and

* identify likely pathways for the spread of invassfecies.

1.1 Overview of approach

Developing a realistic representation of landsaapmectivity is a complex task and requires a sound
understanding of the habitat requirements and dispeharacteristics of the organism(s) of interest
along with detailed spatial information of the landpe. The types of information needed to develop
realistic models of connectivity include the follimg:

« identification and delineation of habitat patcheshe landscape;

« the mode(s) of dispersal (e.g. wind, water, watdgpioverland);

e an estimate of the distance an organism may move;

« features of the landscape that can impede ortiteildispersal; and

» the direction(s) of dispersal and when dispersedbrsstrained in a particular direction(s).

The dispersal characteristics of wetland biotavareed and will result in diverse temporal and spat
patterns of connectivity in the landscape. To aaptiis diversity in modelling wetland connectivay
multispecies approach is needed. To inform thisaaagh a literature review was undertaken to
identify the modes, distances and barriers to meverior key groups for aquatic taxa including:
waterbirds, amphibians, fish, plants and invertisarhe findings from this review are providein
separate report (see Morris 2012). In additiorheoliterature review the modelling approach wase als
guided by consultation with experts who providediee on the dispersal parameters used in
modelling, and commented on completed models.

In developing an approach for assessing wetlandemivity we distinguish wetland biota as either
active or passive dispersers. Active disperseralageto govern their own movement and have a
behavioural response to the environment which cfinence patterns of movement (e.g. predator
avoidance, or avoidance of unfavourable habitAisjve dispersers move among habitat patches
either in water (fish and aquatic invertebrates)(veaterbirds and winged invertebrates) or ovetlan
(amphibians, turtles, reptiles). Passive dispelisetade plants and invertebrates that rely on wind
water and waterbirds to disperse their propagfespassively dispersed organisms the availability
and behaviour of dispersal vectors influence pastef connectivity in the landscape.

To represent these diverse dispersal mechanisnmdfext aimed to model patterns of connectivity
for waterbirds, amphibians, wind and water. Modellof connectivity for waterbirds was undertaken
to represent patterns of connectivity not onlyvi@aterbirds but the plant and invertebrate propagule
they carry (Charalambidou and Santamaria 2002 eFada and Green 2002). Wind dispersal models
focused on plant propagule movement. Models of dlpdical connectivity represent potential
patterns of connectivity for fish, aquatic invertates (adults and/or propagules) and plant propagul



Although water is perhaps the most important disglgrathway for aquatic biota, models that capture
the complexity of hydrological connectivity provembe beyond the scope of this project. Insteaa, th
project aimed to identify floodplain wetlands tlaaé likely to have a hydrological connection to
rivers.

1.2 Modelling approaches

Assessments of landscape connectivity for amphshiamterbirds and wind-mediated dispersal of
plant propagules requires the application of laadeanodelling approaches that can be applied at a
statewide scale and are capable of producing streapresentation of connectivity. An appraisal of
landscape connectivity models reported in theditee found that only a few are capable of
incorporating rules around landscape permeabititythe direction and scale of movement (see
Morris 2012). Circuit theory (McRae and Beier 20373 landscape connectivity modelling approach
that accommodates most of these requirements bamgutationally demanding and this currently
limits its application at a statewide scale. Atganat, other approaches within a GIS framework
provide the best option for modelling connectivifyVictoria’s wetlands as they can be carried out
with more modest computing requirements and pracgssnes.

Neighbourhood analysis and cost-distance analysesva approaches available within a GIS
framework that can be applied to assess conngc(WEEAC 2010). These approaches are able to
incorporate rules around landscape permeabilitytle@diirection and scale of movement for the
organism(s) of interest to produce a realist regoregion of connectivity. Both neighbourhood and
cost-distance analysis represent the landscapédas and cells are assigned a permeability score
based on the dispersal constraints for the orgaofsnterest. Habitat cells are assigned the highes
permeability. Neighbourhood analysis assigns eatthrcthe landscape a value that represents the
mean permeability of all the cells within a spesificircular neighbourhood. This gives the relative
amount of habitat, and the degree of permeabilithé neighbourhood of each cell anywhere in the
landscape. The size of the circular neighbourha®di in the analysis is selected to reflect the
distance that the organism of interest is capabieawing. To represent different scales of movement
among species with otherwise similar dispersal itaimgs a series of neighbourhood analyses can be
performed. For example, amphibians vary in theibifity but share similar constraints in terms of
landscape permeability. A series of neighbourhowlyses can be carried out to represent the range
of distances different species within a group gfamisms may move and the results combined.

Cost-distance analysis assesses the permeabitgllefsurrounding habitat patches that lie withie
dispersal range of the organism of interest. Pelifiyais scored based on the distance a cell is to
habitat which is then adjusted based on the castowing through the intervening landscape. For
example, for two cells that are equidistant frohahitat, the cost-distance for the cell where the
intervening landscape offers high resistance toem@nt, such as urban development, will be
markedly greater than for the cell where the ireamg landscape offers little resistance to movemen
such as a seasonally inundated floodplain.

Neighbourhood analysis and cost-distance analgpigesent connectivity in slightly different ways.
Cost-distance analysis only assesses the perntgaitells surrounding habitats that are withia th
dispersal range of the organism of interest. Thfg@ach provides a detailed representation of
connectivity among habitats but provides no infaioraon the permeability of the landscape beyond
the specified dispersal distance. In contrast,himgrhood analysis assesses the permeability of the
landscape surrounding each cell in the landscdpie.approach identifies permeable corridors that ar
not revealed using cost-distance analyses. Conmthboutputs from both analyses give a more
comprehensive representation of connectivity thanotutputs of the individual analyses.



2 Connectivity model: Amphibians

2.1 Background

Many amphibian species depend on permanent or ephkmetlands to complete their life cycle.
Although reproductive strategies vary, with somecéps laying their eggs on land or in water-filled
burrows, the majority (86%) of species that ocauyictoria are pond breeders, indicating a strong
dependence on wetland habitats (Appendix 1). Amahibonnectivity models have been developed
to represent patterns of landscape connectivitpdod breeding amphibians that are also genenalist
their habitat use and are likely to occupy mostavet types. Amphibians that breed in ponds that are
also habitat generalists represent approximatedy 6bthe 37 amphibian species that occur in
Victoria (Appendix 1). Patterns of landscape cotingyg for stream-dwelling species, species with
specific habitat requirements or land-breeding igseare not represented in the current models. At
present, wetlands are not adequately describeltbt® habitat for specialist amphibians to be
identified at a statewide scale, and species tieatestricted to streams or are able to breedrahdae
not as strongly associated with wetland habitats.

Models developed for generalist amphibians mayrbady transferable to the Common Long-necked
Turtle Chelodina longicollis which occupies both permanent and ephemeral veitjaand is capable

of moving up to 1.4 km overland to reach other areds (Roe and Georges 2007), similar to
amphibian species with high mobility. The BroadisueTurtle Chelodina expansa and Murray River
Turtle Emydura macquarii are more closely associated with both permanetdgrways and wetland
habitats, and models developed for amphibiansyfich habitat has been limited to wetlands, will
not represent patterns of connectivity for thessigs. Several other vertebrates including rodents
(e.g. Water-rat), snakes (e.g. Tiger Snake ) aadds (e.g. Lace Monitor) also use wetland habitats
but were not included in model development as therse not considered wetland dependent (except
in arid regions).

2.2 Method

Patterns of landscape connectivity for amphibiaasawnodelled using neighbourhood and cost-
distance analysis within a GIS framework. This apph required the identification and delineation of
suitable habitat and features of the landscapeésigtarmine permeability for amphibian movement,
as well as an estimate of dispersal distance(s).

Habitat

The Wetlands 1994 spatial layer (DSE 2007a) wad tesdelineate natural freshwater wetlands that
are potentially suitable habitat for generalist hibjans. This required the exclusion of saline
wetlands and impoundments from the layer. Salingawes represented in the Wetlands 1994 spatial
layer are those in which salinities exceed 3,000 hiyroughout the whole year (Corrick and Norman
1980, Corrick 1981, 1982). Saline wetlands werecootidered habitat as the probability of
amphibian occupancy is likely to be low. This ipgarted by surveys in north-western Victoria that
found that there was a low likelihood of frogs ogoging wetlands with salinities in excess of

2,400 mgL' (Smith et al. 2009). Similarly, tadpoles are rairid in wetlands with salinities in excess
of 3,600 mgL' (Smith et al. 2007). Impoundments were not tbatehabitat, but informed the
assessment of permeability, as the objective wasgess the connectivity of natural wetland habitat

Amphibian habitat was constrained to a 25 m baaddt on grid cell size) around the perimeter of
wetlands, and the remaining internal area waseddeas a highly permeable surface. This avoided over
representing the availability of habitat for ampaits, particularly for large deep wetlands for vihic
most of the wetland area is not used by Victorrag$. However, it is likely that habitat availatyili

will be underestimated in large shallow, well-vegetl wetlands for which much of the wetland area
may provide suitable habitat.



Permeability

The ability of frogs to move through the landscegpstrongly influenced by precipitation, temperatur
and breeding season (Pechmann and Semlitsch 1#8feRet al2001, Rothermel and Semlitsch
2002, Parris 2006, Vasconcelos and Calhoun 2004s¥vis et aR008). The influence of most land
cover types on amphibian movement is not well distadxd and evidence for assigning permeability
ratings to different land cover types is limite@it present we can only infer that urban development
(housing, commercial, industrial) and multi-lanergé roads with high vehicular traffic represent
significant impediments to movement, whereas weaspof the landscape are highly permeable.
Overseas studies demonstrate that migrating angptabvill use streams to disperse, with distances
varying from 2.5 km to 10 kr{Sinsch 2006). Although some features of the laaple will deter
movement, amphibians that are motivated to reagbding sites on a wet, warm night may move
across areas that would normally be avoided (Nm@ten, Department of Sustainability and
Environment, pers. comm.).

Several datasets were used to inform landscapecpdility. Built-up areas were delineated from the
landuse spatial layer (VICMAP Built-up Area) (DS&12a) and road and rail networks were
identified using the VICMAP Transport spatial layéDSE 2012a). Wet permeable surfaces included
watercourses, waterbodies and flat areas subjéctitolation based on the VICMAP Hydrology
spatial layers (DSE 2012a). Watercourses identifietie VICMAP Hydrology spatial layers are
classified based on stream hierarchy as low, mediudrhigh order streams. Low order streams are
those at the top of the catchment, and were nat igsmform landscape permeability.

