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Abstract. The low-lying coastal floodplains of the Kakadu Region in tropical northern Australia encompass World
Heritage Kakadu National Park and are highly vulnerable to future sea level-rise (SLR) and extreme weather events, yet

there are no modelling tools to assess potential impacts of saltwater inundation (SWI) on freshwater ecosystems and to
evaluate future management options. A tidally driven hydrodynamic model was developed to simulate the frequency and
extent of SWI in the Kakadu Region for the following four mean SLR scenarios: 0 m (present-day, 2013); 0.14 m (2030);

0.70 m (2070); and 1.1 m (2100). Simulations were undertaken at 60-m spatial resolution using October dry-season tides,
and a digital elevation model (0.10-m vertical resolution) constructed from LiDAR point cloud data was used to resolve
coastal and river-system terrains. Model outputs (maximum extent and frequency of SWI) were used to assess potential

loss of freshwater floodplains for each scenario at a park-wide scale and for three case-study areas that differ in tidal
influence. Results show little loss by 2030 (�3%), a possible threshold effect by 2070 (�42%) and ameliorating after 2100
(�65%). Although freshwater floodplains further from the coast showed least exposure to simulated SLR, indicating

potential refuge areas, all floodplains on Kakadu will be exposed to SWI by 2132 (þ117 years).
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Introduction

Climate change-induced sea-level rise (SLR) is a major threat to
low-lying coastal areas worldwide because of the concentration
of populations and their assets along the coasts (Nicholls and

Cazenave 2010; Nicholls 2011). Nicholls et al. (2008) estimated
that ,20 million people globally live below mean high-tide
levels, with over 200 million people being vulnerable to

flooding during extreme storm events. Nationally, southern
Australia has the concentration of people and infrastructure
most at risk from SLR (Church et al. 2012) and, in contrast,

remote and undeveloped northern Australia has high-value
natural and cultural assets at high risk (Bayliss et al. 2012). For
example, Kakadu National Park in the Northern Territory is a
World Heritage site with Ramsar-listed wetlands and is an

international icon famous for its natural and Indigenous cultural
values (Press et al. 1995), particularly its low-lying freshwater
floodplains that support high biodiversity and tourism values

(Finlayson et al. 2006; Tremblay 2010) and provide significant

bush tucker food and other cultural resources for resident
Indigenous communities (Green et al. 2009; Director of
National Parks 2010). Kakadu’s floodplains are highly vulner-
able to SLR and concomitant saltwater inundation (SWI)

(CSIRO and Bureau of Meteorology 2007; Bartolo et al. 2008,
2012; BMT WBM 2010; Director of National Parks 2010;
Traill et al. 2010; Bayliss et al. 2011, 2012), a risk that will be

exacerbated by changes in the intensity of extreme weather
events, such as storm surges and flooding associated with
cyclones (Hubbert and McInnes 1999; McInnes et al. 2003,

2014; Church et al. 2006; BMTWBM2009; IPCC2012; Bureau
of Meteorology 2013a).

Bartolo et al. (2008) used GIS analysis to estimate that at
least 60% of Kakadu’s wetlands could be inundated by saltwater

over the next 50 years, given IPCC (2007a, 2007b) SLR
projections, although this estimate also included saline wetlands
along the coastline and close to river mouths already subjected

to tidal influence. The hydrodynamic modelling study by BMT
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WBM (2010) into the vulnerability of the South Alligator River
(SAR) floodplain to projected SLR by 2030 and 2070 (IPCC

2007a, 2007b) also indicated similar levels of high risk to
low-lying coastal wetlands. Nevertheless, both studies were
constrained by lack of a submetre high-resolution digital eleva-

tion model (DEM). The Shuttle Radar Topography Mission
(SRTM) dataset flown in 2000, enhanced by Geoscience
Australia (Whiteway 2009) and used by BMT WBM (2010),

had a vertical accuracy of�3–5m, although levels were given in
interpolated increments of 1 m. BMTWBM (2010) assessed the
DEM as being unsuitable for SLR modelling in the Kakadu
Region, given that most of its floodplain has levels that fall

1–2 m over 100 km or more. Hence, the lack of a high resolution
submetre terrain DEM and hydrodynamic model for the
whole Kakadu Region has constrained previous assessments

(e.g. Bayliss et al. 1997; BMTWBM 2010; Bayliss et al. 2011,
2012; Bartolo et al. 2012) of the potential impacts of SLR to
coastal floodplains to simple and coarse GIS ‘bathtub-type’

models. However, since those early studies, a high spatial and
vertical resolution LiDAR coverage has been obtained over all
floodplains in the Kakadu Region (Kakadu LiDAR Project
2011). Nevertheless, acoustic depth-sounding data within the

region remain limited, particularly along the coast and within
rivers, constraining the available bathymetric DEM to a coarse
level of resolution.

The aim of the present study is to use theKakadu LiDARdata
within a hydrodynamic model to undertake a comprehensive
quantitative assessment of the potential impacts of the extent

and intensity of SWI on freshwater floodplains in the Kakadu
Region for a range of SLR scenarios out to 2100. Although there
is still much uncertainty associated with the actual rate of rise

(i.e. the ‘when’), our study specifically addresses the spatial
context for each chosen scenario height above mean sea level.
For example, how much freshwater habitat in the Kakadu
Region will likely be affected by SWI and, which areas are

most at risk?

Materials and methods

Study area

Kakadu National Park (KNP;,20 000 km2) lies 250 km east of

Darwin and forms amajor part of theAlligators Rivers Region in
northern Australia, hereon called the Kakadu Region after
Finlayson et al. (2006). The region is characterised by a mon-
soonal climate, with a distinct wet and dry season (Taylor

and Tullock 1985). The wet season (November–March) lasts for
3–4 months, although this varies from year to year (Finlayson
et al. 1989). Average annual rainfall ranges from 1300 to

1500 mm, occurring mostly in the wet season. Average maxi-
mum temperatures range between 31 and 378C, with the hottest
month occurring in the late dry season (McQuade et al. 1996).

The major streams in the Kakadu Region (Fig. 1) are the West
Alligator River (WAR), South Alligator and East Alligator
rivers (EAR), and Magela, Nourlangie, Jim Jim and Cooper

creeks (Finlayson et al. 2006).
The present study focuses on the subcoastal floodplains and

intertidal wetlands of the Kakadu Region (Fig. 1), comprising
tidally influenced mangroves, salt flats and samphire, and

seasonally inundated freshwater floodplains, billabongs and

small lakes (Finlayson et al. 1990), covering ,2857 km2

(cf. 2656 km2 used by Bartolo et al. 2008 who cite Bayliss
et al. 1997), of which 2655 km2 (93%) is found inside KNP. An

updated map of saline features in the Kakadu Region (D. Ward,
pers. comm.) yields an estimate of 352 km2, or 13% of the total
wetland area.

