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Executive Summary 
 
Here we report on a model built to predict stand condition of forests and woodlands across The 
Living Murray Icon Sites in 2009.  This is the first of three years (2009-2011) of modelling required 
to build a tool that will allow the Murray-Darling Basin Authority to estimate stand condition of 
forests and woodlands across the Icon Sites from a combination of ground surveys and satellite 
imagery.  Stand condition of forest types dominated by river red gum and black box was assessed 
by ground surveys of 175 reference sites in 2009.  These assessments were successfully 
predicted (R2

 

 = 0.68) from Landsat imagery using an artificial neural network.  The addition of 
survey data and modelling in coming years (2010 and 2011) will increase the predictive power of 
the final Stand Condition Tool.  The 2009 Stand Condition Model was used to backcast stand 
condition of the Icon Sites in 2003 and 2008 from historical Landsat imagery.   

The 2009 Stand Condition Model, using Landsat imagery from 2003, 2008 and 2009 as inputs, 
predicted that: 
• Overall, 79% of the area covered by river red gum, black box and box communities in The 

Living Murray Icon Sites was in a stressed condition (moderate to severely degraded 
condition) in 2009. 

• 72% of river red gum forests and woodlands were in a stressed condition in 2009. 
• 83% of mixed river red gum-black box woodlands were in a stressed condition in 2009 
• 92% of black box woodlands were in a stressed condition in 2009. 
• Stand condition differed among the Icon Sites in 2009, with the River Murray Channel having 

the smallest extent of stressed stands (72%) and Hattah Lakes having the largest extent of 
stressed stands (97%). 

• The extent of poor to severely degraded condition stands in 2009 was much larger in the 
Mallee Icon Sites (Hattah Lakes, Chowilla Floodplain and Lindsay-Wallpolla Islands, 50-70%) 
than in the Riverina Icon Sites (Barmah-Millewa and Gunbower-Koondrook-Perricoota Forests, 
5-13%). 

• Of the forest types, river red gum forests and woodlands had the largest extent (28%) of good 
condition stands, with good condition stands less extensive (17%) in mixed river red gum-
black box woodlands and limited (8-12%) in pure black box and mixed box woodlands. 

• Stand condition at the Icon Sites was similar between 2008 and 2009. 
• The extent of stressed stands across the Icon Sites was substantially lower (66%) in 2003 

compared with 2009. 
• Half of the areas in the Riverina forests that had good condition stands in 2003 were in a 

stressed condition in 2009. 
• The majority of stands in the Mallee Icon Sites were in a stressed condition in 2003 and the 

extent of stressed stands has expanded (4% increase) in 2009. 
• Areas where stand condition changed from stressed to good condition between 2003 and 

2009 correspond to areas that received environmental watering over this period. 
These predictions of the 2009 Stand Condition Model suggest that 1) water availability (rainfall and 
flooding) across The Living Murray Icon Sites remains insufficient to maintain the majority of 
forests and woodlands in good condition, and 2) environmental watering, although limited in 
coverage, is an effective way to mitigate and improve the condition of these important forests and 
woodlands.  
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Introduction 
River red gum (Eucalyptus camaldulensis Dehnh.) and black box (Eucalyptus largiflorens F.Muell.) 
are the dominant tree species on the floodplains of the Murray River.  These eucalypt species 
occur on the same floodplains but dominate areas with different elevations and soils types and, 
therefore, different water availabilities.  Historically, river red gum communities have received more 
regular flooding (45 up to 90 yr century-1) than black box woodlands (10 to 50 yr century-1

 

 Roberts, 
2004).  These floodplain forests play an important role in nutrient cycling between floodplains and 
rivers (Baldwin, 1999), and provide valuable habitat for plants and animals (Mac Nally et al., 2001).  
River red gum forests have been an important source of timber due to the high timber yields, and 
the versatility and durability of the wood (Hannah, 1986).  Both black box and river red gum 
communities have been heavily utilised as sources of firewood.  These floodplains are also used 
extensively for agriculture, grazing and recreation. 

The Murray River floodplain covers a wide range of annual precipitation from medium rainfall at 
Albury (715 mm yr-1) to semi-arid at Renmark (250 mm yr-1

 

).  The biomass of these forests is often 
similar to forests in high rainfall areas (ca 1200 mm Bren, 1990), suggesting that they are 
dependent on additional water from surface flooding and groundwater.  Annual flows of Australian 
inland rivers are among the most variable in the world (Finlayson & McMahon, 1988). 
Consequently, the floodplain is an environment of extremes with alternating periods of excess 
water availability during floods and periods of water deficit during drought. 

Regulation of the Murray River through dams, weirs, levees and diversions has drastically altered 
the flow regime.  Between 1930 and 1991, mean annual water extraction from the Murray River 
increased by 73%, reducing the natural mean annual flow by 50% (Thomson, 1992).  

 

In general, 
average peak monthly flows have been reduced by over 50% along the Murray River (Maheshwari 
et al., 1995).  Although mean annual flows have remained similar in the Upper Murray, the 
seasonal distribution of flows has shifted from winter-spring to summer-autumn since the 
construction of Hume Dam (Dexter et al., 1986; Maheshwari et al., 1995).   In the Middle Murray, 
regulation has reduced extensive flooding in the Barmah Forest from 46% of years to 25% of years 
(Bren et al., 1987).  This reduction has been more pronounced in the Mallee, with the frequency of 
extensive floods on Wallpolla Island and Lindsay Island having been reduced from 44% of years to 
16% of years (SKM & Roberts, 2003).  Over the last two decades, the Murray River floodplain has 
experienced two extended periods of below average rainfall (1991-1995, 2001-present) with record 
low inflows (Cai & Cowan, 2008). 

Consistent with the above decline in flooding frequency, surveys of forests on the Murray River 
floodplain have shown an apparently substantial decline in tree condition over the past twenty 
years.  The Margules report (Margules & Partners, 1990) found that in the late 1980s degradation 
of tree canopies increased dramatically below the Wakool Junction in the Mallee.  Similarly, a 
survey between Wentworth and Renmark in the Mallee identified 52% of trees as stressed or dead 
in 2002 (Resource and Environmental Management, 2003), and when these sites were resurveyed 
in 2004, the proportion of trees that were stressed had increased to 78% (MDBC, 2005b).  In 2006, 
the condition of river red gum stands was mapped across the Victorian Murray River floodplain and 
70% of these forests were in a stressed condition (Cunningham et al., 2009).  These recent rapid 
declines in tree condition are likely to be the consequence of both protracted low rainfall and 
continued river regulation and water extraction.  
 

http://en.wikipedia.org/wiki/F.Muell.�
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In response to mounting evidence that the Murray River floodplain was in decline, The Living 
Murray program was established in 2002 to restore the health of this system.  Since then large 
water entitlements have been purchased and this allocated water returned to dry creeklines and 
wetlands.  There has been an active monitoring program to assess the success of these managed 
floods in improving the condition of birds, fish and vegetation on these floodplains.  It was agreed 
by vegetation experts, at a Living Murray Workshop in 2008, that a remote sensing approach 
would provide the consistent assessment necessary for monitoring vegetation condition across 
The Living Murray Icon Sites.  We had previously quantified the condition of river red gum stands 
across the Victorian Murray River floodplain using a combination of quantitative ground surveys, 
remotely-sensed data and several modelling methods (Cunningham et al., 2009).  This approach 
allowed us to predict forest condition on this floodplain with a high level of accuracy (R2 = 0.78). 
This Living Murray project ‘Mapping Of Stand Condition For The Living Murray Icon Sites’

 

 builds on 
this previous work, expanding into new forest types (black box and mixed box woodlands) and 
increasing predictive power by modelling data over three years.  The project aims to compliment 
site-based ground surveys with annual maps of stand condition across the whole Murray River 
floodplain.  The specific aims of the project are:  

1. 

 

Surveying condition of river red gum and black box stands across all The Living Murray 
Icon Sites excluding the Lower Lakes, Coorong and Murray Mouth. 

2. 
 

Mapping stand condition of these Icon Sites in 2003, 2008, 2009, 2010 and 2011. 

3. 

 

Build a tool that can be used to predict stand condition of the Icon Sites annually using 
current ground assessments of reference sites and Landsat satellite imagery. 