Distance

The distances that amphibians are capable of disygeoverland is highly variable, with some species
being very sedentary and moving less than 0.5 Kmer@as other species disperse several to many
kilometres. The maximum dispersal distances redddeamphibians in Australia are for the Green
and Golden Bell frodiitoria aurea. Mark-recapture studies of this species reveailgukbdsal distances
of up to 3 km (Pyke and White 2001), although siglgt up toc. 10 km from the nearest breeding
pond have been made (White and Pyke 2008). Ovestgdies report similar maximum dispersal
distances that range from 3 to 15 km (Sinsch 1990).

To develop a clearer understanding of the distaWcesrian amphibian’s are able to disperse, expert
were asked to assign a likely dispersal range¢b species. Dispersal ranges were classified as
unknown, low (dispersal distance less than 0.5 kmedium (dispersal distance between 0.5 km and

1 km) and high (able to disperse at least 1 kmbhigproject we considered 3 km to represent the
upper dispersal distance for amphibians. For twadslof the species that occur in Victoria, the
experts felt that there was insufficient knowledfelispersal to assign a dispersal range. For the
remaining 12 species, 25% were ranked as haviag dispersal capacity, 20% as moderate and 12%
as high (Table 1).

Even for the few vagile species that are capabtamfing more than 1 km, most movements will
occur over shorter distances. As such, mappingexiiity based on different scales of dispersal can
also be viewed as representing different prob#sliof movement. For example, the three dispersal
ranges (low, medium, high) can also be viewed pesenting movements that occur with a high,
moderate and low frequency, respectively. To accodate the variation and uncertainty in dispersal
distances, a series of neighbourhood analysespeefermed for each of the three dispersal ranges
and averaged.



Table 1. Mobility classes and neighbourhood radii used to model amphibian connectivity along
with the proportion of species assigned to each mobility class.

Mobility Dispersal Probability of Radii used in Number of species in each
class range (km) movement neighbourhood mobility class
analyses (km)

Unknown 24

Low <0.5 High 0.2,0.3 6

Medium >05and <1  Medium 0.50.7,1 4

High >1 Low 2,3 2
Neighbourhood analysis

Wetland habitat for amphibians was described dpatia the perimeter (the first 25 m inside the
wetland boundary) of freshwater wetlands, excludimgoundments. A generic approach to landscape
permeability for amphibians was applied resultimdive permeability classes ranging from zero
(ocean) to four (habitat, i.e. freshwater wetlar(dsble 2). To improve the discrimination of the
analysis, the permeability classes were recladsifsing a scale of one to ten (Table 2). For the
analyses, the permeability dataset including hahits converted to raster data, i.e., cells orlpixe

(25 m x 25 m). For each cell, the mean value ofells within a specified circular neighbourhoodswa
calculated. This gives a relative amount of wetlhabitat and the degree of permeability in the
neighbourhood of each cell anywhere in the landsc&pven neighbourhood scenarios were run, and
results were grouped together to provide resutthifgh, medium and low dispersal
probabilities/distances (Figure 1A-C). The threebability surfaces were combined into a single
surface based on neighbourhood permeability (Figjine

Table 2. List of landscape elements used to inform landscape permeability along with their ranked permeability
and the permeability and resistance scores assigned in the modelling to improve discrimination. The spatial data
sets used to delineate each landscape element are also listed.

Landscape element = Permeability Modelled Modelled Spatial data
ranking permeability resistance
score scores

Habitat - perimeter of 4 (High) 10 0 Wetlands 1994

wetlands (25m cells ) (with impoundments and saline
wetlands removed)

Internal area of 3 7 2 Wetlands 1994

habitat wetlands (with impoundments and saline
wetlands removed)

Wet areas 3 7 2 VICMAP Hydrology spatial
layers

Stream network 3 7 2 VICMAP Hydrology spatial
layers

Terrestrial 2 2 7

Saline wetlands 1 1 10 Wetlands 1994: wetlands

attributed as permanent and
semipermanent saline

Urban Areas 1 1 10 VICMAP Built-up Area

Roads and rail 1 1 10 VICMAP Transport spatial layers

Ocean 0 (Low) No Data No Data




Wetland connectivity models

Figure 1. Neighbourhood analysis results are shown for an area (60 km x 40 km) north-west of Melbourne, (the
white area on the right is the township of Bacchus Marsh),: (A) high probability of movement (less than 0.5 km),
(B) medium probability of movements (> 0.5 km but < 1km), (C) low probability of movement (> 1 km) and (D)
values for low, medium and high averaged. For all scenarios, the darker the colour, the more permeable the
landscape, and therefore the higher the connectivity.

Arthur Rylah Institute for Environmental Research Technical Report Series No. 241



Cost-distance

A single cost-distance analysis was performed. @hidysis assessed the distance of a particular cel
in the landscape to “habitat”, assigned it a semek then adjusted the score using the cost of rgovin
through the intervening landscape (i.e., landscagpistance). The landscape resistance was claksifie
as the inverse of the landscape permeability (sdé#=12). The results of this analysis are limied t

5 km from any area of habitat. This distance wasseh so that all areas within a 3 km Euclidean
distance would receive scores whether they wet@yhigsistant to movement or not. The cell values
were partitioned into 100 classes using a geomigtiecval classification (see Appendix 2).

Combined connectivity score

A single connectivity scoreX) was calculated by combining the results of thightsourhood
analysis (NA) and cost-distance analyses (CD) usiagormula below. The different weighting in the
formula were applied to optimise model discrimioati

C. =[3x(NA)+(cD)]/4
Assignment of a connectivity score to wetlands

A single connectivity score was assigned to eadtane in the Wetland 1994 spatial layer based on
the mean connectivity value of all cells in eachlared polygon.

Caveats

A number of caveats are associated with this modedipproach, and need to be considered in
interpreting the outputs of the modelling:

« Patterns of amphibian connectivity only apply tegdbreeding generalist species that are
able to occupy most wetland types. Connectivitinesties are not applicable to species that
occupy streams, have specialised habitat requiresnoerare not dependant on wetlands for
breeding,

« Incomplete wetland mapping at a statewide levdlpvdduce inaccuracies in the model
output. Key deficiencies in the current wetland piag include the absence of alpine
wetlands, some wetlands smaller than 1 ha, and iopgation channels that may provide
important habitat. Some of these deficiencies bélrectified when the updated wetland
inventory is available in late 2012. We recommédrat the models are re-run when this
revised wetland inventory is available.

* Patterns of connectivity have been modelled undegtsscenario, i.e., we assumed that all
wetlands and wet areas in the landscape will peokiabitat and will be permeable.

« The classification of wetland salinity was undeéiakn the early 1980s (Corrick and Norman
1980, Corrick 1981, 1982). The salinity of somelareds may have changed (increased or
decreased) since this time, leading to an incoass¢ssment of connectivity.

* Ephemeral waterbodies may be sufficient for soneeigs to breed and some frog species
show active preferences for either permanent oemehal wetlands. As such, distinguishing
between wet areas of the landscape that facilitmeement and those that represent habitat is
problematic. Incorrect assignment of permeablesaveesus habitat will influence the
accuracy of model outputs.

« Wet areas of the landscape are likely to be paegyesented by the Vic-Hydro spatial layers,
as the spatial resolution is coarse. In additioa,\ic-Hydro spatial layer is based on
topographical maps and changed land use that altusal drainage patterns, and therefore
areas of the landscape subject to inundation d@reepoesented.



2.3 Results and discussion

Examples of the wetland connectivity surfaces peedwsing neighbourhood, cost-distance and the
combined neighbourhood-cost-distance analysisharensin Figure 2. The combined neighbourhood-
cost-distance analysis was applied to produce #tlamd connectivity surface for amphibians and
individual wetland amphibian connectivity ratings &ll of Victoria are shown in Figure 3. The
connectivity surface is represented by shadingréraes from black (large amount of habitat in €los
proximity) to white (small patches of habitat favay from each other). Similarly connectivity scores
for individual wetlands are divided into five class each represented by different colours.

A comparison of the connectivity surfaces produogthe neighbourhood and cost-distance methods
shows that these analyses bring different perspecto an assessment of wetland connectivity.
Neighbourhood analysis identifies permeable aré#sedandscape that lie beyond the assigned
dispersal distance that are not shown in the asststte analysis.

These permeable areas of the landscape repredentigldispersal corridors, provided dispersal is
not constrained by distance. The upper conservdisgersal distance of 3 km is shown as a blaek lin
around the perimeter of wetlands in Figure 2. Tighlights that the limited mobility of this group
may prevent movement between patches of habitpitdebe availability of permeable corridors.
Greater dispersal distances may be achieved wisperdal occurs in a “stepping stone” fashion over
generations (e.g. when each successive generagiperses). At present the significance of these
corridors for amphibian movement is uncertain ailddepend on the mobility of the species, the
motivation to disperse (e.g. breeding, avoidinguitable habitat) and how closely these areas
approximate suitable habitat. For some speciestdtaay only need to be inundated briefly to
become suitable; in these cases the distinctiomdset habitat and highly permeable areas of the
landscape can be unclear. Considering this ampicalitng with the lack of fine-scale mapping,
highly permeable areas of the landscape shouldsdered potentially important for maintaining
amphibian populations. Corridors with high permégbtould be targeted for habitat creation and/or
enhancement to improve dispersal between habitats.

A comparison of the connectivity surface producsithg cost-distance analysis and neighbourhood
analysis can help to identify different constraimtsconnectivity. For example, the surface produce
by the neighbourhood analysis identifies a numiben@ll wetlands in the south east corner of Figure
2A in which the land surrounding each wetland loagel connectivity compared with cost-distance
analysis (2B). Cost-distance analysis assigns adimitg scores only to cells surrounding wetlands
based on distance from wetland habitat, modifiegdayneability. In this example, the wetlands are
very close to each other producing high connegtstbres despite the low permeability of the land
(Figure 2B). In contrast, neighbourhood analysjgesents connectivity from a broader perspective,
as it is based on the mean permeability of albaglthin a series of circular neighbourhoods. s th
example, the amount of wetland habitat in the erealative small and fragmented and the
permeability of landscape is low, producing low ectivity (Figure 2A).