The wetlands of KNP (Fig. 1) are listed as internationally
important under the Ramsar Wetlands Convention because of
the outstanding diversity of their vegetation communities,
which comprise habitat for abundant and diverse waterbird

populations (Bayliss and Yeomans 1990; Morton et al. 1990)
and other fauna such as invertebrates and fish (Finlayson et al.

2006). KNP is also aWorldHeritage site because of the diversity

and endemism of its natural assets and Indigenous cultural
values (Finlayson et al. 2006). The key ‘susceptible’ conserva-
tion values chosen for assessments to saltwater intrusion

impacts in the present study are freshwater floodplains and the
native wetland vegetation communities that they support.

Case-study sites

The three case-study wetland sites (Fig. 1) were chosen for
detailed assessment because they vary in the extent of tidal
influence and have different site-specific management needs

that need to be assessed in combination with future risks from
SLR. For example, Magela Creek floodplain, located on the
western arm of the East Alligator River (EAR), is downstreamof

Ranger UraniumMine and so at risk from chemical pollutants in
addition to a broad suite of landscape-scale threats including
future SLR (Bayliss et al. 2012). Since the mine opened in 1980,

approximately AU$1 billion has been invested by government
and industry protecting the floodplain from the potential
downstream impacts of uranium mining and approximately
AU$17million from thewetlandweed (Mimosapigra). Currently,

the floodplain is at high risk from unmanaged monocultures of

N

25 km

Fig. 1. The location of river floodplains in the Kakadu Region (after

Bartolo et al. 2008), vanDiemenGulf and the three case study areas (Magela

Creek (MC) floodplain, a tributary of the East AlligatorRiver (EAR) system;

Boggy Plain and YellowWater wetland on the South Alligator River (SAR)

floodplain system). WR, Wildman River; and CC, Cooper Creek. Thick

black line is theKakaduNational Park (KNP) border. Floodplains are shaded

dark grey.
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para grass (Urochloamutica) (Bayliss et al. 2012;McMaster et al.

2014; Setterfield et al. 2014).
YellowWater wetland (Fig. 1) is located in the upper reaches

of the SAR, just past its tidal reach, and is one of the main tourist

attractions to the Kakadu Region, particularly for its waterbird
boat tours (Tremblay 2010). The northern end of this wetland
marks the boundary between freshwater and tidally inundated
wetlands in the SAR corridor (Petty et al. 2005). Boggy Plain

is located on the eastern arm of the middle reach of the
SAR (Fig. 1) and is a high-value conservation area for the
iconic magpie goose (Anseranus semipalmata). Approximately

70–80% of the Northern Territory population, comprising the
majority of the national and global population, retreats to Boggy
Plain and the neighbouring Nourlangie Creek wetlands during

the dry season to feed on extensive stands of the bulbs (tubers)
of water chestnut sedge (Eleocharis dulcis) a preferred food
(Bayliss and Yeomans 1990).

Choice of SLR scenarios

Four SLR scenarios were chosen to simulate SWI effects across
coastal floodplains in the Kakadu Region, based on an exten-
sive literature review (Table 1). The 0.14-m 2030 value was

used by BMT WBM (2010) in their report on vulnerability
and climate-change impacts on KNP and lies within the range
0.03–0.17 m reported by CSIRO and Bureau of Meteorology

(2007). We also adopted the 0.70-m 2070 value used by BMT
WBM (2010) because it included a contribution from ice-sheet
melt as argued by CSIRO and Bureau of Meteorology (2007)

and IPCC (2007a, 2007b). The 0.50-m 2070 value from Hyder
Consulting (2008) used in the Kakadu climate-change strategy
(Director of National Parks 2010) did not consider contribu-

tions to SLR from melting ice sheets and so was not used here.
The Kakadu climate-change strategy (Director of National
Parks 2010) and the BMTWBM (2010) report did not use SLR
projections for 2100. Nicholls (2011) stated that global sea

levels rose 0.17m through the 20th century and are likely to rise
more rapidly through the 21st century when a rise of 1.0 m or
more is possible. Several authors also suggest that the high-end

projection provided by IPCC (2007a, 2007b) of 0.80 m (0.6-m
mean SLRþ 0.20 m for melting ice) by 2100 should be con-
sidered a ‘minimum’ value because of the large knowledge gap

on the dynamics of ice-sheet melting and associated uncer-
tainty. Short and Woodroffe (2009) suggested that the range of

SLR around the Australian coastline could lie between 0.75 and

1.90 m by 2100, with 1.10 m being the mid-range value adopted
by the Department of Climate Change (2009) in its First Pass
National Assessment.

Hence, a value of 1.10 mwas, therefore, adopted on the basis
of published projections to 2100 from a range of studies
(e.g. Jevrejeva et al. 2010), including the fourth assessment
report (AR4) of the IPCC (IPCC 2007a, 2007b). Our choice was

made before the release of new SLR projections for the fifth
assessment report (AR5) of the IPCC (Church et al. 2013; IPCC
2013) that stated that if emissions continue to track at the top of

IPCCAR5 emission scenarios, then mean global sea level could
rise 1mby 2100 (0.52–0.98m from the 1986–2005 baseline), or,
alternatively, if emissions follow the lowest scenario, thenmean

global sea level could rise between 0.28 m and 0.6 m by 2100
(from the 1986–2005 baseline). Hence, our 2100 SLR scenario
remains unchanged at 1.1 m.

Hydrodynamic model

A tidally driven hydrodynamic model was developed to simu-
late the frequency (intensity) and extent of SWI in the Kakadu
Region for the four mean SLR scenarios (Table 1; see Saunders

et al. 2013 and Appendix 1). Simulations were undertaken at
60-m spatial resolution (3600 m2), using October 2013 tides to
represent dry-season SWI dynamics in the intertidal zone.

Although a 1-m resolution topography map of the Kakadu
Region was generated from the LiDAR data (Kakadu LiDAR
Project 2011; Whiteside and Bartolo 2014), simulations run at

this resolution and scalewould be computationally intensive and
limiting. Hence, on the basis of trial runs at different levels of
spatial resolution, 60 m was selected as an acceptable trade-off

between simulation efficiency in terms of resolution accuracy
and the timescale needed to encompass a series of tidal cycles.
A DEM (0.10-m vertical resolution) constructed from LiDAR
point cloud data was used to resolve coastal and river-system

terrains (Kakadu LiDAR Project 2011). Model outputs (maxi-
mum extent and frequency of SWI) were used to assess potential
loss of freshwater floodplain for each SLR scenario at a park-

wide scale and for the three case-study areas that differ in tidal
influence. Model outputs (including mean water depth) were
used to identify areas of freshwater floodplain most at risk from

saltwater intrusion for each SLR scenario, and to illustrate the
dynamic nature of this risk.