Here we report the details of a) the survey of stand condition in forests and woodlands of The 
Living Murray Icon Sites between January and May 2009, b) modelling of this stand condition data 
from remotely-sensed data and c) mapping of stand condition across the Icon Sites in 2003, 2008 
and 2009 using the 2009 Stand Condition Model. 
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Methods 

Study area 
The study area included forests and woodlands across the Murray River floodplain in southeastern 
Australia.  It comprised of the five Icon Sites of The Living Murray (TLM) program (MDBC, 2005a) 
that contain treed vegetation: Barmah-Millewa Forest, Gunbower-Koondrook-Perricoota Forests, 
Hattah Lakes, Chowilla floodplain and Lindsay-Wallpolla Islands, and the River Murray Channel 
(Figure 1).  For the purpose of this report, the River Murray Channel included all forest and 
woodlands within 2 km of the Murray River channel.  This area encompassed 276 140 ha of forest 
from the Hume Dam in Victoria (36⁰ 06´S 147⁰ 01´E) to the lower end of the Murray River at 
Wellington, South Australia (35⁰ 19´S 139⁰ 23´E).  All forest types that are dominated by river red 
gum (Eucalyptus camaldulensis) or black box (E. largiflorens) were included. 
 
The distribution of river red gum and black box across The Living Murray Icon Sites was defined 
using a series of existing digital vegetation maps (Table 1).  These maps differed in how well they 
separated different forest types.  In particular, black box woodlands were not separated from other 
box woodlands in the Middle Murray on the New South Wales side of the river.  Consequently, two 
additional box woodland forest types, which include black box or river red gum, were included in 
Millewa, Koondrook and Perricoota State Forests.  Distributions for the following six forest types 
were created for the five Icon Sites: 

1. River red gum forest – stands dominated by E. camaldulensis with 30-45% projective 
foliage cover. 

2. River red gum woodland – stands dominated by E. camaldulensis with 20-25% projective 
foliage cover. 

3. River red gum / black box woodland – mixed stand of E. camaldulensis and E. largiflorens. 
4. Black box woodland – stands dominated by E. largifolrens. 
5. River red gum / box woodland – stands dominated by E. camaldulensis, E. largiflorens and 

E. macrocarpa included in Millewa and Koondrook-Perricoota only. 
6. Box woodland – stands dominated by E. largiflorens and E. macrocarpa included in Millewa 

and Koondrook-Perricoota only. 
 

Site selection 
A total of 175 reference sites were chosen across The Living Murray Icon Sites to inform the Stand 
Condition Model (Figures 2-5).  Within each Icon Site, reference sites were distributed across the 
forest types according to how much area they covered (Table 2).  Consequently, reference sites 
are predominantly river red gum stands in the Riverina and mainly black box-dominated stands in 
the Murray Mallee due to the distribution of these species.  Reference sites were chosen to be 
representative of the range of forest types, forest condition and landscape positions (e.g. riverine, 
wetland and floodplain) at each Icon Site.  This approach would provide sites with a full range of 
current and potentially future stand condition. 
 
We used our Stand Condition Model for river red gums of the Victorian Murray River floodplain in 
2006 (Cunningham et al., 2009) to estimate the relative stand condition of river red gum and black 
box stands at the Icon Sites in 2009.  Existing TLM monitoring sites were used as reference sites 
wherever appropriate (i.e. they provided a representative sample) to maximise the efficiency of 
future monitoring efforts and provide continuity of data.  Regional land managers participated in the 
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site selection to ensure the selection was representative, comparable (not in areas with unique 
disturbance histories) and practical (easily accessible for future surveys).  At Barmah-Millewa, only 
about half the sites selected were existing TLM sites due to a lack of spatial coverage or a limited 
range of stand condition.  Similarly, half of the reference sites on the Chowilla floodplain are new 
sites, as there were few black box monitoring sites and a limited number of sites in the eastern half 
of the floodplain.  Of the 175 reference sites chosen, 114 were existing TLM monitoring sites 
(Table 2). 
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Figure 1 Study area indicating the location of The Living Murray Icon Sites that contain treed vegetation across the Murray River floodplain in New South Wales, Victoria and 
South Australia. 
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Table 1  Vegetation maps used to created distributions of forest types at the Icon Sites. 

 

Icon Site Region Map Source 

Barmah Forest Ecological Vegetation Community (EVC) 

State Forest Resource Inventory (SFRI) 

Dept. Sustainability & Environment 

Dept. Sustainability & Environment 

Millewa Forest State Forest NSW map Forests NSW 

Gunbower Island EVC, SFRI Dept. Sustainability & Environment 

Koondrook & Perricoota Forests State Forest NSW map Forests NSW 

Hattah Lakes EVC, SFRI Dept. Sustainability & Environment 

Lindsay, Mulcra & Wallpolla Islands EVC, SFRI Dept. Sustainability & Environment 

Chowilla Floodplain Vegetation of Chowilla floodplain CSIRO Land and Water 

River Murray Channel (NSW & SA) Riparian Vegetation of the River Murray 

River Murray Channel (Vic) 

MDBC – Margules and others 

EVC Dept. Sustainability & Environment 
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Figure 2  Reference site locations (      ) in Barmah – Millewa Forest with the distribution of forest types indicated. 
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Figure 3  Reference site locations (      ) in Gunbower – Koondrook - Perricoota Forests with the distribution of forest types indicated. 
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Figure 4  Reference site locations (      ) at Hattah Lakes with the distribution of forest types indicated.
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Figure 5  Reference site locations (      ) on the Chowilla Floodplain and Lindsay-Wallpolla Islands with the 
distribution of forest types indicated. 
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Table 2  Allocation of reference sites for Stand Condition Mapping of river red gum (RRG), black box (BB) and mixed box 
stands at Icon Sites.  The number of existing TLM monitoring sites also used as reference sites is given in brackets. 
 

Bioregion Riverina Murray Mallee 

Icon Site Barmah-Millewa 
Gunbower-Koondrook-

Perricoota 

Hattah 

Lakes 

Chowilla-Lindsay-

Wallpolla 

Area Barmah Millewa Gunbower K-P H-K L-M-W Chowilla 

RRG Forest 20 (8) 20 (10) 16 (13) 17 (14) 3 (3)  2 (1) 

RRG 

woodland 
5 (2) 3 (2) 4 (4) 5 (3) 6 (6) 9 (8) 3 (3) 

RRG-BB     4 (4) 3 (3) 5 (3) 

Black box   5 (3)  12 (12) 13 (7) 15 (5) 

Box 

woodland 
 2  3    

        

Total sites 25 (10) 25 (12) 25 (20) 25 (17) 25 (25) 25 (18) 25 (12) 
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Condition assessment 
Reference sites were established and assessed between January and May 2009.  Each area 
(e.g. Chowilla) was surveyed by two field trips over this period to minimise seasonal effects on 
condition assessments among Icon Sites.  As mentioned above, sites were selected according 
to the predictions of the existing river red gum Stand Condition Model (Cunningham et al., 
2009).  This approach was successful in selecting sites with the desired range of stand 
condition for the various forest types, which included several communities without river red gum.  
This suggested the modelling approach would successfully predict the condition of box 
woodlands as it had for river red gum woodlands and forests. 
 
At each site location, a 0.25 ha plot was established.  Most plots were 50 x 50 m plots but 
rectangular plots (125 x 20 m) were used to assess linear stands along watercourses in the 
Mallee.  GPS locations of the four corners of a plot were recorded to calculate an accurate point 
location for each plot, as well as locations for canopy photographs.   
 
The stand condition assessment involved measuring the three indicators percentage live basal 
area, plant area index and crown extent, which are known to be reliable and objective indicators 
of condition in stands of river red gum (Cunningham et al., 2007).    Plant area index (PAI) is the 
area of leaves and stems per unit ground area without adjustment for clumping of canopy 
components.  PAI was estimated from hemispherical photographs of the canopy, which were 
first classified using image analysis (MultiSpec Application Version 3.1, Purdue University, 
Indiana), with the program Winphot 5.00 (ter Steege, 1996).  Crown extent is the percentage of 
the potential crown, which is determined by the extent of the existing branching structure, that 
contains foliage.  Crown extent was estimated by two observers using an interval scale (0%, 1-
20%, 21-40%, 41-60%, 61-80%, 81-100%) from 30 trees representative of the range of tree size 
and condition within a plot.  Percentage live basal area (%LBA) is the percentage of a stand’s 
basal area that is contributed by live trees.  Trees were considered alive if there was live foliage 
within the crown.  PAI was standardized relative to the maxima measured for each Forest Type 
within a Bioregion (Riverina, Murray Mallee).  This accounted for the historical reduction in PAI 
owing to the decline in productivity associated with reduced rainfall, flooding and increased 
evaporation downstream along the Murray River floodplain (Bioregion) and local differences in 
water availability within a floodplain (Forest Type).  Scores for each condition indicator were 
converted to values out of 10 (PAI and %LBA x 10, and crown extent x 2).  A stand condition 
score (SCS) was calculated from the average score of the three condition indicators, which had 
a maximum of 10 points. 
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Satellite imagery 
Satellite imagery covering the study area was obtained from the National Earth Observatory 
Group, Geoscience Australia to allow stand condition to be modelled across The Living Murray 
Icon Sites.  Seven scenes of Landsat data were required to cover the whole floodplain.  To 
predict stand condition in 2003, 2008 and 2009, it was necessary to select a combination of 
Landsat 7 (2003) and Landsat 5 images (2008 & 2009, Table 3).  This is because data from the 
Landsat 7 satellite became unreliable after June 2003.  However, this is not a problem as both 
the Landsat 5 and 7 satellites provide measurements for the same reflectance bands.  
Furthermore, the Resource-SAT satellite provides measurements of the same reflectance 
bands providing a further back up.  For two scenes in the Mallee, it was necessary to select 
duplicate scenes for 2008 from images taken in 2007 due to the lack of cloud-free images. 
 
