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1. INTRODUCTION

An assessment of climate change impacts on wetianti® ACT is undertaken to determine
their climate change vulnerability. This wetlancsessment uses the Management Areas
developed in the ACT HGL Framework project as piagrunits (Cowoodet al. 2016).
Mapping of Management Areas allows for detailedandzassessments to understand the
patterns in the chosen variables, facilitating nganaent within the HGL Framework and
consideration of landscape setting when identifyisgitable locations to undertake
Management Actions. The assessment uses the c(t@9@-2009) and near future (2020-
2039) time periods from the NARCIIM Project (Olsenal. 2014), but will individually
assess consensus, wet-cool extreme and dry-hanextscenarios. Variables used in this
assessment represented indicators of current guenic pressure, future hydrological
change in water sources and losses and future ggcalochange in vascular plant and
amphibian communities. Statistical methods are tgegtoup wetlands that are projected to
experience similar levels of change in the futuretetmining their climate change
vulnerability and the principle components of chamiving the variability. The variables
are first attributed to the Management Areas actiossACT and then allocated to wetlands
located within each Management Area. Hydrologicahrge variables were refined for
individual wetlands considering the unique watelabee equations. The remainder of this
section introduces the approach to choose the neunsg wet-cool extreme and dry-hot
extreme scenarios and revised hydrological andogatd! change data selection. Section 2
outlines the method for the wetland assessmenttlandesults are presented in Section 3.
Section 4 discusses the overall variability of gfeabetween the 3 future climate scenarios as
well as the wetland clusters within each clima&nseio. The report summary is in Section 5.

It is recommended by the CSIRO Climate Adaptatidagéhip that natural resource
management planning must consider a range of likelyes and possible desired outcomes
(Rissik et al. 2014; Timbal 2015). This recommendation has baeéopted by the ACT
Government when developing their ACT Climate Chanfydaption Strategy (ACT
Environment and Planning Directorate 2016). For tetailed wetland assessment, 3
NARCIiM models representing different near futulenate scenarios were chosen, using the
10km climate change projections for the ACT (Olsenal. 2014; NSW Office of
Environment and Heritage 2015): a consensus seergpiesenting the multi-model mean of
the 12 climate models; a wet-cool extreme scenapoesenting the single climate model
with the coolest mean annual temperature and highean annual precipitation for the near
future; and a dry-hot extreme scenario represenkiagingle climate model with the hottest
mean annual temperature and lowest mean annuapipaéon for the near future (Table 1).
Selection of future extreme scenarios used the sprmeiples as the Climate Futures
Framework (Clarket al. 2011; Whettonet al. 2012), where two climate variables, e.g.
precipitation and temperature, are used to idetii#yrange of plausible future scenarios such
as the ‘maximum consensus’, ‘best case’ or ‘woaset It should be understood that each of
the 12 climate models used in the NARCIiM Projedt laave inherent variability in gridded
values for both the current time period and ther riere time period. This is due to the
treatment of the input daily time-series data bg thdividual global climate model and
regionalisation methods used (Evans and Ji 2012212 Evanst al. 2013, 2014; Jet al.
2016).



Table 1 Determination of future extreme scenarmstiie ACT through ranking of the 12
NARCIiM project climate models by near future meamual precipitation and temperature.

PRECIPITATION TEMPERATURE

CLIMATE MODEL o
mm RANK C RANK

MIROC3.2 R2 1465.83 1 9.34 1 Wet-cool extreme
MIROC3.2 R3 1437.34 2 10.35 5
MIROC3.2 R1 1433.15 3 9.43 2
CSIRO-Mk3.0 R1 1373.12 4 9.65 4
CSIRO-Mk3.0 R2 1240.39 5 9.54 3
CSIRO-Mk3.0 R3 1159.68 6 10.80 6
ECHAM5/MPI R2 1079.65 7 10.83 7
ECHAM5/MPI R1 1068.00 8 10.97 9
ECHAM5/MPI R3 1008.18 9 12.06 11
CCCMAS.1 R2 849.51 10 10.91 8
CCCMA3.1 R1 837.61 11 11.13 10
CCCMAS.1 R3 711.48 12 12.47 12 Dry-hot extreme

Hydrological impact assessment data for the 3 chésire climate scenarios was acquired
from the NSW Office of Environment and Heritage. Whthe hydrological impact
assessment dataset was produced originally at an 1@kd to match the scale of the
NARCIIM Project (Littleboyet al. 2015), the dataset used in the wetland assesswaemnt
produced using a downscaled 100m sampling grid. ddwvenscaled hydrological impact
assessment data was modelled using the same mgiktteboy et al. 2015), but the 100m
sampling grid allowing for refined attribution dfe landform, land use and soils input data to
the model. Although the NARCIiM climate variableput data was only available at a 10km
resolution. The downscaled hydrological impact sssent data is better suited for
attributing to Management Areas and undertakingcallscale detailed wetland assessment,
in comparison to the use of 10km data outputsbaiteid to HGL Units in rapid assessments.

The CSIRO has developed a set of measures to tadérthe implications and nature of
change in biodiversity by 2050 as a result of ctenghange (Williamst al. 2014). The first
measure, potential degree of ecological changegesepts ecological similarity between
current composition and potential future compositiof vascular plants, mammals,
amphibians and reptiles. For this measure the Iawersimilarity value the greater the
potential change in future biodiversity. If change&een to occur further measures are used to
characterise the nature of change. The second negagilisappearing ecological
environments, represents current environments ey become absent from the entire
continent in the future. The third measure, nowal@gical environments, represents new
environments that may arise in the future but whdoln’t exist anywhere on the continent
currently. The measures have been developed foiff@raht climate change scenarios
representing mild and hot climate futures usingoamf of community level generalised
dissimilarity modelling as described by HarwoodX2p The mild future uses the Model for
Interdisciplinary Research on Climate produced bg tJapanese research community
(MIROCS5) and the hot future uses the Canadian Ezytem Model (CanESM2). Although
this ecological data utilises different climate ba projection models to the hydrological
impact assessment of Littlebelal. (2015), it represents the best available datcological
change to be used in current research. Here wepgaked the mild climate future ecological
change measures with the consensus and wet-cow@rszdydrological change data, and the
hot climate future ecological change measures thighdry-hot scenario. It is recommended



that when datasets on the potential impacts ofatknthange for biodiversity and habitat
threats using the NARCIIM climate projections beesmavailable that this analysis is
repeated.

2METHODS

2.1 Wetland mapping, classification and water balance equation

2.1.1 Wetland mapping

Wetland spatial data layers were supplied by theT AEnvironment, Planning and
Sustainable Development Directorate and compiléd &nsingle spatial layer of wetlands
using ArcGIS 10.2.1 (ACT_WAPO, ACT_WETLANDS, ACT ¢m ACT_peatlands,
ACT_RAMSARginini). Further wetland spatial data éay were also sourced from the NSW
Office of Environment and Heritage corporate data t®© confirm all possible mapped
wetlands and attribute data were included in thewpieed map layer (WetlandsNSW,
WetlandsMurrayDarlingBasin, Wetlandsimportant, BaogdensSnowyMountains and
GWDependantEcosystems). An additional peat wetlapdtial data layer was sourced
directly from Geoff Hope (Hopet al. 2009, 2012). All compiled wetland polygons were
visually checked and wetland extent modified to adhalOcm resolution imagery (ACT
Environment, Planning and Sustainable Developmerdcibrate, aerial photography flown
2012). Any overlapping polygons were edited or reetbalong with polygons no longer
representing wetlands (i.e. loss through recerdirudnd peri-urban development). Wetlands
were also allocated to a HGL Unit and ManagemergAluring the visual checking process.

2.1.2 Wetland classification

Wetlands were designated a system type of rivefloedplain, lacustrine or palustrine, as
per the ANAE classification (Aquatic Ecosystems K &oup 2012). Riverine system type
was assigned to those polygons that were repreésentaf river or stream reaches and
adjacent riparian areas. This designation was mesileg the Geofabric mapped stream
spatial layer, sourced via the Bureau of Meteorplustralian Hydrological Geospatial
Fabric’ data portal (www.bom.gov.au/water/geofalmigex.shtml). Floodplain wetlands are
those which are situated within the 1 in 10 yeaodl extent. Spatial layers designating flood
extents within the ACT were sourced from the ACTdEgency Services Agency corporate
data set. The ACT Emergency Services Agency doesutilze a consistent 1 in 10 year
flood extent in their planning and management,agity producing either 1 in 100, 1 in 50 or
1 in 10 year flood extents. A combination of whislere used for assigning a floodplain
system (Ginninderra Creek 1 in 50, JerrabombereelCa in 100, Molonglo River 1 in 10,
Queanbeyan River 1 in 100, Sullivans Creek 1 irad® Tuggeranong Creek 1 in 10). This
information was then refined to 1 in 10 year floextent with expert advice. Lacustrine
system wetlands are those that are greater thact@res in surface area with less than 30%
emergent vegetation, or greater than 2m in deptlthis application modified water bodies,
such as urban constructed waterbodies and ruraligsan farm dams, were also included as
lacustrine. Palustrine system wetlands were assignthey were less than 8 hectares in
surface area, had greater than 30% emergent viegetat were less than 2m in depth. All
assigned wetland system types were verified usiad0cm resolution imagery.

Application of the ANAE classification (Aquatic Esgstems Task Group 2012) to all
mapped wetlands was undertaken using the methoglolioBrookset al. (2014), developed
for the wetland systems present within the Murrayling Basin. The wetland classification
evaluates the wetland characteristics of landf@wil, type, river confinement, water source,
water regime, water type and vegetation assemivtagesign a wetland class (Table 2).



Table 2. Wetland attributes used to differentiabéM wetland type as per the classification
system by of Brookst al. (2014). Estuarine attributes are not listed.

