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ABSTRACT:

Hydrology and water availability are key determinants of the health of riparian vegetation systems, and an understanding of the
interactions between vegetation and hydrology is a prerequisite for the maintenance and improvement of these systems under
managed water regimes. Changes to natural flooding cycles, caused by the regulation of river flows and irrigation activities, have
changed the composition and amount of vegetation, and the distribution of species within riparian areas (Chong and Ladson, 2003;
Lawrence and Colloff, 2008). The extent and frequency of flooding cycles are key issues for the health of riparian ecosystems under
controlled water management regimes. This paper demonstrates the potential contribution of satellite-based measurements to an
improved understanding of the changes in vegetation status of riparian systems, and, also, of their water requirement.
Evapotranspiration (ET) and Normalised Difference Vegetation Index (NDVI) of the Barmah Forest were derived from satellite
imagery over a number of years. NDVI provided a general measure of vegetation status and cover. ET measures provided an
indication of the availability of water to the existing vegetation, and an assessment of areas under water-stress (Anderson et al.,
2012). Previous work has demonstrated that these indicators provide a comprehensive measure of riparian vegetation status
(Sheffield et al., 2011), and estimates of vegetation water requirement (Whitfield et al., 2010a; Sheffield et al., 2011). This paper
addresses changes in NDVI and ET rate of major vegetation classes in the Barmah Forest over the period, 1993 — 2008. Measures of
ET and NDVI, analysed in conjunction with rainfall and river flow data, provided insights into the response of vegetation to changes
in water availability, which may be used to evaluate impacts of management practices and water regime within riparian zones.

1. INTRODUCTION The water management of riparian systems will be better

informed by an improved understanding of rates of water use

1.1 Overview relative to water requirements. An improved understanding of
where the water is required is needed to improve the availability
of water to targeted species or geographic zones. Objective,
affordable repeatable measurements of vegetation status and
water use are the minimum required to support improved water
management of riparian systems in Australia and elsewhere.

The physiological health and activity of riparian vegetation
systems are heavily influenced by water availability and the
hydrological processes that govern the distribution of water in
time and space within those systems. The distribution and

regeneration of plant species in riparian zones is also linked  Tpe yge of satellite-based assessments of water use to support
with water availability and factors such as frequency, timing,  regource management and monitoring is advocated by Anderson
depth and duration of inundation during flood events. ¢t a1 (2012). This paper aims to demonstrate the potential
Inundation characteristics affect the distribution and abundance contribution of satellite-based remotely sensed data to improved
of riparian plant species in addition to a range of ecosystem  ypgerstanding of water requirements and vegetation status
functions and primary production within the riparian system within the Barmah Forest, Australia. This paper aims to
(Chong and Ladson, 2003; MDBC, 2006; Stromberg et al.,  eyajyate the information extracted from remotely sensed data as
2006; Lawrence and Colloff, 2008; Sims and Colloff, 2012). we hypothesize that it will provide important monitoring
opportunities in riparian ecosystems.

Water availability in riparian areas is also affected by natural
events such as drought, and human activities including the
regulation of river flows and irrigation. Environmental flows
are increasingly employed to maintain riparian areas in
regulated river systems, where the volume and extent of
flooding is controlled by regulators, pipes and culverts. Issues
such as frequency, duration and extent of riparian flooding are
most pronounced under limited water supply, when regional
water managers are required to address the balance between
commercial and environmental uses of water.

Remotely sensed data additionally allow a retrospective
assessment of the impact of past and current water management
on vegetation status. The data can be used to appraise the
effectiveness of ‘environmental flows’ and identify areas of
riparian vegetation in decline. This type of information will
contribute to a greater understanding of water requirements
within riparian systems. The extensive spatial coverage of
remotely sensed data allow riparian vegetation to be assessed
across the landscape, a key consideration in the connectivity of
riparian systems which is important to both species diversity
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and ecosystem function (Lindenmayer et al., 2008; Peake et al.,
2011).

This study used measures of evapotranspiration (ET) and
vegetation (measured as Normalised Difference Vegetation
Index: NDVI), derived from satellite imagery acquired over a
number of years, to assess changes in vegetation status and
physiological activity of the Barmah Forest, located on the
Murray River in northern Victoria. NDVI is a commonly used
remotely sensed vegetation descriptor and responds to levels of
green biomass and vegetation cover. Sims and Colloff (2012)
suggested NDVI could be used as a measure of vegetation
response, in terms of primary production, to environmental
flows, providing a means of gauging the impact of
environmental flows on riparian vegetation.

