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Executive summary
This report presents an assessment of historical changes in land cover within the Peel region of
Western Australia (WA) of areas mapped by authorities as environmental assets. This assessment
contributes to the Peel Integrated Water Initiative (PIWI), a component of the Transform Peel
program. The overarching goal of the assessment was to support WA Department of Water and
Environmental Regulation (DWER) decisions to potentially amend current groundwater allocations
for the groundwater management subareas (GMSAs) within the Peel region. The outcome from
this process aims to inform the revision of the allocation limit for groundwater resources in the
project area and support the establishment of local policy for water licensing.
In the Peel region, groundwater is shallow over much of the project area, with most of the area
having groundwater less than 3 m below land surface. Whilst native vegetation has been
extensively cleared and the hydrology of wetlands modified to facilitate historical agricultural
development, the shallow depths to groundwater mean that significant portions of the remaining
intact ecosystems are potentially reliant on groundwater to meet their water requirements, and
can be classified as groundwater-dependent ecosystems (GDEs).
The environmental values of GDEs in the Peel region were discussed in Braimbridge et al. (2019).
Historical changes in the groundwater regime were further examined in Barron et al. (2020), and
indicated a decline in minimum annual groundwater levels, which could mean that the ecosystems
have been under water stress. The associated risk assessment for GDEs within the project
(Braimbridge et al., 2019) was undertaken based of desk-top methodology recommended by
DWER. However, the methodology did not include on-ground or other observations of ecosystem
health (in relation to water stress or other factors). This report aims to provide some contribution
toward filling this gap by deploying remote sensing (RS) technologies for analysis of historical
changes in land cover associated with GDEs.
Particular advantages of RS techniques include the availability of historical satellite datasets and
the ability to monitor large areas at low cost. Current and past work undertaken by CSIRO for
various regions (the Pilbara and other areas in WA, New South Wales, Northern Territory,
Queensland) has led to the development of a suite of methods for GDE mapping and the
assessment of their historical variability. For instance, CSIRO has produced a series of maps of
GDEs for a large part of the Pilbara using Landsat 5 images from 1988 to 2011.
The relationship of GDEs with water regime (and particularly with groundwater), results in distinct
signatures in RS surface reflectance images, which differ spatially and/or temporally from the
surrounding areas. RS reflectance data allow analysis of ‘active greenness’ provided by the
multispectral Normalised Difference Vegetation Index (NDVI) time series. Time series of RS data
are well suited for exploring differences in the vegetation ‘phenology’, or cyclical growth rate, of
terrestrial vegetation with and without access to groundwater. This makes use of time series of
NDVI and the Normalised Difference Water Index (NDWI) as indicators of vegetation greenness
and wetness patterns, respectively. This study mainly used Landsat data, which have the longest
record of data acquisition.
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The results of the analysis reported here indicate that historically land cover within the area
mapped as environmental assets was partly associated with GDEs, which over the period of RS
data availability (1986 to 2017) were affected by drying climatic conditions and manmade
changes. GDE delineation for 1989–1990 (considered as a baseline) showed that potential GDEs
occurred both within and outside of the area mapped as environmental assets:
•

potential GDEs occurred within 54% of the mapped environmental assets area

•

16% of delineated potential GDEs were located outside the mapped environmental assets
(however, some false positives may be related to limited irrigation areas in 1989–1990)

•

30% of the mapped environmental assets were not associated with GDEs, and some
vegetation is dependent on seasonal waterlogging conditions.

A persistent presence of water (or damp areas) occurs along some reaches of Dirk Brook,
Nambeelup Brook and the North Dandalup River, as well as along the foothills of the Darling Scarp.
However, most of the mapped geomorphologic wetlands have not been constantly inundated and
only 13% of the area mapped as geomorphologic wetlands is persistently damp/wet without a
consistent presence of open water.
When GDE extent was compared between the baseline condition (1989–1990) and during the
driest year on record (2010–2011), it was concluded that
•

65% of GDEs identified in 1989–1990 remain unchanged, including 45% with some degree
of sensitivity to drying conditions

•

26% of GDEs identified in 1989–1990 appear to be lost

•

8% of the area mapped as environmental assets were newly established GDEs.

Such changes can be attributed to lower (on average by 0.8 m) groundwater levels during the
autumn of 2011 compared to 1990. However, closer examination revealed that the GDE losses
were not only related to drying conditions: nearly one-third of GDE losses was due to land cover
changes and peri-urban developments.
Within the PIWI project, the period between 2006 and 2016 was considered a ‘recent period’,
which was used as a benchmark for the water allocation consideration. During this period, the
minimum annual groundwater level was declining at various rates, reaching more than 0.075
m/year at some locations. In such areas, a significant reduction in vegetation greenness appears to
occur around wetlands along Lake Road, the ‘Bush for Ever’ site at Elliott Road, and in the north of
the region. Reduction in vegetation greenness was mainly detected along the perimeters of
environmental assets. It is important to note that the 2016 autumn followed a particularly dry
year, and the observed changes may be related to short-term rather than decadal changes.
An immediate effect of an extremely dry year (2015) on the greenness and wetness of
environmental assets manifests largely in the reduction of wetness. The land cover greenness
within the mapped environmental assets is much less sensitive to extremely dry years. Vegetation
seems to effectively recover after a single year of drought.
The results of the carried-out analysis should be considered in the context of the following
constraints and limitations: i) the temporal irregularity and spatial resolution (30 m by 30 m) of
Landsat data may limit the accuracy of statistical analysis; and ii) some vegetation can be
Assessment of the historical changes in groundwater-dependent ecosystems (GDEs) in the Peel region based on remote sensing | ix