CHARACTERISTIC ATTRIBUTE

WETLAND SYSTEM Lacustrine
Palustrine
Riverine
Floodplain
Estuarine

LANDFORM High energy upland
High energy slope
Low energy upland plateau
Lowland

SOIL Porous organic peat
Porous mineral soil
Porous sand
Non-porous rock

RIVER CONFINEMENT Unconfined floodplain
Semi-confined discontinuous floodplain
Confined non-floodplain

WATER SOURCE Localised rainfall

Surface water

Groundwater

Both surface and groundwater
WATER REGIME Commonly wet (inundated 70%)

Periodically wet
Water logged
WATER TYPE Fresh (<3ppt)
Brackish (3-5ppt)
Saline (>5ppt)
Acidic (pH <6)
Neutral (pH 6-8)
Alkaline (pH >8)
VEGETATION Forest
Shrubland
Sedgeland / grassland / forbs
No emergent vegetation

Landform was designated using the Multi-resolutitadley Bottom Flatness (mrVBF) and
Multi-resolution Ridge Top Flatness (mrRTF) spatalers of Gallant and Dowling (2003),
sourced via the CSIRO data access portal (httpsalfesiro.au/dap). Landform classes, and
associated thresholds, were upland high energy Bfir¥ 3 and mrRTK 3), upland low
energy (mrVBF < 3 and mrRTF > 3), transitional (rBfvV= 3) or lowland (mrVBF > 3). Soll
type was designated to soil order (Isbell 2002hgishe Australian Soil Classification spatial
layer (NSW Office of Environment and Heritage cagie data set). Vegetation structure
took into consideration both regional scale sulprfmion and local scale community
mapping (ACT Environment, Planning and Sustaindié®elopment Directorate corporate
data set). Additionally, the presence of emergegetation was designated as present or
absent by visual assessment of each wetland polygiog the 10cm resolution imagery. For
riverine wetland polygons only, the level of comiment was designated as confined, semi-
confined or unconfined using the mrVBF and NSW Ri8¢yles spatial layers (Brierley and
Fryirs 2000; Brierleyet al. 2002; Fryirs and Brierley 2005; NSW Office of Ermnment and
Heritage corporate data set). The confined clasgitin was allocated if 0-10% of the stream
segment was located in the valley bottom (mrVBF,>3mi-confined if 10-50% and
unconfined if 50-100%. No information for water &was available.



Water regime was designated as commonly wet (inedd&70% of time), periodic
inundation (inundation <70% of the time) or watagded. Wetland polygons that intersected
the Geofabric mapped stream, waterbody or hydra apatial layers were assigned the
existing ‘perennial’ attribute, while wetland pobygs intersecting the peat wetland layer were
assigned water logged given the descriptions ineHepal. (2009, 2012). For non-
intersecting wetland polygons, lacustrine wetlamdse assigned commonly wet, palustrine
and floodplain wetlands as periodic inundation.sTivas also aided by visual assessment of
each wetland polygon using the 10cm resolution emagassessing the level of current
inundation and evidence of recent inundation. Design of water sources is detailed in
Section 2.1.3.

2.1.3 Wetland water balance equation

All wetlands were designated with the default emumabf precipitation and surface runoff
water sources and water loss through evapotraismird he equation remained the default if
no other water sources or losses were identifieéas flow was added as a source or loss if
the wetland polygon intersected the Australian laialyical Geospatial Fabric (Geofabric)
‘Geofabric AHGF Mapped stream’ spatial layer (Bured Meteorology 2012). The number
of stream inflow and/or outflow intersections wadad as well as if the intersection was with
a major or minor river or stream. The Geofabriean spatial layer was sourced via the
Bureau of Meteorology data portal (www.bom.gov.aatév/geofabric/index.shtml).
Concentrated surface runoff was added as a soulosif the wetland polygon intersected
the Digital Topographic Database ‘HydroLine’ sphtiayer (NSW Land and Property
Information 2013), sourced from the NSW Office aivitonment and Heritage corporate
data set. The number of drainage line inflow andotflow intersections that were not
already considered as stream flow were noted.

Groundwater discharge and recharge was added @s@sand loss if the wetland polygon
intersected 1 or more of 4 separate groundwateraation spatial layers. Given the level of
uncertainty regarding the nature of the spatiaélyivaed groundwater interaction (Woodward
et al. 2016), and that no comprehensive validation ccagdundertaken as part of this
research, a confidence level was also assignedd baisé¢he number of spatial layers the
wetland polygon intersected: O for no intersectibnough to 4 having intersected all
groundwater spatial layers. The first 2 spatiattaywere the ‘Reliant on Surface Expression
of Groundwater’ and ‘Reliant on Subsurface Exp@ssif Groundwater’ from the National
Atlas of Groundwater Dependant Ecosystems spati@r|(Sinclair Knight Merz 2012). If
the intersection had a high, moderate or low pakfdr groundwater interaction area as
classified within the spatial layer this was notédese spatial layers were sourced via the
Bureau of Meteorology data portal (www.bom.gov.at&ev/groundwater/gde).

Two additional spatial layers were derived by rumgnihe FLAG model for the ACT (Roberts
et al. 1997). In the model a DEM was used to deriveghape and curvature of a given
landscape, expressed as fuzzy membership valuesoamoined using fuzzy set theory with
assumptions regarding the water cycle, to predmg likely location and extent of
waterlogged areas resulting from groundwater digghaTraining sets were required to
interpret the FLAG outputs and scale accordingot@ll conditions. The FLAG method has
previously been used to delineate landforms (Suraknerral. 2005; Murphyet al. 2005;
Cowoodet al. 2016), identify waterlogged and seasonally weils g@owling et al. 2003;
Summerellet al. 2004) and wetland extent in a small area of Nealahd (McKergovet al.
2007).



Both 30m and 10m resolution FLAG outputs were gateer for the ACT using FLAG
software and Arclinfo, following the method of Rotsest al. (1997). Input DEMs used were
the 1 second Shuttle Radar Topography Mission DBMdIlantet al. 2011) and the 10m
DEM developed in this research following the metlwddHutchinson and Dowling (1991).
Given the different DEM resolutions, an 8x8 pixelathing window was used for the 30m
DEM and a 13x13 pixel smoothing window for the 1D#M. The mapped wetlands for the
ACT (Section 2.1.1) were used to develop 3 trairgats to interpret FLAG outputs: training
set 1 was all mapped wetlands; training set 2 remiowerine wetlands; and training set 3
removed riverine and modified wetlands (Section.Z.1Each training set was used to
compare the individual 30m and 10m total predistederlogged area versus actual mapped
wetland area, developing a series of quantitatieasures to evaluate the FLAG outputs:
accuracy, efficiency, discrimination and power. Tim@aximum power measure for each
training set was used to select an alpha-cut tbidstalue to scale the FLAG output to
derive predicted wetlands for the study area.

2.2 Assigning indicator valuesto wetlands

2.2.1 Assigning current anthropogenic pressureatées

For wetlands 2 anthropogenic pressure variableg wssigned: overall subcatchment land
use pressure and immediate pressure at or diradfjcent to the wetland. Anthropogenic
pressure for WaterWatch monitored subcatchmentR€ily et al. 2015) was determined
using the GIS based landscape hazard assessmeiopbxl by the QLD Department of
Science, Information Technology, Innovation and Aws (2015). The landscape hazard
assessment is part of the Queensland Wetland Pnegfeamework for assessing and
monitoring the ecological character and potentadnds of wetlands (QLD Department of
Environment and Heritage Protection 2014). AusraliLand Use and Management
Classification classes (Australian Bureau of Adtioal and Resource Economics and
Sciences 2011) were grouped to be consistent wigh1l6 land use groups in the QLD
Department of Science, Information Technology, lratmn and the Arts (2015) landscape
hazard assessment (Table 3). Overall land use yeesgs then calculated based on the
percent area of each land use group within a sabwent and the corresponding weighting
value from Table 3. The overall land use pressatees were then attributed to each wetland
within the relevant subcatchment. Immediate lanel pressure was assigned by intersecting
the wetland mapping and the converted land usepgspatial layers. If the wetland polygon
intersected multiple land use groups the land ugh the highest weighting value was
assigned (Table 3).

2.2.2 Assigning future ecological change

The vascular plant and amphibian potential degfeeaogical change measure, for both the
mild and hot climate futures, were sourced direfrityn the authors (Williamst al. 2014).
The data is also available via the CSIRO data pénew.data.csiro.au/dap). The ArcGIS
‘intersect’ tool was used to integrate spatial magpof Management Areas with the
ecological change data, geoprocessed within Arcl®L3.1 software. Further analysis of the
resulting database file was conducted within Miofo&xcel, where the mean value for each
ecological change variable, for each future climatenario, was calculated for all
Management Areas. The values were attributed tovicheal wetlands based on the HGL
Unit and Management Area allocation.




Table 3 Land use group, associated weighting vahgecorresponding Australian Land Use
and Management codes (Australian Bureau of Agucaltand Resource Economics and
Sciences 2011; QLD Department of Science, Informmafiechnology, Innovation and the

Arts 2015).

LAND USE GROUP ALUM CODE WEIGHTING
Conservation and natural environments 1.1,1.2,1.3 0.10
Extensive grazing 2.1 0.44
Intensively managed grazing 3.2,4.2 0.41
Production from natural forests 2.2 0.30
Plantation forestry 3.1,4.1 0.21
Dryland cropping and horticulture 3.3,3.4,3.% 3. 0.30
Irrigated cropping and horticulture 43,44, 4%,5.1 0.46
Aquaculture 5.2.6 0.33
Intensive animal production 5.2.1,5.2.2,5.2.2,4.5.2.5,5.2.7,5.2.8,5.2.9 0.31
Manufacturing and industrial 5.3 0.25
Waste management and disposal 5.9 0.25
Urban 5.4,55,5.6 0.76
Transport 5.7 0.38
Mining 5.8 0.41
Water (artificial) 6.2,6.4 0.36
Water (natural) 6.1, 6.3,6.5,6.6 0.00

2.2.3 Assigning future hydrological change

Downscaled 100m grid hydrological impact assessmata, for the consensus, wet-cool and
dry-hot scenarios, were acquired from the NSW @fioé Environment and Heritage. The
absolute change (mm) between current and nearefuidonual and seasonal volumes of
precipitation, evapotranspiration, surface flow agrdundwater recharge for each scenario
was integrated with Management Area mapping udmegArcGIS ‘intersect’ tool. Further
analysis of the resulting database file was coretbetithin Microsoft Excel. The mean value
for each annual hydrological change variable, mhefuture climate scenario, was calculated
for all Management Areas.

The seasonal gridded values were used to detertheneurrent and future seasonality of
delivery for the hydrological variables as per thethod of Williamset al. (2010a, 2010Db).
This developed 2 new attributes representing themw®lity ratio values for all grid cells: the
balance between summer (positive values) and wi(rtegative values) dominance in
delivery; and the balance between spring (positigkies) and autumn (negative values)
dominance in delivery. The greater the ratio valpesitive or negative) the stronger the
seasonal pattern. The mean current and future ratloe for the summer/winter and
spring/autumn variables, for each climate scenaras calculated for all Management Areas.
The absolute change in ratio values between cuaedtnear future seasonality, for each
future climate scenario, was also determined forgatl cells. The mean value for each
seasonality absolute change variable, for eacheutlimate scenario, was also calculated for
all Management Areas.

The absolute change values were attributed to ichaay wetlands based on the HGL Unit
and Management Area allocation. Wetlands that lmdeen allocated a stream flow (base
flow component) or groundwater source or loss tdividual water balance equations



(Section 2.1.3) had allocated annual and seasawoaindwater recharge values manually
changed to 0. Future change in groundwater systeowsd not be considered to directly
affect these wetlands.