Table 1. Summary of climate change-induced sea level-rise (SLR) scenarios used in all saltwater inundation modelling

For Park scenario, see Kakadu National Park Management Climate Change Strategy (Director of National Parks 2010). Storm-

surge frequency and intensity are indexed by cyclone frequency and wind-speed intensity (after Harper 2001; BMT WBM

2009, 2010)

Characteristic 2013 2030 2070 2100

Number of years from 2013 0 17 57 87

SLR (m) 0 0.14 0.70 1.10

SLR in Park scenario 0 0.14 0.50A None

Rainfall Current No change No change No change

Storm surge (,cyclones)

Intensity Current þ10% intensity þ20% intensity þ20% intensity

Frequency Current þ10% intensity þ10% frequency þ10% frequency

ADoes not account for ice-sheet melting.
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Shallow-water equations and computations

The hydrodynamic model used a conservative finite volume
formulation of shallow-water equations developed byKurganov

and Petrova (2007). Their equations are based on the assumption
that the height of thewater ismuch less than thewidth and length
of the domain, allowing the vertical velocity to be depth aver-

aged. This assumption allows the hydrodynamics to be reduced
to a two-dimensional formulation, considerably simplifying the
computational cost of modelling such systems. The depth-

averaged assumption holds in the present study, given that the
tidal height is very small in contrast to the extent of the
computational domain. The equations are as follows:

@h

@t
þr � q ¼ 0 ð1Þ

@q

@t
þrðuqÞ þ 1

2
grh2 þ s ¼ 0 ð2Þ

s ¼ ghrBþ gn2mh
�7

3 qj j2q̂ ð3Þ

where h is the height of the water above the base level B

(Australian Height Datum, AHD), q is unit discharge given by
q¼ hu, u is the horizontal velocity vector and g is gravity. The

vector s combines a source term from the gradient of the base
and a lossy drag term. The drag is based on a Manning drag
formulation (Begnudelli and Sanders 2007), where, nm is the

Manning drag coefficient. Kurganov and Petrova (2007) derived
solutions to their shallow-water equations that have well bal-
anced and positivity-preserving properties essential for realistic

and stable shallow-water simulations, because they ensure that
the numerical scheme did not perturb solutions that should
remain stable, such as water bodies at rest. The positivity-
preserving property ensures that the height h (water depth)

remained positive everywhere, and is a difficult requirement
to meet at interfaces between wet and dry regions within
simulation domains. The Kurganov and Petrova (2007) scheme

uses several novel methodologies to ensure that both of these
essential properties are satisfied, such as reformulation of
the shallow-water equations in terms of the total height above

a given vertical datum, local small-scale reconstruction of the
input-base topography to ensure a well-balanced solution, and a
modified linear reconstruction method for the water heights in

the finite-volume method. A minimum water height cut-off of
1 mm was included to prevent floating-point round-off errors at
very small water depths. The Kakadu Region, including KNP,
has had a long history of cattle production, mining, tourist

developments, weed and feral-animal invasions and increased
frequency of intense fires (Bayliss et al. 2012). Hence, a
constant Manning’s drag of 0.025 was used and corresponds

to drag for moderate land use.

Simulations

Digital elevation model (DEM)

The input DEM for simulation requires a high level of
vertical accuracy to model inundation from predicted SLRs of
1 m or less. Hence, the most important input into the hydrody-

namic model is the DEM of the Kakadu Region’s topography

and bathymetry. Three DEMs were combined to create a single
base DEM for input into the computational model. A 1-m

resolution topography map generated from the LiDAR survey
was used for the morphology of the four river–floodplain
systems (Kakadu LiDAR Project 2011; Whiteside and Bartolo

2014) including small tributaries and creeks. The projection
system of the DEM is GDA94 MGA Zone 53, and the vertical
datum is AHD. The topographical domain of the terrestrial

landscape in the region was completed using a DEM
generated from the Shuttle Radar TopographicMission (STRM)
at a 1 arc-s resolution (,30 m; Gallant et al. 2011). The
projection system of this DEM isWSG84, with a vertical datum

of EGM96. A bathymetric DEM for the coastal and adjacent sea
areas in van Diemen Gulf (Fig. 1) at 1-arc min (,250 m) was
used to complete the full computational domain (Whiteway

2009). The combined DEM for input was converted to a
projection system of GDA94 MGA Zone 53 and vertical datum
of AHD. The vertical datum of AHD ensures that the mean sea

level within the computational domain is 0 m in elevation
relative to the time of collection.

Tidal-boundary forcing

Tidal-boundary forcing was applied using October 2013
tides (present-day SLR scenario, Table 1) and is assumed to
represent late dry-season conditions with minimal freshwater

rainfall-flow inputs from proceeding months to allow a more
accurate assessment of tidal ingress. During the dry-season
months (May to October 2013), the mean rainfall at Jabiru
Airport within the EAR catchment was 67 mm, and that within

the SAR catchment at Aurora Kakadu Resort was 52.2 mm
(Bureau of Meteorology 2013b).

There are no long-term historical tidal gauge data in van

Diemen Gulf, a limitation acknowledged in early studies on
saltwater intrusion in the Kakadu Region by Eliot et al. (2000)
and Winn et al. (2006). Those studies used long-term Darwin

tidal gauge data (Bureau of Meteorology 2013c; G8150029 –
Fort Hill Warf, National Tidal Facility, NTF) as surrogates for
mean sea-level fluctuations and tidal dynamics in the Kakadu

Region, an approach adopted here for the SAR and EAR. The
existing tidal gauge data at the SARBridge (G820041),,70 km
by river from the mouth, was considered too far inland to
represent tidal dynamics in van Diem Gulf in the absence of

local field-calibration data at the time. There are also limited
tidal gauge data for the WAR and Wildman River (WR), the
only gauge near the Arnhem Highway upstream of the WAR

(G8190001) was decommissioned in 2010. Hence, 2007 tidal
data from the WAR was cross-calibrated to Darwin 2007
tidal data for the months of October, to estimate October 2013

tides for the WAR and WR.