dependent on groundwater but may be sparse or partly cleared, and such areas will not be
characterised as GDEs.
As the Landsat data can be affected by cloud coverage, Landsat data availability for some seasons
is limited. This may have some effect on a comparative analysis between two dates or the
availability of Landsat images at the time of the lowest annual groundwater occurrence. The
agreement between index estimations based on Landsat 5 and Landsat 8 data requires further
validation, and their potential misalignment may lead to inaccurate assessment.
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1 Introduction
The Peel Integrated Water Initiative (PIWI) is a subprogram of the Transform Peel program that
focuses on diversifying the Peel economy, creating jobs, improving competitiveness, delivering
innovation and building resilience. PIWI’s overarching goal is to achieve sustainable food and
water supplies, and environmental and water quality outcomes through a truly integrated
approach to water management. Water availability is a critical factor for effective and sustainable
regional development; it underpins business development options and plays an important role in
the viability of capital investments. The strategic intent of PIWI is to support development of the
Nambeelup Business Park and the Peel Food Zone thus securing seasonally independent, climateresilient sources of water, whilst simultaneously reducing nutrient loads in water across the
region.
The PIWI involves several interdependent tasks, three of which have been undertaken by CSIRO
that aim for assessing the ecological water requirement, the water resource assessment, and the
superficial source enhancement.
This report contributes to the assessment of ecological water requirement by applying remote
sensing (RS) techniques to investigate historical changes of groundwater-dependent assets,
complementing the assessment of ecological water requirements for the PIWI, summarised in
Braimbridge et al. (2019). Such assessment aims to support the WA Department of Water and
Environmental Regulation (DWER) to arrive at better informed water allocation planning for the
PIWI region.
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2 Study region
The PIWI study region is located south of Perth and covers an area of 440 km2 (Figure 2-1). The
region is bounded by the Darling Scarp on the eastern side, the Serpentine River on the northern
and western sides, and by the South Dandalup River on the southern end. There are a number of
streams within the project area, some of which flow through the region from the hills’ catchments,
whereas others originate within the coastal plains (Figure 2-2).
The geomorphological units occurring within the study area include a small portion of the
Spearwood Dunes on the extreme western border, the Bassendean Dunes, the Pinjarra Plain and
the Forrestfield or Ridge Hill Shelf (Hall et al., 2010; GHD, 2010). The Spearwood Dunes is the
youngest unit and generally consists of deep siliceous yellow-to-pale Spearwood Sands underlain
by Tamala limestone (generally west of the current study area). The Bassendean Dunes unit
consists of low dunes and plains, frequently interspersed with wetlands and palusplains
(seasonally waterlogged flats). Soils generally consist of Bassendean Sands characterised as
leached grey siliceous sands, frequently with iron-organic coffee rock underlying sands in low,
waterlogged areas.
The Pinjarra Plain unit consists of low-lying, poorly drained areas on the eastern side of the coastal
plain. Soils are a mix of deep sandy grey duplex soils to brown shallow loamy duplex soils. There is
a trend of increasing clay content from west to east. The Forrestfield unit or Ridge Hill Shelf forms
the low foothills abutting the Darling Scarp on the eastern edge of the study area. Soils are
predominantly gravelly, yellow duplex soils with laterite (Marillier et al., 2012).
The vegetation complexes on the Darling Scarp are intact and a large proportion of their original
pre-European distribution is remaining. On the Swan Coastal Plain, extensive clearing has occurred
and most vegetation complexes (except the Herdsman vegetation complex) in this part of the
study area have less than 30% of their pre-European extent. The study area occurs in the
Drummond botanical subdistrict, which Beard (1981) has described as consisting mainly of Banksia
low woodland, with Melaleuca swamps and woodlands of Eucalyptus marginata and Corymbia
calophylla (and E. gomphocephala west of the current project area). On the eastern side of the
plain, the C. calophylla, E. marginata and E. wandoo woodlands that characterise the Guildford
and Forrestfield complexes are common. Onto the Darling Plateau east from the Darling Fault
indicated in Figure 2-3, forest of E. marginata and C. calophylla becomes the characteristic
vegetation type.
Among the environmental assets mapped in the PIWI region (Figure 2-3), approximately 2500
potentially groundwater-dependent features were identified in the region, including terrestrial
vegetation and extensive wetland areas, as well as 434 km of waterways (Braimbridge, et al.,
2019). Of the 42,377 ha within the project area, 8,178 ha were identified as potential
groundwater-dependent ecosystems (GDEs) (excluding waterways), with 2,983 ha of wetlands and
5,195 ha of terrestrial vegetation.
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Figure 2-1 The Peel Integrated Water Initiative (PIWI) region location
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Figure 2-2 Surface water network and the main streams catchments in the project area
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Figure 2-3 Environmental assets in the project area (dash line indicate the location of the Darling Fault)

Based on the undertaken risk assessment (Braimbridge et al., 2019), any additional groundwater
drawdown from current levels would pose an unacceptable risk to 68% of the wetlands, river
systems and riparian vegetation and to 34% of the waterways (Figure 2-4). However, this
assessment did not include the areas east from the Darling Fault due to data limitation.
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Figure 2-4 Maximum drawdown thresholds (in metres) for potential groundwater-dependent ecosystems
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The main groundwater system in the region, supporting identified environmental assets, is the
Superficial Aquifer. The Superficial Aquifer is not a formal stratigraphic unit but consists of
multiple Late Pleistocene and Holocene units. The individual stratigraphic units were deposited in
a wide range of environmental conditions, and therefore exhibit a wide range of lithologic and
hydraulic properties. The notable surficial materials in the PIWI study area are alluvial, colluvial,
lake deposits and estuarine sediments, Bassendean Sand and the Guildford Formation.
The Bassendean Sand (Playford and Low, 1972) consists of basal conglomerate overlain by quartz
sand. It is poorly sorted and is weakly iron oxide cemented near its base (coffee rock; Gozzard,
2007). It is of fluvial or estuarine origin and forms an aquifer with a high lateral hydraulic
conductivity that ranges from 5 to 50 m/day (Figure 2-5) (Rassam et al.,2019). The Bassendean
Sand interfingers with the Guildford Formation which appears mainly in the east of the study area.
The Guildford Formation consists of sands and clays of marine and estuarine origin and locally a
basal conglomerate. It has a lower lateral hydraulic conductivity that ranges from about 0.1 to 10
m/day, and in places can be considered an aquitard.
Groundwater in the Superficial Aquifer west from the Darling Fault is mostly shallow with average
minimum groundwater levels being less than 3 mBGL over 86% of the PIWI region (Figure 2-6).
Groundwater is deeper in the eastern part of the PIWI region, and under the dunes towards the
western part of the region. Seasonal fluctuations in groundwater levels are influenced by winter
rainfall, when groundwater levels rise; conversely, groundwater levels decline during the dry
season, when evaporative demand is at a maximum. Historically, during the wet seasons an excess
of seasonal rainfall over the soil infiltration capacity has led to waterlogging of large areas within
the PIWI region, which occurred in 70% of years. The minimum annual groundwater level declined
over the past decade and the downward trends were greatest in the southern and eastern part of
the region (Figure 2-7) (Barron et al., 2020).
There are no many observations on the groundwater and groundwater systems characterisation
east from the Darling Fault within the Peel region, which coincide with the Kari GMSA. However,
within the Darling Scarp groundwater is commonly hosted within regolith, or in-situ weathered
profile developed over the Archean granitoid formations. Regolith thickness may reach 60 m and
more. The ‘typical’ weathering profile consists of two major components, the saprolith and the
pedolith, distinguished by their fabrics (Anand and Paine, 2002). The base of the saprolith is the
boundary with fresh rock that forms the weathering front, formed by fractured bedrock known as
saprock and saprolite. The boundary between saprolith and pedolith is termed the
pedoplasmation front, commonly marked by clay layers, overlayed with lateritic duricrust and
gravel. Groundwater occurs in both components (Williamson et al., 1987; Schofield, 1988). The
upper system is an ephemeral perched aquifer within the upper sandy gravel pedolith. The lower
aquifer is permanent groundwater which located within the saprolith (Kinal and Stoneman, 2012).
The depth to which groundwater occurs is controlled by numerous factors including topography,
elevation, geology and the depth of the weathering front. Most of the groundwater occurs
between 30 m and 60 m below the surface on divides and upper slopes (Anand and Paine, 2002),
but discharges at the surface in playas. The east areas of the Peel region are likely to be associated
with such discharge zone, where vegetation may access to shallow groundwater, saturated clays
or/and the deeper groundwater stored in saprolith.
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Figure 2-5 Hydraulic properties of the top 5 m of the Superficial Formation (Rassam et al., 2019)
K – hydraulic conductivity

Based on limited available data (WIR database), depth to groundwater in the areas east from
Darling fault ranges is relatively shallow. Out of nearly 100 bores located in this region 89%
records indicated the depth to groundwater less than 10 mBGL (39% - less than 3 m BGL).
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Figure 2-6 Depth to a minimum annual groundwater level (or a maximum depth to water table) (courtesy of the WA
Department of Water and Environmental Regulation)
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Figure 2-7 Trend in the minimum groundwater levels over the last decade to 2016 (in m/year), estimated for all
available monitoring bores (Barron et al., 2020)
GMSA – groundwater management subarea
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The Superficial Aquifer fragments into many local flow systems rather than one large system,
controlled by topography and hydraulic conductivity of the sediments (Figure 2-8) (Rassam et al.,
2019).
Groundwater in the study area is currently used for agricultural activities (such as irrigation,
horticulture, turf production and livestock) as well as the extractive industry (particularly sand
mining). Seven groundwater management subareas (GMSAs) are either fully or partially located
within the PIWI study area (Figure 2-9). Groundwater use has increased over the past decades,
and in 2016 some 6.8 GL were estimated as used from the Superficial Aquifer (6.3 GL in the PIWI
study area).