2.3 Identifying clusters of similar wetlands

An agglomerative hierarchical cluster analysis wadertaken to group wetlands considered
similar with regard to the 16 current anthropogepressure and future ecological and
hydrological change variables for each future ctemacenario (Table 4). Analysis was
undertaken in SPSS Statistics 23, using the Wani'smum variance method (Ward 1963)
and the squared Euclidean distance measure tardeeedissimilarity between wetlands. For
each future climate scenario the appropriate nurebautput clusters was determined by
examining the cluster dendrogram and agglomeratioefficients (Manning and Munro
2007). This was assisted by a series of Kruskali8/ahe-way analyses of variance tests
(Kruskal and Wallis 1952), to further explore thmitarity and dissimilarity between clusters
for each variable within a future climate scenaabaset. The non-parametric test was chosen
as the majority of the 16 variables were not nolyndistributed. To further explore the
identified clusters and identify the common or wagndicator variables driving variability
within a future climate scenario, a series of pplec component analyses were also
undertaken. The orthogonal varimax rotation wasly&aiser 1958), with Eigenvalues of
greater than 1, suppressing small coefficientsvbdd@. The results of the Kruskal-Wallis
one-way analysis of variance, principle componeralysis and calculated mean value for
each cluster for the 16 variables, all facilitatied characterisation of each cluster.

Table 4 Variables used in the agglomerative hiéaat cluster analysis of wetlands.
INDICATOR VARIABLES

Anthropogenic pressurelmmediate land use pressure
Subcatchment land use pressure

Ecological change Ecological change index for viesqulants
Ecological change index for amphibians
Hydrological change Absolute change in annual jpitation

Absolute change in annual surface flow

Absolute change in annual groundwater recharge

Absolute change in annual evapotranspiration

Absolute change in summer/winter seasonality ofipr&ation
Absolute change in spring/autumn seasonality ofipreation

Absolute change in summer/winter seasonality dfeserflow
Absolute change in spring/autumn seasonality dasarflow

Absolute change in summer/winter seasonality ofigdovater recharge
Absolute change in spring/autumn seasonality ofigdevater recharge
Absolute change in summer/winter seasonality opetranspiration
Absolute change in spring/autumn seasonalitwapetranspiration

5.2.4 Assigning climate change vulner ability to wetland clusters

Characterisation and calculation of mean valuesefach cluster allowed for ranking of
wetland clusters as experiencing low, moderate igh levels of current anthropogenic
pressure and projected future ecological and hgdioal change for each future climate
scenario. The distribution of ranks across the tégmies for each variable provided the
overall climate change vulnerability for the clustewer, moderate or higher climate change
vulnerability.
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It is at this stage of the wetland assessment dahaassumption is made surrounding the
consequences of water source and loss fluctuattmtscontrol the depth of water, wetted
extent and seasonal timing of transition betweemteweand drier periods for a wetland
(Casanova and Brock 2000; Capon 2003, 2005; Btiah 2006; Tockneet al. 2000; Thorp

et al. 2008). It is understood that the hydrological ayics of a wetland will influence the
habitat types available, composition and successidhe biotic assemblage and factors such
as primary productivity, anaerobic conditions, tigind nutrient availability (Westlaket al.
1998; Cronk and Fennessy 2001; Keddy 2010). Thengstson is made that an increase in
water storage at a wetland can have negative sffist as a decrease in water storage could.
Therefore all positive and negative mean valuesefimh cluster were considered absolute
values during ranking.

3RESULTS

3.1 ACT wetlands and water balance equations

3.1.1 Wetland mapping and classification

A total of 1296 wetland polygons covering a combiaeea of 33.36kfwere mapped within
the ACT study area. The Namadgi and Paddys RiveLHEdntain the largest number of
wetlands, with 186 and 155 respectively, while B8if and Bruce HGLs contain the lowest
number of wetlands, with 1 and 3 wetlands respelgtitTable 5). There are 6 riverine and 1
lacustrine wetland that intersect multiple HGL WniThese wetlands and the remaining
riverine wetlands were removed from the datasettlier remaining wetland assessment.
There are no mapped wetlands in the Boboyan andd&oella HGLs. The MA5 lower
slopes have the highest number of allocated wedlagcidsely followed by MA4 mid-slopes,
with 418 and 308 wetlands respectively. The loweshber of wetlands was allocated MA6
rises, MA2 upper slope (colluvial) and MA1 ridgetor crests, with 3, 7 and 8 respectively.
There are 158 wetlands allocated to MA5/9/10, ay Hre positioned at the break in slope of
a confined valley, where the MAS5 lower slope jothe narrow MA9 alluvial plain. The
distribution of wetland classification types acrtiss ACT are shown in Figure 1.
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Table 5 Number of wetlands allocated to each HGIt bBimd Management Area.

HGL UNIT/MA  COUNT | HGL UNIT/MA  COUNT | HGL UNIT/MA  COUNT
Bimberi 77 Kowen 76 Reedy Creek 79
2/3 12 2/3 2 1 2
3 21 4 8 2/3 3
4 23 5 36 4 21
5 7 9/10 30 5 44
5/9/10 14 Lanyon 36 9/10 9
Bruce 3 2/3 1 Royalla 11
4 1 4 7 2/3 1
5 2 5 14 4 2
Bullen Range 4 9/10 14 5 4
2/3 3 M ajura Road 60 9/10 4
3 1 4 18 South Canberra 37
Clear Range 11 5 26 2/3 4
1 1 6 2 4 5
2 1 9/10 14 5 12
2/3 2 Namadgi 186 9/10 16
3 3 1 1 Sullivans Creek 70
4 3 2 1 1 1
5/9/10 1 2/3 22 4 12
Gungahlin 138 3 10 5 30
2/3 7 4 31 9/10 27
4 28 5 28 Symonston 42
5 66 5/9/10 68 4 4
6 1 9/10 25 5 11
9/10 36 Orroral 40 9/10 27
Hall 39 2/3 1 Uriarra Road 153
1 1 4 6 1 1
4 8 5 1 2/3 11
5 20 5/9/10 30 4 60
9/10 10 9/10 2 5 65
Hoskinstown 16 Paddys River 155 5/9/10 1
4 4 2 5 9/10 15
5 9 2/3 10 *Multiple 7
9/10 3 3 21 5/9/10 5
Jeir Hill 1 4 50 9/10 2
4 1 5 23

Kambah Pools 42 5/9/10 31

1 1 9/10 15

2/3 1 Picadilly 13

4 15 4 1

5 20 5/9/10 8

9/10 5 9/10 4
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Wetland Type

I Rp! 2 Permanent transitional zone stream
I Rp! .4 Permanent lowland stream
I Rt1.2 Temporary transitional zone stream
' Rtl.4 Temporary lowland stream
I F3.2 Sedge/forb/grassland floodplain
B Lp!.1 Permanent Lakes (M)
I Lp1.2 Permanent lakes with aquatic beds (M)
0 Ltl.1 Temporary lakes (M)

Lt1.2 Temporary lakes with aquatic beds (M)
I Pp3 Peat bogs and fen marshes
I P12.2.2 Temporary sedge/grass/forb marsh
I Pr2.3.2 Freshwater meadow

Pt4.2 Temporary wetland

Figure 1 Distribution of mapped wetlands across Al@&T, showing ANAE wetland type
(Aquatic Ecosystems Task Group 2012a; Broekal. 2014). M denotes that the wetland is
modified.
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3.1.2 FLAG outputs

For both the 30m and 10m resolution FLAG outputsining set 1 (all mapped wetlands)
yielded the highest predictive power to map watggéd areas (Table 6). The associated
alpha-cut threshold value was used to scale theG-loAtput to derive predicted wetland
locations for the study area. The predicted wetlacdtions totalled 22.843 and 55.498km
for the 30m and 10m DEMs respectively (Figure 2.whth the results of McKergowt al.
(2007), FLAG outputs predicted larger wetlands be stream network accurately, but
omitted smaller seepage wetlands and perched syswmh as the Ginini Flats Wetland
Complex which is captured in the National Atlas@foundwater Dependent Ecosystems
(Sinclair Knight Merz 2012). This can be patrtidilyked to large elevation differences in the
Australian Alps overwhelming the UPNESS index anfluencing FLAG outputs in the
lower elevation Werriwa Tablelands (T. Dowling 20p@&rsonal communication). Similarly,
where the training set occurs across diverse emwiemts, wetlands that occur lower down
the landscape can be confounded by perched wettawisring at higher elevations due to
factors other than the topographic attributes aapitin the DEM. Further research is planned
to refine and validate the FLAG outputs for the A@icluding stratification of the landscape
using ancillary information relevant to the traigiset and adjustment of alpha-cut values. It
should also be noted that the FLAG analysis iscally dependent on training set accuracy
and completeness, and there are still many wetlandse ACT which are unmapped and
therefore not included in the training sets.

Table 6 Quantitative measure values to evaluatd-Li#eG outputs from comparison of the
30m and 10m total predicted waterlogged area vexrstusl mapped wetland area.

DEM/TRAINING SET  ALPHA-CUT DISCRIMINATION ACCURACY EFFICIENCY POWER

30m 1 0.15 0.026 0.990 0.057 0.135*
2 0.10 0.004 0.974 0.085 0.060
3 0.10 0.004 0.974 0.099 0.058
I0m 1 0.10 0.034 0.976 0.086 0.159*
2 0.15 0.014 0.991 0.038 0.102
3 0.15 0.014 0.992 0.045 0.103