Validation of hydrodynamic model

Validation tests of the shallow-water model were undertaken
to assess the accuracy of inundation predictions. Historically,

validation has included the benchmarking of the shallow-water
solver for general wave run-up behaviour and maximum-
inundation extents using the National Oceanic and Atmospheric
Administration (NOAA) laboratory benchmarks (Synolakis

et al. 2008). However, for the present study, we recreated the
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large rainfall event associated with Cyclone George between 27
February and 5 March 2007 (Bureau of Meteorology 2014),

which allowed comparison of the spatial component of the
modelling (inundation extent), with flood-inundation maps
developed by Ward et al. (2014) for the Kakadu Region, using

available Landsat data. This allowed comparison also of the
temporal changes in river elevations by using available gauge
data (G8200041 and G8210028; Department of Land

Resources Management, ‘Water Data Portal’, see http://www.
lrm.nt.gov.au/water/water-data-portal#.Utnvd9J9J64, accessed
20 December 2013), indicating whether or not discharge rates
are suitable. Little rainfall occurred across the catchment in the

days before the selected event, allowing clear comparison with
gauges, given that any upstream rainfall-generated flows were
negligible. Thiessen polygons were used in the simulation as

sourcemaps to recreate the rainfall event andwere created using
the historical records of rainfall at Rainfall gauges 014042,
014198, 014208, 014252, 014263, 014275 and 014281 (Bureau

of Meteorology 2013b).

Assessment of SLR impacts

Extent and frequency of SWI in the dry season

The current extent of subcoastal floodplains and intertidal
wetlands in the Kakadu region mapped by Bartolo et al. (2008)
is used as the 2013 present-day baseline scenario from which to

measure future changes in the extent of SWI for each SLR
scenario. Raster outputs from all hydrodynamic SLR simula-
tions across the region-wide 60-m grid were converted to

shapefiles in ArcGIS 10.2 (ESRI 2011) and used to calculate
areas of intersection between the current extent of coastal
floodplains and new areas exposed to SWI. The percentage

frequency (%F) of SWI was calculated from simulations at
30-min time steps by using October 2013 tides and, is the model
output used in all assessments because it measures both intensity
and maximum extent. As a guide,%F of 0% indicates no

exposure to SWI, 1% 7-h exposure, 10% 3-day exposure
(74 h, 2.4 high tides), 25% 8-day exposure (186 h, 6 high tides),
50% 16-day exposure (372 h, 12 high tides) and 100% complete

inundation by saltwater.

Extreme weather events: wet-season storm surges
and flood events

The effects of increased salinity on freshwater floodplain
ecosystems in the dry season could be ameliorated in the wet
season with massive dilution and physical push-back resulting

from freshwater flow from catchments, even if there is no

change in rainfall flow volume as a result of climate change.
Hence, potential impacts of the combined effect of SLR and

increases in extreme weather events associated with predicted
increases in the frequency and intensity of tropical cyclones
(Church et al. 2006, 2012; IPCC 2012; see Table 2) are assessed

by combining a storm surge and flood event in a version of the
hydrodynamic model that couples a rainfall-runoff submodel
with the tidal submodel developed for the dry season (Hilton

et al. 2014, see Appendix 2). Both wet- and dry-season hydro-
dynamic models were calibrated differently, although there is
good agreement of results under simular model conditions.
Model outputs for each 60-m grid cell across floodplains are

for the 2013 wet (March) and dry (October) seasons, represent-
ing peak andminimum stream-flow periods respectively. A tidal
time series incorporating a 3-m storm-surge event was used as a

worst-case scenario occurring at the peak of the tidal cycle.
Output metrics (mean, median, minimum andmaximum values)
were derived for water-depth and salinity values (Practical

Salinity Scale of 1978, PSS-78) for each SLR scenario (see
Hilton et al. 2014 and Appendix 2). Wet-season salinity values
$2 across the 60-mgrid for the 2070SLR scenarioweremapped
to compare with the maximum extent and frequency of SWI

results for 2070 SLR scenario in the dry season, using the same
hydrodynamic model. A value of 2 was chosen as the salinity
threshold for freshwater plants to survive, on the basis of a

literature review (e.g. Hart et al. 1991; James and Hart 1993;
Nielsen et al. 2003).

Boundary between freshwater and saline habitats

Salinity is an important factor that influences the composition

of floodplain vegetation communities, as most floristic groups
are associated with distinct salinity and water-depth regimes
(Cowie 2003). Major drivers of salinity on coastal floodplains

would be the intensity (%F) and the extent of SWI, owing to dry-
season tidal dynamics, both of which would increase with
increasing mean sea level and index duration times.

Wilson et al. (1991) mapped the abundance (%cover) of
dominant freshwater subcanopy floodplain vegetation classes in
the Kakadu Region in 1990, by flying low-level helicopter

transects along a 2.7-km aerial survey grid used to monitor
magpie geese (Delaney et al. 2009). Although being 25 years
old, the distribution maps are used here to (1) explore patterns in
the occurrence of freshwater and saline plants in relation to the

intensity and duration of SWI as influenced by dry-season tides
and (2) assess potential salinity impacts on freshwater vegeta-
tion, given that they comprise key habitats for waterbirds and

other wildlife. Saline habitats in the Kakadu Region comprise

Table 2. Summary of the extent (%) of coastal floodplains and tidal wetlands in the Kakadu Region and case-study areas

inundated by saltwater for each simulated sea level-rise (SLR) scenario in the late dry season(using October 2012 tides)

Figures in parentheses are the extent (%) of freshwater floodplains exposed to saltwater inundation (SWI) after adjustment for existing

saline and river habitats (i.e. above the 2013 present-day baseline)

Scenario year SLR (m) Kakadu National Park Magela Creek Boggy Plain Yellow Water

2013 0 31 2 4 0

2030 0.14 34 (3) 3 (1) 5 (1) 2 (2)

2070 0.70 61 (42) 26 (24) 77 (73) 23 (23)

2100 1.10 78 (65) 55 (53) 84 (80) 42 (42)
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mangroves, salt flats (or saltpans), samphire-dominated salt flats
and bare ground exposed to tides, and are mapped alongside

freshwater floodplain plants by using an updated GIS layer
(2015; D. Ward, pers. comm.). The mean%F of SWI was
calculated from all 60-m grid cells that contained the following

freshwater-plant groups and saline habitats: 1, Hymenachne
acutigluma; 2,Eleocharis sphacelata; 3,Oryza spp.; 4,E. dulcis;
5, samphire salt marsh; 6, salt flat; 7, bare ground subject to

tides; and 8, mangrove. Mean%F of SWI values for each plant-
habitat type were then plotted against salinity values obtained
from a literature review of salinity tolerances of floodplain
plants (Bayliss et al. 2015). If a threshold separation value for

frequency of SWI exists, then a sharp boundary should be
exhibited between saline and freshwater habitats, based on a
salinity gradient.