Figure 2-8 Conceptual groundwater systems in the Superficial Aquifer (Rassam et al., 2019)
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Figure 2-9 Groundwater management subareas (GMSAs) and groundwater allocations from the Superficial and
Leederville aquifer in 2017 (courtesy of the WA Department of Water and Environmental Regulation)
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3 Data and methods
3.1 Data
All available cloud-free Landsat Thematic Mapper (TM) 5 and Landsat 8 data (30 m by 30 m cell
size) covering the extent of 112/083 Landsat scenes were downloaded from GloVis (the USGS
Global Visualization Viewer of remote sensing data, http://glovis.usgs.gov/) for the period
between 1986 and 2017 (in total, over 164 dates). The geometrically rectified and terraincorrected data were radiometrically calibrated at top of atmosphere (TOA) and converted to a
multi-date stack for further analysis.

09/2017

09/2015

09/2013

09/2011

09/2009

09/2007

09/2005

09/2003

09/2001

09/1999

09/1997

09/1995

09/1993

09/1991

09/1989

09/1987

In this report, this subset is referred to as a ‘Landsat data cube’ and illustrated in Figure 3-1. A
subset covering the study area was then extracted from this data cube.

Figure 3-1 Schematic of the Landsat data cube and the dates of Landsat imagery acquisition for 112/83 (164 images
in total)

The gaps in data were due to a malfunctioning of Landsat 5 between 1999 and 2003 and post2011, until the Landsat platform was replaced with Landsat 8 in 2013. Landsat 8's Operational
Land Imager (OLI) collects data from nine spectral bands, seven of which are consistent with the
TM sensors found on earlier Landsat satellites. Table 3-1 shows the wavelengths of both
platforms’ bands, which were used for index calculations.
Importantly, it was detected that in areas with particularly high Normalised Difference Vegetation
Index (NDVI) values, Landsat 8 data may produce higher values than Landsat 5 data. To avoid
misinterpretation of the results, NDVI images were normalised to the MODIS NDVI values (MODIS
data were available for the period 2001 to 2016). Only such normalised NDVI data was used for
analysis across the data gap (2011–2013).
For comparative analysis, the results of the environmental assets analysis of Braimbridge et al.
(2019) was also used in this study.
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Table 3-1 Comparison of the wavelengths for two Landsat sensors, used for calculation of indices
LANDSAT 5

LANDSAT 8

Band

Wavelength
(micrometres)

Band

Wavelength
(micrometres)

Band 3

0.63–0.69

Band 4 – red

0.64–0.67

Band 4

0.76–0.90

Band 5 – NIR

0.85–0.88

Band 5

1.55–1.75

Band 6 – SWIR 1

1.57–1.65

NIR – near infrared; SWIR – short-wave infrared

3.1.1 Landsat imagery quality control
The image quality control process included examination of features of cloud coverage to exclude
cloud-contaminated imagery from analysis. This procedure was undertaken using the GloVis
viewing facilities and attached information about maximum cloud percentage over the selected
Landsat scene. The GloVis cloud percentage filter facility allowed automatic selection of cloud-free
images (0% cloud coverage). The partially cloud-contaminated imagery (below 20%) was visually
assessed to investigate whether the particular area of interest was cloud free and, therefore,
suitable for analysis.

3.1.2 Multispectral indices
Quantitative assessment of greenness and wetness used stacks of NDVI and Normalised Difference
Water Index (NDWI) grids derived from the Landsat data cube, respectively. NDVI is used for
indirect evaluation of vegetation greenness (Townshend and Justice, 1986; Tucker, 1986). NDVI
allows assessment of density and vigour of green areas on the surface and is estimated as
𝑁𝐷𝑉𝐼 = (𝜌𝑁 − 𝜌𝑅 )⁄(𝜌𝑁 + 𝜌𝑅 )

(1)

where 𝜌𝑁 is the reflectance in the near-infrared band (Landsat 5 - Band 4; Landsat 8 - Band 5) and
𝜌𝑅 is the reflectance in the red-visible band (Landsat 5 - Band 3; Landsat 8 - Band 4).
The NDWI was proposed by Gao (1996) to evaluate vegetation liquid water. This index is estimated
as
𝑁𝐷𝑊𝐼 = (𝜌𝑁 − 𝜌𝑆 )⁄(𝜌𝑁 + 𝜌𝑆 )

(2)

where 𝜌𝑆 is reflectance in the short-wave infrared (SWIR) band (Landsat TM 5 Band 5; Landsat 8
Band 6). NDWI is less sensitive to atmospheric scattering effects than NDVI and provides
additional and independent information about vegetation water content (Gao, 1996).
Higher NDVI and NDWI values represents higher vegetation greenness or surface wetness/moister
(soil or vegetation).

14 | CSIRO Australia’s National Science Agency

3.2 Mapping groundwater-dependent environmental assets and change
detection
The specifics of GDE ecohydrological conditions result in their distinct signatures in RS surface
reflectance images, which differ spatially and/or temporally from the surrounding areas. RS
provides rapid and spatially extensive techniques for the assessment of vegetation structure and
function, and it can also provide insights into relationships between these and climate variables
(Eamus et al., 2015). In arid environments, distinct GDE signatures are manifested in plant density,
greenness or specific spatial arrangement, given that plant density associated with leaf area index
is positively correlated with water availability (Glenn et al., 2008).
RS reflectance data allow analysis of ‘active greenness’ provided by NDVI time series (Donohue et
al., 2009; Donohue et al., 2008; Sobrino et al., 2006; Sobrino and Raissouni, 2000; Townshend and
Justice, 1986; Tucker, 1986; Tucker et al., 1991; Wallace et al., 2006).
RS time series data are well suited for exploration of differences in the phenology, or cyclical
growth rate, of terrestrial vegetation with and without access to groundwater by using time series
of NDVI and NDWI as indicators of vegetation greenness and wetness patterns over time,
respectively (Barron et al., 2014; Bradley and Mustard, 2008).
Considering the specifics of the Peel ecohydrological conditions and utilising RS techniques for
their analysis, the following assumptions/hypotheses related to groundwater-dependent
vegetation (GDV) and wetlands were adopted:
•

Vegetation communities are well adapted to the temporal variability of the water regime
(seasonal, annual and decadal). Established plants are known to be tens or more years old
and have been exposed to wetter and drier decades during their lifespan. Therefore, it is
likely that their persistence should be identified in RS data through time and across the
landscape and changes in vegetation communities will be reflected in temporal patterns in
RS data.

•

Different species are likely to have varying degrees of groundwater dependency. The
habitats associated with some species are most often used as indicators of groundwater
dependency (e.g. Melalueca argentea). Other species may indicate more episodic access to
groundwater (e.g. Banksia).

•

Greater availability of water to plants (such as consistent access to groundwater) is likely to
result in a greater density of plants, greater leaf area and/or greater canopy size.
Therefore, areas with persistently high greenness and wetness indices indicate the high
likelihood of GDV occurrence.

•

A constant presence of water at the surface is most likely indicative of groundwater
discharge, as rainfall and streamflow are seasonal in the region.