Measures of ET have been used in the water use of both
agricultural and natural vegetation systems at a range of spatial
and temporal scales (Bastiaanssen et al., 2005; Allen et al.,
2007a; Scott et al., 2008; Glenn et al., 2011). ET measures
provided an indication of the availability of water to the existing
vegetation, and an assessment of areas under water-stress
(Anderson et al., 2012). The SEBAL (Bastiaanssen et al., 1998;
Bastiaanssen et al., 2005) and METRIC (Allen et al (2007b)
methods use remotely sensed data (visible and thermal
information) and ground based weather observations to estimate
ET as a component of the surface energy balance on a per-pixel
basis. Vegetation water requirements may be gauged using
satellite-based measures of ET and NDVI (Whitfield et al.,
2011).

The METRIC method was used in this study. METRIC defines
vegetation ET relative to an on-ground measure of reference
crop ET at the time of image acquisition. METRIC thereby
aligns ET measures with estimates of crop water requirement
calculated by standardised methods appropriate to ‘short’ grass
reference crop ET (ET,) or ‘tall’ grass reference crop ET (ET),)
(Allen et al., 2006).

1.2 Study area

This study focussed on the vegetation of the Barmah Forest,
which is located on the Murray River in northern Victoria. The
Forest covers approximately 28,500ha. The nearby Millewa
Forest covers approximately 38,100ha and was not considered
in this study. The Barmah forest is part of the largest River Red
Gum (Eucalpytus camaldulensis) forest in Australia and is
listed as an environmental ‘icon’ site in the Murray-Darling
Basin, based on its environmental, cultural and international
significance (MDBC, 2006). The Barmah Forest wetlands are
listed under the international Ramsar wetland protection
convention and are included in several international migratory
bird conservation agreements.

Northern Victoria experiences a semi-arid climate, and the
forest relies on river flows and topology features that support
over-bank flooding throughout the forest, which maintain
vegetation growth and activity (Bacon et al., 1993; Chong and
Ladson, 2003). Groundwater provides additional localised
water sources for vegetation in the Forest, although they are not
considered as important as surface water sources (MDBC,
20006).

Changes in the delivery of water through the forest are having a
significant impact on the vegetation condition and ecosystem
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function within the forest (Chong and Ladson, 2003; Lawrence
and Colloff, 2008; Berrisford et al., 2009)

2. METHODS
2.1 Vegetation classes in the Barmah Forest

The Barmah Forest comprises several vegetation communities.
The Forest includes areas categorised as River Red Gum forest,
Moira Grass and Giant Rush communities, Black Box and Grey
Box woodlands, and waterways and wetlands (MDBC, 2006;
Lawrence and Colloff, 2008).

Ecological Vegetation Classes, published by the Department of
Sustainability and Environment (www.dse.vic.gov.au) were
used to provide vegetation mapping in the Barmah Forest. The
vegetation classes reported in this paper are:

Riverine Grassy Woodlands and Forests (RGW),
Wetland Associated Vegetation (WAV),

Plains Woodlands or Forests (PWF), and

Lower Slopes or Plains Woodlands (LSW).

Figure 1 shows the spatial distribution of vegetation types
within the study area. RGW is the dominant vegetation type in
the forest, covering approximately 88% of the forest area. The
second most common vegetation type is WAV, which accounts
for approximately 8% of the forest area.

New South Wales
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Plains Woodlands and Forests.
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Figure 1. Distribution of Ecological Vegetation Class Groups
within the Barmah Forest

2.2 Satellite-based estimates of ET and NDVI

Measures of NDVI and ET were derived from Landsat 5 TM
data acquired from the USGS (Path/Row 93/85 for 27/11/1993,
07/11/2003 and 04/11/2008). The image data were converted to
top of atmosphere reflectance and re-sampled to a 30m spatial
resolution prior to further processing.

NDVI was derived using red and near-infrared (NIR)
reflectance:
NDVI = M (1)
NIR + Red
where NIR = near infrared reflectance

Red = red reflectance
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Satellite-based assessments of ET were calculated according to
Allen et al (2007b). Surface roughness of vegetation was
estimated using the relationship of Teixeira et al (2009).

ET data were standardised against ETr values appropriate to
individual images, and are presented in terms of ETrF, where
ETrF equals ET/ETr. ETrF values of near zero represent little
or no ET, whereas values of approximately one indicate near
maximum ET rates of ‘dry’ vegetation. ETrF values greater
than one indicate ET rates that exceed vegetation maxima, and
are generally associated with wet surface soil conditions or the
presence of surface water on vegetation.

Ground-based weather data used in the ET calculations were
sourced from weather records archived at the Department of
Primary Industries Tatura and www.weatherzone.com.au.
Monthly rainfall data for Echuca were sourced from the Bureau
of Meteorology (www.bom.gov.au). River flow information
was sourced from the Murray Darling Basin Authority
(http://www.mdba.gov.au/water/live-river-data).