The Landsat images required processing before reflectance band data could be extracted to 
inform the model.  The separate scenes for each year were mosaiced into single images of the 
floodplain using ENVI 4.5 (ITT Visual Information Solutions, Boulder, Colorado, USA).  The 
coordinate systems differed among the seven scenes, with the five eastern most scenes in GDA 
Zone 54 and the other two in GDA Zone 55.  The images were first colour balanced and then 
mosaiced with cubic convolution splining into the VicGrid coordinate system.  A feathering of a 
20 pixel overlap between the image boundaries was used to produce almost seamless images 
of the entire study region.  The final images for each year were produced as rasters with a 25  
25 m pixel resolution.  This was considered an appropriate pixel resolution to ensure a pixel fell 
with plot locations (50 x 50 m) and to estimate stand condition across the Icon Sites, which were 
at least five orders of magnitude 

 
larger in area. 

Clouds were removed from the two Mallee scenes from 2008 using the following procedure, 
before they were mosaiced into the single image for 2008.  The area containing clouds was a 
50 km length of the River Channel, covering less than 2% of the study area.  A cloud mask was 
created to remove clouds and their shadows from the 2008 scenes.  Where the image was cut, 
equivalent images from the 2007 scenes were substituted. Prior to substitution, the 2007 
replacement image and the 2008 image were colour balanced. This proved difficult due the 
spectral reflectance being quite different between the 2007 and 2008 images. To address this, a 
neural network model was built to determine the relationship between reflectance in the two 
images and, therefore, the transformation required to convert the 2007 images into 2008 
equivalents.  By using the reflectance values of 10 000 sample points of the affected parts of 
the 2008 image and comparing these to their corresponding reflectances on the 2007 image, 
the neural network transformation made a reasonable representation (R2

 

 = 0.73) of the 2008 
image from the 2007 image. The transformed 2007 image was then used to fill areas in the 
2008 image were clouds or their shadows had been cut out. 

http://en.wikipedia.org/wiki/ITT_Visual_Information_Solutions�
http://en.wikipedia.org/wiki/Boulder,_Colorado�
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Table 3 Landsat satellite imagery obtained for the Stand Condition model. 

 

Path Row Day Month Year Satellite 

2009 image 

92 85 15 1 2009 Landsat 5 
93 85 23 2 2009 Landsat 5 
94 84 30 1 2009 Landsat 5 
94 85 30 1 2009 Landsat 5 
95 84 22 2 2009 Landsat 5 
96 84 12 1 2009 Landsat 5 
97 84 4 2 2009 Landsat 5 

2008 image 

92 85 3 1 2008 Landsat 5 
93 85 8 3 2008 Landsat 5 
94 84 28 1 2008 Landsat 5 
94 85 28 1 2008 Landsat 5 
95 84 28 8 2007 Landsat 5 
95 84 7 3 2008 Landsat 5 
96 84 4 9 2007 Landsat 5 
96 84 11 2 2008 Landsat 5 
97 84 18 2 2008 Landsat 5 

2003 image 

92 85 8 2 2003 Landsat 7 
93 85 4 4 2003 Landsat 7 
94 84 11 3 2003 Landsat 7 
94 85 11 3 2003 Landsat 7 
95 84 18 3 2003 Landsat 7 
96 84 9 3 2003 Landsat 7 
97 84 16 3 2003 Landsat 7 
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Environmental variables 
We used a combination of reflectance and derived structural data to inform the Stand Condition 
Model (Table 4).  From the Landsat imagery we extracted values of reflectance from six spectral 
bands: blue (0.45-0.52 µm), green (0.52-0.60 µm), red (0.63-0.69 µm), near infrared (0.76-0.90 
µm), infrared (1.55-1.75 µm) and far infrared (2.08-2.35 µm).  Although the stand condition of 
forests and woodlands across The Living Murray Icon Sites could be modelled using only 
reflectance data, estimates of tree density and species mixes were likely to improve the 
predictions. 
 
Table 4   Environmental variables used to model stand condition in 2009. 

Environmental variable Explanation 

 Landsat5 
Reflectance in the blue spectrum (0.45-0.52 µm) for 2009 Band 1 (2009) 
Reflectance in the green spectrum (0.52-0.60 µm) for 2009 Band 2 (2009) 
Reflectance in the red spectrum (0.63-0.69 µm) for 2009 Band 3 (2009) 
Reflectance in the near infrared (0.76-0.90 µm) for 2009 Band 4 (2009) 
Reflectance in the infrared (1.55-1.75 µm) for 2009 Band 5 (2009) 
Reflectance in the far infrared (2.08-2.35 µm) for 2009 Band 7 (2009) 

 Forest Type probabilities 

Pr(RF) Probability of river red gum forest 

Pr(RW) Probability of river red gum woodland 

Pr(BB) Probability of black box woodland 

 Tree density 

Pr(MurrayTree) Probability of trees being present 

 

The distribution of forest types compiled from existing vegetation maps provided the most 
definitive outline of the area for which the condition model should be applied.  However, these 
distributions are likely to contain some areas of sparse or cleared vegetation.  Therefore, a map 
of tree cover would improve predictions of condition and remove areas that have no forests or 
woodlands.  A layer of tree probability, Pr(MurrayTree), was created for the whole floodplain 
using an existing Tree/No Tree layer for Victoria (Griffioen & White, unpublished).  The Tree/No 
Tree layer was built using multiple feed-forward, multilayer, perceptron artificial neural networks 
learned by a backpropagation algorithm (Rumelhart et al., 1986) using nine years of Landsat 
imagery and tree/no tree training data.  Estimates of tree cover across Victoria were determined 
for three temporal groupings of these satellite images a) 1989, 1991 and 1992 b) 1995, 1998 
and 2000, and c) 2002, 2004 and 2005 using artificial neural networks.  Another artificial neural 
network was used to combine the above three networks by introducing the new classification: 
always tree, never tree, tree loss and tree gain, and to determine a tree probability for each 25 x 
25 m pixel.   
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After visually confirming the utility of this tree model across the floodplain, a Murray Tree model 
was built by training neural networks to recognise trees in satellite images of the floodplain in 
2003, 2008 and 2009 using the Tree/No Tree layer to supply the exemplars.  A total of 10 000 
data points were extracted from the Tree/No Tree layer and the reflectance bands from the 
2003, 2008 and 2009 images across the Murray River floodplain.  The resolution of Tree/No 
Tree layer means that each pixel (25  25 m) would usually encompass more than one tree 
within forested areas.  A visual comparison of the predictions of the Murray Tree Model with 
independent imagery (Google Earth) found that the model predicted trees well.  The probability 
threshold for trees differed across the floodplain, with river red gum forests in the Riverina 
predicted at Pr > 0.7 while sparse black box woodlands on the outer floodplain of Chowilla were 
predicted at Pr > 0.1. This relationship demonstrates the Murray Tree model was a good 
predictor of tree cover within a pixel, which provided useful information for modelling stand 
condition.  That is, areas with a higher probability of having trees may also have a higher stand 
condition.  This model of tree cover was built using the relationship between the Tree/No Tree 
layer and Landsat imagery, with the training and testing data focussed on Victoria.  Therefore, 
the accuracy could be improved by building a new Tree/No Tree layer for the whole Murray 
River floodplain.   
 