Loss of freshwater floodplain vegetation to SLR

The assessment of SLR impacts on vegetation is focussed
entirely on subcanopy emergent macrophytes on coastal flood-
plains (tall sedges, aquatic grasses and floating lilies). However,

increases in salinity will also affect freshwater canopy species
such as melaleucas, and, to some extent, saline vegetation such
as mangroves. The predicted loss of key freshwater floodplain

plants from SWI for the 2070 and 2100 SLR-rise scenarios were
calculated in GIS by intersecting the simulated inundation maps
with the vegetation map of Wilson et al. (1991) and estimating
the area of overlap.

Results

Validation of hydrodynamic model

For the flood event in the Kakadu Region generated by Cyclone
George, good spatial agreement was obtained between simu-

lated flood extent on floodplains and flood-inundation patterns
exhibited on Landsat images. Rainfall-input data to simulated
gauge data comprised daily time steps, in contrast to the hourly
time steps of observed gauge data, reflecting sinusoidal tidal

cycles; hence, there was little fine-scale temporal agreement, as
expected. Nevertheless, the average shape and rate of change of
water height in the river between observed and simulated trends

showed good general agreement. Even so, there was much
uncertainty with the data of gauges relative to AHD,making any
fine-resolution comparison difficult.

Assessment of SLR impacts

Extent and frequency of SWI in the dry season

The SLR scenarios used in the present study predict a rate of

rise of 1.4 mm year�1 from the 2013 baseline, and this is
consistent with published projections (Church et al. 2004,
2013; Church andWhite 2011; IPCC 2007a, 2013). At this rate,

an additional 0.6% year�1 of coastal floodplain in the Kakadu
Region above the 2013 baseline will be subjected to SWI and, by
2132 (þ117 years), all coastal floodplains in the Kakadu Region

will be subjected to SWI. Fig. 2a–d maps the simulated
frequency of SWI (%F) and the maximum extent for each
SLR scenario. The projected increases in the proportion of
coastal floodplain subjected to SWI for each SLR scenario

and location are illustrated in Fig. 3 and summarised with more

detail in Table 2. The difference between the present-day and
2030 scenarios is negligible (3%); hence, no further assessments

are undertaken at this time frame. However, in contrast, the
extent of SWI increases substantially and suddenly between the
2030 and 2070 scenarios, possibly ameliorating by 2100, sug-

gesting the existence of a threshold value in the transition
between freshwater and saline ecosystems. Boggy Plain is
,57 km from the coastline and simulation results showed the

strongest threshold effect, whereby most (77%) of its floodplain
will be subjected to SWI by 2070 (Table 2). Only 4% of its
floodplain was exposed to SWI during October dry-season
spring neap-tide periods in 2013, with saltwater flushes occur-

ring only briefly during spring high tides. In contrast, and as
expected, YellowWater situated in the upper reaches of the SAR
beyond the tidal reach (,90 km from the coastline) has the

smallest proportion of floodplain subjected to SWI in all future
SLR scenarios (Table 2) and, therefore, has the greatest potential
to be a key refuge area from the impacts of future salinity.

Magela Creek floodplain showed a threshold effect similar to
that for the whole Kakadu Region, reflecting its larger size
contribution to all floodplains in the region and the fact that it is a
tributary of the EAR, and so possibly buffered to some extent

from tidal influence.

Extreme weather events: wet-season storm surges
and flooding

Although river depths in the coupled rainfall-runoff–tidal

hydrodynamic model used to simulate extreme weather events
were calibrated differently from the dry-season tidally driven
hydrodynamic model, the results for maximum inundation

extents in the dry season were similar in downstream and
upstream areas, and in all major river systems affected by
potential SLR.

Fig. 4 compares the maximum extent and frequency (%F) of
simulated SWI $2 salinity of the 2070 SLR scenario (0.7 m)
between the dry season and wet season, with and without the
extreme weather event (a combined storm surge at high tide and

extensive flooding). The potential impacts of increased salinity
on freshwater coastal ecosystems in the dry season is greater than
in the wet season, with and without a worst-case storm-surge

rainfall event, and most likely reflects the combined effects of
dilution and physical push back of the tidal reach during peak
wet-season flows. However, the effect of the storm surge extends

the boundary of the low inundation-frequency end of salinity 2,
although this may be irrelevant, given that the same areas are
inundated with saltwater of salinity$2 in the dry season.

Boundary between freshwater and saline habitats

The relationship between the mean%F of dry-season SWI
for the present-day 2013 SLR scenario (0 m) simulation and

salinity values is non-linear and exhibits a threshold boundary of
,25% between freshwater and saline habitats on floodplains in
the Kakadu Region (Fig. 5), equivalent to 8 days of tidal

inundation encompassing six high-tide periods. Salinity values
for Hymenachne acutigluma (0.1), Eleocharis sphacelata (0.2)
and Oryza spp. (0.1) are from Cowie (2003) after adjusting
conductivities in microsiemens per centimetre to PSS-78

values), and that for E. dulcis (2.5) from Snyder and Sanchez
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(1990). Salinity values for saline habitats used were as follows:
samphire salt marsh (15.0, mid-point value of the 15–20 range
from Shen et al. 2015); salt flats and bare ground exposed to
frequent tidal inundation are assumed to have water salinity

values of at least seawater (35), although soil salinity can exceed
this because of evaporation; and mangrove (26.0, the mid-point
range of 17–34 from Ball and Pidsley 1995, Ball 1998).

Loss of freshwater floodplain vegetation to SLR

The potential loss of key freshwater floodplain vegetation in
the Kakadu region from SWI for the 2070 and 2100 SLR
scenarios is illustrated in Fig. 6, and assumes that floodplain
vegetation mapped in 1990 by Wilson et al. (1991) is not

substantially different 25 years later in 2013, and, apart from

Present-day 2013 (0 m) 2030 (0.14 m)(a) (b)

2070 (0.70 m) 2100 (1.10 m)(c) (d)

% SWI (0 m 2013)
P

�0–25%

25–50%

50–75%
75–100%

% SWI (0.14 m 2030)
P

�0–25%
25–50%
50–75%

75–100%

% SWI (0.70 m 2070)
P

�0–25%

25–50%

50–75%
75–100%

% SWI (1.1 m 2100)
P

0.083–25%
25–50%
50–75%
75–100%

Legend Legend

Legend Legend

Fig. 2. The simulated dry season (October tides) maximum extent and frequency (%F) of saltwater inundation (SWI) in the Kakadu region for the

following sea level-rise (SLR) scenarios: (a) 0 m (present-day, 2013); (b) 0.14 m (2030,þ17 years); (c) 0.70 m (2070,þ57 years); and (d) 1.10 m (2100,

þ87 years). The frequency of SWI was calculated over the October tidal range at 30-min simulated output intervals (see text). Light blue areas are

floodplains.
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the increase in the extent of para grass (McMaster et al. 2014), a
condition supported by recent floodplain vegetationmapping by
Anstee et al. (2014). The species of floating lily, dependent on

open freshwater, had the greatest loss owing to SWI (69 and 93%
in 2070 and 2100 respectively). These species comprise red lily
(Nelumbo nucifera) blue lily (Nymphaea violacea) and yellow

and white lilies (Nymphoides indica). SLR simulations indica-
ted that 57% of water chestnut areas will be exposed to SWI
in the 2070 SLR scenario, and 86% in 2100.