3. RESULTS

The dominant vegetation type in the Barmah Forest is RGW,
with smaller areas of WAV, LSW and PWF present (Figure 1).
Individual vegetation types showed a decrease in ET rates of
between 35% and 55% between 1993 and 2008. There was a
decline in NDVI of between 11% and 18% for individual
vegetation types between 1993 and 2008 except for WAV,
which increased 58% over the same period.

Table 1. Mean (and standard deviation) NDVI and ETrF pixel
values for vegetation types located within the
Barmah Forest.

Vegetation Date NDVI ETrF
RGW 26/11/1993 0.36 (0.13) 1.10 (0.23)
RGW 6/11/2003 0.42 (0.07) 0.71 (0.16)
RGW 3/11/2008 0.32 (0.06) 0.61 (0.13)
WAV 26/11/1993 0.19 (0.28) 1.28 (0.16)
WAV 6/11/2003 0.45 (0.11) 0.89 (0.13)
WAV 3/11/2008 0.30 (0.08) 0.57 (0.23)
LSW 26/11/1993 0.40 (0.08) 0.95 (0.21)
LSW 6/11/2003 0.39 (0.06) 0.59 (0.10)
LSW 3/11/2008 0.33 (0.42) 0.55 (0.08)
PWF 26/11/1993 0.38 (0.10) 0.84 (0.27)
PWF 6/11/2003 0.37 (0.06) 0.57 (0.11)
PWF 3/11/2008 0.32 (0.05) 0.55 (0.10)

n: RGW = 306,492 pixels, WAV = 26,435 pixels, LSW =
2,905 pixels, PWF = 8,330 pixels

The spatial distribution of change in ET rates between 1993 and
2007 is shown in Figure 2. Approximately 88% of the forest
showed a decrease in ET rates. Approximately 48% of the
forest experienced a decrease between 25% and 50%, while
33% of the forest showed a decrease of between 1% and 25%.
Most areas that experienced an increase in ET rates are
associated with river channels running through the forest.

Figure 3 shows the spatial distribution of change in vegetation
cover (NDVI) between 1993 and 2008. Areas of increasing
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NDVI are associated with WAV in the north-west section of the
forest, and RGW in the southern sections of the forest.
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Figure 2. Change in ETrF between 27/11/1993 and 3/11/2008

New South Wales

Victoria

No change
>75% decrease
75 - 50% decrease
50 - 25% decrease
25 - 1% decrease
1-25% increase
25-50% increase
50 - 75% increase
>75% increase

N

A

0 25 5 10 Km

Figure 3. Change in NDVI between 27/11/1993 and 3/11/2008

Figure 4 (see next page) presents mean ET rates for the Barmah
Forest within a time-series of average monthly river flow
volume and monthly rainfall totals. Figure 4 shows high river
flow levels during 1993, 1996 and 2000. An average monthly
river flow exceeding 24,500 ML/day results in 75% to 80% of
the forest area flooding (Dexter and Poynter, 2005; MDBC,
2006). An average monthly river flow exceeding 18,300
ML/day results in 35% to 50% of the forest area flooding
(Dexter and Poynter, 2005; MDBC, 2006). Figure 4 also
highlights the reduced river flow rates between 2001 and 2008,
which are coincident with years of drought in the area.

The mean annual total rainfall in the area is approximately 428
mm. While some years received above average rainfall (1993
(567 mm), 1995 (451 mm), 2003 (516 mm)), most years
received below average rainfall. The lowest total recorded over
this time frame were 2002 (189 mm) and 2996 (204 mm).
Figure 4 also highlights monthly variability in rainfall and
shows several key rainfall events in October 1993 (116 mm),
November 1998 (94 mm), October 2005 (120 mm) and January
2008 (99 mm).
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Figure 4. Monthly mean river flow, monthly total rainfall and
average ETrF values for the Barmah Forest between
1993 and 2008

4. DISCUSSION

This study explored the potential of remotely sensed data to
contribute to understanding the response of riparian vegetation
associated with changes in water availability. Measures of ET
and NDVI were derived from satellite data over a 16-year
period. ET indicates water availability to existing vegetation,
and can be used to assess areas under water-stress. NDVI
provides a measure of vegetation cover and can be used as a
measure of vegetation primary production or vegetation health,
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which are important indicators of general forest condition
(Dexter and Poynter, 2005; Sims and Colloff, 2012).

The ET data showed a decline in ET rates of up to 50% for most
of the forest (Table 1, Figure 2), in line with declining surface
water availability and river flow volumes (Figure 4). These data
suggest the entire forest had shifted into a water stressed state.
In November 1993 average forest-wide ET rates exceeded a
value of one due to the presence of considerable surface water
following the large river flow volumes and rainfall events in the
preceding months. The spatial pattern of flooding depends on
topology and water volume, and the spatial representation of ET
values reflects areas where flood and surface waters have a
greater influence and highlights areas that remain drier. A high
mean ETrF value of 1.28 for WAV in 1993 is indicative of
surface water present within areas mapped as this vegetation
type. This is expected due to the strong association of this
vegetation type with surface water bodies, and has been noted
for other vegetation associated with surface water (e.g. flood
irrigated rice prior to full crop cover (Whitfield et al., 2010b).