While the ground assessment of stand condition is not dependent upon the mixture of the 
species within the forest, the remote assessment of condition is likely to be influenced by the 
species mix and vegetation structure therefore the model requires some guidance with respect 
to forest type.  For example, the spectral reflectance of black box woodland is likely to be 
different to that of a red gum forest in similar condition. This is because a) pixels in the satellite 
images are likely to contain a higher percentage of reflectances from the ground layer in sparse 
woodlands compared to denser forest and b) the canopy of different forest types will have 
slightly different spectral signatures.  The Forest Type distribution maps were converted to a 
raster with the same resolution as the Landsat imagery. A set of 2220 points was randomly 
sampled throughout the raster, with sufficient sampling undertaken to ensure representation of 
forest types that have a limited extent. The Forest Type attributes of these points were used in 
conjunction with the 2003 and 2009 satellite images to make a Forest Type model across The 
Living Murray Icon Sites. All reflectance band values for the sample points were extracted from 
these two images and used to train a Radial Bias Function (RBF) classification neural network 
in Statistica 6.0. This neural network predicted the probability of each Forest Type occurring at a 
site.  The model was found to be inaccurate at predicting the occurrence of river red gum 
woodland, river red gum – black box woodland and box woodland (Table 5).  The probabilities 
of occurrence for river red gum forest and black box woodlands were very accurate (84%) and, 
therefore, were used as independent variables in subsequent modelling.  These variables 
should improve the model’s ability to predict stand condition across the different forest types. 
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Table 5  Predictions of the Radial Bias Function classification neural network for forest types based on Landsat data.  
The forest types included river red gum forest (RF), river red gum woodland (RW), river red gum – black box 
woodland (RG-BB), black box woodland (BB) and mixed box woodlands (Box).  Values are the number of pixels. 
 

Observed Forest Type 

 

P
re

di
ct

ed
 F

or
es

t T
yp

e 

RF RW RG-BB BB Box 

RF 757 186 19 39 39 

RW 73 179 3 59 12 

RG-BB 0 0 0 0 0 

BB 65 123 86 542 2 

Box 2 0 0 3 11 

 Accuracy 84% 37% 0% 84% 17% 

 

Modelling 
To map stand condition of the forest types across The Living Murray Icon Sites, it was 
necessary to determine relationships between stand condition assessed at reference sites 
during the field survey and remotely-sensed environmental variables with coverage across the 
floodplain.  These relationships were determined using feed-forward, multilayer, perceptron 
artificial neural networks learned by a backpropagation algorithm (MLP neural network, 
Rumelhart et al. 1986).  MLP neural networks are useful for modelling ecological data, which 
rarely meet parametric statistical assumptions and commonly involve non-linear relationships, 
because they make no prior assumptions about the relationship between the input variables and 
the underlying mathematical distributions of the data.  Studies have generally found that MLP 
neural networks outperform general linear models such as multiple linear or logistic regression 
(Özesmi et al. 2006).  A MLP neural network is often considered a ‘black box’ approach’.  It is 
best conceptualized as a series of layers of nodes, with connections (neurons) between each 
adjacent layer (Figure 6).  In this study, the neural network included an input layer of 
environmental variables, hidden layers and an output layer of stand condition score. 
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Figure 6  Conceptual structure of a multi-layer perceptron (MLP) neural network with arrows indicating neuron 
connections between layers.  
 
We modelled the condition indicators (% live basal area, crown extent and plant area index) 
separately, as well as the combined stand condition score.  These relationships were 
determined by artificial neural networks using the following procedure.  The independent 
environmental variables (reflectance and structural data) and dependent variables (condition 
indicator) were standardized by the range to values between 0 and 1.  The dataset was then 
divided into training (115 sites), selection (35 sites) and test data (25 sites).  The training data 
are used to build the neural network, the selection data are used to check that the procedure is 
not over-fitting (i.e. the model has limited predictive power as it is fitting all the idiosyncrasies of 
the training data) and the test data are used to test the final fit of the model.  Models were built 
from 200 random starts and the model with the best statistical fit (R 2

 

 values) was chosen to 
predict condition across The Living Murray Icon Sites. 

The relationship between stand condition score measured in the field and that predicted by the 
model for the reference sites was used to estimate the error associated with the model’s 
predictions for stand condition.  Linear regression using Bayesian models in the WinBUGS 
software package (Spielgelhalter et al., 2003) was used to determine the lower (2.5%) and 
upper (97.5%) credible intervals of the predictions for stand condition.  Regression parameters 
were assigned uninformative normal priors.  The equations for the lower and upper credible 
intervals were used to produce the worst case and best case predictions for stand condition 
across The Living Murray Icon Sites. 

Map analysis 
Stand condition maps were produced by using the 2009 Stand Condition Model to calculate 
stand condition for each 25 x 25 m pixel of the study area based on its values of reflectance 
(Landsat) and structural data.  The 2009 Stand Condition Model predicts a stand condition 
score (SCS), based on the variables percentage live basal area, plant area index and crown 
extent, that ranges between 0 (dead) to 10 (excellent condition).  To estimate stand condition in 
2003 and 2008, the 2009 Stand Condition Model was supplied with Landsat data for those 
years.  This assumes that the relationship between stand condition and reflectance data 
remains constant among years.  The additional survey data and modelling in coming years 
(2010 and 2011) will overcome the issue of inter-annual variation in reflectance data and, 
therefore, increase the predictive power of the final Stand Condition Tool. 
 



 

Mapping the condition of river red gum and black box stands in The Living Murray Icon Sites   22 

For analysis, pixels with a tree probability of less than 10% according to the Murray Tree Model 
were removed from the maps, as these do not contain trees.  Maps were classified into five 
condition classes: good (SCS = 8.1-10.0), moderate (SCS = 6.1-8.0), poor (SCS = 4.1-6.0), 
degraded (SCS = 2.1-4.0) and severely degraded (SCS = 0-2.0) using ArcGIS (ESRI, Redlands, 
California).  The characteristics of an average stand in each condition class are given in Table 
6.  Maps were produced for The Living Murray Icon Sites in 2003, 2008 and 2009.  Maps were 
also produced for each Icon Site and the different forest types in 2003 and 2009.  Maps are not 
presented for 2008 due the similarity of their predictions to 2009.  From each map, the 
percentage of the total area included in each condition class was determined from pixel 
numbers in the attribute table of the rasters.  To summarise the overall changes in stand 
condition between 2003 and 2009, the corresponding maps were reclassified into condition 
rasters, including good condition stands (SCS = 8.1-10.0) and stressed stands (SCS = 0-8.0).  
These condition rasters were then subtracted (2003 - 2009) to calculate the following trajectory 
classes: maintained (good → good), recovered (stressed → good), declined (good → stressed) 
and unrecovered (stressed → stressed). 
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Table 6  Stand condition classes used in the maps, their associated stand condition scores and the condition of 
an average stand within a condition class. 

  Stand condition of an average stand 

Stand 

condition class 

Stand 

condition 

score 

Plant area index % live 

basal area 

Crown 

extent 

Good 8.1-10.0 80-100% of Forest Type - 

Bioregion max. 

80-100% 80-100% 

Moderate 6.1-8.0 60-80% of Forest Type - 

Bioregion max. 

60-80% 60-80% 

Poor 4.1-6.0 40-60% of Forest Type - 

Bioregion max. 

40-60% 40-60% 

Degraded 2.1-4.0 20-40% of Forest Type - 

Bioregion max. 

20-40% 20-40% 

Severely 

degraded 

0.0-2.0 0-20% of Forest Type - 

Bioregion max. 

0-20% 0-20% 
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Results 

Condition assessment survey 
A total of 175 reference sites that covered a representative range of stand condition were 
successfully selected from existing Living Murray monitoring sites and new sites using the 2006 
Stand Condition Model for river red gum along the Victorian Murray River floodplain 
(Cunningham et al., 2009).  These sites ranged from dead stands to forest stands in excellent 
condition (100% live basal area, plant area index of 2.0 m2 m-2 and 100% crown extent).  Stand 
condition scores among the reference sites were negatively skewed with more than half of the 
reference sites having scores of more than seven (moderate to good condition, Figure 7).  This 
is reflected by over half of the stands having at least 90% live basal area and two-thirds of 
stands containing trees with at least 60% of their potential crowns.  In contrast, values of plant 
area index were positively skewed with few stands having canopies with values more than 1 m2 
m-2

Modelling 

. 

An initial sensitivity analysis of the contribution of the ten environmental variables to models of 
the condition indicators found that the blue and green reflectance bands (Bands 1 & 2 
respectively) contributed little information to the models.  Consequently, these two variables 
were left out of the final models.  Of the individual condition indicators, % live basal area was 
poorly predicted by the environmental variables whereas plant index was strongly predicted (R2 

= 0.798, Table 7).  Reflectance in the near infrared and the probability of black box woodland 
were important predictors in all three models of individual condition indicators (Table 9).  Stand 
condition score was modelled successfully (R2 = 0.680) from reflectance and derived structural 
data using an artificial neural network (Figure 8).  The most important variables for predicting 
stand condition score were reflectance in the infrared and near infrared, and the probability of 
trees being present (Table 8). 
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Figure 7  Number of reference sites (N = 175) in different variable classes for a) % live basal area, b) plant area 
index, c) crown extent and d) stand condition score. 
 