This information can aid in the management of aiiginis in Victoria by showing where movement
among habitats is likely to be constrained by tistadce wetlands are apart, the permeability of the
landscape or the amount of habitat. Where movearaong habitats is constrained by distance, the
connectivity surface can be used to identify dites lie within permeable corridors, where habetn

be created or enhanced to improve connectivityntifiéng permeable corridors in the landscape will
enable land managers to better protect them frachdses (e.g. roads, urban development) that could
reduce their permeability for amphibian movemert kad to lower connectivity. It is also possilde t
re-run models under different management scenauds as wetland loss or creation to assess how
these actions will alter connectivity.
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Figure 2. Examples of connectivity surfaces are shown for an area to the west of Lake Wellington in Gippsland,
Victoria (including the Thomson and LaTrobe River floodplains). The connectivity surfaces shown were produced
by (A) neighbourhood analysis, (B) cost-distance analysis and (C) combined neighbourhood and cost-distance
analysis. Permeability is represented in (A) and (B) by colours from grey (low permeability) to green (high
permeability) and in (C) by shading from black (high permeability) to light grey (low permeability). The upper
conservative dispersal distance of 3 km is shown as a black or white line around the perimeter of wetlands.
Amphibian connectivity scores for individual wetlands in (C) are indicated by colours. Saline (non-habitat)

wetlands are shown in maroon.
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Figure 3. Wetland connectivity surface for amphibians and amphibian connectivity ratings for individual wetlands
in Victoria*. The connectivity surface is represented by shading from black (high connectivity) to white (low
connectivity) as indicated in the legend. Amphibian connectivity ratings for individual wetlands are represented by
different colours ranging from blue (high connectivity) to red (low connectivity) as indicated in the legend. Saline
(non-habitat wetlands) are coloured maroon. Saline wetlands are attributed based on the Wetland 1994 inventory
and in some wetlands salinities may have change since the development of this inventory

*Only represents amphibian species that are pond breeders and generalists in their habitat use.

Arthur Rylah Institute for Environmental Research Technical Report Series No. 241 10



Recommendations

Limitations of the model and areas for future imnment associated with the rules used to derive the
model were discussed with amphibian experts (DBbtoggie and N. Clemann, Department of
Sustainability and Environment). The recommendatiae outlined below.

The models should be re-run when wetland mappisgbkan completed as many wetlands that
would be classed as amphibian habitats are nadsepted by the Wetland 1994 spatial inventory.

The Vic-Hydro spatial layer is unlikely to provigefficient spatial resolution to adequately detect
all of the wet areas in the landscape that imppmreneability for amphibians or that persist long
enough to allow some species to breed. Roadsideedit irrigation drains and channels represent
permeable areas for movement, and in many caséathdlhese, however are not adequately
captured by the spatial data currently availaltlis. lecommended that a landscape wetness spatial
layer be developed to improve the detection ofegineable areas and ephemeral waterbodies in
the landscape. Species’ distributions could theaveelain to identify a relationship between
wetness and amphibian habitat. Species occurrecoeds should be treated cautiously due to
biases such as sampling effort. It is likely theg turrent model under represents wet areas in the
landscape particularly in low relief areas of Vigaowith high rainfall. If so, the model will also
under represent levels of connectivity.

Although the focus has been to assess connedivityatural wetlands listed on the Victorian
Wetland 1994 spatial inventory, the treatment of aveas as habitat or as permeable areas of the
landscape will alter the connectivity surface aredland connectivity scores. The sensitivity of
model results to attributing ephemeral waterbodgesither habitat or permeable areas should be
assessed in the future work.

Low order streams should be included when the nsaatel re-run as they represent a permeable
corridor for movement, can occur proximal to wetlgnand in some cases provide suitable
habitat.

In some instances impoundments should be treatedtatat in the model rather than as a
permeable surface. The suitability of impoundmémt@mphibian habitat is highly variable,
Impoundments that have steep sides, concrete emmgautk or predatory fish will have low
habitat suitability and permeability values. Thereat assignment of impoundments as a
permeable surface rather than habitat is likelyrtderestimate connectivity, while treating
impoundments as habitat may overestimate permsalbiliture revision of the model should
attempt to classify impoundments as either habitgermeable areas based on their individual
attributes, although this is likely to be difficult

Farm dams should be incorporated into future maaekhese are abundant in the landscape,
represent permeable areas for amphibian movemdrihanany case serve as suitable amphibian
habitat. During the development of this work destade inventory of farm dams was not
available but will be in the future.

To distinguish areas in the landscape where comitgdias been lost from those where low
connectivity is naturally occurring, it would belvable to compare patterns of connectivity
produced using the Wetland 1788 spatial layer (RG&’b) (which estimates the extent of
wetlands at the time of European settlement) toghaduced using the Wetland 1994 spatial
layer. This could not be performed in the curréntlg as both spatial layers are undergoing
revision.



3 Connectivity model: Waterbirds

3.1 Background

Waterbirds are a diverse group of bird speciesutiie wetland habitats. They include waterfowl
(e.g. ducks, swans and geese), herons, ibisesplsifieprails and coots. They also include birds
associated with estuarine and marine habitatsatbatfrequent inland wetlands, including species
such as Australian Pelican, Darter, cormorantsshiodebirds (also known as waders). The
significance of connectivity for waterbird poputais is likely to be expressed during breeding and
moulting when dispersal, which usually occurs daege distances, is restricted (Morris 2012).

During breeding, the need to forage and proteghfiess juveniles imposes reliance on nearby
wetlands for foraging and the distances betweets @@sl foraging grounds can influence breeding
success (Bryan and Coulter 1987). For examplegversl ciconiiform wading birds (e.g. egrets and
herons), breeding success declined as distancebetests and foraging grounds increased (Smith
1995). Breeding can also limit movement patterpgviéniles have more specific habitat requirements
than adults. For example, nasal glands that sesaditeand help maintain salt regulation are nibg fu
developed in juvenile ducks (Riggert 1977), so aste freshwater is required and this can restrict
habitat utilisation (Halse 1987).

These examples illustrate that it is during thedecal life stages that the connectivity of wettisn
exerts the greatest influence on waterbird popratand therefore should be used to inform wetland
management. Patterns of connectivity for waterbalde provide insights into patterns of connedtivit
for aquatic plants and invertebrate propagulesezhby waterbirds (Raulings et al. 2011,

van Leeuwen et al. 2012).

3.2 Method

Patterns of landscape connectivity for waterbiréseamodelled using neighbourhood analysis within
a GIS framework. This approach required the idmatiion and delineation of suitable wetland habitat
and a conservative estimate of dispersal distareesaterbird movement was not considered to be
constrained by the nature of intervening landscaqelelling did not include an assessment of
landscape permeability.

Habitat

Waterbirds are characterised by their frequenisatibn of multiple habitats including wetlands,
rivers, estuaries and mudflats over varying spatiales to moult, roost, breed and forage (leagj.
1998, Kingsford and Norman 2002). Given the broaloitiats potentially occupied by waterbirds, all
natural wetlands were considered as potential &iaditd were delineated spatially using the Wetland
1994 spatial layer, excluding impoundments. Imponexts were excluded as this project aimed to
assess the connectivity of natural wetland habitats

Due to the large distances waterbirds are capdbteweing, the availability of wetland habitats in
bordering states will exert some influence on pa®f connectivity. To improve model accuracy,
wetland spatial data was obtained for New Southed/@NSW Department of Environment Climate
Change and Water) and South Australia (DepartmieBheironment and Natural Resources SA).
Data from NSW was modified by excluding reservtirsnake the dataset more comparable with the
Wetland 1994 dataset. The SA data was not modifieitiwas unlikely to include dams (Department
of Environment and Natural Resources SA). Howesagng these three datasets the criteria
distinguishing wetlands from wet areas of the laage are not described and it is likely that tlaeee
inconsistencies in the definition and attributidmetlands.



Distances

Waterbirds vary considerably in their habitat regoients and the scale, pattern and frequency of
movement among habitat patches (Appendix 3). Waitkrthat are endemic to Australia are typically
nomadic (Roshieet al. 2001, Chambers and Loyn 2005). A few speui@g be classed as somewhat
sedentary (e.g. Australian Wood Duck, Chestnut, TAadtralian Shelduck and Purple Swamphen)
(Pringle 1985, Ramsest al. 2010), but even they will sometimes movegldistances in response to
changes in habitat availability.

Differences in mobility among species are refledtethe results of bird banding studies by Norman
(1971) and Frith (1959), summarised in Table 3.seh&tudies recovered 30% of banded Grey Teal at
sites more than 300 km from the banding locatioft{R.959). In contrast, only 10% of banded Wood
Duck and Black Duck were recovered farther thank@@Grom the banding sites. The data also
demonstrate that the probability of dispersal aediwith increasing distance (Table 3).

Patterns of waterbird movement also representigpesal of plants and invertebrate propagules. The
distance propagules will be carried by waterbirdswary depending on wether they are carried
internally or externally. The distances propagalesdispersed when they are carried internallyvaitly
depending on gut retention time, flight speedsdisdersal distances of waterbirds. Based on these
factors the dispersal of propagules via interraagport is likely to influence plant community stiwre
over distances of 10s-100s of km (Raulings et@l12. To reflect different scales and/or probaikegitof
movement as well as the dispersal of plants anerielarate propagules, waterbird connectivity was
modelled using a range of potential distances.

Table 3. Results of bird banding studies of Norman (1971) and Frith (1959) showing the percentage of banded
birds recovered at various distances from the banding location.

Distance (km) Wood Duck* Black Duck Mountain Duck Grey Teal

0 56% 1.3% 0.6% 1.5%
1-100 19% 67% 57% 38%
101-300 17% 20% 21% 26%
300-500 6% 7%; 17% 24%
>500 2% 4% 3% 10%

*Note that distance ranges for Wood Duck have been approximated from Frith (1959)
Neighbourhood Analysis

For the neighbourhood analysis wetland waterbititabwas described as habitat (assigned a value of
one) or not habitat (assigned a value of zero)raloog to the wetland spatial datasets. The habitat
dataset was converted to raster data (i.e. cefisxets, 25 m x 25 m). For each cell, the meaneaiu

all cells within a specified circular neighbourhoweds calculated. This gives a relative amount of
wetland habitat in the neighbourhood of each agfiaint in the landscape. Five neighbourhood
scenarios were run: 5 km, 10 km, 50 km, 100 km30@km. For each cell, the mean values derived for
each of the five neighbourhoods were multipliecbbhg hundred and then averaged. This was done for
every cell across the whole landscape to produtedepresenting the connectivity surface (Figure 4)



Wetland connectivity models

Figure 4. Models of wetland connectivity for waterbirds in south eastern Australia based on each of the five
neighbourhood analyses (5 km, 10 km, 50 km, 100 km and 300 km) and their mean sum. The connectivity surface
is represented by shading from black (high connectivity) through to white (low connectivity).