Similar high loss values were obtained for the other key
wetland species. Overall, results showed that the extent of

freshwater floodplain vegetation exposed to SWI at each SLR
scenario, and potentially lost, is generally equivalent to the
extent of total floodplain area subjected to SWI, although this

varied by plant class, reflecting differences in plant salinity
tolerances. For example, 61% of the total floodplain area in the
Kakadu Region is exposed to SWI in the 2070 SLR scenario,

Floodplain
Wet season 2070

Dry season 2070
Wet season 2070 SS

Fig. 4. Comparison of the frequency (%) of simulated saltwater inundation

(SWI) of salinities$2 for the 2070 wet-season sea level-rise (SLR) scenario

(0.7m)with andwithout an extremeweather event in theKakaduRegion.As

a worst-case scenario, the flood event was combined with a storm surge

coincident with a high tide (see Hilton et al. 2014 and ‘Wet-season rainfall-

runoff-tidal hydrodynamic model’ in the Supplementary material). Wet-

season 2070 SS refers to a combined storm surge and flood event on top of

the wet-season 2070 SLR scenario.
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compared with 57% for water chestnut and 69% for floating
lilies. Boggy Plain is a critical dry-season feeding ground for

magpie geese because of its extensive stand of water chestnut,
which has a higher tolerance to salinity (,2.5) than do most
other freshwater plants that group close to 0 but ,2.0. Water

chestnut grows vigorously after a brief period of saltwater
inundation, although sustained salinities past its threshold value
would lead to die back (P. Bayliss, pers. obs.).

Discussion

Sea-level rse is caused by thermal expansion of the oceans as it

heats up with additional inflows of water from ice that melts on
land. However, the rate and magnitude of future SLR remains
uncertain and Nicholls (2011) argued that the largest source of

uncertainty is the response of the large ice sheets of Greenland
and western Antarctica to global temperature increases. The
recent Fifth Assessment Report of the IPCC (AR5; Church et al.

2013; IPCC 2013) forecasted greater increases in SLR than did
the earlier forecasts (AR4; IPCC 2007a), although still with high
uncertainties. This increase results from the incorporation of
more rapid ice-sheet dynamics that were excluded from AR4,

and from improvedmodelling of thermal expansion and icemelt
(Church et al. 2013). However, direct comparisons between
SLR projections in AR4 and AR5 are difficult because the

underlying emission scenarios were revised significantly. Even
so, the AR5 stated that

it is very likely that there will be a significant increase in the
occurrence of future sea level extremes

and

it is virtually certain that global mean sea level rise will 
continue for many centuries beyond 2100, with the amount of 
rise dependent on future emissions [IPCC 2014, p. 16].

This indicates that the most significant impacts of future SLR
will likely occur in areas of the world prone to storm surges
(McInnes et al. 2003; Church et al. 2006). Another level of

uncertainty is regional differences in SLR predictions, with
White et al. (2014) highlighting that regional departures from
the global mean remain poorly described and understood.

AlthoughMcInnes et al. (2015) reported that projections of SLR
for 2090 for the Australian coastline are similar to global mean
SLR projections, they stated that the longer the projection time-
frame the greater will be the associated uncertainties, and con-

cluded that the upper-level bounds of SLR predictions should be
chosen for managing risks to coastal assets.

Despite the uncertainty in all SLR estimates, there remains

global concern that large increases in the 21st century cannot be
ruled out (Nicholls et al. 2011; IPCC 2012, 2013). Nicholls et al.
(2011) provided a ‘pragmatic’ estimate of SLR of between

0.5 and 2.0 m by 2100 for a temperature rise of 48C or more,
although with a low probability of occurrence of the upper
estimate. They argued that if realised within this range, the

potential global impact would be severe. Nicholls et al. (2008)
highlighted that implementing coastal protection of infra-
structure typically has a lead-time of 30 years or more and,
therefore, argued that sea-level monitoring is required to detect

any significant acceleration in the rate of rise in a timelymanner.

Because of the continuing high level of uncertainty associated
with estimates of the rate of SLR, as outlined above (i.e. the

‘when’), the approach adopted in the present assessment was to
specifically address the spatial context for each SLR scenario
(i.e. the ‘where’); how much freshwater habitat in the Kakadu

Region will likely be affected by increased SWI and, which
areas are most at risk?

The overall results of our study in the Kakadu Region

highlighted that even in areas without extensive infrastructure,
such as high-value conservation reserves in remote areas, the
potential impacts of future SLRwill be significant within decadal
timescales, requiring the development of monitoring and assess-

ment tools to evaluate and implement futuremanagement options
(and see Poloczanska et al. 2012). The tidally driven hydrody-
namic model developed here is one such assessment tool and

overcomes the limitations of simple ‘bathtub-type’ SLRmodels in
that they account for the intensity of SWI owing to tidal dynamics.
Nevertheless, it’s a ‘first-pass’ model at best because of the

model-calibration constraints encountered, the most important
being the dependence on Darwin tides 250 km to the west of the
Kakadu region because of the lack of tidal gauge data for van
Diem Gulf, a fact acknowledged in previous studies (Eliot et al.

1999, 2000; Bartolo et al. 2008). A comparison of the SWI map
for the 2013 present-day SLR scenariowith a recent map of saline
habitats showed that areas closer to the coast are subjected to

higher levels of simulated SWI than expected, and this is
attributed to Darwin tides having a higher tidal range than do
tides in van Diem Gulf, producing an over-prediction of tidal

inundation (see appendix J in BMTWBM2010, p. 171;modelled
highest astronomical tide variation for Kakadu coastal plain and
Darwin Harbour are 2.8 m MSL and 4.0 m AHD respectively).