 
 

Figure 8  Relationship between stand condition predicted by the 2009 Stand Condition Model and stand condition 
measured at the reference sites (N = 175). 
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Table 7  Most reliable models for each condition indicator built from environmental variables (See Table 4 for 
explanations) using artificial neural networks. 
 

Condition indicator R No. of input variables 2 No. of  nodes in hidden 

layer  

% live basal area 0.474 7 9 

Crown extent 0.591 7 17 

Plant area index 0.798 7 11 

Stand condition score 0.680 7 3 

 

 
 
 
Table 8  Sensitivity analysis for environmental variables used in the 2009 Stand Condition Model.  The higher an 
error ratio is over 1.0, the more important a variable is to reducing the error in predicting stand condition. 
 

Environmental variable Error ratio 

1.541 Band 5 (2009) 

1.318 Band 4 (2009) 

Pr(MurrayTree) 1.305 

1.158 Band 7 (2009) 

1.151 Band 3 (2009) 

1.040 Pr(BB) 

1.025 Pr(RF) 
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Table 9  Sensitivity analysis for environmental variables used in the 2009 Stand Condition Model.  The higher an 
error ratio is over 1.0, the more important a variable is to reducing the error in predicting stand condition. 
 

Condition indicator Environmental variable Error ratio 

% live basal area 1.200 Band 4 (2009) 

 1.118 Pr(BB) 

 Pr(MurrayTree) 1.103 

 1.096 Band 3 (2009) 

 1.079 Band 7 (2009) 

 1.057 Pr(RF) 

 1.053 Band 5 (2009) 

   
Crown extent 1.896 Band 4 (2009) 

 1.706 Pr(RF) 

 1.519 Pr(BB) 

 1.285 Band 7 (2009) 

 Pr(MurrayTree) 1.229 

 1.157 Band 3 (2009) 

 1.049 Band 5 (2009) 

   
Plant area index 2.078 Band 5 (2009) 

 1.144 Pr(BB) 

 1.140 Band 4 (2009) 

 1.123 Pr(RF) 

 1.015 Band 3 (2009) 

 1.011 Band 7 (2009) 

 Pr(MurrayTree) 1.006 
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Map characteristics 
The 2009 Stand Condition Model for The Living Murray Icon Sites estimates that 79% of the 
area covered by forest and woodland was in a stressed condition (moderate to severely 
degraded condition) in 2009 (Table 10).  Of the area containing stressed stands, 52% was in 
moderate condition and 27% was in poor to severely degraded condition.  Using historical 
satellite imagery the 2009 Stand Condition Model, estimated a similar extent of stressed stands 
(83%) in 2008 and a substantially lower extent (66%) in 2003.  Values of extent for 2008 and 
2009 were predominantly not statistical different, with substantial overlap among the credible 
intervals of the various condition classes (Table 10).  The decline in the extent of good condition 
stands between 2003 and 2009 was associated with an increase in the extent of moderate and 
poor condition stands. 
 
The Living Murray Icon Sites were estimated by the model to have varying extents of stressed 
stands in 2009 (Table 11).  Among the Icon Sites, the River Murray Channel had the smallest 
extent of stressed stands (72%) while Hattah Lakes had the largest extent of stressed stands 
with only 3% of the floodplain containing good condition stands.  The extent of poor to severely 
degraded condition stands was substantially higher in the Mallee Icon Sites (Hattah Lakes down 
to Chowilla floodplain) at 50-71% than the 5-13% estimated for the Riverina Icon Sites (Barmah, 
Millewa, Gunbower, Koondrook and Perricoota).  Within the Icon Sites, there were substantial 
differences among the component forests, islands and floodplains.  The model estimated that 
the extent of stressed stands was far larger in Millewa Forest than Barmah Forest, in 
Koondrook-Perricoota Forests than on Gunbower Island, and on the Chowilla floodplain than on 
Lindsay, Mulcra and Wallpolla Islands. In the Riverina Icon Sites, good condition stands were 
restricted to areas surrounding the river channel, creeklines and wetlands (Figures 9 & 10).   



 

Mapping the condition of river red gum and black box stands in The Living Murray Icon Sites   29 

Table 10  Percentage area of the Murray River floodplain in different condition classes predicted for 2009 and 
estimated for 2003 and 2008 by the 2009 Stand Condition Model.  Values are means with 97.5% and 2.5% credible 
intervals given in brackets.  See Table 6 for explanation of the condition classes.  Note that all classes below good 
condition are considered to be in ‘stressed condition’. 
 

Condition class 2003 2008 2009 

good          (8.1-10.0) 34.0 
(31.7-36.6) 

16.8 
(14.6-19.3) 

21.4 
(18.9-24.3) 

moderate    (6.1-8.0) 40.9 
(40.2-41.0) 

48.5 
(46.6-50.0) 

51.4 
(50.6-51.3) 

poor            (4.1-6.0) 13.1 
(12.2-14.2) 

26.1 
(23.4-28.7) 

17.9 
(16.4-19.2) 

degraded   (2.1-4.0) 6.9 
(6.7-7.1) 

7.6 
(6.8-8.4) 

8.0 
(7.2-8.7) 

severely degraded (0.0-

2.0) 
5.1 

(4.3-5.9) 
1.1 

(0.6-1.7) 
1.3 

(0.8-2.0) 
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Table 11  Percentage area of the Icon Sites and component forests in different condition classes in 2009 predicted 
by the 2009 Stand Condition Model.  Values are means with 97.5% and 2.5% credible intervals given in brackets.  
See Table 6 for explanation of the condition classes.  Note that all classes below good condition are considered to be 
in ‘stressed condition’. 
 

 good moderate poor degraded severely 

degraded 

Barmah – Millewa 21.4 
(17.4-26.4) 

73.4 
(69.8-75.5) 

4.5 
(3.3-6.2) 

0.6 
(0.5-0.8) 

0.1 
(0.0-0.1) 

Barmah 26.9 
(22.2-32.4) 

69.8 
(65.1-73.3) 

2.9 
(2.2-4.0) 

0.3 
(0.3-0.4) 

0.0 
(0.0-0.1) 

Millewa 16.9 
(13.4-21.4) 

76.4  
(73.4-77.3) 

5.7 
(4.2-8.1) 

0.9 
(0.7-1.1) 

0.1 
(0.0-0.1) 

      
G-K-P 10.8 

(9.2-12.7) 
76.6 

(71.9-79.2) 
12.3 

(7.8-18.5) 

0.3 
(0.3-0.5) 

0.0 
(0.0-0.0) 

Gunbower 19.7 
(17.0-22.9) 

71.2 
(70.0-71.9) 

8.4 
(5.7-12.2) 

0.6 
(0.4-0.8) 

0.0 
(0.0-0.0) 

Koondrook-

Perricoota 
5.0 

(4.1-6.1) 
80.0 

(73.1-84.6) 
14.8 

(9.1-22.5) 
0.2 

(0.1-0.3) 
0.0 

(0.0-0.0) 

      
Hattah Lakes 3.1 

(2.6-3.8) 
25.9 

(23.2-28.9) 
40.9 

(39.9-41.5) 
23.2 

(20.7-25.4) 
6.9 

(5.1-9.0) 

      
C-L-M-W 21.4 

(19.6-23.3) 
29.2 

(28.3-30.1) 
28.4 

(28.2-28.5) 
18.7 

(16.9-19.9) 
2.4 

(1.2-4.0) 

Lindsay-Mulcra-

Wallpolla 
22.4 

(20.6-24.4) 
32.8 

(31.7-34.0) 
30.2 

(29.6-30.7) 
13.4 

(11.5-15.1) 
1.1 

(0.5-2.0) 

Chowilla 13.6 
(12.5-14.9) 

17.4 
(16.9-17.9) 

25.4 
(23.2-27.9) 

37.3 
(36.2-36.9) 

6.3 
(3.1-10.6) 

      
Murray channel 28.1 

(25.3-31.0) 
43.4 

(43.0-43.4) 
18.8 

(17.7-20.0) 
8.6 

(7.6-9.3) 
1.2 

(0.7-1.9) 

 
 Recent fires in Moira State Forest, Barmah State Park and the centre of Gunbower Island 
showed up as areas of poor condition forest.  In addition to these burnt areas, areas of poor 
condition were concentrated in the north-western end of Koondrook Forest and the centre of 
Gunbower Island.  The Icon Sites of the Mallee had large areas of poor to severely degraded 
condition in 2009, with good condition stands restricted to the river channel, permanent 
anabranch creeks and wetlands (Figures 11 & 12).  In particular, there are extensive areas of 
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stands in degraded to severely degraded condition away from the river on the large floodplains 
of Chowilla and Hattah Lakes. 
 