•

GDV still experiences seasonal variability in leaf area or canopy size due to the impact of
high temperatures during the dry period. However, such variability is smaller compared to
other areas where vegetation does not have access to groundwater.

•

Annual plants opportunistically respond to rainfall and, therefore, influence the seasonal
RS signature, which exhibits as high seasonal variation in those RS indices that characterise
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vegetation temporal dynamics. The effect of annual vegetation phenology may also have
some effect on the greenness variability of areas dominated by trees.
•

The seasonal response of vegetation to climatic stresses, as measured by RS indices, where
clay-rich soil occurs, may be similar to that of vegetation which may have access to
groundwater.

Known locations of key vegetation species and wetlands were used to explore temporal variation
of RS multispectral indices. This information was further used to interpret (infer) land cover as
GDEs in other areas where such knowledge was not available. The results were validated utilising a
database of actual GDE locations. However, considering the shallow occurrence of groundwater
(see Figure 2-6), it is safe to assume that most of the native vegetation in the PIWI region has
access to groundwater during the dry season.
Several methods were used to map land cover associated with GDV and other environmental
assets (e.g. wetland), cumulatively referred to as GDEs, and are described below.

3.2.1 NDVI-NDWI exceedance
Following the definition of GDEs and the methodology’s concept (described above), it was
assumed that there is a high likelihood for GDE occurrence at locations where greenness and/or
wetness of surface vegetation are persistently high during the considered periods (Barron and
Emelyanova, 2015). Persistence of greenness and wetness at a particular location was estimated
as the ratio
𝑃 = 1⁄𝑁 ∑𝑁
𝑖=1 𝑈𝑖 (𝐼)

(3)

1 𝑖𝑓 𝐼 ≥ 𝑇
is the
0 𝑖𝑓 𝐼 < 𝑇
indicator function of a multispectral index value 𝐼 of NDVI or NDWI to be greater than a
preliminary established threshold TNDVI or TNDWI.
where N is the number of dates selected for analysis, 𝑖 = 1, … , 𝑁, and 𝑈𝑖 (𝐼) = {

Several T thresholds for estimating persistence were determined using the results of the available
vegetation survey at selected locations and associated NDVI/NDWI values. Combined with RS
analysis these results were used to explore the temporal greenness dynamics of the Banksia
woodlands and Melaleuca swamps, as well as the Corymbia calophylla, Eucalyptus marginata and
E. wandoo woodlands along the Darling Scarp.
The resulting thresholds (T) were identified:
•

NDVI threshold values 0.4, 0.5 and 0.6, with higher value representing vegetation greater
greenness;

•

NDWI threshold values 0.05, 0.1 and 0.2 (NDWI > 0 indicates wet condition and high NDWI
values suggest open water).

The thresholds were discussed in Barron at al., (2014).
This method was applied for GDEs mapping in the Pilbara Water Resource Assessment (PWRA)
projects (Barron and Emelyanova, 2015a,
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www.csiro.au/en/Research/LWF/Areas/Water/Assessing-water-resources/Pilbara/Publications)
and more specifically for Rio Tinto and Roy Hill mining companies (Barron and Emelyanova,
2015b, Barron et al., 2017).

3.2.2 Clustering methods
The process of detecting GDE change was based on the Groundwater-dependent Ecosystem
Mapping (GEM) method described in Barron et al. (2014). The proposed GEM method was initially
developed to define potential GDEs by vegetation and moisture response as measured at the
surface over a period of prolonged drying. The assumption was made that due to limited
precipitation over a dry period, soil moisture stores would be depleted, and the areas that
maintain a constant amount of green vegetation (greenness) and high level of moisture (wetness)
were likely to have access to groundwater. The method aims for identification of the following
land cover classes (LCs).
•

Land cover class 1 (LC1): areas where vegetation access to water is mapped as potential
GDEs (not drying vegetation, Figure 3-2).

•

Land cover class 2 (LC2): areas where vegetation access to water is diminishing and are
likely to show some level of reduction in greenness and wetness after a dry period; in the
absence of precipitation, these areas are also potential GDEs, where reduction in water
access is due to annual water table subsidence or reduction in groundwater contribution to
baseflow (slow drying vegetation, Figure 3-2).

•

Land cover class 3 (LC3): areas where the root zone is often disconnected from
groundwater, where greenness and wetness measured at the surface can be dramatically
reduced at the end of a prolonged drying period due to the complete depletion of soil
moisture stores; these areas are not considered as potential GDEs (fast drying vegetation,
Figure 3-2).

•

Land cover class 4 (LC4): areas that exhibit no or low variation in water content and
greenness (as was the case for the first land cover class), but where wetness is consistently
high and greenness is consistently low over the dry season are identified as permanent
open water bodies. This may suggest that groundwater discharge to these water bodies is
possible, and these areas are GDEs (water, Figure 3-2).

•

Land cover class 5 (LC5): areas that exhibit invariant but low greenness are not expected to
be associated with GDEs; these areas are classified as ‘Non-GDE’ related (sparse/no
vegetation, Figure 3-2).

The GEM method applies an unsupervised classification technique, such as ISODATA (Ball and Hall,
1967), to delineate regions of similar land cover changes by clustering bi-temporal NDVI, NDWI or
both datasets over the selected period. Then, the cluster mean values can be further explored to
determine changes in land cover classes.
The method was applied to pairs of dry seasons Landsat images (
Table 3-2) which were selected based on rainfall during the preceding wet season and RS data
availability.

Assessment of the historical changes in groundwater-dependent ecosystems (GDEs) in the Peel region based on remote sensing | 17

•

1989–1990 – rainfall 93% of long-term average rainfall during the preceding wet season;
prior to the late dry period (post-2000)

•

2010–2011 – rainfall 60% of long-term average rainfall during the preceding wet season
(the driest year in the considered period from 1961–present)

•

1996, 2006, 2014 and 2017 – rainfall close to long-term average during the preceding years
(1995 - 103%; 2005 - 111%; 2013 - 97% and 2016 - 96% of long-term average)

•

2016 – rainfall 71% of long-term average during the preceding year (2015).
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Figure 3-2 Land cover classification: the centroid scatterplots for NDVI and NDWI (Barron et al., 2014)

Table 3-2 Landsat scenes used for GEM analysis
CASE

DATE 1

DATE 2

GDE delineation

05/11/1989

29/03/1990

15/11/2010

23/03/2011

26/02/1996

09/03/2006

09/03/2006

20/03/2016

15/03/2014

20/03/2016

20/03/2016

7/03/2017

15/03/2014

7/03/2017

Decadal change detection

Effect of dry year

GEM – groundwater-dependent ecosystem mapping; GDE – groundwater-dependent ecosystem