3.1.3 Wetland water balance equations

Water balance equations ranged from the defauttigtation and surface runoff sources and
evapotranspiration loss, to the full combinationwafter sources and losses from a river or
stream connection and groundwater. A summary ofdifferent water balance equations

identified are shown in Table 7, categorised wegard to the HGL Unit the wetland was

allocated to.
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Kilometres
10

Figure 2 FLAG outputs of total predicted waterloggeea for the ACT, for a. the 30m DEM and trainggg 1, and b. the 10m DEM and
training set 1.
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Table 7 Wetland water balance equations categorised with regédnd HGL Unit, where P denotes precipitation, SR surface rudbfflow from a river or stream connection and GW groundwatdrarge and

discharge.
HGL UNIT/EQUATION COUNT | HGL UNIT/EQUATION COUNT | HGL UNIT/EQUATION COUNT
Bimberi 77 Kambah Pools 42 Picadilly 13
S=P+SR-ET 38 S=P+SR-ET 16 S=P+8R-SR 1
S=P+SR-ET-SF 1 S=P+SR-ET-SR 21 PS+=SR + GW - ET - GW 3
S=P+SR-ET-SR 17 S=P+SR+GW-ET-GW 1/ S=P+SR+GW-ET-SF-GW 2
S=P+SR+GW-ET-GW 4 S=P+SR+GW-EBER-GW 4 S=P+SR+GW-ET-SR-GW 3
S=P+SR+GW-ET-SF-GW 5 | Kowen 76 S=P+SR+SF-ET-SF 1
S=P+SR+GW-ET-SR-GW 4 S=P+SR-ET 21 S=P+SR+SF+ GW-ET-SF-GW 3
S=P+SR+SF-ET-SF 2 S=P+SR-ET-SR 50 Reedy Creek 77
S=P+SR+SF+GW-ET-SF-GW 6 S=P+SBWM-ET-SR-GW 5 S=P+SR-ET 17
Bruce 3 Lanyon 36 S=P+SR-ET-SR 59
S=P+SR-ET-SR 3 S=P+SR-ET 10 S=R+&SW-ET-SR-GW 1
Bullen Range 4 S=P+SR-ET-SR 20 | Royalla 11
S=P+SR-ET-SR 3 S=P+SR+GW-ET - SV 6 S=P+SR-ET-SR 6
S=P+SR+GW-ET-SR-GW 1 | MajuraRoad 59 S=P+SR+GW-ET-SR-GW 5
Clear Range 11 S=P+SR-ET 24 South Canberra 37
S=P+SR-ET 5 S=P+SR-ET-SR 31 S=R+ET 28
S=P+SR-ET-SR 5 S=P+SR+GW-ET-GW 2| S=P+SR-ET-SR 2
S=P+SR+SF+GW-ET-SF-GW 1 S=P+SBWM-ET-SR-GW 2 S=P+SR+GW-ET-SR-GW 3
Gungahlin 136 Namadgi 186 S=P+SR+SF-ET 2
S=P+SR-ET 48 S=P+SR-ET 19 S=P+$&F+GW-ET-GW 1
S=P+SR-ET-SR 71 S=P+SR-ET-SF 6 PS+=SR + SF + GW - ET - SF - GW 1
S=P+SR+GW-ET-GW 1 S=P+SR-ET-SR 25| Sullivans Creek 69
S=P+SR+GW-ET-SR-GW 13 S=P + SR + GHET - GW 34 S=P+SR-ET 29
S=P+SR+SF-ET-SF 1 S=P+SR+GW-BF-GW 8 S=P+SR-ET-SR 34
S=P+SR+SF+GW-ET-SF-GW 2 S=P+SBWM-ET-SR-GW 57 S=P+SR+GW-ET-SR-GW 6
Hall 38 S=P+SR+SF-ET-SF 5 | Symonston 42
S=P+SR-ET 21 S=P+SR+SF+GW-ET-&W 32 S=P+SR-ET 19
S=P+SR-ET-SR 10 | Orroral 40 S=P+SR-ET-SR 18
S=P+SR+GW-ET-GW 2 S=P+SR-ET 1 SR+ GW - ET - GW 3
S=P+SR+GW-ET-SR-GW 5 S=P + SR - BR- 5 S=P+SR+GW-ET-SR-GW 2
Hoskinstown 16 S=P+SR+GW-ET-GW 2 Uriarra Road 152
S=P+SR-ET 2 S=P+SR+GW-ET-SR-GW 4| S=P+SR-ET 57
S=P+SR-ET-SR 11 S=P+ SR+ SF+GW - BF-GW 28 S=P+SR-ET-SR 86
S=P+SR+GW-ET-SR-GW 3 | PaddysRiver 154 S=P+SR+GW-ET-GW 2
Jeir Hill 1 S=P+SR-ET 44 S=P+SR+GW-ET-SR-GW 6
S=P+SR-ET-SR 1 S=P+SR-ET-SR 84 PS+=SR + SF - ET - SF 1

S=P+SR+GW-ET-GW 11

S=P+SR+GW-ET-SR-GW 11

S=P+SR+SF+GW-ET-SF-GW 4
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3.2 Identification and characterisation of wetland clusters

3.2.1 Consensus scenario

Cluster analysis of the 16 variables for the consensus sceladated wetlands into 3
clusters (Figure 3). All clusters were significantly diffiet (p < 0.05) regarding 11 of the 16
variables, with 2 clusters statistically similarX@.05) for the 5 remaining variables (Table
8). Table 8 provides a summary of the mean values for the 16 earifdsl each cluster,
calculated from the allocated wetlands (n = 1280). The means asent@é colour
coordinated according to their ranking from low to high for levelsusfent anthropogenic
pressure and projected future ecological and hydrological charighe@6 variables, 11
were present in principle component 1 or 2 (PC1/PC2) across dbrsli§able 8). The 11
variables are: immediate and subcatchment land use pressurejcatatbgnge index for
amphibians, absolute change in annual precipitation, evapotranspiration &k $law,
absolute change in summer/winter seasonality of precipitation, evapotraos@rad surface
flow and absolute change in spring/autumn seasonality of pre@pitaand
evapotranspiration. Each cluster is described below.

Cluster 1 contains 831 wetland polygons (Table 9), the majority (783jfetdsas modified
permanent or temporary lakes and includes all 13 floodplain wetlandswdthends are
located in the tableland and upland areas of the ACT within theiWdeifablelands
physiographic region (Figure 3). This cluster has the lowesiatéi change vulnerability in

the ACT for the consensus scenario. This is despite having the thighegdiate and
subcatchment anthropogenic pressures and highest levels of ecoldtpcaje for both
amphibians and vascular plants. For the 12 hydrological change vsyithidecluster ranked

the highest change for 2 variables, moderate change for dleareand lowest change for the
remaining 8 variables (Table 8). Annual precipitation is projeateceduce, with stronger
summer seasonality and weaker autumn seasonality. Both annuakramapiration and
surface flow are projected to reduce, with weaker summer and agessonality. Annual
groundwater recharge is projected to reduce, with weaker suseasonality and stronger
autumn seasonality. Principle component analysis for cluster 1 detelrd principle
components (Eigenvalues: 5.797, 2.616, 2.222, 2.139) that explained a total variance of
79.839% (36.233%, 16.348%, 13.888% and 13.371% each). Of the 16 variables, 12 were
present in PC1 and PC2, with only 1 variable additional to PC1/PC2 darltisiter: absolute
change in spring/autumn seasonality of surface flow.

Cluster 2 contains 237 wetland polygons (Table 9), the majority (18&biftdal as peat bogs
and fen marshes. This cluster also contains the largest number tlaihdse with a
groundwater connection in the water balance equation. The wetlandscated in the
upland, subalpine and alpine area of the ACT within the Australian piysiographic
region (Figure 3). This cluster has the highest climate changerability in the ACT for the
consensus scenario. This is despite having the lowest immediate uacdtchment
anthropogenic pressures and lowest levels of potential degree ofieablchange. For the
12 hydrological change variables, this cluster ranked the highasge for 9 variables and
ranked moderate for 2 of the remaining 3 variables (Table 8). &wothal precipitation and
surface flow are projected to reduce, with weaker summer and asgasanality, changing
to weakly winter dominant surface flow. Annual groundwater rechang®jscted to reduce,
with stronger winter seasonality and weaker autumn seasonality aAewapotranspiration
is projected to increase, with stronger summer and weaker autssonglity. Principle
component analysis for cluster 2 determined 3 principle componeigsnialues: 7.506,
4.856, 1.819) which explained a total variance of 88.629% (46.915%, 30.348% and 11.367%
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Wetland Cluster Vulnerability

I Cluster 1, Lower
I Cluster 2, Higher
Cluster 3, Moderate

Figure 3 Distribution of mapped wetlands within the 3 identifiedtelgsfor the ACT in the
consensus future climate scenario.
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Table 8 Consensus scenario wetland cluster meares&br each variable, showing ranking by coload assignment to identified principle
components with loading values. Colour shade and:rblue — low, yellow — moderate and red — highjenotes clusters that were not
significantly different (p> 0.05).

VARIABLE CLUSTER MEAN PRINCIPLE COMPONENT
Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3

Immediate land use pressure 0.431 0.14 0.259 2 0413 2 0739 1 0.839
Subcatchment land use pressure 37.696 12.677 14.768 2 0872 2 0782 1 0.831
Ecological change index for amphibians 0.728 0.767* 0.756* 1 0547 2 -0.879 1 -0.96
Ecological change index for vascular plants 0.666 0.679* 0.678* 3 0897 1 092 2 0.908
Absolute change in annual evapotranspiration -0.702 12.836 10.731 1 -0899 2 -0.963 1 -0.966
Absolute change in annual groundwater recharge -2.266 -38.24 -0.074 4 0897 1 0.846 3 0.986
Absolute change in annual precipitation -26.818 -37.011 -36.734 1 0878 1 0982 2 0.892
Absolute change in annual surface flow -7.893 -15.011* -15.071* 1 0873 1 0.727 2 0.608
Absolute change in summer/winter seasonality opetranspiration -0.017 0.006 -0.001 2 0749 1 083 2 0.926
Absolute change in spring/autumn seasonality opetranspiration 0.076 0.032 0.041 1 0883 2 0931 1 0.954
Absolute change in summer/winter seasonality ofigdevater recharge -0.036 -0.418 -0.002 4 0967 1 093 3 0.986
Absolute change in spring/autumn seasonality ofigdavater recharge -0.012* 0.264 0* 4 061 3 089 3 -0.986
Absolute change in summer/winter seasonality ofipration 0.008 -0.026 -0.018 1 0707 1 0663 2 0.714
Absolute change in spring/autumn seasonality ofipitation 0.141 0.148 0.148 2 -0664 1 -0.976 2 -0.801
Absolute change in summer/winter seasonality ofbserflow -0.066 -0.221 -0.28 1 0754 1 0949 2 0.905
Absolute change in spring/autumn seasonality daserflow 0.114 0.31* 0.308* 1 -089 3 0784 1 -0.688
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Table 9 Summary of wetland number, types and wadance equations assigned to each cluster forahsensus future climate scenario. M
denotes that the wetland is modified, P preciptgtiSR surface runoff, SF flow from a river or atre connection and GW groundwater

recharge and discharge.

WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT
CLUSTER 1 831 CLUSTER 2 237 CLUSTER 3 212
F3.2 Sedge/forb/grassland floodplain 13 Lpl.1 Permanent Lakes (M) 20 Lpl.1 Permanent Lakes (M) 102
S=P+SR-ET 10 S=P+SR+GW-ET-GW 7 B+=SR - ET 33
S=P+SR+SF-ET 2 S=P+SR+GW-ET-&W 13 S=P+SR-ET-SR 68
S=P+SR+SF+GW-ET-GW 1 | Lpl.2 Permanent lakeswith aquatic beds (M) 2 S=P+SR+GW-ET-SR-GW 1
Lpl.1 Permanent Lakes (M) 632 S=P+SR+GW-ET-GW 1 Lpl.2 Permanent lakeswith aquatic beds (M) 7
S=P+SR-ET 221 S=P+SR+GW-ET-SR-GW 1 S=P+SR-ET 2
S=P+SR-ET-SR 355 | Pp3 Peat bogs and fen mar shes 184 S=P+SR-ET-SR 5
S=P+SR+GW-ET-GW 8 S=P+SR-ET-SF 6| Lt1.2 Temporary lakeswith aquatic beds (M) 4
S=P+SR+GW-ET-SR-GW 48 S=P + SR+ GHV - GW 38 S=P+SR-ET 4
Lpl.2 Permanent lakes with aquatic beds (M) 103 S=P+SR+GW-ET-SF-GW 15 | Pp3 Peat bogs and fen marshes 78
S=P+SR-ET 40 S=P+SR+GW-ET-SR-GW 9 5| S=P+SR-ET 44
S=P+SR-ET-SR 53 S=P+SR+SF-ET-SF S=P+SR-ET-SR 34
S=P+SR+GW-ET-GW 1 S=P+ SR+ SF + GBV - SF - GW 58 Pt4.2 Temporary wetland 21
S=P+SR+GW-ET-SR-GW 9 | Pt2.2.2 Temporary sedge/grass/forb marsh 9 S=P+SR-ET 10
Lt1.1 Temporary lakes (M) 1 S=P+SR+GW-ET-SR-GW 3 S=P+SR-BER- 11
S=P+SR-ET 1 S=P+SR+SF+GW-ET- &W 6

Lt1.2 Temporary lakes with aquatic beds (M) 47 Pt2.3.2 Freshwater meadow 6

S=P+SR-ET 24 S=P+SR+GW-ET-GW 2

S=P+SR-ET-SR 23 S=P+SR+GW-ET-&W 2

Pt2.3.2 Freshwater meadow 32 S=P+SR+SF+GW-ET-SF-GW 2

S=P+SR-ET 10 | Pt4.2 Temporary wetland 16

S=P+SR-ET-SR 11 S=P+SR-ET-SF 1

S=P+SR+GW-ET-GW 3 S=P + SR+ GW - EBW 5

S=P+SR+GW-ET-SR-GW 3 S=P+ SR+ GHI- SR - GW 2

S=P+SR+SF-ET-SF 2 S=P+ SR +SF+ @&@W-SF-GW 8

S=P+SR+SF+GW-ET-SF-GW 3

Pt4.2 Temporary wetland 3

S=P+SR-ET-SR 3
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each). Of the 16 variables, 14 were present in PC1 and PC2, witiaBles additional to
PC1/PC2 for this cluster: potential degree of ecological changasicular plants, annual and
summer/winter groundwater recharge. The annual and seasonal groundeditarge
variables are not present in PC1/PC2 for any other clustere Tiégue PC1/PC2 variables
show the link to the high number of wetlands present in this clusteravgroundwater
connection in their water balance equation.

Cluster 3 contains 212 wetland polygons (Table 9), the majority ¢tabsak modified
permanent lakes and peat bogs and fen marshes (109 and 78 respectieelygtldnds are
also located in the upland, subalpine and alpine area of the ACh whiiAustralian Alps
physiographic region (Figure 3). However most wetlands in thisted (all except 1) did not
intersect any of the 4 groundwater spatial layers, and aefahe do not have a groundwater
connection in their water balance equation. This cluster has medeiatate change
vulnerability in the ACT for the consensus scenario. This is deafsitehaving the lowest
levels of ecological change for both amphibians and vascular plantsediate and
subcatchment anthropogenic pressures were moderate for this, dustéo peri-urban and
rural land use and encroaching urban development. For the 12 hydroldwioge variables,
this cluster ranked the highest change for 4 variables, moddrabtge for 4 variables and
lowest change for the remaining 4 variables (Table 8). Both apneeibitation and surface
flow are projected to reduce, with weaker summer and autumn sefsowalnual
groundwater recharge is projected to reduce, with stronger weetesonality and weaker
autumn seasonality. Annual evapotranspiration is projected to incbedseith weaker
summer and autumn seasonality. Principle component analysis faercBusletermined 3
principle components (Eigenvalues: 5.615, 5.183, 3.305) that explained a tcdalcgaoi
88.145% (35.092%, 32.396% and 20.657% each). Of the 16 variables, 13 were present in
PC1 and PC2, with 2 additional variables to PC1/PC2 for this clysteential degree of
ecological change in vascular plants and absolute change ng/sptumn seasonality of
surface flow.

3.2.2 Wet-cool extreme scenario

Cluster analysis of the 16 variables for the wet-cool extrereaario allocated wetlands into
3 clusters (Figure 4). All clusters were significantly diéiet (p < 0.05) regarding 11 of the
16 variables, with 2 clusters statistically similarXp0.05) for the 5 remaining variables
(Table 10). Table 10 provides a summary of the mean values fo6tharihbles for each
cluster, calculated from the allocated wetlands (n = 1280). Of tharidbles, 7 were present
in PC1/PC2 across all clusters (Table 10). The 7 variablessabzatchment land use
pressure, absolute change in annual evapotranspiration, absolute changemer/winter
seasonality of precipitation and evapotranspiration and absolute chargpging/autumn
seasonality of precipitation, evapotranspiration and surface flowh Elaster is described
below.

Cluster 1 contains 494 wetland polygons (Table 11), the majority (4&s8ifoéd as modified
permanent or temporary lakes and includes all 13 floodplain wetlandswédthends are
located in the urban and peri-urban tableland area of the ACT whhiwerriwa Tablelands
physiographic region (Figure 4). This cluster has the highasiatdi change vulnerability
within the ACT for the wet-cool extreme scenario. This clusterthe highest immediate and
subcatchment anthropogenic pressures and highest levels of ecoldtpcale for both
amphibians and vascular plants. For the 12 hydrological change vayitiidecluster ranked
the highest change for 7 variables, moderate change for blearend lowest change for the
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Wetland Cluster Vulnerability

I Cluster 1, Higher
I Cluster 2, Lower
Cluster 3, Moderate

Figure 4 Distribution of mapped wetlands within the 3 identifiedtelgsfor the ACT in the
wet-cool extreme future climate scenario.
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Table 10 Wet-cool extreme scenario wetland clustean values for each variable, showing ranking ddgwr, and assignment to identified
principle components with loading values. Colowuaddhand rank: blue — low, yellow — moderate and—adjh, * denotes clusters that were not
significantly different (p> 0.05).

VARIABLE CLUSTER MEAN PRINCIPLE COMPONENT
Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3

Immediate land use pressure 0.455 0.174 0.327 1 0818 1 0.664
Subcatchment land use pressure 45.17 14.068 21.409 1 0803 1 0861 1 0.804
Ecological change index for amphibians 0.725 0.761 0.744 4 0942 1 -0925 1 -0.857
Ecological change index for vascular plants 0.666 0.675* 0.672* 4 0815 4 0713 1 -0.727
Absolute change in annual evapotranspiration 32.352 30.063 30.286 2 0884 2 0618 2 0.747
Absolute change in annual groundwater recharge -2.606 -19.633 -0.444 5 0945 1 -074 3 -0.881
Absolute change in annual precipitation 1.794 1.435 0.756 3 0656 4 0835 3 0.706
Absolute change in annual surface flow -9.167 -11.415*  -10.281* 3 0.797 4 0.677 4 0.941
Absolute change in summer/winter seasonality opetranspiration 0.195 0.136 0.17 2 0906 1 0817 2 0.635
Absolute change in spring/autumn seasonality opetranspiration 0.019 0.001* 0.004* 1 0716 2 0.829 2 0.903
Absolute change in summer/winter seasonality ofigdevater recharge -0.02 0.043 0.003 5 0948 3 0.897 3 0.709
Absolute change in spring/autumn seasonality ofigdavater recharge -0.001* 0.199 0.021* 2 -0464 2 -0.934 3 0.923
Absolute change in summer/winter seasonality ofipration 0.233 0.12 0.177 1 0704 1 0846 1 0.622
Absolute change in spring/autumn seasonality ofipitation 0.023 0.068 0.05 1 -0926 1 -0.876 1 -0.668
Absolute change in summer/winter seasonality ofaserflow 0.108* 0.062 0.289* 3 0741 3 0927 4 0.953
Absolute change in spring/autumn seasonality dasaerflow -0.187 0.146 -0.002 1 -0762 1 -0.735 2 -0.79
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Table 11 Summary of wetland number, types and wadéance equations assigned to each cluster fow#tecool extreme future climate
scenario. M denotes that the wetland is modifieyré&ipitation, SR surface runoff, SF flow from iger or stream connection and GW
groundwater recharge and discharge.

WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT
CLUSTER 1 494 CLUSTER 2 229 CLUSTER 3 557
F3.2 Sedge/forb/grassland floodplain 13 Lpl.1 Permanent Lakes (M) 44 Lpl.1 Permanent Lakes (M) 373
S=P+SR-ET 10 S=P+SR+GW-ET-GW 8 B+=SR - ET 112
S=P+SR+SF-ET 2 S=P+SR+GW-ET-&W 36 S=P+SR-ET-SR 260
S=P+SR+SF+GW-ET-GW 1 | Lpl.2 Permanent lakeswith aquatic beds (M) 3 S=P+SR+GW-ET-SR-GW 1
Lpl.1 Permanent Lakes (M) 337 S=P+SR+GW-ET-GW 2 Lpl.2 Permanent lakeswith aquatic beds (M) 24
S=P+SR-ET 142 S=P+SR+GW-ET-SR-GW 1 S=P+SR-ET 5
S=P+SR-ET-SR 163 | Pp3 Peat bogs and fen mar shes 158 S=P+SR-ET-SR 19
S=P+SR+GW-ET-GW 7 S=P+SR-ET-SF 6| Lt1.1 Temporary lakes (M odified) 1
S=P+SR+GW-ET-SR-GW 25 S=P + SR+ GHV - GW 36 S=P+SR-ET 1
Lpl.2 Permanent lakes with aquatic beds (M) 85 S=P+SR+GW-ET-SF-GW 15 | Lt1.2 Temporary lakeswith aquatic beds (M) 16
S=P+SR-ET 37 S=P+SR+GW-ET-SR-GW 7 5| S=P+SR-ET 6
S=P+SR-ET-SR 39 S=P+SR+SF-ET-SF § S=P+SR-ET-SR 10
S=P+SR+GW-ET-SR-GW 9 S=P+ SR+ SFW-ET-SF-GW 36 Pp3 Peat bogs and fen mar shes 104
Lt1.2 Temporary lakeswith aquatic beds (M) 35 Pt2.2.2 Temporary sedge/grass/forb marsh 1 S=P+SR-ET 44
S=P+SR-ET 22 S=P+SR+GW-ET-SR-GW 1| S=P+SR-ET-SR 34
S=P+SR-ET-SR 13 | Pt2.3.2 Freshwater meadow 7 S=P+SR+GW-ET-GW 2
Pt2.3.2 Freshwater meadow 23 S=P+SR+GW-ET-GW 3 S=P+SR+GW-BER-GW 2
S=P+SR-ET 7 S=P+SR+GW-ET-SR-GW 2| S=P+SR+SF+GW-ET-SF-GW 22
S=P+SR-ET-SR 6 S=P+ SR+ SF + GW - BF- GW 2 Pt2.2.2 Temporary sedge/grass/forb marsh 8
S=P+SR+GW-ET-GW 2 | Pt4.2 Temporary wetland 16 S=P+SR+GW-ET-SR-GW 2
S=P+SR+GW-ET-SR-GW 3 S=P + SR - BF- 1 S=P+SR+SF+GW-ET-SF-GW 6
S=P+SR+SF-ET-SF 2 S=P+ SR+ GW - BW 5 Pt2.3.2 Freshwater meadow 8
S=P+SR+SF+GW-ET-SF-GW 3 S=P+SBW-ET-SR-GW 2 S=P+SR-ET 3
Pt4.2 Temporary wetland 1 S=P+SR+SF+GW-ET-SF-GW 8 S=P+&-SR 5
S=P+SR-ET-SR 1 Pt4.2 Temporary wetland 23
S=P+SR-ET 10
S=P+SR-ET-SR 13
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remaining 3 variables (Table 10). Both annual precipitation and evappiration are
projected to increase, with stronger summer seasonality ankiemwaatumn seasonality.
Annual surface flow is projected to reduce, with stronger summer w@nda seasonality.
Annual groundwater recharge is projected to reduce, with strongerrvante autumn
seasonality. Principle component analysis for cluster 1 detednfinarinciple components
(Eigenvalues: 3.360, 2.774, 2.201, 2.068, 2.030) that explained a total variance of 77.707%
(21.001%, 17.335%, 13.759%, 12.923 and 12.689% each). Of the 16 variables, 8 were
present in PC1 and PC2, with only 1 variable additional to PC1/PC2 darltisiter: absolute
change in spring/autumn seasonality of groundwater rechargeedrate land use pressure

was not associated with any principle component for this cluster.

Cluster 2 contains 229 wetland polygons (Table 11), the majority (158ifcdd as peat
bogs and fen marshes. This cluster contains the largest numbeetiainds with a
groundwater connection in their water balance equation, located upldred, subalpine and
alpine area of the ACT within the Australian Alps physiograpkmion (Figure 4). This
cluster was determined to have the lowest climate change vhilitgravithin the ACT for
the wet-cool scenario. This cluster has the lowest immediatsunutchment anthropogenic
pressures and lowest levels of ecological change for both amphib@dnascular plants. For
the 12 hydrological change variables, this cluster ranked thestighange for 5 variables,
moderate change for 2 variables and lowest change for the reghaimiariables (Table 10).
Again, both annual precipitation and evapotranspiration are projected reasec with
stronger summer seasonality and weaker autumn seasonality. Asumiete flow and
groundwater recharge are projected to reduce, with stronger sumoheveaker autumn
seasonality for surface flow and stronger winter and weakennmewutseasonality for
groundwater recharge. Principle component analysis for clustete?nrdeed 4 principle
components (Eigenvalues: 6.092, 3.044, 2.551, 2.425) that explained a total variance of
88.198% (38.078%, 19.022%, 15.944% and 15.155% each). Of the 16 variables, 11 were
present in PC1 and PC2, with 4 variables additional to PC1/PC2 focltisi®r: potential
degree of ecological change in amphibians, immediate land use prassuabsolute change
in annual and spring/autumn groundwater recharge. The annual groundectarge
variable is unique to PC1/PC2 for this cluster, again refletti@gmportance of groundwater
interaction to the wetlands in this cluster.

Cluster 3 contains 557 wetland polygons (Table 11), the majority adassif modified
permanent lakes and peat bogs and fen marshes (397 and 104 respetheealyetlands are
located in 2 principle areas of the ACT: the upland area of thewWdeTablelands associated
with the Cullarin Uplift; and also upland and subalpine areas of thstr@dlian Alps
physiographic region (Figure 4). As with cluster 3 in the consestrsario, most wetlands
in this cluster (all except 35) did not intersect any of theodiptwater spatial layers, and are
therefore not considered to have a groundwater connection in their haddece equation.
This cluster has moderate climate change vulnerability withéen ACT for the wet-cool
extreme scenario. Immediate and subcatchment anthropogenic pregsteanoderate for
this cluster as was a moderate rank for ecological change forabgthibians and vascular
plants. For the 12 hydrological change variables, this clustgedathe highest change for 2
variables, moderate change for 4 variables and lowest eHanghe remaining 6 variables
(Table 10). As with cluster 2, both annual precipitation and evapotramnspieae projected
to increase, with stronger summer seasonality and weakenaweasonality. Again, annual
surface flow and groundwater recharge are projected to redutestwonger summer and
autumn seasonality for surface flow and stronger winter and aut@asorglity for
groundwater recharge. Principle component analysis for clustate8ndned 4 principle
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components (Eigenvalues: 3.872, 3.495, 3.203, 2.670) that explained a total variance of
82.750% (24.200%, 21.845%, 20.016 and 16.689% each). Of the 16 variables, 10 were
present in PC1 and PC2, with 3 variables additional to PC1/PC2 farukter: immediate

land use pressure and the potential degree of ecological changesdular plants and
amphibians. The potential degree of ecological change in vasculés p&iable is unique to

this cluster.

3.2.3 Dry-hot extreme scenario

Cluster analysis of the 16 variables for the dry-hot scenddcas¢d wetlands into 3 clusters
(Figure 5). All clusters were significantly different (p < 0.0®garding 14 of the 16
variables, with 2 clusters statistically similarX[@.05) for the 2 remaining variables (Table
12). Table 12 provides a summary of the mean values for the 16 earfableach cluster,
calculated from the allocated wetlands (n = 1280). Of the 16 vagjablewere present in
PC1/PC2 across all clusters (Table 12). The 10 variablesnameediate and subcatchment
land use pressure, ecological change index for vascular plants ancbiamphabsolute
change in annual precipitation and evapotranspiration, absolute chagenrer/winter and
spring/autumn seasonality of precipitation and evapotranspiration. Hastherals described
below.

Cluster 1 contains 557 wetland polygons (Table 13), of which the maj&23) were
classified as modified permanent or temporary lakes and includE3 #bodplain wetlands.
The wetlands are located in the tableland and eastern upland atbasACT within the
Werriwa Tablelands physiographic region (Figure 5). This clustes determined to have
moderate climate change vulnerability within the ACT for theltyextreme scenario. This
cluster has the highest immediate and subcatchment anthropogesiagsemoderate level
of ecological change for amphibians and the lowest level of ecaloghange for vascular
plants. For the 12 hydrological change variables, this clusigedathe highest change for 5
variables, moderate change for 3 variables and lowest eHfanghe remaining 4 variables
(Table 12). All 4 annual change variables are projecting reductionprecipitation,
evapotranspiration, surface flow and groundwater recharge. For pagoipi weak winter
dominance is changing to weak summer dominance in seasonality weédker autumn
seasonality. Evapotranspiration has weaker summer and autumn 8basidlaéching the
change in precipitation, surface flow becomes summer dominant, watker spring
seasonality. Groundwater recharge has weaker winter seasandlichanges to weak spring
dominant. Principle component analysis for cluster 1 determined 4 gencomponents
(Eigenvalues: 5.629, 3.171, 2.779, 1.878) which explained a total variance of 84.107%
(35.184%, 19.819%, 17.367% and 11.737% each). Of the 16 variables, 12 were present in
PC1 and PC2, with 2 additional variables to PC1/PC2 for this clusdtenlute change in
summer/winter and spring/autumn seasonality of surface flow. ads®lute change in
summer/winter seasonality of surface flow is unique to this cluster.

Cluster 2 contains 261 wetland polygons (Table 13), the majority (18ifedd as peat
bogs and fen marshes. This cluster also contains the largest nambetlands with a
groundwater connection in their water balance equation. The wetlaadscated in the
upland, subalpine and alpine area of the ACT within the Australian pihysiographic
region (Figure 5). This cluster has the lowest climate chanigerability within the ACT for
the dry-hot extreme scenario. This cluster has the lowest dmteeand subcatchment
anthropogenic pressures and lowest levels of potential degreeolaigieal change in
amphibians, but moderate change for vascular plants. For the 12 hydiblogange
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Figure 5 Distribution of mapped wetlands within the 3 identifiedtelgsfor the ACT in the
dry-hot extreme future climate scenario.
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Table 12 Dry-hot extreme scenario wetland clusteamvalues for each variable, showing ranking dguwo and assignment to identified
principle components with loading values. Colouaddhand rank: blue — low, yellow — moderate and—adjh, * denotes clusters that were not
significantly different (p> 0.05).

VARIABLE CLUSTER MEAN PRINCIPLE COMPONENT
Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3
Immediate land use pressure 0.436 0.17 0.345 1 032 1 -0.768 1 -0.841
Subcatchment land use pressure 39.875 14.56 24.783 1 089% 1 -086 1 -0.726
Ecological change index for amphibians 0.667 0.673 0.643 1 -0.883 1 0.908 1 0.942
Ecological change index for vascular plants 0.522 0.504 0.468 2 -0.811 1 0861 1 0.886
Absolute change in annual evapotranspiration -31.556 -4.804 -9.781 1 0816 1 0731 2 0.734
Absolute change in annual groundwater recharge -1.05 -20.896 -0.035 3 -0984 1 -0.729 3 -0.991
Absolute change in annual precipitation -33.007 -14.746 -18473 2 0759 2 0969 2 0.936
Absolute change in annual surface flow -4.035* -1.098 -3.222* 4 0963 2 0928 2 0.947
Absolute change in summer/winter seasonality opetranspiration -0.221 -0.134 -0.172 1 0912 1 0.844 1 0.636
Absolute change in spring/autumn seasonality opetranspiration 0.321 0.12 0.202 1 -0965 1 -0.949 1 -0.872
Absolute change in summer/winter seasonality ofigdevater recharge 0.148 -4.378 0.006 3 0936 2 0.798 3 0.998
Absolute change in spring/autumn seasonality ofigdavater recharge 0.145 3.178 0.014 3 093 3 0947 3 0.993
Absolute change in summer/winter seasonality ofipration 0.326 0.491 0.447 2 0708 1 084 1 0.808
Absolute change in spring/autumn seasonality ofipitation 0.216 0.298 0.264 1 -068 2 0.792 2 0.799
Absolute change in summer/winter seasonality ofaserflow 1.539* 1.617 1.505* 1 0.654 3 -0.879
Absolute change in spring/autumn seasonality daserflow -0.102 1.889 1.232 2 0793 3 071 2 0.69
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Table 13 Summary of wetland number, types and waddance equations assigned to each cluster fodmdaot extreme future climate
scenario. M denotes that the wetland is modifieqyr&ipitation, SR surface runoff, SF flow from iger or stream connection and GW
groundwater recharge and discharge.

WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT | WETLAND TYPE/WATER BALANCE COUNT
CLUSTER 1 557 CLUSTER 2 261 CLUSTER 3 462
F3.2 Sedge/forb/grassland floodplain 13 Lpl.1 Permanent Lakes (M) 43 Lpl.1 Permanent Lakes (M) 301
S=P+SR-ET 10 S=P+SR+GW-ET-GW 11 B=SR-ET 104
S=P+SR+SF-ET 2 S=P+SR+GW-ET-&W 32 S=P+SR-ET-SR 196
S=P+SR+SF+GW-ET-GW 1 | Lpl.2 Permanent lakeswith aquatic beds (M) 3 S=P+SR+GW-ET-SR-GW 1
Lpl.1 Permanent Lakes (M) 410 S=P+SR+GW-ET-GW 1 Lpl.2 Permanent lakeswith aquatic beds (M) 29
S=P+SR-ET 150 S=P+SR+GW-ET-SR-GW 2 S=P+SR-ET 13
S=P+SR-ET-SR 227 | Pp3 Peat bogs and fen mar shes 184 S=P+SR-ET-SR 16
S=P+SR+GW-ET-GW 4 S=P+SR-ET-SF 6| Lt1l.1 Temporary lakes (M) 1
S=P+SR+GW-ET-SR-GW 29 S=P + SR+ GHV - GW 38 S=P+SR-ET 1
Lpl.2 Permanent lakes with aquatic beds (M) 80 S=P+SR+GW-ET-SF-GW 15 | Lt1.2 Temporary lakeswith aquatic beds (M) 19
S=P+SR-ET 29 S=P+SR+GW-ET-SR-GW 9 5| S=P+SR-ET 14
S=P+SR-ET-SR 42 S=P+SR+SF-ET-SF § S=P+SR-ET-SR 5
S=P+SR+GW-ET-GW 1 S=P+ SR+ SF + G®W - SF - GW 58 Pp3 Peat bogs and fen mar shes 78
S=P+SR+GW-ET-SR-GW 8 | Pt2.2.2 Temporary sedge/grass/forb marsh 9 S=P+SR-ET 44
Lt1.2 Temporary lakes with aquatic beds (M) 32 S=P+SR+GW-ET-SR-GW 3 S=P+SR-BER- 34
S=P+SR-ET 14 S=P+SR+SF+GW-ET- &W\ 6 Pt2.3.2 Freshwater meadow 11
S=P+SR-ET-SR 18 | Pt2.3.2 Freshwater meadow 6 S=P+SR-ET 3
Pt2.3.2 Freshwater meadow 21 S=P+SR+GW-ET-GW 2 S=P+SR-ET-SR 7
S=P+SR-ET 7 S=P+SR+GW-ET-SR-GW 2| S=P+SR+SF+GW-ET-SF-GW 1
S=P+SR-ET-SR 4 S=P+SR+SF-ET-SF 1 Pt4.2 Temporary wetland 23
S=P+SR+GW-ET-GW 3 S=P + SR+ SF + GHV - SF - GW 1 S=P+SR-ET 10
S=P+SR+GW-ET-SR-GW 3 | Pt4.2 Temporary wetland 16 S=P+SR-ET-SR 13
S=P+SR+SF-ET-SF 1 S=P+SR-ET-SF 1

S=P+SR+SF+GW-ET-SF-GW 3 S=P + SRW¥-ET-GW 5

Pt4.2 Temporary wetland 1 S=P+SR+GW-ET-SR-GW 2

S=P+SR-ET-SR 1 S=P+ SR+ SF+GW -BF-GW 8
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variables, this cluster ranked the highest change for 7 variatesanked lowest change for

the remaining 5 variables (Table 12). The lowest levels of éhamge found for 3 annual
change variables, experiencing reductions in annual precipitatiapotanspiration, surface

flow and groundwater recharge. Precipitation changes to weak stanthepring dominance

in seasonality. Evapotranspiration has weaker summer and autusonaég. Surface flow

has weaker winter seasonality and changes to weak spring deégs@naundwater recharge

has stronger winter and weaker autumn seasonality. Principle compamadygis for cluster

2 determined 3 principle components (Eigenvalues: 6.719, 4.247, 2.624) that explained a total
variance of 84.943% (41.993%, 26.547% and 16.403% each). Of the 16 variables, 13 were
present in PC1 and PC2, with 3 variables additional to PC1/PCaifocluster: absolute
change in annual surface flow and groundwater recharge and surmter/groundwater
recharge. The annual and seasonal groundwater recharge variablestariRtiyPC2 for

this cluster, again reflecting the importance of groundwateraictien to the wetlands in this
cluster.

Cluster 3 contains 462 wetland polygons (Table 13), the majority adassif modified
permanent lakes and peat bogs and fen marshes (130 and 78 respectieelygtldnds are
also located in the western upland areas of the ACT withinAteeriwa Tablelands and
upland, subalpine and alpine area of the ACT within the Australian pihysiographic
region (Figure 5). Most wetlands in this cluster (all ex@pdid not intersect any of the 4
groundwater spatial layers, and are therefore not considered vi® dagroundwater
connection in their water balance equation. This cluster has medeliatate change
vulnerability within the ACT for the dry-hot extreme scenario. dimte and subcatchment
anthropogenic pressures were moderate for this cluster, witiighest levels of ecological
change for both amphibians and vascular plants. For the 12 hydroloharae variables,
this cluster ranked the highest change for 1 variable, moderateecf@ang variables and
lowest change for the remaining 4 variables (Table 12). Annual ehaartables are again
projecting reductions in precipitation, evapotranspiration, surface #od groundwater
recharge. Precipitation changes to weak summer dominance withrveedilenn seasonality.
Evapotranspiration has weaker summer and autumn seasonality. Siovadea$ weaker
winter seasonality and changes to weak spring seasonality. Gratemdvecharge has
stronger winter and weaker autumn seasonality. Principle componewsiarfal cluster 3
determined 4 principle components (Eigenvalues: 5.000, 4.111, 2.990, 2.206) that éxlaine
total variance of 89.417% (31.251%, 25.693%, 18.685 and 13.788% each). Of the 16
variables, 12 were present in PC1 and PC2, with 2 variables additioR&1/PC2 for this
cluster: absolute change in annual and spring/autumn seasonailyfade flow, absolute
change in summer/winter seasonality of surface flow was ssaicated with any principle
component for this cluster.

4 DISCUSSION

4.1 Comparison of future changein the ACT between climate futures

Trends in the downscaled hydrological impact assessment near datiaiset (Littlebowt al.
2015), for each of the 3 climate scenarios, reflect the imhalce to represent a 12 model
mean consensus, wet-cool and hot-dry extreme futures from the 1Okrateclchange
projections for the ACT (Olsomt al. 2014; NSW Office of Environment and Heritage
2015b). However this is not directly obvious in the ACT-wide mean absohdaage in
volume values for annual and seasonal precipitation, evapotranspistrtece flow and
groundwater recharge (Table 14). As previously stated, the indivitioglte models used in
the NARCIiM Project will have inherent variability in gridded vedufor both the current and
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Table 14 Summary of variability in ACT-wide mean hydrologicharge between the 3
future climate scenarios, for absolute change in annual and seastunales (mm) and
current and future seasonality ratios.

VARIABLE/ EVAPO- SURFACE GROUNDWATER
SCENARIO PRECIPITATION TRANSPIRATION FLOW RECHARGE
ANNUAL
Consensus -32.525 8.016 -14.346 -29.606
Wet-Cool extreme 1.785 30.469 -12.031 -19.044
Dry-hot extreme -17.112 -11.569 -2.652 -15.173
SPRING
Consensus -23.291 -0.549 -5.434 -11.171
Wet-Cool extreme -20.166 5.487 -9.936 -18.231
Dry-hot extreme -37.359 -7.130 -3.046 -8.740
SUMMER
Consensus -13.820 1.334 -7.973 -15.927
Wet-Cool extreme 29.803 18.774 0.747 -0.609
Dry-hot extreme 32.249 -15.633 0.652 -1.189
AUTUMN
Consensus 10.322 6.740 0.269 -1.641
Wet-Cool extreme -1.337 5.283 -2.411 1.534
Dry-hot extreme 12.694 11.862 4.384 2.698
WINTER
Consensus -5.737 0.492 -1.209 -0.867
Wet-Cool extreme -6.514 0.925 -0.432 -1.739
Dry-hot extreme -24.696 -0.669 -4.641 -7.942
SUMMER/WINTER (current)
Consensus 0.725 1.958 0.831 0.245
Summer Summer Summer Summer
Wet-Cool extreme 0.508 2.120 0.272 -0.368
Summer Summer Summer Winter
Dry-hot extreme -0.366 1.107 -2.473 -4.334
Winter Summer Winter Winter
SUMMER/WINTER (near future)
Consensus 0.715 1.956 0.628 -0.205
Summer Summer Summer Winter
Wet-Cool extreme 0.666 2.275 0.357 -0.358
Summer Summer Summer Winter
Dry-hot extreme 0.091 0.949 -0.697 -5.853
Summer Summer Winter Winter
SPRING/AUTUMN (current)
Consensus -0.235 -0.279 -0.302 -0.549
Autumn Autumn Autumn Autumn
Wet-Cool extreme -0.325 -0.262 -0.633 -1.161
Autumn Autumn Autumn Autumn
Dry-hot extreme -0.290 -0.470 -0.838 -3.604
Autumn Autumn Autumn Autumn
SPRING/AUTUMN (near future)
Consensus -0.090 -0.230 -0.057 -0.416
Autumn Autumn Autumn Autumn
Wet-Cool extreme -0.264 -0.256 -0.530 -0.968
Autumn Autumn Autumn Autumn
Dry-hot extreme -0.013 -0.299 0.738 -1.182
Autumn Autumn Spring Autumn
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the near future time periods, due to the global climate model am@mhaséigation methods
used (Evans and Ji 2012a, 2012b; Ewared. 2013, 2014; Jet al. 2016). The variability in

current values prevents direct comparison of the determinedndetldnerability between

the 3 future climate scenarios. However this analysis allowgh®rACT Environment,

Planning and Sustainable Development Directorate to undertake alnatesource

management planning, with consideration of a range of likely fsitanel possible desired
outcomes, as recommended by the CSIRO Climate Adaptatiorhfggdssik et al. 2014;

Timbal 2015).