The extent of stressed stands was estimated by the 2009 Stand Condition Model to be smaller 
in 2003 for the majority of Icon Sites.  The River Murray Channel, Barmah-Millewa Forest and 
Gunbower-Koondrook-Perricoota Forests were all estimated to have sizably larger extents of 
good condition forest in 2003 compared with 2009 (Tables 11 & 12).  In particular, the model 
estimated for Barmah-Millewa Forest that good condition forest covered 48% of the forest in 
2003 while only 21% of the forest was in good condition in 2009.  This temporal change was 
due to a large increase in the extent of moderate stands across this forest in 2009.  Extensive 
areas of good condition forest were predicted in 2003 for the central region of Barmah-Millewa 
Forest and along waterways (Figure 13).  Similarly, areas of good condition forest were 
concentrated in the north-western end of Gunbower Island and around the river channel and 
wetlands (Figure 14). In contrast, forests of the Mallee were estimated to have much smaller 
increases (4-5%) in the extent of stressed stands over this period (Tables 11 & 12). In particular, 
the extent of good condition stands on Chowilla floodplain remained around 15% between 2003 
and 2009 (Figure 16).  However, within the areas of stressed stands there was an increase in 
the extent of poor to degraded stands.  For example, the black box woodland in the north-west 
section of Hattah-Kulkyne National Park was estimated to have had a substantial decline in 
condition from 2003 to 2009 (Figures 11 & 15). 
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Figure 9  Stand condition of forests and woodlands in 2009 predicted by the model from remotely-sensed data for Barmah-Millewa. See Table 6 for an explanation of the condition 

classes. Waterbodies are indicated in blue. 
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Figure 10  Stand condition of forests and woodlands in 2009 predicted by the model from remotely-sensed data for Gunbower-Koondrook-Perricoota. See Table 6 for an explanation 

of the condition classes. Waterbodies are indicated in blue. 
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Figure 11  Stand condition of forests and woodlands in 2009 predicted by the model from remotely-sensed data for Hattah Lakes. See Table 6 for an explanation of the condition 

classes. Waterbodies are indicated in blue.
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Figure 12  Stand condition of forests and woodlands in 2009 predicted by the model from remotely-sensed data for 

the Chowilla floodplain and Lindsay-Wallpolla Islands. See Table 6 for an explanation of the condition classes. 

Waterbodies are indicated in blue.
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Figure 13  Stand condition of forests and woodlands in 2003 predicted by the model from remotely-sensed data for Barmah-Millewa. See Table 6 for an explanation of the condition 
classes. Waterbodies are indicated in blue. 
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Figure 14  Stand condition of forests and woodlands in 2003 predicted by the model from remotely-sensed data for Gunbower-Koondrook-Perricoota. See Table 6 for an explanation 

of the condition classes. Waterbodies are indicated in blue. 
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Figure 15  Stand condition of forests and woodlands in 2003 predicted by the model from remotely-sensed data for Hattah Lakes. See Table 6 for an explanation of the condition 

classes. Waterbodies are indicated in blue.
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Figure 16  Stand condition of forests and woodlands in 2003 predicted by the model from remotely-sensed data for 

the Chowilla floodplain and Lindsay-Wallpolla Islands. See Table 6 for an explanation of the condition classes. 

Waterbodies are indicated in blue.
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Table 12  Percentage area of the Icon Sites and component forests in different condition classes in 2003 estimated 
by the 2009 Stand Condition Model.  Values are means with 97.5% and 2.5% credible intervals given in brackets.  
See Table 6 for explanation of the condition classes.  Note that all classes below good condition are considered to be 
in ‘stressed condition’. 
 

 good moderate poor degraded severely 

degraded 

Barmah – Millewa 47.6 

(44.3-51.3) 

48.1 

(45.4-49.9) 

3.5 

(2.6-4.9) 

0.6 

(0.5-0.6) 

0.2 

(0.2-0.2) 

Barmah 52.3 

(50.4-54.5) 

42.9 

(41.9-43.0) 

3.9 

(2.8-5.6) 

0.6 

(0.5-0.7) 

0.3 

(0.2-0.4) 

Millewa 43.9 

(39.4-48.8) 

52.3 

(48.2-55.6) 

3.2 

 (2.5-4.2) 

0.5 

(0.5-0.6) 

0.1 

(0.1-0.1) 

      
G-K-P 20.6 

(17.6-24.5) 

73.5 

(71.1-74.3) 

5.1 

(3.7-7.2) 

0.7 

(0.6-0.8) 

0.1 

(0.1-0.1) 

Gunbower 29.3 

(25.9-33.7) 

64.0 

(60.9-65.8) 

5.3 

(4.3-6.7) 

1.2 

(1.0-1.4) 

0.1 

(0.1-0.2) 

Koondrook-Perricoota 15.1 

(12.3-18.6) 

79.6 

(12.3-18.6) 

5.0 

(3.3-5.0) 

0.3 

 (0.3-0.4) 

0.1 

(0.0-0.1) 

      
Hattah Lakes 6.6 

(5.7-7.7) 

29.7 

(27.1-32.5) 

33.7 

 (32.8-34.3) 

18.6 

(17.6-19.5) 

11.3 

(9.4-13.4) 

      
C-L-M-W 25.6 

(24.2-27.2) 

24.0 

(23.4-24.7) 

21.4 

(21.2-21.3) 

15.3 

(15.2-15.5) 

13.7 

(11.7-15.7) 

Lindsay-Mulcra-Wallpolla 26.7 

(25.1-28.5) 

28.3 

(27.4-29.3) 

24.1 

(23.4-24.6) 

13.2 

(12.6-13.9) 

7.6 

(6.2-9.1) 

Chowilla 14.7 

(13.9-15.6) 

13.2 

(13.0-13.6) 

15.7 

(14.5-16.8) 

22.4 

(21.0-24.0) 

33.9 

(30.0-37.6) 

      
Murray channel 39.6 

(37.6-42.0) 

32.5 

(32.1-32.6) 

14.5 

(13.7-15.3) 

7.8 

(7.6-8.1) 

5.5 

(4.6-6.4) 
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There were large differences in the extent of good condition stands in 2009 among the different 
forest types (Table 13).  River red gum woodland and forests had the largest extents of good 
condition stands (28%) among the forest types.  Good condition stands of mixed river red gum – 
black box woodlands were less extensive (17%) whereas pure black box and mixed box 
woodlands in good condition were uncommon (8-12%).  Furthermore, both black box and river 
red gum – black box woodlands had extensive areas (42-56%) of poor to severely degraded 
condition stands.  All forest types with the exception of river red gum – black box woodlands 
were predicted to have more extensive areas of good condition stands in 2003 than in 2009 
(Tables 14).  This was predominantly due to an increase in the area of moderate stands in 
2009, while the extent of poor to degraded stands remained similar over this period (Tables 13 
& 14). 
 
The change in predicted stand condition across The Living Murray Icon Sites between 2003 and 
2009 was substantial (Table 15).  Across the floodplain only 18% of the area containing forests 
and woodlands was maintained in good condition over this period, with an additional 3% of the 
area containing stands that recovered from a stressed condition.  In contrast, the majority (63%) 
of the area of forests and woodlands remained in a stressed condition and a further 16% 
declined from good condition over the same six-year period.   
 