Assignment of a connectivity score to wetlands

A single connectivity score was calculated for edttorian wetland polygon representing habitat for
waterbirds based on the mean connectivity surfeseesf all cells in each wetland polygon.

3.3 Results and discussion

The waterbird connectivity surface and connectisitgres for individual wetlands across Victoria are
shown in Figure 5. The connectivity surface is espnted by shading which ranges from black (large
amount of habitat in close proximity), through tbite (small amounts of habitat far away from each
other). Connectivity scores for individual wetlarade divided into five classes, each represented by
different colours. Wetland with the highest coniatgt scores are dark blue and those with the ldawes
scores are yellow. The highest waterbird connigtscore in the study area was 63. A score of 100
is only achievable where 100% cover of suitabldamet habitat occurs within a neighbourhood. This
only occurred within the 5 and 10 km neighbourhoods
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Figure 5. Connectivity scores assigned to wetlands in Victoria. The connectivity surface is represented by shading
from black (high connectivity) through to white (low connectivity). The connectivity scores for individual wetlands
are divided into five classes, each represented by different colours ranging from blue (high connectivity) to yellow
(low connectivity) as indicated in the legend.

Regions of very high connectivity (i.e. black shmyjirepresent areas of the landscape that are ciaohe
for waterbirds with low mobility but can also beewied as areas for which waterbird movement occurs
at a high frequency as, even for very mobile bindgre frequent movements occur over smaller
distances. Similarly, areas of low connectivitg (light grey shading) represents the connectsttyace
for waterbirds with the highest level of mobilityttalso can be viewed as representing areas of the
landscape for which waterbird movement occurs l@hfrequency.

Evaluation of model and recommendations

To identify limitations of the model and areas fisiure improvement input was sought from
waterbird expert R. Loyn (Department of Sustainghénd Environment). Issues raised are outlined
below.

» The connectivity surface appears to under-repregettand connectivity for some coastal
wetlands. This is likely to be because habitatlatbdity is reduced by their proximity to the
ocean. This may be appropriate for some speciesdiutthers.

e Larger wetlands generally have higher connectsityres than smaller wetlands as the
amount of habitat influences wetland connectivigres in the model. Using wetland size to
inform connectivity for waterbirds was considergpm@priate as much of the wetland area is
probably utilised by many waterbird species. Tliifets to the case for amphibians, where
only the perimeter was considered as habitat.

» Current wetland mapping is incomplete and is likelyesult in inaccuracies in model outputs.
It is recommended that the models are re-run wharpdated inventory is available.
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The significance of wetland connectivity for watedipersistence could be evaluated further
by mapping the distribution of colonial waterbingbding sites and assessing if these sites are
highly connected to other wetlands. This would beful because waterbird breeding colonies

necessarily attract waterbirds from widely disttdniparts of their range, making connectivity
a potentially important issue.



4 Connectivity model: Wind

4.1 Background

Wind is an important dispersal pathway for wetlahahts. Wind and or convective currents also
facilitate the active dispersal of a number of veédgnvertebrates as well as the passive dispefrsal o
invertebrate propagules (see Morris 2012). Althowghd plays a role in the dispersal of
invertebrates, modelling approaches in this studylimited to the dispersal of plants.

Wind has the potential to transport seeds to hypgioally isolated sites, and to upstream wetlands
over long distances (Soons 2006). A high proportibwetland plant species have adaptations for
wind dispersal, particularly species that occuminwater- or groundwater-fed wetlands that lack
connections to other aquatic habitats via surfaaemflows (Soons 2006). Adaptations for wind
dispersal were found in 37-46% of plant speciesiioeg in rainwater or groundwater fed wetlands
in the Netherlands (Soons 2006). Similar analy$egetand plant communities in Australia were not
found in the published literature, but there ig@ason why similar patterns would not be expected.

An understanding of how wetlands are connecteditiirdhe dispersal of plant seeds can help assess
if species that become locally extinct are ableetoolonise through the dispersal of propagulesifro
adjacent sites. Models of wind dispersal can aédp to identify potential source populations of
invasive plant species in order to assess thefisicursions.

Plants can be grouped into three broad wind-dispeegegories based on seed terminal velocites, i.
the falling speed (1 in still air once a constant speed is reachedifS@006). The first group are
seeds that fall very slowly, with terminal veloeiibelow 0.3 m§ This group has the greatest
potential for long-distance dispersal in wind besgatheir seeds can be lifted by convective currents
wind turbulence, extending their dispersal rangmamy kilometres (Tackenberg 2003, Soons 2006).
The widely distributed tall emergent wetland plafigpha spp. andPhragmites spp., which occur in
Victoria, have seeds with terminal velocities irsttanggSoons 2006, van Diggelen 2006). The
second dispersal category contains plants withitedmelocities of 0.3—2 nils These seeds are t0o
heavy to be lifted by convective currents but maychrried long distances by turbulent winds during
storms. The dispersal distance varies from temsatfes to several kilometres, depending on the
terminal velocity, seed release height and wineédpkn the third dispersal category are plantsrigavi
heavy seeds with terminal velocities above Z.rfi$iese plants are not adapted for wind dispeasal,
seed is commonly deposited close the parent plant.

4.2 Method

To inform the development of wetland connectivitgdels of wind dispersed plants requires an
understanding of the relationships between win@dad dispersal distance as well as the frequency,
speed and direction of wind across the landscaged 8ispersal models that produce realistic
estimates of dispersal distances are availableareubcation specific, computationally complex and
beyond the scope of this project. However, relatigms between wind strength and dispersal
distances using these models have been describeeveral species with terminal velocities near

0.3 ms' and these provided a reference for model develap(i@able 4, Soons 2003, Dr M. Soons,
University of Utrecht, pers. comm.). Dispersal nedmsed on these relationships provide only a
conservative estimate of the dispersal distanceseds with terminal velocities < 0.3 shich are

likely to disperse considerably further.



Table 4. Relationship between seed dispersal and wind strength
for some seeds with terminal velocities around 0.3 ms™.

Wind speed Distance
(ms™) (kmh™) (km)
10-15 36 -54 Upto1l
15-20 54 -72 Upto2
20-25 72-90 Up to 4
25-30 90-108 Upto 6
Habitat

Due to the diversity of plant species associated wetlands and the lack of detailed information on
wetland environment attributes at a statewide sedllevetlands were considered as potential habitat
for wind dispersed plants.

Wind data

To develop statewide patterns of wetland conndgtier wind dispersed seed, wind data from the
Australian Bureau of Meteorology was obtained fb® inonitoring stations with at least 15 years of
data. For each wind station the frequency over saabon that wind speeds occurred in each of four
categories (10-15, 15-20, 20-25'1713f0r each of four wind directions (N, S, W, E)svassessed.

Wind speed categories of 10-15, 15-20, 20-25 ar8@ms may disperse seeds up to 1, 2, 4, and

6 km, respectively. The wind direction was splitiofp four categories (N, S, W or E) which included
* 45° from each cardinal direction (e.g. the nadtegory included wind from the NE, NNE, N,

NNW, NW). To improve model discrimination the frecy of time winds occurs in each wind speed
category and direction were placed into four graapsdescribed in Table 5.

Table 5. Description of the four wind frequency categories used to assess wind patterns.

Frequency Category Proportion of observations Days per season

over a season
Very low 0.1-0.5% < 0.5 days over the season
Low 0.6-1% 0.5 to 1 days over the season
Medium >1-5% 1 to 5 days over the season
High > 5% > 5 days over the season

Visual display of wind data

To visually display wind speeds and frequencies@ated with seed dispersal each wetland was
assigned wind data from one of the 119 wind statigging Thiessen polygons. Thiessen polygons,
identify regions based on their proximity to asktinevenly positioned points, in this case weather
stations in the landscape (Brassel and Reif 19#9avoid wetlands crossing the boundary of more
than one area of influence the centroid (rathem thpolygon) was used to spatially represent wddlan
in the model. A customised tool was developed fyaihe distance and direction values for each of
the four wind frequencies for each season. Thikalbmwvs the area of potential seed dispersal (from
the wetland edge) to be mapped, based on informptiovided on wind speed and direction for each
frequency group. For example, for a season, theédentifies for each wetland, the wind strengtld an
direction category at each of the four frequenares applies the area of potential seed dispersaiba
on direction (N, E, S, W) and distance (where distais distance from wetland edge). A value of one
is applied to any area in the landscape that megngially receive wind dispersed seeds from a
wetland (seed source), based on the direction taedgsh of winds. The tool produces four rasters —
one for each wind frequency and this is then owgresually to give a picture of the seasonal patte
of wind influence that includes all wind frequersigVind frequencies can be interpreted as
representing the likelihood of seed dispersal, mgsy that winds that occur with greater frequency
disperse more seed. This analysis is of most \aduevisual tool to assess wind dispersal of seed
from one wetland to another.



4.3 Results and discussion

As an example of the visual display of wind patsgpnoduced by the analyses, the pattern of wind
influence on wetlands in shown for the south-wegian of Victoria in spring (Figure 6). In this
region, the pattern of wind influence reveals thathighest level of connectivity among wetlands is
produced by winds that occur with very low frequenthese winds tend to be of high velocity and
are likely to carry seeds the farthest. In conjthst most frequent winds produce a very limited
connectivity because winds tend to be of low vdjoand carry seeds only a short distance. The
pattern of wind influence on wetlands also revéfads the direction of wind varies with wind
frequency and location (i.e. in some locations, mmadrequency winds do not blow to the east
whereas high frequency winds blow in all directoresulting in a complex pattern of seed dispersal.
The hard boundary of the area of influence may peaa representation of actual conditions, which
we would expect to diminish gradually.

Recommendations

A methodology to represent potential spatial pagef seed dispersal from wetlands by wind has
been developed using data on wind strength, direetnd frequency. It is recommended that patterns
of wind dispersal across the state be produceddoh season. A statewide map representing wind
dispersal potential across the state in springdeasloped but time constraints prevented maps for
other seasons being produced. It is necessarptiupe maps of potential wind dispersed seed for
each season because seeds are released in diffeasohs, and the direction, strength and frequency
of winds also change seasonally.