3.2.3 Principal component analysis
Principal component analysis (PCA) was used to map areas of GDV occurrence. GDV is
characterised by a consistently higher level of greenness across long-term (multi-year) periods in
comparison with other types of vegetation with seasonal access to water (e.g. annual pasture).
Therefore, a multi-date NDVI dataset contains information about greenness dynamics over the
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study period. Extraction of such information was achieved by the application of PCA to the multidate NDVI dataset. PCA is a statistical procedure which highlights similarities and differences in
multivariate data by transforming dependent variables into mutually uncorrelated principal
components. This well-established method has been used in RS image processing, and a
comprehensive review of such use is presented by Jolliffe (2002).
PCA was applied to a multi-date image stack of all NDVI grids derived from Landsat imagery over
the period 1986–2018 for distinguishing between dynamic and invariant land cover regions. This
approach allows transformation of the image stack into a new stack of principal component (PC)
grids so that the lower order PCs represent the most correlated information between image dates
(Canty, 2010; Lunetta and Elvidge, 1998; Richards, 1993). In other words, lower order PCs indicate
temporally invariant regions of the landscape, while higher order PCs indicate land cover changes.
Based on the assumption that areas of invariantly high NDVI values are associated with vegetation
with relatively continuing access to surface and/or groundwater, it was hypothesised that those
areas can be delineated from the first PC (noted as PC1) of such a multi-date NDVI dataset.
To delineate spatial extents of invariantly high NDVI values from PC1 grids, a thresholding method
is required to segment uniform regions of predominantly high PC1 values (Alaibakhsh et al.,
2017a; (Alaibakhsh et al., 2017b). A statistical technique based on percentiles (Helsel and Hirsch,
1992) was adopted for this analysis. Using available ground-truth information, the 85th percentile
was identified as a threshold for segmenting areas of consistently high PC1 NDVI values. These
were grouped into three classes of 85th, 90th and 95th percentiles to distinguish various ranks of
increasing greenness of the segmented vegetation.
This method was applied for riparian vegetation mapping in the Pilbara Water Resource
Assessment (PWRA) projects (Barron and Emelyanova, 2015a,
www.csiro.au/en/Research/LWF/Areas/Water/Assessing-water-resources/Pilbara/Publications),
more specifically for Rio Tinto and Roy Hill mining companies (Barron and Emelyanova, 2015b,
Barron et al., 2017) and within the Northern Australia Water Resource Assessment project (Sims et
al., 2016, https://publications.csiro.au/rpr/download?pid=csiro:EP186706&dsid=DS2).

3.2.4 NDVI-NDWI linear regression
The relationship between NDVI and NDWI (as a time series) at individual locations in the Peel
region is closely related, however, the characteristics of such relationships vary for different land
cover classes.
A linear regression between NDVI and NDWI can be characterised by intercept (𝑏) and slope (𝑎) in
the equation (Figure 3-3):
𝑁𝐷𝑉𝐼 = 𝑎𝑁𝐷𝑊𝐼 + 𝑏

High values of slopes (𝑎) indicate that changes in NDWI (wetness) are associated with greater
changes in NDVI (greenness); while lower slope values suggest minimal changes in NDVI for the
observed NDWI range. On the other hand, high intercepts (𝑏) are likely to be related to greener
land cover when NDWI transitions from positive values (wet) to negative values (dry).
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Based on previous research (Andersen et al., 2016, Barron and Emelyanova, 2015b, Barron et al.,
2017) it was observed that:
•

the area covered by vegetation with a consistent access to groundwater or permanent
surface water is likely to be characterised by high intercept (high NDVI at NDWI=0) and low
slope values (minimal changes in NDVI for the observed NDWI range), such as scatterplot
on Figure 3-3, shown in orange;

•

high intercept (high NDVI at NDWI=0) and high slope values are likely to be related to the
areas where vegetation greenness has a greater sensitivity to changes in wetness, such as
scatterplot on Figure 3-3, shown in grey.

A spatial distribution of intercepts and slopes estimated by the linear regression between NDVI
and NDWI at each of the Landsat pixels allows particular land cover classes to be identified with
particular combinations of intercept (𝑏) and slope (𝑎).
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Figure 3-3 Scatter plots of NDVI and NDWI extracted for individual Landsat pixels
NDVI – Normalised Difference Vegetation Index; NDWI – Normalised Difference Water Index
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3.3 Change detection
A number of methods could be used to detect changes in land cover deploying RS data. They can
be loosely grouped in three categories:
•

detection of changes using an entire data cube of available RS data, such as the PCA
method (described above)

•

detection of changes between two defined dates, which can be based on the GEM method
(described above) or Multivariate Alteration Detection (Alaibakhsh et.al., 2015)

•

detecting changes in newly acquired data when compared to baseline conditions.

For this project PCA and GEM methods were used.

3.3.1 Change detection using PCA
As PCA is a statistical procedure which, in addition to similarities, also highlights differences in
multivariate data, a high number of principle components were explored to identify the areas
where changes occur. Only 5th and 95th percentiles of the PCs’ values were used to map the areas
with more significant changes. Two NDVI data cubes were used to derive PCs: over the entire
observation period to account for long-term changes; and post-2013 (using Landsat 8 only) to
capture the most recent changes.

3.3.2 Change detection using GEM
The GEM method was used for analyses of the historical variability of land cover classes in the
PIWI region within the area covered by the identified environmental assets (see Figure 2-3). These
were related to decadal changes and to changes associated with the extremely dry years (see
Table 3-2).
1. Decadal change
a. A comparative analysis of the GDE delineation was done as described in Section
3.2.2.
b. Changes in the land cover greenness (NDVI) were investigated for two 10-year
periods, namely, 1996 to 2006 and 2006 to 2016. The latter was selected to explore
recent change. Landsat data for this analysis were acquired in late summer or
autumn.
2. Change associated with extremely dry years
a. GEM was applied to 2014 and 2016, to explore the effect of a particularly dry year
2015 (70% of the long-term average rainfall or 10th percentile).
b. GEM was applied to 2016–2017, to explore whether an average rainfall year (96%
of the long-term average rainfall or 50th percentile), which follows an extremely
dry year, leads to greenness and wetness recovery.
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c. GEM was applied to 2014–2017, to explore whether the effect of an extremely dry
year is noticeable when the year preceding and the year following the dry one are
considered.

3.3.3 NDVI clusterisation
An NDVI clusterisation method was used to map areas with land cover classes with statistically
similar NDVI dynamics. A multi-date NDVI dataset contains information about greenness variability
over the study area and study period. Extraction of such information was achieved by the
application of unsupervised classification technique, ISODATA (Ball and Hall, 1967), to the multidate NDVI dataset. The results include several land cover classes with similar historical NDVI
dynamics.
In this project the method was applied to a multi-date image stack of all NDVI grids derived from
Landsat imagery over the period 1986–2016.

3.4 Uncertainties and limitations
The temporal irregularity of Landsat data may limit the accuracy of statistical analysis. There is also
a limitation related to the spatial resolution of Landsat imagery (30 m by 30 m).
The results of the carried-out analysis should be considered in the context of the following
constraints and limitations:
•

The temporal irregularity and spatial resolution (30 m by 30 m) of the Landsat data may
limit the accuracy of statistical analysis.

•

The mapped environmental assets can also cover the areas where vegetation may be
sparse or partly cleared. Also, native vegetation may be found outside the mapped area.

•

As a result, the outcome of the RS data analysis may indicate false positive identification of
GDEs (e.g. native vegetation outside of the mapped environmental assets) or false negative
identification (e.g. absence of native vegetation within some part of the mapped
environmental assets). False positive identification of GDEs could be associated with
irrigated areas, where vegetation has access to water (i.e. access to irrigation, but not
access to groundwater), or man-made dams.

•

Landsat data can be affected by cloud coverage, data availability for some seasons is
limited. This may have some effect on a comparative analysis between two dates.