The response in NDVI was less compared with ET rates, which
may reflect the slower rates of change associated with tree
canopy cover compared with vegetation water use. There was a
decrease of approximately 15 % vegetation cover between 1993
and 2008, compared with a 40-60 % decrease in ET rates (Table
1, Figure 3). This difference highlights the power and
uniqueness of using multiple assessment indicators. A decline
in tree crown condition and regeneration of tree species has
been observed within the forest in other studies (Kingsford,
2000; Peake et al., 2011).

There was an increase in NDVI between 1993 and 2003, which
may be associated with the above average annual rainfall (516
mm) experienced in 2003. There was also an increase WAV
cover (Table 1, Figure 3) between 1993 and 2008, which may
be associated with either a decrease in surface water associated
with this vegetation type, increased vegetation growth within
the extent of this vegetation type, or a combination of both. In
particular, there is a noted incursion of rush species and River
Red Gum saplings onto the Moira Grass Plains wetland
vegetation, which 1is associated with changes to water
availability (Kingsford, 2000; Chong and Ladson, 2003;
Lawrence and Colloff, 2008).

The information extracted from the remotely sensed data used in
this study provided objective quantitative assessments of the
status and water use of riparian vegetation at key points in time.
This information can be used in addition to other contextual
data to provide assessments of status and water use when the
vegetation is considered to be in ‘poor’ condition, for example,
in 2008 after multiple years of drought or in ‘good’ condition,
for example, in 1993 when water supply was not considered to
impact vegetation condition. While the information extracted
for vegetation in ‘poor’ condition can be considered to be
reliable, information for vegetation in ‘good’ condition may be
biased due to the contribution of surface water to NDVI and ET
estimates, particularly for WAV (Table 1).

A limitation of the analysis presented is the use of only three
images within the 16-year time frame. An improvement to this
work would incorporate additional images to provide a more
detailed picture of changes in ET rates and NDVI within the
forest. The use of additional images would improve the
evaluation of vegetation in ‘poor’ and ‘good’ condition as the
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nature of riparian environments increases the complexity of
these assessments.

Despite these limitations, the results presented demonstrate the
potential contribution of satellite-based remotely sensed data to
improved understanding of water requirements and vegetation
status within the Barmah Forest. The results show that the
information provides an important opportunity for monitoring
vegetation within riparian ecosystems.

While this study focussed on the Barmah Forest, the nature of
remotely sensed data enables the methods presented to be easily
applied across broader landscapes. A significant advantage of
using satellite-based measurements is that they are affordable,
repeatable and offer a comprehensive assessment of a landscape
rather than isolated point-based assessments. These
characteristics lend themselves to a monitoring system that can
be used to assess vegetation responses within riparian systems
over time. This information can also be linked with other data
sources or surveys (Lawrence and Colloff, 2008; Scott et al.,
2008; Sims and Colloff, 2012), as these complex riparian
systems require many types of information to make water
management decisions and assess the impacts of drought, flood
and environmental flows.

Remotely sensed data can be easily integrated with other spatial
information such as vegetation mapping, flood extent mapping
and digital elevation models. The monitoring potential of
remotely sensed data (Anderson et al., 2012) can complement
information provided by assessments of flooding requirements
of plant species (Bacon et al., 1993; Dexter and Poynter, 2005;
Fitzsimons et al., 2011; Peake et al., 2011). This suite of
information can provide a more meaningful evaluation of the
impacts of changing water availability within riparian systems
and evaluate management practices.

5. CONCLUSION

Improved water management in riparian systems can be
informed through a greater understanding of how much water is
used and how much water is required. To achieve this, an
objective, repeatable and affordable measurement system for
vegetation status and water use is required. The use of satellite-
based assessments of water use to support resource management
and monitoring is advocated by Anderson et al (2012). This
paper demonstrated the potential contribution of satellite-based
measurements to improving understanding of water
requirements and vegetation status within the Barmah Forest.
Measures of ET and NDVI, analysed in conjunction with
rainfall and river flow data, provided insights into the response
of vegetation to changes in water availability, which could be
used to evaluate impacts of managed water regimes and
management practices within the riparian system. The data
could also be used in conjunction with contextual information
to provide baseline assessments of vegetation condition. The
results presented in this paper show that remotely sensed data
can potentially provide important monitoring opportunities
within riparian ecosystems.
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