However, in contrast, simulated tidal-inundation results for the
midstream and upper reaches of rivers showed good agreement
with the occurrence of saline habitats. The second major calibra-
tion constraint was the absence of a good-resolution bathymetry

layer to couple to the high-resolution terrain DEM, because of
limited acoustic depth-sounding data within the region, particu-
larly within the river mouths and along coastal areas. The

available bathymetric DEM, hence, provided only a coarse and
discrete contoured representation of bathymetry and it is likely
that this affected the fine-scale spatial accuracy of SWI predic-

tions. Additionally, the spatial resolution of the DEM for input
was down-scaled to a resolution of 60-m grid cells and, even at
this resolution, 4.8� 106 cells were required to represent the
entire computational domain of floodplains in the Kakadu

Region. Hence, whereas this level of spatial resolution was a
necessary trade-off so as to examine broad regional patterns
of SWI over manageable simulation times, the fine-scale spatial

(1–2 m) connectivity patterns, often critical at local scales, were
lost. Nevertheless, there are many trade-offs between efficiency
and accuracy to consider when undertaking a process-modelling

project of this magnitude and scale, and the choice will ultimately
depend on purpose. For example, longer simulation timescales at
a coarser spatial resolution would provide a better holistic

representation of tidal behaviour, in contrast to simulations of
only a few tidal cycles at a higher spatial resolution.

Themodelling results of the ‘worst-case’ storm-surge–flood-
event scenario showed that the potential impacts of increased

salinity ($2) on freshwater coastal ecosystems is greater in the
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dry season than the wet season, most likely reflecting the
combined effects of dilution and physical push back of the tidal

reach during peak wet-season flows from catchments. Addition-
ally, the effects on long-term inundation levels and salinity were
marginal, given the temporary nature of the storm surge–flood

pulse. These simulation results supported the approach adopted
here of focussing assessments of potential impacts of SWI
caused by SLR in the dry season. Nevertheless, with respect to

the physical impacts of wave fronts, McInnes et al. (2015)
argued that the impacts of SLR will be felt most profoundly
during extreme sea-level events. Storm surges can produce
complex and dynamic exchanges of material between upstream

and downstream river reaches and, hence, further modelling
and field calibration may be required in future, given the
importance that upstream areas will have as potential refuge

areas from SLR.
A range of hydrodynamic processes that would affect the

accuracy of SWI predictions was excluded from both hydrody-

namic models; however, these processes may be relevant for
simulations over long time frames, such as those needed to
assess future SLR changes. For example, geomorphologic
changes including sediment transport (Cobb et al. 2000; Winn

et al. 2006), surface water–ground water interactions; site-
specific soil-infiltration and evaporation rates, and type of land
use and vegetation cover in the catchment.

Earlier studies have reported a range of predicted wetland
loss in the Kakadu Region as a result of SLR (50–80%),
reflecting different model assumptions, data limitations and

projection timescales (BMT WBM 2010). For example, citing
Hare (2003), the IPCC (2007b) reported a predicted 80% loss for
a 0.30-m SLR. Hare (2003) sourced predictions fromGitay et al.

(2001), who, in turn, sourced the early studies by Bayliss et al.
(1997) and Eliot et al. (1999) that used the best available data at
the time. Bartolo et al. (2008) used simple GIS analysis to
estimate that at least 60% of KNP wetlands could be lost over

50 years (i.e. by c. 2006) given IPCC4 (IPCC 2007a, 2007b)
SLR projections. However, all reports have noted that their
predictions are highly uncertain. Hence, given the high levels of

prediction uncertainty and the different time frames and model
assumptions used, any comparison would likely be of dubious
value. Nevertheless, all previous estimates have indicated sig-

nificant (.50%) loss of freshwater floodplain and the prediction
by Bartolo et al. (2008) of the extent of total SWI for 2060 using
a simple GIS method is similar to the estimate reported here for
2070 (60% cf. 61% respectively).

Overall, the SLR simulation results showed little loss by
2030 (�3%), a threshold effect by 2070 (�42%) ameliorating
by 2100 (�65%). Although freshwater floodplains further from

the coast showed least exposure to simulated SLR, indicating
potential refuge areas, all floodplains onKakaduwill be exposed
to SWI by 2132 (þ117 years). The extent of SWI during the

simulation period (2013–2100) was greater for coastal flood-
plains closer to the coast, reflecting tidal influence. For example,
in the SAR, 77% of Boggy Plain (57 km from the coast) will be

exposed to SWI by 2070, 100% by 2100 and only 4% during the
present-day October spring neap-tide periods, with temporary
saltwater flushes occurring only during king high tides. In
contrast, Yellow Water (90 km from coast) had the smallest

extent of SWI (23 and 42%by 2070 and 2100 respectively), and,

therefore, has potential to be a key ecological-refuge area from
future SLR impacts. Yellow Water currently receives the

occasional saltwater flush during king high tides.
Although the 1990 map of freshwater macrophyte vegetation

in the Kakadu region (Wilson et al. 1991) has a coarse level of

spatial resolution (2.7-km grid cell size, 7.3 km2) compared with
the 60-m spatial grid used in the hydrodynamic model, it has a
higher level of genera and species resolution than the park-wide

vegetation map of Schodde et al. (1987) and those recently
produced fromALOS satellite imagery (Anstee et al. 2014). The
taxonomic resolution was more important for our impact assess-
ment, given that tolerance to salinity is generally specific to

genera and species. For example, freshwater vegetation occurred
where the mean frequency of SWI in the dry season was,25%
and, in contrast, saline habitats occurred where it was greater,

demarcating the approximate transitional threshold boundary
between saline and freshwater habitats. The tidally driven
hydrodynamic model does not estimate salinity values and,

hence, the relationship between the intensity and extent of SWI
and salinity obtained here allows for more detailed impact
assessments on freshwater ecosystems. Model results showed
also that the extent of freshwater floodplain vegetation exposed

to SWI for each SLR scenario is generally equivalent to the
extent of total floodplain area subjected to SWI, but that this
varies by plant class, reflecting differences in salinity tolerances

and the current distribution of plants on floodplains. For exam-
ple, 61% of the total floodplain area in the Kakadu Region is
exposed to SWI in the 2070SLR scenario, comparedwith 57%of

water chestnut and 69% of floating lily communities.
Magpie geese have evolved a dependence on the bulbs of

water chestnut as a major late dry-season source of high-value

food required for survival and subsequent breeding and nesting
activity in thewet season (Frith andDavies 1961). Boggy Plain on
KNP has been identified as a critical dry-season feeding ground
for the iconicmagpie goose because of its extensive stand ofwater

chestnut, in most years supporting congregations of millions of
geese (Bayliss and Yeomans 1990; Delaney et al. 2009). Boggy
Plain most likely has the most extensive water chestnut stand in

the ‘Top End’ of the Northern Territory and possibly northern
Australia (Bayliss and Yeomans 1990); hence, the loss of this
local wetland for any reason would have a major impact on the

population viability of magpie geese at scales ranging from the
Kakadu Region to northern Australia and globally. Of the three
case-study areas, this wetland is most at risk from future SLR.