•

The agreement between indices estimation based on Landsat 5 (older) and Landsat 8
(newer) data has been addressed using an alternative, continuous but coarser, data set
(MODIS). This agreement may benefit from further investigation to ensure that, some
minor misalignments between these two data sets does not lead to inaccurate assessment
when two datasets are compared.
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4 Mapping environmental assets
4.1 Native vegetation
Native vegetation delineated within the PIWI study area by high PC1 values is shown in Figure 4-1.
Most of the identified areas are situated along the Darling Scarp, river channels, wetlands and
dunes. This area appears to be greater than shown on the DAFWA Native Vegetation Extent map
(in Figure 2-3). The comparative analysis of the mapped environmental assets area (DAFWA data)
and the results of PC1 NDVI analysis indicates that:
•

the areas identified as covered by remnant vegetation is 32% greater than the area
mapped as native vegetation by DAFWA

•

not all the area, mapped as native vegetation by DAFWA, is covered by remnant
vegetation, as the carried-out analysis shown that 28% area does not have PC1 values
indicative of native vegetation

•

4% of the delineated remnant vegetation area locates outside the mapped native
vegetation (DARWA data) (however, some false positives may be related to limited
irrigation areas).

Similar results were derived from the NDVI and NDWI exceedance analysis.
Figure 4-2 and Figure 4-4 illustrate the extent of areas where NDVI and NDWI in the PIWI region
are persistently high, exceeding thresholds for more than 80% for dates when Landsat data were
available. The same data, but only shown within the area of the mapped environmental assets (as
in Figure 2-3) are presented in Figure 4-3 and Figure 4-5.
Based on the application of this method elsewhere (Barron and Emelyanova, 2015), the warmer
colour (all shades of red) in Figure 4-2 and Figure 4-3 shows the higher likelihood of GDE
occurrence. However, in the PIWI region where groundwater is shallow (see Figure 2-6), all deeprooted vegetation is likely to have access to water sources during the dry seasons, and exceedance
over a greater threshold value is likely to be controlled by the vegetation type and vegetation leaf
indices. It was found that
•

exceedance over a greater threshold is related to areas
o along the Darling Scarp east from the Darling Fault, where the Corymbia calophylla,
Eucalyptus marginata and E. wandoo woodlands occur. This vegetation us likely to
have access to water discharging from the regolith and water stored in clay-rich soil
profile;
o close to the water features (Melaleuca swamps); which often coincide with areas
where water presence is likely to be consistent (darker blue colours in Figure 4-4
and Figure 4-5). This vegetation is dependent on shallow groundwater within the
Superficial Aquifer on the top of the Perth Basin groundwater system;

•

exceedance over a lower threshold is associated with Banksia woodlands.
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The results also indicate that in the PIWI region some presence of water (or damp areas) occurs
along some reaches of Dirk Brook, Nambeelup Brook and the North Dandalup River and along the
foothills of the Darling Scarp (Figure 4-4 and Figure 4-5). The majority of the mapped
geomorphologic wetlands have not been persistently inundated. Only 13% of the area, mapped as
geomorphologic wetlands, is persistently damp/wet.

Figure 4-1 Remnant vegetation, identified by the high PC1 values (greater than 85th percentile)

24 | CSIRO Australia’s National Science Agency

Figure 4-2 The likelihood of groundwater-dependent vegetation presence: NDVI exceedance
GDE – groundwater-dependent ecosystem; NDVI – Normalised Difference Vegetation Index
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Figure 4-3 The likelihood of groundwater-dependent vegetation presence (within the mapped environmental
assets): NDVI exceedance
GDE – groundwater-dependent ecosystem; NDVI – Normalised Difference Vegetation Index
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Figure 4-4 The likelihood of water presence: NDWI exceedance
GDE – groundwater-dependent ecosystem; NDWI – Normalised Difference Water Index
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Figure 4-5 The likelihood of water presence (within the mapped environmental assets): NDWI exceedance
GDE – groundwater-dependent ecosystem; NDWI – Normalised Difference Water Index
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4.2 Seasonal variability
Sensitivity of vegetation to seasonal changes in wetness can be used to infer some ecohydrological
characteristics of the vegetation: groundwater or surface water dependent. This can be explored
analysing slopes and intercepts of linear regression between NDVI and NDWI. A spatial distribution
of intercepts and slopes estimated by the linear regression between NDVI and NDWI at each of the
Landsat pixels within the mapped environmental assets are shown in Figure 4-6 and Figure 4-7.
The intercept values (Figure 4-6) are higher within the areas largely associated with remanent
vegetation (see Figure 2-3, Figure 4-1 and Figure 4-3).
However, the slope values vary in those areas (Figure 4-7). The low slope values (shown in green)
are seen in those areas that are likely to have vegetation with a consistent assess to water (e.g.
groundwater) and indicate where changes in NDWI, which is measured at the surface, do not
significantly affect NDVI values. The high slope values (shown in red) indicate a high level of
vegetation greenness dependency on changes in wetness, and hence are likely to be related to the
areas where vegetation has a regular access to surface water (e.g. frequent inundation).
Application of iso-cluster methods to the spatial distribution of slope (Figure 4-6) and intercept
(Figure 4-7) of linear regression between NDVI and NDWI allows a combined consideration of this
attribute. The resulted iso-classes are shown in Figure 4-8 and Figure 4-9.
A scatterplot of intercepts and slopes (Figure 4-9) indicates the land cover classes with
•

high intercept (>0.37) and low slope (<0.50) (likely GDEs: classes 2, 3, 5 and potentially 7)

•

medium intercept (0.33–0.34) and medium slope (<0.60–0.62) (sparse green vegetation:
classes 8 and 11)

•

high intercept (>0.37) and particularly high slope (>0.5) (seasonally green vegetation:
classes 10, 12 and 14)

•

medium intercept (>0.30) and high slope (>0.65) (seasonally green vegetation: classes 13,
15, 16, 17, 18, 19 and 20)

•

low intercept (<0.30) and slopes <0.6 (sparse seasonal vegetation or unvegetated areas
classes 4, 6 and 9).
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Figure 4-6 The area of mapped environmental assets and spatial variation of intercepts estimated by the linear
regression between NDVI and NDWI at each Landsat pixel
Negative intercept values are commonly associated with water or non-vegetated areas (e.g. some dunes).
NDVI – Normalised Difference Vegetation Index; NDWI – Normalised Difference Water Index
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Figure 4-7 The area of mapped environmental assets and spatial variation of slopes estimated by the linear
regression between NDVI and NDWI at each Landsat pixel
High values of slope (warmer colours) indicate greater dependency of vegetation on seasonal access to water (e.g. streamflow or
inundation).
NDVI – Normalised Difference Vegetation Index; NDWI – Normalised Difference Water Index
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Figure 4-8 The result of iso-cluster analysis of intercepts (Figure 4-6) and slopes (Figure 4-7) (both estimated by the
linear regression between NDVI and NDWI at each Landsat pixel); the centriod values of intercepts and slopes for
each class is given in Figure 4-9
NDVI – Normalised Difference Vegetation Index; NDWI – Normalised Difference Water Index
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Figure 4-9 Relationship between centroids of intercepts and slopes for land cover classes shown in Figure 4-8
The likelihood of vegetation dependency on groundwater increases with an increase in intercept values and a reduction in slope
values (indicated by the ovals). The high intercepts’ values (indicated by the triangle) are likely to be related to the area of regular
inundation.

Figure 4-10 shows the interpretation of the combined intercept/slope analysis for the area,
mapped as environmental assets:
•

About 56% of this area is covered by various types of native vegetation with likely
continuous or partial access to groundwater, e.g. the class ‘Native3’ is likely to be related
to particularly sparse vegetation cover, which can be related to groundwater availability
that is limited or reduced over time.

•

About 39% the area, mapped as environmental assets, is covered by perennials. This
includes land cover in locations prone to seasonal waterlogging, which comprises 13% of
the area mapped as the environmental assets.