The approach developed to assess patterns of wapdrded seed produced is of most value as a
visual tool to assess wind likely dispersal frone evetland to another. However, further work is
needed to assess the level of connectivity forviddal wetlands.
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Spring winds Very rare/low frequency winds Low frequency winds Medium frequency winds High frequency winds

Figure 6. Patterns of potential wind dispersal across wetlands (blue) in south west Victoria showing the distance and direction that winds occurring at very low (grey), low
(yellow), medium (purple) and high (red) frequency are likely to transport seed in spring. Spring winds (first panel) show the pattern of wind influence on wetlands for all
wind frequencies. The extent and shape of the coloured regions around the perimeter of wetlands represent the distance and direction of wind influence, respectively.
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5 Connectivity model: Water

5.1 Background

Water provides both a conduit for movement of adyindispersing taxa (such as fish) and a dispersal
vector for passively dispersed plant and invertielpeaopagules. Hydrological connections may occur
in several ways: (1) between rivers and floodpleatlands with overbank flows; (2) among non-
floodplain wetlands via surface flows from one watl to another when they overflow, or via natural
or artificial channels; (3) across catchments dutange floods; (4) between lakes and fringing
wetlands; and (5) between wetlands and fringingaamients.

Hydrological connectivity among wetlands can beairgd by a variety of mechanisms. For example,
river regulation alters the timing, frequency anaigmitude of floodplain inundation. Levees, weirs
and regulators can restrict flows to wetlands aedte barriers to dispersal for some species.

Hydrological connectivity is perhaps the most impot dispersal pathway for wetland biota.
Developing an accurate assessment of hydrologicadactivity at a statewide level is currently
limited by the poor resolution and coverage of d@oundation mapping across the state, and by the
lack of information on the nature, location andragien of water control structures (e.g. levelsiraje
channels). Given these constraints, this projestnanarily focused on identifying the location of
floodplain wetlands and where there is altered eotivity with their source rivers.

The storage and extraction for water for humanhasealtered the nature of connectivity between
rivers and floodplain wetlands. Floodplain connéttican be altered by changes in lateral
connectivity and/or longitudinal connectivity. Lahglinal connectivity refers the ability of orgamis
to move up and down river channels. Lateral convigctefers to the ability of organisms to move
between the river and floodplain.

The presence of instream levees, weirs and damsseaqt a physical barrier to the movement of
aquatic biota within the stream network, resuliimg loss in longitudinal connectivity. Reductians
longitudinal connectivity in turn reduce accesfidodplain wetlands, contributing indirectly to@sk

in lateral connectivity. Water storage structuneshsas dams and reservoirs can either artificially
increase or decrease lateral connectivity. Wheadflain wetlands are used as water storages, or
where water is stored instream, floodplain wetlandlsexperience more frequent or even permanent
inundation. This will artificially increase laterabnnectivity. In contrast, the filling of dams tegs

the frequency and magnitude of river flows and dais reduce the frequency of wetland inundation or
prevent inundation completely. This will reducestal connectivity. Kingsford (2000) states that in
Australia 50% of floodplain wetlands on developee@ns are isolated from their source river. Dams
not only reduce the frequency of wetland inundatibay can also alter the timing of inundation. In
southern Australia, dams can cause wetland inud&ti shift from spring to summer (Kingsford
2000). In wetlands that have been isolated duwvéo regulation, water may be supplied artificially
through the use of pumps, or through the instalteéind operation of gated channels between the
wetland and its source river. Mechanisms to delivater to wetlands may prevent some species from
reaching wetlands, or may not be synchronised matiral dispersal events.

The National Catchment and Stream Environment Rabersion 1.1.1 (NCSED) was used to
identify artificial structures within the streamtwerk that may impact on floodplain connectivity.
Artificial barriers captured in The NCSED includgams, spillways and large reservoirs. These
structures may affect floodplain connectivity irotways. Firstly, they may form barriers to the
movement of some organisms within the stream nédweducing longitudinal connectivity. This in
turn will reduce lateral connectivity, as it limifse ability of organisms to reach areas where
floodplains occur. Secondly, water storages suataass and reservoirs can alter the flow regime of
the source river and alter lateral connectivitychgnging the frequency, extent and magnitude of
flooding from overbank flows. This approach howedees not distinguish between barriers such as
spillways, which primarily reduce movement withiretstream network (with secondary impacts on
lateral connectivity) from those such as damsithptct lateral connectivity directly by altering
patterns of floodplain inundation.



To identify where river-floodplain connections haxeen disrupted by changes in floodplain
inundation, river reaches with altered high flowsrevidentified using the Victorian Index of Stream
Condition (ISC) flow stress ranking inventory (FSFtchments, DSE 2007c). The ISC high flow
index provides a direct measure of changes in figers that are likely to reduce floodplain
inundation and hence lateral connectivity.

5.2 Method
I dentification of floodplain wetlands

Two spatial datasets were used to identify floodgta(1) floodplain geomorphic units (GMU250)
(DSE 2011) and (2) flood frequency and extent (Ext®00Y_ARI, DSE 2012b). The ability of these
datasets to identify known floodplain wetlands w&wasessed by overlaying these spatial layers with
aerial imagery from 2005-2010 and wetland spatigd Wetlands 1994 and Vic-Hydro spatial
datasets). Both the geomorphic units and food #aquand extent datasets failed to adequately
capture known floodplains and several alternatpgr@aches were trialled.

The mean elevation of each wetland was estimateding a Digital Terrain Model (DTM 20 m
resolution 2010, Information Management ServiceE2810). This value was then compared against
the elevation of proximal river segments definedh®yNCSED (version 1.1.1). A wetland was
considered to be on a floodplain if the elevatibthe wetland was lower than the elevation of the
proximal stream segment. The results were testedsiial inspection of known floodplain wetlands
and were shown to result in inaccurate floodplagtland identification.

The second approach used the Environmental StrBatakase of Victoria (En Chee 2010). This
database provides values of floodplain width based metric derived from an index of mean valley
bottom flatness. The floodplain width was constediiby the criteria described in the stream network
metadata (En Chee 2010): where stream ordeev@asthe floodplain width was limited to 3 km and
when the stream order was3, it was limited to 0.2 km (stream order was dase the Shreve
classification). Floodplains widths generated by grocess were then intersected with the Wetlands
1994 spatial layer. Visual examination of the flpladsh widths inferred using this approach revealed
that it failed to capture adjacent wetlands thatewsearly floodplain wetlands.

The final approach was to apply a 3 km buffer teaans represented on the NCSED that were greater
than 4" order (using the Strahler classification). Triadéng smaller buffer widths failed to capture
some known floodplain wetlands. The 3 km bufferedan spatial layer was intersected with the
Wetlands 1994 spatial layer. Non-floodplain areasendeleted from the dataset, including
impoundments, intertidal flats, mangroves, coasdtlflats, inlets, some coastal lakes, as well as
obvious non floodplain wetlands (e.g. around Lakea@agamite). The data derived from this process
appeared to be more representative of actual flaody floodplain wetlands identified were validate
based on known floodplain wetlands. However, a nlooeough validation is needed in the future,
ideally by waterway managers with local knowled§éhe distribution of floodplain wetlands. In
addition, flood inundation mapping for the Murraiv@® (RiM-FIM) has been undertaken by CSIRO
and could be used to validate floodplain attribufior this region (Overton 2006).



Altered hydrological connectivity between floodplain wetlands and their sourcerivers

Two approaches were used to assess altered flandplanectivity. The NCSED attributes stream
segments with a range of connectivity metrics iditlg the presence of artificial barriers upstream
(BARRIERUP). Artificial barriers in the NCSED datet®e are derived from AusHydro Version 1.6
(Geosicence Australia) and include dam walls spifsvand reservoir outlets. To identify floodplain
wetlands that may be affected by barriers, stregnemter thanZorder (using the Strahler
classification) with a barrier upstream were seldcand wetlands within 3 km of these stream
segments were attributed as experiencing some ¢éediered connectivity with their source rivers.
This approach however does not distinguish betvaerers such as spillways that primarily reduce
movement within the stream network (with secondlamyacts on lateral connectivity) from those that
directly impact lateral connectivity by alteringtaeal patterns of floodplain inundation.

The second approach aimed to identify where rilaefplain connections have been disrupted due to
a reduction in high flows (and therefore a reductivoverbank flows). To do this"brder river

reaches with low high flow indices were identifigdm the ISC flow stress ranking inventory
(FSR_catchments, DSE 2007c). The ISC high flowxrgtevides a direct measure of changes in river
flows that are likely to reduce floodplain inundatiand hence lateral connectivity. The high flow
index represents the extent to which high flowgedifo natural conditions, with values varying from
10 (pristine) to zero (highly altered) (SKM 200%lthough low high flow values can represent either
an increase or decrease in high flows comparednaitiiral conditions, in the majority of cases low
values represent a reduction in high flows as datacollected over a period of drought (Paul Wijson
DSE pers. comm.). As such, we can infer that nigaches with low high flow index scores

potentially experience reduced lateral connectivity

In this study, we consider river reaches with Higiv index values of 6 to potentially have altered
patterns of floodplain inundation and hence lateoanectivity. This threshold is somewhat arbitrary
but was selected as it distinguishes scores ferffoaving and regulated rivers; free-flowing rivens
the ISC inventory were found to have indices okesewr higher. Fourth order river segments in the
ISC inventory were identified using the NCSED dath A 3 km buffer was applied t8drder river
segments with high flow indices6. This layer was then intersected with the fldaoipwetland layer
(generated as a part of this project, see abovdgtuify floodplain wetlands with reduced lateral
connectivity.

5.3 Results and discussion

Wetlands delineated as either floodplain or nondidain wetlands are shown in Figure 7; 4,857
potential floodplain wetlands were identified, repenting approximately 30% of the 16,318 wetland
polygons included in the analysis (Wetlands 19Stiaplayer).

In this report two approaches were used to as$tessdfloodplain connectivity. In the first appoba
the prevalence of instream barriers was used & pdssible changes in connectivity between rivers
and areas containing floodplains. The second approsed the ISC reduction in high flow stress
ranking to identity floodplain wetlands that ardelly to experience reduced flood inundation and
hence reduced lateral connectivity.