The maps of overall change in stand condition between 2003 and 2009 for the Icon Sites 
(Figures 17 – 20) clearly summarise the responses of forests and woodlands The Living Murray 
Icon Sites.  Large areas of Barmah-Millewa Forest have declined (good → stressed) over this 
period and good condition stands are currently restricted to areas surrounding the river, 
creeklines and wetlands (Figure 17).  A larger area of good condition forest was maintained in 
Barmah than Millewa Forest, including stands around the Barmah Lakes.  Some stands did 
improve condition between 2003 and 2009, with a large area of improvement around Black 
Swamp in Barmah Forest.  Similarly, Gunbower-Koondrook-Perricoota Forests had large 
declines in the area of good condition stands between 2003 and 2009 (Figure 18).  Currently, 
good condition stands are limited to the river channel and wetlands and very small areas of 
Koondrook-Perricoota Forests were maintained in good condition.  Improvements in stand 
condition over this period were predicted for forest in the Little Gunbower Creek and Little 
Reedy Lagoon areas of Gunbower Island.  The majority of Hattah Lakes was predicted to have 
remained unimproved between 2003 and 2009, while large areas both along the river channel 
and across the floodplain declined in condition (Figure 19).  Stands fringing the lakes were 
predicted to have recovered from stress over this period.  Similarly, the Chowilla Floodplain and 
Lindsay-Wallpolla Islands Icon Site remained predominantly unrecovered, with small areas of 
stands having either maintained good condition, declined or recovered (Figure 20).  Reasonable 
areas of recovered stands include western Mulcra Island and eastern Lindsay Island. 
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Figure 17  Change in stand condition of forests and woodlands between 2009 and 2003 predicted by the model from remotely-sensed data for Barmah-Millewa. 
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Figure 18  Change in stand condition of forests and woodlands between 2009 and 2003 predicted by the model from remotely-sensed data for Gunbower-Koondrook-Perricoota. 
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Figure 19  Change in stand condition of forests and woodlands between 2009 and 2003 predicted by the model from remotely-sensed data for Hattah Lakes.
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Figure 20  Change in stand condition of forests and woodlands between 2009 and 2003 predicted by the model 
from remotely-sensed data for the Chowilla floodplain and Lindsay-Wallpolla Islands. 
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Table 13  Percentage area of the forest types across the Murray River floodplain in different condition classes in 
2009 predicted by the 2009 Stand Condition Model.  Values are means with 97.5% and 2.5% credible intervals given 
in brackets.  See Table 6 for explanation of the condition classes.  Note that all classes below good condition are 
considered to be in ‘stressed condition’. 
 

Forest Type good moderate poor degraded severely 

degraded 

River red gum forest 27.5 

(24.0-31.5) 

63.3 

(61.7-63.7) 

7.9 

(5.8-10.7) 

1.2 

(1.0-1.4) 

0.1 

(0.1-0.2) 
River red gum woodland 28.4 

(26.0-31.1) 

46.3 

(45.5-46.4) 

16.5 

(15.0-18.5) 

7.6 

(6.9-8.1) 

1.2 

(0.7-1.8) 
RRG – black box woodland 16.9 

(14.9-19.2) 

41.5 

(40.2-42.4) 

26.5 

(25.5-27.6) 

13.0 

(11.6-14.0) 

2.1 

(1.2-3.2) 
Black box woodland 7.9 

(6.7-9.4) 

36.2 

(33.8-38.6) 

34.5 

(33.7-35.1) 

18.4 

(16.6-19.8) 

3.0 

(1.8-4.6) 
RRG – box woodland 9.5 

(6.9-12.8) 

83.7 

(81.5-83.4) 

6.7 

(3.7-11.5) 

0.1 

(0.1-0.1) 

0.0 

(0.0-0.0) 
Box woodland 11.8 

(9.2-15.1) 

83.1 

(81.4-83.1) 

4.6 

(3.1-7.0) 

0.5 

(0.4-0.6) 

0.0 

(0.0-0.0) 
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Table 14  Percentage area of the forest types across the Murray River floodplain in different condition classes in 
2003 estimated from the 2009 Stand Condition Model.  Values are means with 97.5% and 2.5% credible intervals 
given in brackets.  See Table 6 for explanation of the condition classes.  Note that all classes below good condition 
are considered to be in ‘stressed condition’. 
  

Forest Type good moderate poor degraded severely 

degraded 

River red gum forest 48.2 

(45.1-51.8) 

46.7 

(43.9-48.6) 

3.6 

(2.9-4.6) 

1.1 

(1.0-1.2) 

0.5 

(0.4-0.6) 

River red gum woodland 39.0 

(37.1-41.2) 

37.4 

(37.1-37.3) 

12.4 

(11.4-13.7) 

6.3 

(6.1-6.6) 

4.8 

(4.1-5.5) 

RRG – black box woodland 21.2 

(19.3-23.3) 

37.7 

(36.6-38.5) 

21.9 

(20.7-23.1) 

11.1 

(10.7-11.6) 

8.1 

(6.8-9.4) 

Black box woodland 11.2 

(10.0-12.6) 

32.6 

(30.5-34.6) 

28.0 

(26.9-29.0) 

15.8 

(15.5-16.3) 

12.3 

(10.4-14.3) 

RRG – box woodland 26.3 

(22.2-31.1) 

68.8 

(65.4-70.7) 

4.5 

(3.1-6.5) 

0.4 

(0.4-0.4) 

0.1 

(0.1-0.1) 

Box woodland 21.2 

(18.1-25.1) 

72.6 

(70.5-73.2) 

5.2 

(3.6-7.6) 

0.7 

(0.6-0.8) 

0.2 

(0.2-0.3) 

 

Table 15  Percentage area of Murray River floodplain in different trajectory classes predicted by the 2009 Stand 
Condition Model.  Values are means with 97.5% and 2.5% credible intervals given in brackets.  Note that ‘stressed’ 
stands are those classified as moderate, poor, degraded or severely degraded (Stand Condition Score ≤ 8.0) 
 

Trajectory class Change 2003 → 2009 % area 

maintained  good → good 18.3  (16.2-20.7) 

recovered stressed → good 3.2  (2.7-3.6) 

declined good → stressed 15.7  (15.6-15.9) 

unimproved stressed → stressed 62.8  (59.8-65.5) 
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Discussion 
 
Reference sites covering a representative range of stand condition across The Living Murray 
Icon Sites (Figure 6) were successfully located using the 2006 Stand Condition Model for river 
red gum in Victoria (Cunningham et al., 2009).  This gave us an early indication that our 
approach to modelling stand condition would also work in box woodlands.  The condition of the 
reference sites was skewed towards the upper end of the condition scale (moderate to good), 
which reflects the general condition of the entire Murray River floodplain.  However, ample 
poorer condition stands were included to ensure the success of the modelling.  In addition, 
some stands that were in good condition in 2009 may decline to poorer condition classes in the 
future with a continued lack of available water.  These reference sites will be resurveyed 
annually as part of Icon Site condition monitoring.  Data collected in 2010 and 2011 will inform 
the building of the Stand Condition Tool and subsequent surveys will allow the tool to accurately 
estimate stand condition in future years. 
 
Stand condition of forests and woodland across The Living Murray Icon Sites in 2009 was 
successfully predicted (R2

 

 = 0.68) using a combination of quantitative ground surveys, remotely-
sensed data and rigorous modelling.  The model was mainly informed by reflectance in the 
infrared and near infrared bands, and tree density.  These two reflectance bands are known to 
be good indicators of vegetation moisture and vegetation condition respectively.  A strong 
relationship between stand condition and tree density is not surprising as tree density is directly 
related to recent mortality and also helps to calibrate the model solution across structural types 
(i.e. forest and woodland).  The model was also informed by reflectance in the far infrared and 
red spectrums, which have been related to vegetation moisture and plant species identity 
respectively, and the probability of occurrence of the two contrasting forest types – river red 
gum forest and black box woodland – on the floodplain.   

Plant area index was slightly better modelled (R2

 

 = 0.80) by the environmental variables than 
the stand condition score.  This is not surprising as it is an estimate of the total amount of leaves 
in a stand, which is related to the amount of reflectance in certain spectral bands.  Leaf area 
indices have been successfully estimated from remotely-sensed data in many vegetation types 
(e.g. Coops et al., 1997).  However, plant area index alone is not a good estimator of stand 
condition as it is directly related to tree density.  This is why we standardised plant area index 
values by Forest Type and regional maxima, and included two other indicators of stand 
condition in the stand condition assessment. 

The 2009 Stand Condition Model is a good predictor of condition across The Living Murray Icon 
Sites.  The addition of survey data from 2010 and 2011 should improve the predictive power of 
the final Stand Condition Tool.  The ability of the 2009 Stand Condition Model to predict stand 
condition in previous years from historical images could not be directly validated with survey 
data.  The similarity of predictions for stand condition on the floodplain in 2008 and 2009 (Table 
10) suggests a reasonable level of accuracy in the backcasting approach.  Furthermore, the 
declines in stand condition between 2003 and 2009 are not unexpected from field observations.  
However, the large difference in the extent of poor condition stands between the consecutive 
years (26% in 2008 and 18% in 2009) indicates potential inaccuracies in predicting the past 
condition of poorer stands.  This further supports the need to model the relationship between 
survey and satellite data from several years to build an accurate stand condition tool. 



 

Mapping the condition of river red gum and black box stands in The Living Murray Icon Sites   49 

 
The 2009 Stand Condition Model predicted extensive areas of stressed stands across The 
Living Murray Icon Sites, with 79% of the area covered by river red gum, black box and box 
communities being in a stressed condition in 2009 (Table 10).  This value seems consistent with 
our previous estimate that 70% of the area that contains river red gum forests and woodlands 
on the Murray River floodplain in Victoria was in stressed condition in 2006 (Cunningham et al., 
2009).  Similarly, past ground surveys of the condition of river red gum and black box 
communities of the floodplain have shown an apparently substantial decline in stand condition 
in the lower Murray River over the past 20 years (Margules & Partners, 1990; MDBC, 2005b). 
 
