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Summary 

We grouped rivers and streams continent-wide on the basis of their multi-variate 
similarities using attributes that we expected would characterise the principal climatic and 
landscape factors that ultimately controlled ecologically relevant aspects of stream hydrology. 
A number of alternative classifications were generated using the ALOB non-hierarchical 
clustering method by varying the sets of attributes, weightings and transformations and 
numbers of groups. A 30 group classification was selected based on its greater capacity to 
recover the flow regime classes produced by the multi-metric classification of 830 gauges 
(Appendix 5) and explain meaningful variation in ecologically relevant descriptors of flow 
and for ease of communication. This 30 group ecohydrological environment classification 
was based on a set of 48 attributes describing the catchment climate, water balance, 
topography, substrate and vegetation cover of each of the 1.2 million stream reaches. No 
explicit weighting was applied to the attributes in this classification. 

Stream reaches are not distributed evenly among the groups, the length of stream they 
contain varying by an order of magnitude between the smallest and largest groups. The 
diversity of types was also shown to vary greatly at a range of spatial scales.  The groups are 
primarily differentiated by attributes describing the catchment climate and water balance and 
secondarily by attributes characterising the catchment morphology, substrate and vegetation 
cover. Ten spatially coherent meta-groups were recognised from a hierarchical clustering of 
the group means.  There are broad similarities between this classification and an agroclimatic 
classification reinforcing the overriding influence of climate on the observed patterns. In 
contrast, there was little concordance between the ecohydrological environment classification 
and the Australian Water Resources Council Drainage Divisions. 

The performance of the classification was assessed using the flow data compiled for 
the flow regime classification described in Appendix 5. The results were mixed. The 
classification strength was relatively high (75% of that for a comparable empirical 
classification) and better than that for alternative national classifications including IBRA. The 
groups differentiated significant variation in many of the ecologically important descriptors of 
flow though less effectively for those metrics describing the frequency and duration of 
extreme events. However, the flow regime classes were only moderately well recovered by 
the ecohydrological environment groups. 

We describe here the limitations and uncertainties in our classification. These might be 
addressed by alternative classificatory strategies and improved characterisation of some 
hydrological processes, notably those that control the groundwater contribution to streams. 
This would be the subject of future research. Despite these limitations, we expect the 
ecohydrological environment classification to effectively support applications at broad 
regional to continental scale. We suggested, for instance, that it might be applied to the task of 
designing a more representative network of gauging stations. It could also provide context for 
finer scale regional or catchment studies. 



 

8.1 Introduction 

The classification of 830 stream gauges Australia-wide, based on ecologically relevant 
attributes of their hydrology, enabled a detailed description and understanding of variability in 
the natural flow regime (Appendices 5 and 6) but is only applicable to gauged streams. 
Methods to extend flow parameters to ungauged streams are developing (see review in Croke, 
2002), but are confounded by the effects of flow regulation and catchment development.  

On the other hand, environmental or landscape classification based on continent-wide 
environmental data can be applied to all streams and all sections of streams. Environmental 
classifications can be derived by drawing boundaries around relatively homogeneous 
geographic areas with a characteristic association of ecosystems (Bryce and Clarke, 1996; 
Omernik and Bailey, 1997) or by multivariate classification of spatially referenced objects 
described by the principal landscape factors responsible for the characteristics of interest 
(“driving” or “controlling” variables) (O'Keefe and Uys, 2000; Bourgeron et al., 2001).  

Ecoregion classifications, including the Interim Biogeographical Regionalisation of 
Australia (IBRA) (Thackway and Cresswell, 1995), are examples of the former approach and 
are widely used to support an ecosystem based approach to natural resource planning and 
management (Clarke et al., 1991; Warry and Hanau, 1993; Omernik, 1995; Bailey, 1996; 
Bryce and Clarke, 1996; Uhlig and Jordan, 1996; Harding and Winterbourn, 1997).  However, 
ecoregion classifications have generally performed poorly when applied to freshwater 
ecosystems. Cited concerns include their inability to effectively  partition variation in 
biological composition (Hawkins et al., 2000) or flow regimes among rivers (Snelder and 
Hughey, 2005) and the often inconsistent application and poor communication of the decision 
rules for boundary placement(Kingsford et al., 2005).  

Environmental domain analysis (Mackey et al., 1988; Mackey et al., 1989; Nix, 1992, 
1997; Mackey et al., 2001; Mackey et al., 2007) typifies the second approach to 
environmental classification using numerical clustering procedures to group spatial units on 
the basis of their shared multi-variate similarities across attributes describing meso-scale 
climate, substrate (regolith and soils) and topography that ultimately control landscape 
physical processes and biological function.  Environmental domains are thus delineated in 
environmental rather than geographic space and do not necessarily form regions. While there 
are still subjective choices as to attributes, weightings, classificatory strategy and numbers of 
groups these are explicit and therefore transparent and repeatable. Commonly adopted to 
represent patterns of terrestrial biodiversity (Mackey et al., 1989; Lewis et al., 1991; Belbin, 
1993a; Kirkpatrick and Brown, 1994; Mackey et al., 2000; Nix et al., 2000; Mackey et al., 
2001; Leathwick et al., 2003; Trakhtenbrot and Kadmon, 2005) the environmental domain 
approach has only recently been applied to rivers  (Jerie et al., 2003; Stein, 2007).  

Here we apply the approach to develop an ecohydrological environment classification 
for all of the rivers and streams of Australia. We describe the environmental characteristics of 
the derived groups and the relationships between them. We also explore spatial variation in 
the diversity of ecohydrological environment groups at different scales and compare this 
classification with other national classifications. The performance of the classification is 
judged by its ability to recover the flow regime classes identified by the empirical 
classification of gauging stations (Appendix 5) and to discriminate meaningful variation in the 
ecologically relevant flow metrics on which these classes are based. We conclude with 
discussion of the limitations of the classification and suggestions for future improvement. 