For the current time period, ACT-wide mean values (Table 14) imditeg consensus
scenario is expressing an overall summer seasonality inppadicin, evapotranspiration,
surface flow and groundwater recharge. The wet-cool extremarszdollows suit, but with
winter seasonality for groundwater recharge reflecting therlewapotranspiration in winter.
The dry-hot extreme scenario is expressing winter seasomalitsecipitation, surface flow
and groundwater recharge, with summer seasonality for evapotraiospifdtere are only 2
changes in seasonality for the near future time period, withdhgensus scenario changing
to winter seasonality in groundwater recharge and the dry-h@nextscenario changing to
summer seasonality in precipitation. All 3 of the climate fut@mesconsistent in expressing
an overall autumn seasonality in precipitation, evapotranspiration,csuffaw and
groundwater recharge for the current time period. This patemains in the near future,
except for surface flow in the dry-hot extreme scenario which has spriranags

In contrast, the Bureau of Meteorology (2010) dataset, using thedet Gaffney (1971),
has precipitation classed as uniform year round for the ACT, efareptsmall area of winter
dominant precipitation in the northwest of the ACT. The method of detgrg seasonality
used in this chapter (Williamet al. 2010a, 2010b), does not have a uniform category, with
values closer to 0 indicating weaker seasonality and largeivedségative values indicating
stronger seasonality. Some of the changes in seasonality fACthéor individual clusters)
that shift in ratio values close to +/-0 may represent a unis@asonality and therefore no
change. Advice from Williamst al. (2010a, 2010b) has been sought, to determine if
threshold values for a uniform class can be integrated into teerssiy calculation method.
No final decision has been reached as yet, so the original seasonalityresgigvas used.

Across the ACT, the ecological change in vascular plant comiasinstmuch greater for the
hot scenario than for the mild scenario. The ACT-wide mean indiere for the hot scenario
is 0.490 (min = 0.361, max = 0.655) and for the mild scenario is 0.678 (min = 0.864 m
0.783), the lower the similarity value the greater the poterttiahge in future biodiversity
(Williams et al. 2014). The same pattern is seen for amphibian communities althotigh wi
less overall change, mean index value for the hot scenario is 0.666= (688, max =
0.797) and for the mild scenario 0.758 (min = 0.649, max = 0.859). Where clsange
occurring in ecological communities, the further measures ofamitlet al. (2014) show the
potential for disappearing communities is higher than the potentiaidvel communities.
Calculated ACT-wide disappearing index means are 0.661 and 0.803 ixespeftr
vascular plants and amphibians in the hot scenario, and 0.860 and 0.775 in theenalib.
Calculated ACT-wide novel index means are 0.654 and 0.790 respettivescular plants
and amphibians in the hot scenario, and 0.767 and 0.846 in the mild scenarsughasts
future loss in biodiversity.
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4.2 Comparison of clusterswithin climate futures

There was a pattern in the distribution of the wetlands clusteossaall 3 future climate
scenarios (Figures 3 to 5). Cluster 1 of each scenario wasltyppcesent across the low
elevation undulating tableland areas of the Werriwa Tablelandsoghgghic region in the
ACT. Cluster 2 of each scenario was typically present adresdigh elevation upland,
subalpine and alpine areas of the Australian Alps physiographi@nre@luster 3 of each
scenario was typically present in 2 situations: the modetet@aten tableland and upland
areas, transitioning between the Werriwa Tablelands and Austral@as physiographic
regions and; the non-groundwater associated wetlands in the Austkips physiographic
region. The exception is the additional area of cluster 2 on thermeamtm of the ACT
associated with the Cullarin Uplift in the wet-cool extremenseio. This cluster pattern is
understandable, considering the underlying variation of climate and ép®dsontrols for
different physiographic regions on hydrogeological and hydrologmalperties and
processes, and creation of associated ecological habitat nichepeaels distribution (e.g.
associated IBRA and vegetation distribution in the ACT). It ie e¢flected in the choice of
variables for undertaking wetland classification and defining unicagses (Brinson 1993;
Clauset al. 2011; Semeniuk and Semeniuk 2011). For example, in the ANAE Classifica
Framework broad regional divisions are made based on climatepgigic, hydrological
and biological patterns (Aquatic Ecosystems Task Group 2012; Bebaks2014).

Further, cluster 1 of each scenario contained the majority of fie@dpermanent or
temporary lakes and always included all 13 floodplain wetlands presém ACT (Tables
9, 11 and 13). In each scenario, cluster 2 contained the majority diqggeand fen marshes
across the ACT and the largest number of wetlands with a groundvestieection in their
water balance equation. Cluster 2 of each scenario also showdtka dsgociation with the
groundwater recharge variables in the principle component analysasld&ional or unique
variables to PC1/PC2 (Tables 8, 10 and 12). For cluster 3 of eachigcéma majority of
included wetlands did not intersect any of the 4 groundwater spgteak| and are therefore
not considered to have a groundwater connection in their water balance equation.

However, while all clusters across each of the future clirme¢@arios show anthropogenic
pressure and future hydrological and ecological change, the redreseverity of the
pressure and change is different. This is expressed in tradbNigyiof principle component
analysis results seen in each cluster (Tables 8, 10 and 12). Feongensus scenario, cluster
1 PC1/PC2 contained all variables except vascular plants and tteuddgater recharge
variables. The PC1 contained the majority of precipitation, evapotratispirand surface
flow, annual and seasonal hydrological variables and ecologicajehammphibians, while
PC2 contained the anthropogenic pressure variables. Cluster 2 PCbiR@iRs all variables
except spring/autumn change in seasonality for surface flow and graterdecharge. The
ecological change in vascular plants, annual and summer/wirigoredity in groundwater
recharge are strongly loaded on PC1, while the ecological chagephibians is loaded to
PC2, again with the anthropogenic pressure variables. Cluster 3EZCal$d contained all
variables except the 3 groundwater recharge variables. Here,ebolbgical change in
amphibians and the anthropogenic pressure variables are highly load€d,teviille the
majority of the precipitation, evapotranspiration and surface flowual and seasonal
variables are loaded to PC2. The nuances between the principle comaoalysis results
for each cluster within a future climate scenario can playta kole in determining the
factors for consideration during wetland management planning.
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4.3 Implicationsfor investment and management

The determined wetland vulnerability levels can be used to psmmtetlands for investment
and management, either through groups of wetlands within a givenrctuste specific
wetland from the attributed Management Area values. The ®alkiahalysis can assist in
identifying those wetlands that are currently at risk frarth@pogenic pressure, as well as
those wetlands that will be the most, or the least, affectetutoye from ecological or
hydrological change. The identification of current and future kigzer wetlands from the
detailed wetland assessment can be related to the chatacigroperties and processes of
the wetland and its landform setting, allowing for the targetedstment and management
towards improvement or mitigation. The common, additional or uniqueblesiassociated
with the principle components can customise management to wengeéts driving hazards
across the whole of the ACT (common PC1/PC2 variables) assvelithin each individual
cluster or wetland (additional and unique PC1/PC2 variables). Mappildanbdgement
Areas will also allow precise identification of suitable lomas to implement recommended
Management Actions, at the wetland or within the subcatchment, yha@litating strategic
management.

4.4 Refinement to use hydrological change indices

The use of indices in natural resource assessment and manageoaueninon (Parsore al.
2002; Steiret al. 2002; Healeyt al. 2012). The existing methods to determine wetland land
use pressure and the projected similarity of future vascular gahéamphibian communities
used in this research both produce indices (Williaengl. 2014; QLD Department of
Science, Information Technology, Innovation and the Arts 2015). As théothéor
determining hydrological vulnerability was developed within thiseegch, the detailed
wetland assessment may benefit from further refinement. Incpiari the number of
hydrological variables outweighs the anthropogenic pressure andjieablchange variables,
possibly introducing bias in the statistical analysis outputs. iim@esst solution would be to
only use the 4 individual absolute change variables for annual paticip)
evapotranspiration, surface flow and groundwater recharge. Howeveseasgnal change
data would be lost from the analysis and there would be no consideratidimess
implications to the hydrology, habitat and species within theawdd. Given the time
constraints for research, considerations have been made regardintgedtauge of
hydrological change indices, thus reducing the number of vasialolé refining the wetland
assessment before further publication.

The hydrological change indices approach would need to considefahtees for wetlands:
the unique water balance equation; the annual change in water sources andrdssesnge
in seasonality for water sources and losses. Wetlands have begredss unique water
balance equation (Sections 2.1.3 and 3.1.3) and this wetland attribute coulddbasus
categorical data for the statistical analysis. Instead aflidual absolute change variables
for annual precipitation, evapotranspiration, surface flow and groundveatfesrge, a single
accumulated absolute change variable could be used with carefulezatisial of the unique
water balance and how increases and decreases for the watessannl losses are treated
(sensu Sections 2.2.3 and 2.4). The accumulated absolute change variable aroald a
continuous numerical variable for the statistical analysis. To eeth&8 individual absolute
change variables for summer/winter and spring/autumn seasonalitprecipitation,
evapotranspiration, surface flow and groundwater recharge, a singébleacould be
developed to indicate if any seasonal change is occurring. If ieeseasonal change
occurring, the categorical variable would indicate if the chamngas for only the
summer/winter ratio, the spring/autumn ratio or both ratios. Thisoapprwould produce 3
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future hydrological change variables, instead of 12, to complem®ant 2t current
anthropogenic pressure and 2 future ecological change variables rfmrrea balanced
statistical analysis. If using this approach, statisticaltetingy methods for mixed datasets
would need to be considered (Moragtsl. 1998; de Leon and Carriere 2005; McCane and
Albert 2008; Hunt and Jorgrnsen 2011).

5 SUMMARY

Hydrological and ecological change is projected to occur acrossnadltelifutures considered
in this research. However the nature and severity of changieisedt, with the nuances of a
range of likely futures and possible desired outcomes needing tons&lered for natural
resource management planning. Integration with ecological changean@dt®anagement
Areas further links the understanding of HGL Unit hydrological,spiaf and biological
landscape characteristics with the inherent variability in ametl setting, processes and
functions that determine wetland type and water sources. Spapaingaof Management
Areas will also allow precise identification and prioritisatiofh suitable locations to
implement recommended Management Actions to improve or mitigatdehgfied hazards.
On-ground actions may be required at the wetland or across the subeatcfacilitating
strategic management. If wetland mapping is not availainleafstudy area, the detailed
wetland assessment can be undertaken using the calculated meageMant Area values,
although this would prevent the refinement of the water balanceti@gyu® suit the
individual wetland.
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