The cause of forest decline across The Living Murray Icon Sites is complex but is ultimately due 
to river regulation and the resulting lack of floodplain inundation. The biomass of floodplain 
forests is considerably higher than would be predicted from local rainfall, suggesting the trees 
are dependent on additional water from groundwater and surface flooding. This is supported by 
the increased growth rate of river red gum after flooding (Bacon et al., 1993) and the 
predominant use of groundwater by trees growing next to ephemeral streams or on floodplains 
(Mensforth et al., 1994; Thorburn et al., 1993). Regulation of flows along the Murray River has 
decreased the frequency and extent of floods, which has lowered groundwater depths and 
reduced leaching of salts drawn up from naturally saline groundwater, and has raised river 
levels near dams, which has consequently raised adjacent groundwater depths (Jolly, 1996). 
Decreases in the condition of forests and woodlands have been observed in association with 
these declines in water availability and quality (DEH, 2005; MDBC, 2005b). 
 
The stand condition map for 2009 had an overall downstream increase in the extent of stressed 
stands (Figures 9-12).  This trend supports previous observations of a downstream decline in 
the condition of river red gum forests across the Victorian Murray River floodplain (Cunningham 
et al., 2009) and substantial declines in stand condition in the Lower Murray (e.g. Margules & 
Partners, 1990).  The downstream decline in stand condition is most likely related to the larger 
declines in flooding frequency in the Lower Murray (from 76 to 35 yr century-1) compared with 
the Middle Murray (92 to 57 yr century-1, MDBC, 2005a).  The substantially lower rainfall (ca 250 
mm yr-1) and higher evaporation (ca 1800 mm yr-1) in the Lower Murray compared with 
upstream areas (ca 700 mm yr-1 and 1400 mm yr-1

 

 respectively) exacerbates water stress in 
stands of this region.  

Stand condition was predicted to vary widely among and within the Icon Sites in 2009 (Table 
11).  The River Murray Channel had the smallest extent of stressed stands (72%), which is a 
result of including all the riparian stands that have consistent access to water from the Murray 
River channel.  Standing water in the channel is maintained year round and through protracted 
drought along the entire length of the non-estuarine section of the Murray through releases from 
impoundments and/or pooling behind weirs.  In contrast, stressed stands were pervasive (86-
97%) across the extensive floodplains of Hattah Lakes and Chowilla where the majority of trees 
are growing away from permanent water and floods are now rare events.  The New South 
Wales portions of Barmah-Millewa Forest and Gunbower-Koondrook-Perricoota Forests had a 
larger extent of stressed stands than the Victorian side of the floodplain.  This is probably due to 
the higher elevation of the floodplain on the New South Wales side resulting in reduced flooding 
frequencies and durations, particularly in recent decades.  However, differences in land 
management, such as grazing, firewood collection, recreation and timber harvesting, among 
Icon Sites may also be affecting stand condition of the forests. 
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River red gum forests and woodlands were predicted to contain the largest extent (28%) of 
good condition stands among the forest types found across The Living Murray Icon Sites (Table 
13).  The better overall condition of pure river red gum communities is a result of their 
dominance in areas of high flooding frequency (fringing rivers, creeks and wetlands) and higher 
rainfall regions.  Even over the last decade, many areas dominated by river red gum would have 
received more water, particularly with the addition of environmental watering, than other parts of 
the floodplain.  River red gum – black box woodlands in good condition are less common (17% 
of their distribution) because many of these communities now contain dead river red gums 
because the water availability has gone below the species’ tolerance.  Pure black box and 
mixed box woodlands were predicted to be in the worst condition in 2009.  Although these 
communities are adapted to longer intervals between floods (10-50 yr century-1) than river red 
gum communities (at least 45 yr century-1

 

 Roberts, 2004), current intervals between floods are 
exceeding their tolerances. 

Stand condition was predicted by the 2009 Stand Condition Model to have been substantially 
higher across The Living Murray Icon Sites in 2003 than in 2009, with only 66% of the floodplain 
containing forests and woodlands in stressed condition (Table 10).  Therefore, the condition of 
these communities has continued to decline over the last six years in the absence of significant 
floods and rainfall.  Large areas of the Riverina forests have declined from good condition 
between 2003 and 2009 suggesting that the extended dry period over the last decade has 
increased water stress among these forests.  Previously, the higher frequency of flooding and 
rainfall in the Riverina compared to the Mallee has helped mitigate against the extensive forest 
decline that has occurred in the Lower Murray.  Although the majority of stands in the Mallee 
Icon Sites were stressed in 2003, the extent of stressed stands has expanded in 2009.  
Currently, good condition stands have mainly retracted to areas fringing the river channel, and 
creeks and wetlands that regularly contain water.  Climate change is predicted to further reduce 
water availability by raising temperatures (1-1.5o

 

C and consequently increasing evaporative 
demand) and decreasing annual rainfall (2-5%) in southeastern Australia by 2030 (CSIRO & 
Australian Bureau of Meteorology, 2007). Therefore, the substantial declines currently observed 
in the Lower Murray may progress upstream in the near future as flooding frequencies and 
rainfall are further reduced by climate change. 

Comparing stand condition between 2003 and 2009 did reveal areas where stands have 
recovered from stress.  Many of these areas coincided with creeks and wetlands that had 
received environmental watering over this period.  This suggests that environmental watering, 
although limited in coverage, is an effective way to mitigate and improve the condition of these 
important forests and woodlands.  The extensive area (ca 40 000 ha) of stands that declined 
from good condition between 2003 and 2009 demonstrates that management flooding should 
not only focus on areas of apparent stressed condition.  High risk areas for forest decline, such 
as those with large intervals since the last flood, lowering groundwater tables or rising 
groundwater and soil salinity, should also be flooded to avoid decline.  The high expansion rate 
of stressed stands predicted over the six-year period between 2003 and 2009 highlights that 
forest decline can not be mitigated without more extensive flooding in the near future. 
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Conclusions 
A model was built that successfully predicted (R2

 

 = 0.68) stand condition of forests and 
woodlands across The Living Murray Icon Sites in 2009.  The Stand Condition Model predicted 
the condition of river red gum and black box communities from Landsat imagery and ground 
surveys of 175 reference sites in 2009 using an artificial neural network.  This is the first of three 
years (2009-2011) of modelling and collection of ground survey data, which will increase the 
predictive power of the final version of the Stand Condition Model. 

The 2009 Stand Condition Model, using Landsat imagery from 2009 as inputs, predicted that: 
• 79% of the area covered by river red gum, black box and box communities in The Living 

Murray Icon Sites was in a stressed condition (moderate to severely degraded condition) in 
2009. 

• 72% of river red gum forests and woodlands were in a stressed condition in 2009. 
• 83% of mixed river red gum-black box woodlands were in a stressed condition in 2009 
• 92% of black box woodlands were in a stressed condition in 2009. 
• Stand condition differed among the Icon Sites in 2009, with the River Murray Channel 

having the smallest extent of stressed stands (72%) and Hattah Lakes having the largest 
extent of stressed stands (97%). 

• The extent of poor to severely degraded condition stands in 2009 was much larger in the 
Mallee Icon Sites than in the Riverina Icon Sites.  

• Of the forest types, river red gum forests and woodlands had the largest extent (28%) of 
good condition stands, with good condition stands less extensive (17%) in mixed river red 
gum-black box woodlands and limited (8-12%) in pure black box and mixed box woodlands. 

 
The 2009 Stand Condition Model was then used to backcast stand condition of the Icon Sites in 
2003 and 2008 from historical Landsat imagery. 
• Stand condition at the Icon Sites was similar between 2008 and 2009. 
• The extent of stressed stands across the Icon Sites was substantially lower (66%) in 2003 

compared with 2009.  
• Half of the areas in the Riverina forests that had good condition stands in 2003 were in a 

stressed condition in 2009.  
• The majority of stands in the Mallee Icon Sites were in a stressed condition in 2003 and the 

extent of stressed stands has expanded (4% increase) in 2009. 
• Areas where stand condition changed from stressed to good condition between 2003 and 

2009 correspond to areas that received environmental watering over this period. 
 
The predictions of the 2009 Stand Condition Model suggest that: 
• water availability (rainfall and flooding) across The Living Murray Icon Sites remains 

insufficient to maintain the majority of forests and woodlands in good condition.  
• environmental watering, although currently limited in coverage, is an effective way to 

mitigate and improve the condition of these important forests and woodlands. 
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