The first approach found that 91% of floodplain kamstls were potentially fed by streams with an
artificial barrier upstream (Figure 8). This assesst probably overestimates losses in connectivity
for several reasons. Firstly, the impact thatiaréf structures have on floodplain connectivityluie
determined by: (1) the size and type of struct{®kits location in the stream network and (3) its
operation. Secondly, inputs from tributaries dowaestn of artificial structures will reduce their iagt
on flows. Thirdly, the assessment does not disaidbei between structures that primarily reduce
lateral connectivity through a reduction in overbfiows from those that limit the movement of biota
within the stream network, with secondary impactdateral connectivity.



The second approach identified where floodplaimeativity has been affected by reduced river
flows (and hence reduced overbank flows). Therdlavestress rankings for almost alf érder river
segments represented in the NCSED database, indi¢hat there was good spatial coverage for the
purposes of this analysis (Figure A1, Appendixf)ist of 4" order streams with a high flow stress
rating € 6) is provided in Table A4, Appendix 5).

The results indicate that 41% of floodplain wetlaiage likely to experience reduced lateral
connectivity with their source river due to redaaos in high flows (Figure 9). This assessment can
only be regarded as an indicator of altered lamyahectivity as the impact of a reduction in high
flows will vary depending on the flows requiredinondate each floodplain wetland. In some systems
losses in lateral connectivity may be mitigatediager control structures such as gated culverts,
drains, channels or pumps that deliver environnevdger from the river to floodplains. The size,

type and operation of these structures will deteenthe extent to which losses in lateral conndgtivi
are mitigated.

Although this work contributes to our understandifigiver-floodplain connectivity, their remains a
high level of uncertainty regarding the accuracfladdplain delineation and the extent to which
water extraction and storage for human use hageedlthydrological connections between floodplain
wetlands and their source rivers and more workigmdrea is needed.

Recommendations

Our assessment of hydrological connectivity focdsseassessing connectivity between floodplain
wetlands and their source rivers, and whether tbeseections are altered by river regulation. The
outputs of this work were limited by the resolutenmd coverage of statewide flood inundation
mapping and the lack of information on the natloeation and operation of water control structures
(e.g. levees). Recommendations to improve uporuh@nt assessment of floodplain wetland-river
connectivity are described below, as well as afeafirther work to improve our understanding of
hydrological connectivity.

It is anticipated that statewide flood inundatioapping will be improved in the future through the
outputs of Floodzoom, a State government initiatovanprove understanding of flood behaviour. The
information generated by this project could be usatie future to inform the delineation of

floodplain wetlands. Identifying floodplain wetlasmidased on flood extent will require that floodplai
wetlands are defined in terms of the flood interegjuired to maintain ecological function. This
requires an understanding of how the frequencyngrand nature (e.g. overbank flow) of inundation
maintains the ecological character of floodplainlams and this requires further research.

Current patterns of flood inundation captured iojg@cts such as Floodzoom may not identify
floodplain wetlands that have been isolated by huadivities. These may be identified by mapping
vegetation communities that are characteristi¢anfdplains.

High flow stress rankings measured by the ISC wegal to identity floodplain wetlands that are
likely to experience reductions in high flows arehbe reduced lateral connectivity. The ISC also
identifies river reaches where seasonal flow pastéiave been altered. This could be used to igentif
where flow patterns may no longer be synchronisighl seasonal patterns of dispersal of aquatic
biota.

Although Flow Stress Rankings (FSR) are usefulrftarring change in floodplain connectivity, an
understanding of the mechanisms that underlie #stimation are needed to inform appropriate
management interventions to restore connectivifyesg are not yet comprehensively identified in the
ISC. Possible causal mechanisms for flow stredadecchanged climate patterns (e.g. increased
drought severity), altered catchment processesd@gferestation, urbanisation), instream barriers,
water storages or diversions, and changes in flm@rmanagement. An inventory of instream barriers
Is currently being compiled to help identify theusas of flow stress. However, only structures iasib
on aerial imagery (1:25 000) will be detected, trisl will be inadequate to detect all structures th



affect flow. A comprehensive inventory of river-@idplain barriers that impact on lateral connegtivit
will be needed in the future to inform the managetnad floodplain wetlands.

Further work is required to identify non-floodplairetlands that are connected by surface flowsyor b
artificial channels. A better understanding of grdwater depend wetlands at a statewide level ¢s als
needed, as groundwater levels will influence weagth and hence the likelihood of overflows
connecting wetlands. Information on how water tfiaially transferred between wetlands, as well as
describing and mapping water control structureskarders (e.g. levees and weirs) is needed to
develop a more accurate representation of hydrcddbgbnnectivity at a landscape scale for both
floodplain and non-floodplain wetlands.

Although developing maps to represent hydrologicainections among wetlands will provide a
valuable tool for the landscape-scale managemenetiénds, an improved understanding of the role
and nature of hydrological connectivity of indivadwetlands will inform management activities to
restore connectivity. For example, enhancing theotivity of individual wetlands can be achieved
by: (1) removing barriers to water movement antiierdispersal of particular taxa; (2) providing
sufficient environmental water to restore flowshe river channel and flood inundation extent of
floodplains; (3) delivering water in a way that nesinatural patterns of connectivity; and (4) by
restoring connectivity by using modes of waterd®ly that do not impact on water-mediated
dispersal of wetland biota.



Wetland connectivity models

Figure 7. Map of floodplain wetlands (blue), non-floodplain wetlands (yellow) and streams greater than 4™ order (light blue). Stream order is based on the Strahler
classification system. Stream data was derived from the NCSED database.
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Wetland connectivity models

Figure 8. Map of wetlands attributed as: (i) non-floodplain (yellow); (i) floodplain wetlands potentially fed by streams great than 4™ order with no barriers upstream
(dark blue); and (iii) floodplain wetlands, potentially fed by streams great than 4™ order that have a barrier upstream (red). Stream order is based on the Strahler
classification system. Barriers are dam walls, spillways and reservoir outlets. Stream data was derived from the NCSED database.
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Wetland connectivity models

Figure 9. Map of wetlands attributed as: (i) non-floodplain (yellow); (ii) floodplain wetlands potentially fed by streams greater than 4™ order, with a high flow stress
ranking > 6 (dark blue) and; (iii) floodplain wetlands potentially fed by streams greater than 4™ order, with a high flows stress ranking < 6 (red). Stream order is based
on the Strahler classification system. The stream network shown was derived from the NCSED database. The high flow index in the ISC reflects the extent to which high
flows have been reduced compared to a reference. Values vary from 10, indicating pristine conditions, to 0, indicating completely altered conditions. A list of 4th order

streams with a high flow stress rating < 6 is provided in Appendix 4.
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6 General discussion

Historically, wetland conservation objectives havienarily focused on maintaining or restoring
the condition of individual wetlands and preventingher wetland loss (Amezaga et al. 2002).
More recently, the importance of managing wetlaaids landscape scale has gained wider
recognition.

This project aimed to improve our understandingafnectivity for wetland ecosystems and
develop statewide models of wetland connectivitye Work focused on a range of wetland biota
and developed connectivity estimates for waterbmdgphibians, wind dispersed seeds and water.
Patterns of connectivity for waterbirds also previdsight into the dispersal patterns of plant and
invertebrate propagules carried by waterbirds.

The project has produced preliminary models of avetlconnectivity for amphibians and
waterbirds, identified floodplain wetlands wherealtglogical connectivity may be impaired and
made progress in developing a novel approach wsagmtterns of connectivity for wind
dispersed seeds. The amphibian and waterbird madelsonsidered preliminary as they used
incomplete and outdated wetland mapping that wifleyate inaccuracies in the model outputs.
New wetland mapping is currently being undertakaah \&ill result in an updated Victorian
wetland inventory in 2012. It is recommended thatlels are re-run when the new wetland
inventory is completed. An evaluation of the ampmbmodel by experts has highlighted areas for
model improvement and these should be incorporatexh the models are re-run. The floodplain
wetlands delineated in this project require momam@hensive validation by regional waterway
managers or by comparison with flood inundation etede.g. RiIMFIM). Models of wetland
connectivity for wind dispersed plant propagulesuieed the development of novel approaches
within GIS; resources proved insufficient to fullgvelop these models.

Applications

An understanding of the processes that connectmgid] in conjunction with information on
wetland values and threats, will help assist inntamagement of aquatic habitats at local and
landscape scales. Understanding patterns of cawityeetill help identify highly connected
wetlands among which plants and animals are abigotae. These wetlands are likely to form
refuges from which species can disperse when dondifire again suitable. Conversely, it will
identify wetlands that are poorly connected andemnainerable to disturbance and stressful
conditions such as drought. For degraded wetlamittgrstanding landscape connectivity will help
to identify if a loss in connectivity could be cahtting to the poor condition and how
connectivity may be restored. Knowledge of conwéigtinay also be used to limit weed invasion
or the spread of diseases such chytrid fungus ghébians. Understanding how dispersal
connects habitats in the landscape will allow ideation of sites for conservation, restoration, o
wetland re-creation that will have flow on benefather habitats through dispersal. It is also
important to note that management strategies aahgdproving connectivity may exert positive
effects on some species and negative effects @nsothaylor et al. (2006) recommends that the
aim of connectivity management strategies shoulib i@entify the consequences of changing
elements of the landscape for the persistence milptons.

In other studies, the level of uncertainty in asgggsconnectivity has raised concerns about giving
higher priority to connectivity objectives thanttmse aimed at enhancing the size or quality of
habitats, where the effects on biodiversity areevgartain (Hodgson et al. 2009). Even where
enhancing habitat size and quality are the prirsanservation strategies they should be informed
by an understanding of connectivity as connectiorsther wetlands may be important in
maintaining the ecological character of the sitestBring wetlands with multiple connections to
other wetlands may enhance diversity and ecosyssiiience to a greater degree than restoring
those that lack these connections.



Next Steps

Assessing connectivity at a landscape level ren@iesof the challenges of landscape ecology.
This project has provided insight into the procegkat connect wetland systems and has made a
major advance towards the development of connéctivaps for a broad range of wetland taxa.
The breadth and novelty of the project, coupledhwitcertainty around dispersal constraints of
wetland taxa and limitations of spatial datasets sttewide scale has limited the outputs of the
project. Although the models remain preliminary {@vhirds and amphibian) or require further
development (wind dispersal of plant seeds, watediated dispersal) and validation, they
represent a significant contribution to our undarding of connectivity and provide a strong basis
for further development.