•

The remaining 6% is comprised of unvegetated area (2%) and sparse perennials (4%).
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Figure 4-10 Distribution of land cover classes within the area, mapped as environmental assets: Native – four
classes of likely deep-rooted vegetation; and Seasonal – various perennials, including in areas of seasonally
inundated land
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4.3

Land cover classes

Based on the multi-date NDVI clusterisation, four significant land cover classes were identified in
the PIWI region (Figure 4-11):
1. Land cover associated with persistently green vegetation. This includes remnant vegetation
along the hills, within isolated areas in the centre and on the dunes in the east. In addition,
dense green vegetation occurs in the low-laying areas associated with wetlands and
streamlines.
2. Land cover associated with newly established green areas: irrigated land, revegetated
areas (central west) and established plants along the roads and fences.
3. Land cover associated with cleared land. This area is commonly covered by perennial
grassland of two types: occurring either in seasonally inundated areas (3a) or outside
inundated areas (3b).
4. Land cover free of vegetation: unvegetated dunes, development sites or open water.
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Figure 4-11 Land cover classes in the PIWI region
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5 Detecting changes in land cover within the extent
of the mapped environmental assets
5.1 Changes over the observation period (1986 to 2017)
The land cover changes at various intensity was identified using PCA (5th and 95th percentiles of
PC5, PC6, PC7, PC8 and PC9) for the entire observation period to account for the long-term
changes and post-2013 (using Landsat 8 only) to capture the most recent changes.
The results are shown in Figure 5-1, which indicate that the majority of the PIWI area has
experienced some changes since 1986 (Figure 5-1a) and recently (Figure 5-1b). Figure 5-1c
illustrates the combined representation of land cover changes, while Figure 5-1d further shows
the identified changes within the mapped environmental assets.
It appears that changes occurred within all mapped environmental assets. However, this approach
does not allow for defining what types of changes occurred: negative (e.g. losses of GDEs) or
positive (GDE expansion). To attribute the changes, further analyses were undertaken using the
GEM method.

5.2 GDE delineation in 1989–1990 and 2010–2011
All previously reported results were derived from analysis of the entire Landsat data cube. More
details can be derived from comparative analysis of the land cover between specifies dates.
However, such analysis may be affected by Landsat data availability and climatic conditions
immediately prior to the Landsat data acquisition (e.g. rainfall or fire prior to the date of
acquisition). Figure 5-2 and Figure 5-3 present iso-clustering results for 1989-1990 and 2010-2011,
respectively, used to attribute the GDE delineations maps for these periods (Figure 5-4 to Figure
5-6).
GDE delineation in 1989–1990
As a baseline of GDE occurrence in the PIWI region, the land cover classes associated with
potential GDEs (Figure 5-2) were mapped for summer 1989–1990, as shown in Figure 5-4. The
annual rainfall in 1989 was close to the median rainfall (9% greater) for the period from 1960 to
the present (the period adopted for the analysis in the PIWI project).
Comparative analysis of the mapped environmental assets area (as shown in Figure 2-3) and the
results of the GDE delineation, based on the GEM method (Figure 5-4), show that in 1989–1990:
•

potential GDEs occurred within 54% of the area, mapped as the environmental assets

•

30% of the mapped environmental assets were not be associated with GDEs (some
wetland basins or palasplains) which indicates that these assets are likely to be
groundwater dependent but rather experience seasonal inundated

•

16% of the delineated GDEs are located outside of the mapped environmental assets
(however, some false positives may be related to limited irrigation areas).
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a)

b)

c)

d)

Figure 5-1 Change detection, using higher order principal components (5th and 95th percentiles of PC5, PC6, PC7,
PC8 and PC9): a) entire NDVI datacube; b) NDVI datacube post-2013 (Landsat 8); c) combined a) and b); and d) as c)
within the mapped environmental assets
NDVI – Normalised Difference Vegetation Index

38 | CSIRO Australia’s National Science Agency

0.4

0.80
LC2

LC1

LC2

No GDEs

No GDEs

NDWI end of dry season

NDVI end of dry season

LC1
0.60

0.40

0.20

0.2

0
-0.20

0.00

0.20

0.40

0.60

-0.2

0.00

-0.4
0.00

0.20

0.40

0.60

0.80

NDVI end of wet season

NDWI end of wet season

Figure 5-2 Iso-clustering results (1989–1990): LC1 – consistent access to groundwater; LC2 – diminishing access to
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Figure 5-4 Potential GDEs (1990): LC1 – consistent access to groundwater; LC2 – diminishing access to groundwater
(also on Figure 5-2)
GDE – groundwater-dependent ecosystem
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Figure 5-5 Potential GDEs within the identified boundaries of mapped environmental assets (1990): LC1 – consistent
access to groundwater; LC2 – diminishing access to groundwater (also on Figure 5-2)
GDE – groundwater-dependent ecosystem
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The results also indicate that in the PIWI region a land cover class 5 (permanent open water
bodies) was absent. Such areas commonly exhibit no or low variation in water content and
greenness, where wetness is consistently high, and greenness is consistently low over the dry
season. However, the presence of water (or damp areas) during the dry season is likely to exist
(see Figure 4-4 and Figure 4-5), but it is either covered by remanent vegetation (and hence was
not mapped as ‘open water’) or this class delineation is limited by the spatial Landsat resolution
(30 m by 30 m).
GDE delineation in 2010–2011
A similar analysis was carried out for 2010–2011. As the driest year on the record, the rainfall in
2010 was only 505 mm (or 64% of median rainfall over the observation period). The results
indicated that LC2 (the area with diminishing access to groundwater) was largely absent during
summer 2010–2011 (Figure 5-6 and Figure 5-3). Some iso-classes in the LC1 group showed a slight
decline in greenness (<8%) over the dry season (Figure 5-3), but due to its small magnitude, these
classes were marked as LC1a.
Changes in GDEs between 1990 and 2011
The land cover classes, mapped for 1989–1990 (Figure 5-4 and Figure 5-5) and 2010–2011 (Figure
5-6) were compared, aiming to map changes occurring during the 20-year period. Figure 5-7 shows
the results, indicating that:
•

65% of GDEs identified in 1989–1990 remained unchanged, including 45% which showed
some sensitivity to drying conditions

•

10% and 16% of LC1 and LC2 identified in 1989–1990, respectively, appeared to be lost

•

8% were newly established GDEs.

The main change in ecohydrological conditions between 1990 and 2011 was lower groundwater
levels. The comparison of groundwater level observations in monitoring bores with long-term
records showed that median change in the groundwater level was 0.8 m. This is illustrated for one
such bore in Figure 5-8.
However, closer examination revealed that GDE losses were not only related to drying conditions
but also to changes in land use, resulting from land clearance and peri-urban developments. Such
changes appear to have an impact on environmental assets. It was estimated that at least 4% of
LC1 and 4% of LC2 were lost due to land cover changes.
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Figure 5-6 Potential GDEs within the identified boundaries of mapped environmental assets (2011): LC1 – consistent
access to groundwater; LC1a – consistent access to groundwater with slight reduction in NDVI (<8%) (see Figure 5-3)
GDE – groundwater-dependent ecosystem
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Figure 5-7 The extent of the bi-decadal changes (1989–1990 to 2010–2011) in land cover within the mapped
environmental assets
GDE – groundwater-dependent ecosystem
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Figure 5-8 Depth to water table in the groundwater monitoring bore T520; maximum depth at the end of the dry
season in 1990 and 2011 are marked with arrows