Previous studies of saltwater intrusion in the Kakadu Region

have demonstrated that significant change to freshwater wet-
lands is already occurring. For example, Winn (2001) studied
saltwater intrusion near themouth of theEARand concluded that

since 1950, the coastal freshwater wetlands of the Kakadu
Region have undergone a significant morphological change in
response to the invasion of saltwater through the landward

extension and expansion of tidal creeks. For example, the area
occupied by bare saline mudflats on the coastal plain had
undergone a nine-fold increase in the extent, with 64% of a

melaleuca forest being lost to SWI as a tidal creek extended 4 km
inland. Winn et al. (2006) suggested that saltwater intrusion and
the associated morphological change over time appear to have
been driven by drier-than-average monsoonal conditions, low-

frequency and low-intensity cyclonic events, and above-average
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ocean water levels experienced since 1950. These landscape-
scale responses to SLR and subsequent saltwater intrusion may

be good analogues of what might be expected on the coastal
floodplains of the Kakadu Region with future increases in mean
SLR. Cobb et al. (2007) reported that decadal changes in

saltwater intrusion in the coastal wetlands of the Kakadu Region
has led to encroachment ofmangroves and that observed changes
may involve natural variability. Petty et al. (2005) examined

channel changes between 1950 and 2004 within the SAR tidal
interface region, basically the northern end of the YellowWater
billabong system that marks the boundary between the freshwa-
ter system and the tidal limit. They suggested that the saltwater

system is contained by a series of levees at approximately the
spring high-tide level, although submerged during the wet
season. Petty et al. (2005) and Bayliss et al. (1997) suggested

that any significant increase in the mean sea level as a result of
climate change will far outweigh the impacts of upstream
channel expansion and will likely cause the retreat of freshwater

systems within the tidal-interface region. Our modelling results
for the 2070 and 2100 SLR scenarios support this suggestion.

Despite the large uncertainties associated with SLR predic-
tions, there have been many studies on planning approaches to

help manage potential impacts that are highly relevant to the
Kakadu Region (e.g. Abel et al. 2011; Nicholls 2010, 2011;
McInnes et al. 2015), particularly the need to respond to both

global and local contexts. A key psychological driver for the
rapid shift to planning responses in the face of highly uncertain
predictions has been the adoption of the ‘commitment to sea-

level rise’ philosophy, which states that even if climate change
is stabilised immediately, sea levels will continue to rise for
many centuries because of the long timescales of the oceans and

large ice sheets (Nicholls and Lowe 2006). Nicholls (2011)
suggested that responses can involve climate mitigation (essen-
tially a global response to reduce carbon emissions and temper-
ature), adaptation (essentially a local response) or both, and

argued that a combination of these strategies would be the most
appropriate approach to SLR, regardless of the level of predic-
tion uncertainty. Furthermore, he suggested that adaptation

responses can be characterised as (1) protect, (2) accommodate
or (3) retreat, and that these responses need to be integratedwith
the management of other existing threats. In contrast to manag-

ing the status quo with respect to escalating global change,
Hobbs et al. (2011) argued that the inevitable occurrence of
widespread ‘no-analogue environments’ and ‘novel ecosys-
tems’ will render traditional restoration and other intervention

management goals unachievable, and that returning an ecosys-
tem to even a semblance of an historic state will be difficult if
not impossible. These views highlight the fact that future

management goals for SLR in the Kakadu Region will need
to be carefully considered before evaluating different manage-
ment strategies, particularly as the original socio-ecological

context may be completely different after decades and centuries
into the future. However, although the Kakadu Region is a
well-researched park with respect to biophysical values and

processes, there remain key knowledge gaps on cultural and
socio-economic domains to adequately assess the human
context. For example, Nunn and Reid (2016) reported that a
substantial body of Australian Aboriginal stories may exist that

represent unique observations of post-glacial increases in sea

level from c. 13 400 to 7500 years before present, and argued
that such traditional knowledge could play a key role in framing

responses to anthropogenic climate change, a proposition
highly relevant to the Kakadu Region.

Regardless of the limitations and caveats associated with the

dry-season hydrodynamic model outlined above, the simulation
outputs for each SLR scenario proved essential in engaging and
communicating with Traditional owners and Kakadu park staff

when eliciting and framingmanagement responses to future SLR
scenarios (Dutra et al. 2015, pp. 13–17). Nevertheless, the main
limitation of this assessment is that the question of ‘how much
new freshwater habitat will be created and where’ could not be

addressed, given that the high resolution DEM derived from the
LiDAR capture did not include an extended buffer zone around
floodplains because of prohibitive costs. The creation of new

freshwater wetlands may ‘offset’, to some degree, the overall
impact of SLR on freshwater ecosystems, depending on sur-
rounding topography and, if it occurs gradually, it may allow

both people and ecosystems to better adapt to the imminent
change in landscapes.

The results of our study have highlighted the following areas
of research and monitoring commitment required to better

manage future SLR impacts in the Kakadu Region: the estab-
lishment of a network of inexpensive tidal gauges with water-
depth recorders on all major rivers and floodplains to increase

the reliability of hydrodynamic models used to simulate future
SLR impacts as better global and regional SLR predictions
become available (including inexpensive data loggers that

continuously record salinity and other key water-quality attri-
butes); the implementation of a dedicated well designed moni-
toring program of floodplain assets and threats as currently none

exists; and additional LiDAR terrain modelling of adjacent
floodplain areas to better evaluate future SLR mitigation and
adaptive management options throughmodelling the creation of
new freshwater wetlands as the sea pushes further inland over

time (a major knowledge gap that constrained all assessments
in the present paper). Given the costs, any additional LiDAR
coverage should focus on areas identified by parks and Tradi-

tional Owners as having high management priority; and
increased research is required on cultural and socio-economic
aspects of SLR impacts needed for future integrated assessments.
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Appendix 1. Dry-season tidal hydrodynamic model

The CSIRO technical report for the Stage-1 hydrodynamic
model is available online (Saunders et al. 2014).

Model outputs (ascii files) and videos of simulations for all

sea level rise scenarios during the dry season are available at
http://doi.org/10.4225/08/575DFE28B9CF5.

Appendix 2. Wet-season rainfall-runoff-tidal
hydrodynamic model

The CSIRO technical report for the Stage-2 hydrodynamic
model is available online (Hilton et al. 2015).

Model outputs (ascii files) and videos of simulations for the
present-day and 2070 sea level rise scenarios for the dry and wet
seasons (including a storm surge-extreme rainfall event), are
also available at http://doi.org/10.4225/08/575DFE28B9CF5.
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