The connectivity models presented are based onwuent understanding of the habitat
requirements, dispersal distances and landscapeepbility for representative taxa. In many
cases these have been informed through experboopas data is lacking. Further research that
improves our understanding of (1) habitat requinetsig(2) dispersal distances and (3) features of
the landscape that facilitate or inhibit movememtrepresentative taxa is needed to improve
connectivity models. A better understanding ofitaibequirements and landscape permeability
for aquatic taxa will only enable connectivity méxie be improved if this knowledge is also
known on-the-ground and mapped. Importantly, tgdtire outputs of connectivity models against
actual dispersal data is needed before the validitiie models can be judged. Testing the
sensitivity of model results to the assumptiontheaamodel will help identify management
activities that exert the most influence on coninégt

Levels of genetic variation among populations paevinsights into spatial patterns of biological
connectivity among habitats (Sagkal. 1999, Wang and Smith 2002). Patterns of ectinty
inferred from genetic analyses are useful in tgstind refining the assumptions of connectivity
models (Spear et al. 2005, Stevens et al. 200@ialdispersal data or genetic studies of aquatic
taxa in Victoria are needed to test the accura@onhectivity models and this should be a priority
for future work.

Comparing model outputs against those producedhsr connectivity modelling approaches
such as circuit theory and others will also be wisefvalidating the current approach. Circuit
theory provides an assessment of connectivity amauigple habitats by identifying pathways of
least resistance in the landscape (McRae and Be@f). Models based on circuit theory are
computationally demanding when the number of hbitalarge and this prevented circuit theory
being used in this study where a statewide assessereompassing over 16000 wetland
polygons, was required. An assessment of connctiging circuit theory or other approaches
would be feasible for smaller areas and could lseiaken in order to compare model outputs
against those produced using the current apprddehrelative performance of each model could
then be evaluated against actual dispersal dajaratic data. These are essential tasks for future
work.

Developing a system-based map of wetland conngctg/desirable to guide strategic planning
and investment and to improve our understandirgpaf wetlands interface with other ecosystem
types. Once individual models of representativdamelt biota are completed it may be possible to
combine them to provide a system-based map of megettannectivity. Wetlands could be scored
based on the number of groups/vectors for which &éne highly connected. For example, a
wetland that is highly connected for waterbirdsphinians, wind dispersed seed and water would
receive a score of four. In contrast, a wetlandlwes only highly connected for waterbirds would
receive a score of one. Different weights for easttor could be developed to increase the level
of discrimination among wetlands. Although an imgggd map of wetland connectivity will



provide a useful tool for guiding wetland managet@&rhe landscape level, an understanding of
the patterns of connectivity at a taxonomic grouppecies level is needed to inform more
targeted on-ground management interventions tonesbnnectivity for particular taxa.
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Appendix 1. Description of amphibians recorded in Victoria

Table Al. Description of amphibians recorded in Victoria including: conservation listing (CL) in Victoria (DSE
2007), mobility and habitat use. The genus L/toria belongs to the family Hylidae, all the other genera belong

to the family Myobatrachidae.

Species name Common name CL Altitudinal Habitat Mobility
range (m) use

Litoria aurea Green and Golden Bell Frog Vu 10-720 Generalist  High
Litoria booroolongensis Booroolong Tree Frog CE, FFG 210-260 Stream Unknown
Litoria citropa Blue Mountains Tree Frog 10-590 Stream Unknown
Litoria dentata Bleating Tree Frog Generalist  Unknown
Litoria ewingii Southern Brown Tree Frog 10-1510 Generalist  Unknown
Litoria lesueuri Lesueur's Frog 10-1460 Stream Unknown
Litoria littlejohni Large Brown Tree Frog DD, FFG 110-1160 Generalist  Medium
Litoria nudidigita Leaf Green Tree Frog 10-1390 Stream Unknown
Litoria paraewingi Plains Brown Tree Frog 20-1730 Generalist  Medium
Litoria peronif Peron's Tree Frog 10-1030 Generalist  Unknown
Litoria raniformis Growling Grass Frog E, FFG 10-1140 Generalist  High
Litoria spenceri Spotted Tree Frog CE, FFG 310-1700 Stream Unknown
Litoria verreauxii alpina Alpine Tree Frog CE, FFG 1000-1720 Specialist ~ Unknown
Litoria verreauxii verreauxif Verreaux's Tree Frog 10-980 Generalist ~ Unknown
Crinia parinsignifera Plains Froglet 20-850 Generalist  Unknown
Crinia signifera Common Froglet 10-1950 Generalist  Unknown
Crinia sloaner Sloane's Froglet 80-210 Generalist  Unknown
Geocrinia laevis ' Southern Smooth Froglet 10-720 Specialist  Low
Geocrinia victoriana Victorian Smooth Froglet 10-1730 Specialist  Low
Heleioporus australiacus' Giant Burrowing Frog Vu, FFG 60-830 Unknown  Unknown
Limnodynastes dumerilii Pobblebonk Frog 10-1700* Generalist  Medium
Limnodynastes fletcheri Barking Marsh Frog 20-300 Generalist  Unknown
Limnodynastes interioris Giant Bullfrog CE, FFG 80-400 Generalist  Medium
Limnodynastes peronii Striped Marsh Frog 10-1180 Generalist  Unknown
Limnodynastes tasmaniensis Spotted Marsh Frog 10-1150 Generalist  Unknown
Mixophyes balbus Southern Barred Frog CE, FFG 200-970 Stream Unknown
Neobatrachus pictus Mallee Spadefoot Toad 30-370 Generalist ~ Unknown
Neobatrachus sudelli Common Spadefoot Toad 10440 Generalist  Unknown
Paracrinia haswelli Haswell's Froglet 10-910 Generalist  Unknown
Philoria frosti * Baw Baw Frog CE, FFG 810- 1570 Specialist  Low
Pseudophryne bibroni ' Brown Toadlet E, FFG 10-1090 Specialist  Low
Pseudophryne dendyi ' Dendy's Toadlet DD 10-1710 Specialist  Low
Pseudophryne semimarmorata " Southern Toadlet Vu 10-1500 Specialist  Low
Uperoleia laevigata Smooth Toadlet DD 190-950 Generalist  Unknown
Uperoleia martini Martin’s Toadlet DD 20-210 Generalist  Unknown
Uperoleia rugosa Rugose Toadlet Vu, FFG 100-200 Generalist  Unknown
Uperoleia tyleri Tyler's Toadlet DD 20-210 Generalist  Unknown

Habitat use: generalist, species that utilise most wetland types and do not have specialised breeding biology; specialist,
species with narrow habitat requirement and/or specialised breeding biology; stream, stream dwelling species. Mobility
ratings are based on expert opinion: Unknown, Low, < 0.5 km; Medium, < 1 km; High, > 1 km. Conservation listing in
Victoria (DSE 2007): RE, regionally extinct; CE, critically endangered; E, endangered; Vu, vulnerable; DD, data deficient;
FFG, listed as threatened under the FFG Act 1988.

tspecies that do not breed in ponds; *elevation data may encompass multiple subspecies; Tyler's Toadlet and Martin’s
Toadlet may be the same species (taxonomy unresolved).

Sources: Robinson (1998); M. Scroggie, N. Clemann and S. Saddlier, ARI, pers. comm.



Appendix 2. Geometrical interval classification

A geometric series is a pattern where a constagfficent multiplies each value in the series. For
example, a sequence of {0.1, 0.3, 0.9, 2.7, 8.1}hsre each value is multiplied by 3. The inverse
of 3 would be 0.33333 (or 1/3). Table A2 belowrisexample of a geometrical interval
classification that was produced in ArcMap. Theiwal (or bin size) of the class is calculated by
subtracting the minimum from the maximum. The gemimeoefficient is calculated by dividing
the previous interval by the current interval. Tehare two possible geometric coefficients to
create this classification structure, 1.539927 @649382, which are inverses of each other.

Table A2. Geometric interval classification produced in ArcMap.

Minimum Maximum Interval Coefficient
0.026539462 0.046593756 0.020054

0.046593757 0.059616646 0.013023 1.539927
0.059616647 0.068073471 0.008457 1.539927
0.068073472 0.081096361 0.013023 0.649382
0.081096362 0.101150655 0.020054 0.649382
0.101150656 0.132032793 0.030882 0.649382
0.132032794 0.179589017 0.047556 0.649382

Source: ESRI Help, esri.com.au



Appendix 3. Waterbirds recorded in Victoria that are
associated with wetlands

Table A3. List of waterbirds associated with wetlands that have been recorded in Victoria, the types of
wetlands in which they occur, status of occurrence and conservation listing in Victoria. Movement
patterns associated with breeding, feeding and moulting are also listed. Pelagic seabirds, vagrants and
land birds using saltmarsh are excluded from this list. Species are grouped by taxon number according to
Christidis and Boles (2007). This table was compiled by R. Loyn, Arthur Rylah Institute for Environmental

Research, Department of Sustainability and Environment.

CL = conservation listing; MB = movements between breeding and non-breeding habitat; MF =
movements between feeding, roosting and moulting habitats. See key on page 46.