5.3 Decadal change
Changes in the land cover greenness (NDVI) in late summer or autumn were further investigated
for two 10-year periods, namely, 1996 to 2006 and 2006 to 2016. Within the PIWI project, the
latter was considered as a ‘recent period’, which was used as a benchmark for water allocation
considerations.
The results of the analysis are shown in Figure 5-9. The focus was on areas where reduction in
greenness was detected over the periods under consideration (shown in red).
During the 1996–2006 decade, changes occurred in the south of the study area (along the North
Dandalup River channel and its surroundings) and at various other locations, mostly along the
perimeters of identified environmental assets. Between 2006 and 2016, a significant reduction in
NDVI appears to have occurred in areas where downward groundwater trends were observed (see
Figure 2-7), particularly around wetland along Lake Road, the ‘Bush Forever’ site at Elliott Road,
and in the north of the region. No further changes occurred along the North Dandalup River,
however, further reduction in NDVI was detected along the perimeters of environmental assets
(Figure 5-10). It is important to note that autumn of 2016 followed a particularly dry year, and the
observed changes may be related to short-term rather than decadal changes.
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Figure 5-9 Decadal changes in the land cover greenness (NDVI) over two periods: a) 1995–2006; and b) 2006–2016
NDVI – Normalised Difference Vegetation Index

Figure 5-10 Vegetation along the perimeter of the environmental asset (author’s photo)
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5.4

The effect of extremely dry years on the environmental assets

To investigate any immediate effect of an extremely dry year on the greenness and wetness of
environmental assets, GEM was applied to three periods:
•

2014-2016, to explore the effect of the particularly dry year 2015 (70% of the long-term
average rainfall or 10th percentile)

•

2016–2017, to explore whether an average rainfall year (96% of the long-term average
rainfall or 50th percentile), which follows an extremely dry year, leads to greenness and
wetness recovery

•

2014–2017, to explore whether the effect of an extremely dry year is noticeable when the
year preceding and the year following the dry one are considered.

The comparison of groundwater level observations in monitoring bores showed that groundwater
level in the end of dry season in 2016 was significantly lower than 2014 (Figure 5-12). The
groundwater level recovered in 2017
The results presented in Figure 5-11 show the spatially identified changes. Furthermore, Figure
5-13 to Figure 5-15 provide a comparison between greenness and wetness of the identified land
cover classes. The spatial delineation of the land cover classes is given in Figure 5-11a for 2014–
2017 analysis.
The result suggests that:
•

The effect of an extremely dry year was observed as a reduction in wetness, particularly in
the land cover classes within the lower NDWI range; the effect on NDVI (greenness) was
minimal or none (Figure 5-13).

•

Land cover classes wetness recovered during 2016–2017, though the magnitude of the
change was smaller than the NDWI reduction between 2014 and 2016. This suggests that
the wetness recovery appears to be partial (Figure 5-14). Greenness of some classes
increased during this period.

•

The changes in greenness and wetness between 2014 and 2017 indicate minor changes in
the NDVI with some reduction in wetness within the lower range of the NDWI (Figure
5-15).

Overall, it appears that land cover greenness within the mapped environmental assets is much less
sensitive to extremely dry years, while wetness is a more sensitive parameter for detecting
change, particularly when relatively small time periods are considered.
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Figure 5-11 a) The identified land cover classes; and b), c) and d) temporal changes in their greenness
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Figure 5-12 Depth to water table in the groundwater monitoring bore T680A; maximum depth at the end of the dry
season in 2014, 2016 and 2017 are marked with arrows
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Figure 5-13 Iso-clustering results (2014 to 2016): changes in NDVI and NDWI after the dry year (2015)
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6

Conclusions

This report presents an assessment of historical changes in land cover within the Peel region of
Western Australia (WA) of areas mapped by authorities as environmental assets.
Native vegetation in the region has been extensively cleared and the hydrology of wetlands
modified to facilitate historical agricultural development. The remaining intact ecosystems are
potentially reliant on groundwater to meet their water requirements as groundwater in the region
is shallow. As such the environmental assets can be classified as groundwater-dependent
ecosystems (GDEs).
The previously reported risk assessment for GDEs (Braimbridge et al., 2019) did not include onground or other observations of ecosystem health, and this reported here analysis aimed to
provide some contribution toward filling this gap by deploying remote sensing (RS) technologies
for analysis of historical changes in land cover associated with GDEs.
The results of the analysis reported here indicate that historically land cover within the area
mapped as environmental assets was partly associated with GDEs, which over the period of RS
data availability (1986 to 2017) were affected by drying climatic conditions and man-made
changes. When GDE extent was compared between the baseline condition (1989–1990) and
during the driest year on record (2010–2011), it was concluded that
•

65% of GDEs identified in 1989–1990 remain unchanged, including 45% with some degree
of sensitivity to drying conditions

•

26% of GDEs identified in 1989–1990 appear to be lost, as based on the deployed methods,
these land cover systems could not be characterised as GDEs.

•

8% of the area mapped as environmental assets were newly established GDEs (this area is
also mapped in Figure 4-11. Though there are a few false positive (turf farms), the main
area between dunes and the Serpentine river, which appears to be revegetated.

Such changes can be attributed to lower (on average by 0.8 m) groundwater levels during the
autumn of 2011 compared to 1990. However, closer examination revealed that the GDE losses
were not only related to drying conditions: nearly one-third of GDE losses was due to land cover
changes and peri-urban developments.
Within the PIWI project, the period between 2006 and 2016 was considered a ‘recent period’,
which was used as a benchmark for the water allocation consideration. During this period, the
minimum annual groundwater level was declining at various rates, reaching more than 0.075
m/year at some locations. In such areas, a significant reduction in vegetation greenness appears to
occur around wetlands along Lake Road, the ‘Bush forever’ site at Elliott Road, and in the north of
the region. Reduction in vegetation greenness was mainly detected along the perimeters of
environmental assets. It is important to note that the 2016 autumn followed a particularly dry
year, and the observed changes may be related to short-term rather than decadal changes.
An immediate effect of an extremely dry year (2015) on the greenness and wetness of
environmental assets manifests largely in the reduction of wetness. The land cover greenness
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within the mapped environmental assets is much less sensitive to extremely dry years. Vegetation
seems to effectively recover after a single year of drought.
The results of the carried-out analysis should be considered in the context of the following
constraints and limitations:
•
•
•
•

The temporal irregularity and spatial resolution (30 m by 30 m) of Landsat data may limit
the accuracy of statistical analysis;
Some vegetation can be dependent on groundwater but may be sparse or partly cleared,
and such areas will not be characterised as GDEs.
As the Landsat data can be affected by cloud coverage, Landsat data availability for some
seasons is limited.
This may have some effect on a comparative analysis between two dates or the availability
of Landsat images at the time of the lowest annual groundwater occurrence. The
agreement between index estimations based on Landsat 5 and Landsat 8 data requires
further validation, and their potential misalignment may lead to inaccurate assessment.
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Shortened forms

BGL

Below ground level

CSIRO

Commonwealth Scientific and Industrial Organisation

DWER

Department of Water and Environmental Regulation

GDE

Groundwater-dependent ecosystem

GDV

Groundwater-dependent vegetation

GEM

Groundwater-dependent ecosystem mapping

GMSA

Groundwater management subarea

NDVI

Normalised Difference Vegetation Index

NDWI

Normalised Difference Water Index

NIR

Near infrared

PC

Principal component

PC1

First principal component

PCA

Principal component analysis

PIWI

The Peel Integrated Water Initiative

PWRA

Pilbara Water Resource Assessment

RS

Remote sensing

SWIR

Short-wave infrared

TM

Thematic Mapper

TOA

Top of atmosphere

USGS

United States Geological Survey

WA

Western Australia
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