Common Name Scientific Name Habitat Status CL MB MF
Magpie Goose Anseranas semipalmata F RI NT L L
Plumed Whistling-Duck  Dendrocygna eytoni F RB A L
Musk Duck Biziura lobata FST Vu A L
Freckled Duck Stictonetta naevosa F E, FFG IA L
Cape Barren Goose Cereopsis novaehollandiae FS NT C R
Feral Goose Anser anser F I L L
Black Swan Cygnus atratus FST A M
Australian Shelduck Tadorna tadornoides FST G A MF
Australian Wood Duck  Chenonetta jubata F G A L
Pink-eared Duck Malacorhynchus membranaceus FS G IA L
Australasian Shoveler Anas rhynchotis FS G Vu A L
Grey Teal Anas gracilis FST G IA L
Chestnut Teal Anas castanea FST G A T
Mallard Anas platyrhynchos F I L L
Pacific Black Duck Anas superciliosa F G A L
Hardhead Aythya australis F G Vu IA L
Blue-billed Duck Oxyura australis FS E, FFG A L
Australasian Grebe Tachybaptus novaehollandiae F L L
Hoary-headed Grebe Poliocephalus poliocephalus FST IA L
Great Crested Grebe Podliceps cristatus FST A L
Darter Anhinga novaehollandiae F L L
Little Pied Cormorant Microcarbo melanoleucos FST A T
Great Cormorant Phalacrocorax carbo FST A T
Little Black Cormorant  Phalacrocorax sulcirostrus FST A T
Pied Cormorant Phalacrocorax varius FST NT L T
Black-faced Cormorant  Phalacrocorax fuscescens C NT C T
Australian Pelican Pelecanus conspicillatus FST A F, T
Australasian Bittern Botaurus poiciloptilus F E, FFG A L
Australian Little Bittern  Ixobrychus dubius F S A L
Black Bittern Ixobrychus flavicollis FT RB Vu FFG A L
White-necked Heron Ardea pacifica F IA F
Eastern Great Egret Ardea modesta FST Vu, FFG 1A F
Intermediate Egret Ardea intermedia FT CE, FFG 1A F
Cattle Egret Ardea ibis F W A F, R

(continued on next page)



Appendix 3 (continued)

Common Name Scientific Name Habitat Status CL MB MF
White-faced Heron Egretta novaehollandiae FST L F
Little Egret Egretta garzetta FST E, FFG A F
Eastern Reef Egret Egretta sacra RNB A T
Nankeen Night-Heron Nycticorax caledonicus NT A F
Glossy Ibis Plegadis falcinellus NT IA R
Australian White Ibis Threskiornis molucca FST A R
Straw-necked Ibis Threskiornis spinicollis F IA R
Royal Spoonbill Platalea regia FST Vu A T
Yellow-billed Spoonbill Platalea flavipes F IA F
Eastern Osprey Pandion cristatus C RNB A F
White-bellied Sea-Eagle  Haliacetus leucogaster FST Vu, FFG A F, T
Whistling Kite Haliastur sphenurus FT A L
Swamp Harrier Circus approximans FS A R
Brolga Grus rubicundus F Vu, FFG A LM
Purple Swamphen Porphyrio porphyrio FS L L
Lewin’s Rail Lewinia pectoralis FST Vu, FFG L L
Buff-banded Rail Gallirallus philippensis FST L L
Baillon’s Crake Porzana pusilla F S Vu, FFG A L
Australian Spotted Crake Porzana fluminea FST A L
Spotless Crake Porzana tabuensis F A L
Black-tailed Native-hen Tribonyx ventralis F A L
Dusky Moorhen Gallinula tenebrosa F L L
Eurasian Coot Fulica atra F A L
Pied Oystercatcher Haematopus longirostris T C T
Sooty Oystercatcher Haematopus fuliginosus T NT C T
Black-winged Stilt Himantopus himantopus FS A L
Red-necked Avocet Recurvirostra novahollandiae FST IA F
Banded Stilt Cladorhynchus leucocephalus S IA F
Pacific Golden Plover Pluvialis fulva T S NT NH T
Grey Plover Pluvialis squatarola T NT NH T
Red-capped Plover Charadrius ruficapiflus FST A T
Double-banded Plover Charadrius bicinctus FST W NZ T
Lesser Sand Plover Charadrius mongolus T S Vu NH T
Greater Sand Plover Charadrius leschenaultii T S Vu NH T
Oriental Plover Charadrius veredus FS RNB NH F
Inland Dotterel Charadrius australis FS Vu A F
Black-fronted Dotterel Elseyornis melanops F L L
Hooded Plover Thinornis rubricollis T Vu, FFG C L
Red-kneed Dotterel Erythrogonys cinctus FS IA L
Banded Lapwing Vanellus tricolor FS L L
Masked Lapwing Vanellus miles FST L L
Australian Painted Snipe  Rostratula australis FS CE,FFG A L
Latham’s Snipe Gallinago hardwickii F S NT NH L

(continued on next page)



Appendix 3 (continued)

Common Name Scientific Name Habitat Status CL MB MF
Black-tailed Godwit Limosa limosa FST S Vu NH T
Bar-tailed Godwit Limosa lapponica T S NH T
Little Curlew Numenius minutus FS RNB NH L
Whimbrel Numenius phaeopus T S NH T
Eastern Curlew Numenius madagascariensis T S NT NH T
Terek Sandpiper Xenus cinereus T S E, FFG NH T
Common Sandpiper Actitis hypoleucos FST S Vu NH L
Grey-tailed Tattler Tringa brevipes T S NH T
Common Greenshank Tringa nebularia FST S NH T
Marsh Sandpiper Tringa stagnatilis S S NH L
Wood Sandpiper Tringa glareola F RNB Vu NH L
Ruddy Turnstone Arenaria interpres T S NH T
Great Knot Calidris tenuirostris T S NH T
Red Knot Calidris canutus T S NT NH T
Sanderling Calidris alba T S NT NH T
Red-necked Stint Calidris ruficollis FST S NH T
Long-toed Stint Calidris subminuta F RNB NT NH L
Pectoral Sandpiper Calidris melanotos FS RNB NT NH L
Sharp-tailed Sandpiper Calidris acuminata FST S NH T
Curlew Sandpiper Calidris ferruginea FST S NH T
Broad-billed Sandpiper Limicola falcinellus T RNB NH T
Ruff Philomachus pugnax F RNB NH L
Oriental Pratincole Glareola maldivarum FST RNB NH L
Australian Pratincole Stiltia isabella FS S NT A L
Little Tern Sternula albifrons C Vu, FFG C,NH T
Fairy Tern Sternula nereis C E, FFG C T
Gull-billed Tern Gelochelidon nifotica FST E, FFG A F
Caspian Tern Hydroprogne caspia FST A T
Whiskered Tern Chlidonias hybrida FS NT A F
White-winged Black Tern  Chlidonias leucopterus FST S NT NH F
White-fronted Tern Sterna striata C w NT Nz T
Common Tern Sterna hirundo C S NH T
Crested Tern Thalasseus bergii C C T
Pacific Gull Larus pacificus C NT C T
Kelp Gull Larus dominicanus C C L
Silver Gull Chroicocephalus novaehollandiae FST A F, T
Azure Kingfisher Ceyx azureus F NT L L
Australian Reed-Warbler Acrocephalus australis F S A L
Little Grassbird Megalurus gramineus FST L

(continued on next page)



Key for Appendix 3.

Wetland habitats (main habitats used by each species)

C Coastal waters

F Freshwater wetlands (may be vegetated or open, favoured by different species)
FS Freshwater or saline wetlands, but rarely tidal

FST Freshwater, saline or tidal wetlands

FT Freshwater or tidal wetlands (e.g. among paperbarks and mangroves in tropics,
mostly freshwater in Victoria

S Saline wetlands (may use freshwater or tidal habitats locally or periodically)
ST Saline or tidal wetlands

T Tidal mudflats or beaches

Status

| Introduced to Australia

RI Re-introduced to Victoria after extinction in early 20th century
RB Rare breeding species

RNB Rare non-breeding visitor to Victoria

G Classed as a game species (in some years not all these species are allowed to be taken)
S Mainly summer visitor
W Mainly winter visitor

Note that vagrants (recorded on rare occasions, presumably as lost individuals) are not included in this table.

Victorian Conservation Status (Source: DSE 2007)

CE Critically Endangered

E Endangered

Vu Vulnerable

NT Near Threatened

FFG Listed under the Flora and Fauna Guarantee Act 1988

Movements between breeding and non-breeding habitat

A Migratory or nomadic movements in Australia (not including subset below)

A Nomad, breeding mainly in inland Australia during floods,
and largely vacating coastal habitats in those times

NH Migrant, breeding in Northern Hemisphere

NZ Migrant, breeding in New Zealand

C Mainly coastal, may make movements along coasts or to breed on coastal islands

L Mainly local movements (< 50 km)

Note, there are some regular seasonal patterns in nomadism in Australia, but they may be over-ridden by
major flood events

(continued on next page)



Key for Appendix 3 (continued)

Movements between feeding, roosting and moulting habitats

T Regular (twice-daily) movements up to 20 km between feeding areas and high-tide roosts on spits, islands
or saltmarsh. (Species that use tidal and non-tidal habitats typically make shorter daily movements when
feeding in non-tidal habitats.)

Regular daily movements up to 20 km between feeding and roosting habitats
Regular movements up to 10 km between alternative feeding habitats

Annual movements to suitable moulting habitat

r 2 M 2O

Mainly local movements (< 5 km)




Appendix 4

Thiessen polygons representing areas of wind

influence.
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Wetland connectivity models

Appendix 5 Rivers with significant reductions in high flows.

Figure A1. Stream networks represented in the Index of Stream Condition inventory of flow stress rankings showing river segments with a high flow index of >6
in blue and < 6 in red. Fourth order streams (Strahler classification) represented on the NCSED database are shown in light blue beneath other stream layers to
illustrate the spatial coverage of ISC stream data.
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Table A4 List of 4" order river reaches with reduced high flows as assessed by the Index of Stream
Condition (ISC) high flow index. The high flow index in the ISC reflects the extent to which high flows
have been reduced compared to a reference. Values vary from 10, indicating pristine conditions, to 0,
indicating completely altered conditions. River reaches reported in this table received a high flow index
score of < 6. Where high flow indices were reported for multiple segments of the same river, the range of
high flow indices are provided. Stream order was based on the Strahler stream classification and assigned

using the NCESD database.

River

High flow index

River

High flow index

Avon River
Barwon River
Bemm River
Bonyaricall Creek
Bridge Creek
Brodribb River
Buffalo River
Bumbang Creek
Burnt Creek
Burra Creek

Mullaroo Creek
Murray River
Narcooyia Creek
O’Shannassy River
Parwan Creek

Perry River

Plenty River
Potterwalkagee Creek
Pyramid Creek
Rainbow Creek

Campaspe River -6 Ranka Creek

Chalka Creek Reedy Creek

Deep Creek Serpentine Creek

Emu Creek Sheepwash Creek

Finnigans Creek Snowy River -2
Fitzroy River Suggan Buggan River

Genoa River Tambo River

Glenelg River -6 Tanjil River -6
Goulburn River -6 Tarwin River

Hopkins River
Jacksons Creek
Latrobe River
Lindsay River
Loddon River
Macalister River
Mackenzie River
Maribyrnong River

Thompson Creek
Thomson River
Toupnein Creek

Towrie and Outlet Creek
Tyers River

Unnamed Creek
Wallpolla Creek
Werribee River

Merri Creek Willipanance Creek
Milky Creek Yarra River
Mitchell River Yarrarabula Creek

Moorabool River
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