8.2 Methods 

8.2.1. Classificatory strategy 

Stream reaches (Appendix 7) were individually classified based on description of the 
environmental characteristics of their upstream catchment and local valley morphology 
(Section 8.2.2).  The ecohydrological environment classes were derived using a numerical 
clustering procedure (ALOB) (Belbin, 1993b). Classes are thus an emergent property of the 
data and reflect the shared similarities of key attributes (e.g. environmental domains Mackey 
et al., 1988).  The alternative approach of specifying a priori the boundaries between classes 
as the outer limits of the features that characterise them (O’Keefe and Uys, 2000) (e.g. New 
Zealand’s River Environment Classification`, Snelder and Biggs, 2002) was not used as it 
assumes all possible types are already known.  

We chose the ALOB non-hierarchical clustering method because it is well suited to 
classifying very large numbers of objects (Mackey et al., 1988; Mackey et al., 1989; Lewis et 
al., 1991; Nix, Stein and Stein, 1992; Nix, Stein, Stein et al., 1992; Nix et al., 2000) and 
produces results that are at least comparable with traditional agglomerative hierarchical 
methods (Belbin, 1987; Belbin and McDonald, 1993). ALOB employs a simple iterative 
procedure to allocate objects into groups (Box 8.1). As ALOB is relatively insensitive to the 
choice of starting configuration (Belbin, 1987) we applied the default option to use the first 
object (i.e. stream reach) as the initial group seed. Reaches that are more distant in data space 
than the specified allocation radius from this initial seed become the seeds for additional 
groups. We employed the Gower metric (Gower, 1971) to measure this distance as it is 
appropriate for quantitative data (Belbin, 1993b) and incorporates a range standardisation 
ensuring attributes with a larger range of values do not have undue influence on the 
classification. Thus the distance Dij  between reaches i and j  for p variables xk (k=1,….p) is 
given by: 
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Where rk is the range of the kth variable (Belbin, 1993b). The allocation radius that 
determines the number of groups derived was automatically set to the value that produced the 
result closest to the desired number of groups.  

We generated a number of classifications by varying the set of attributes, attribute 
weightings and transformations and numbers of groups (Section 8.2.3) recognizing that these 
choices are largely subjective. Our preferred  ecohydrological environment classification was 
selected  based on three criteria: 1) its ability to recover the ecohydrological flow regime 
types generated by classification of the gauged data (Appendix 5) as judged by the Hubert-
Arabie adjusted Rand Index ; 2) discrimination of variation in ecologically relevant 
descriptors of the flow regime within and across groups, as measured by its classification 
strength (Van Sickle, 1997; Van Sickle and Hughes, 2000) and 3) ease of interpretation and  
use.  

The Hubert-Arabie adjusted Rand Index is generally accepted as the most reliable for 
measuring cluster recovery (Steinley, 2004).  It was calculated using the RIND module of the 
PATN software package (Belbin, 1993b) and takes values in the range zero to one. An index 
value of one indicates a perfect match between the two groupings while a zero value implies 
an association no better than chance (Belbin, 1993b). 



Classification strength (CS) is calculated as the mean of all pairwise within group 
similarities ( )W  relative to the mean of all pairwise between group similarities ( )B  (Van 
Sickle, 1997; Van Sickle and Hughes, 2000). Average within group similarities are weighted 
by the number of objects within the group and only defined for groups with 2 or more 
members. CS may be expressed as the difference ( )BW −  or the unitless ratio ( )WB . A large 
difference or a small ratio implies objects in the same group are substantially more similar to 
each other than they are to objects in other groups and hence is indicative of a strong 
classification (Van Sickle and Hughes, 2000). CS was computed for each of the classifications 
with a modified version (Stein, 2007) of the ASIM program from PATN version 3.6 (Belbin, 
1993b). The Gower measure was used to calculate the similarity between flow gauges across 
all 120 metrics. A test of the null hypothesis of “no class structure” was also conducted using 
ASIM to randomly permute objects between groups and compare the randomized ratio 
( WB ) to that of the a priori classification. The test was applied by determining the number 
of times the ratio derived for the random grouping was less than that derived for the a priori 
classifications from the default 100 permutations. 

To assist understanding of the relationships between the groups, the centroids of the 
groups generated with the ALOB non-hierarchical algorithm were themselves classified using 
the hierarchical agglomerative clustering routine, flexible UPGMA (Un-weighted Pair Group 
Mean Averaging), implemented in the FUSE module of PATN (Belbin et al., 1992). This 
clustering strategy weights objects equally as groups are successively combined. Belbin and 
colleagues (1992) demonstrated that this approach recovered simulated clusters better than an 
alternative option, flexible WPGMA, that weights groups equally, implicitly varying the 
weight of the object with the size of the group. Input to FUSE was the association matrix 
containing the dissimilarity between all pairs of group centroids produced by ALOB using the 
Gower metric and the specified attribute groupings. The β parameter, controlling the degree 
of dilation or contraction of the distance between groups as they join (“fuse”), was set to the 
recommended value of –0.1 (Belbin et al., 1992). A dendrogram depicts the fusion history 
graphically. 

A 3-dimensional ordination of the group centroids was constructed with the semi-
strong hybrid multi-dimensional ordination method available in PATN version 3.03 (Belbin 
and Collins, 2004) as before using the Gower metric. For mapping, the groups were assigned 
a colour based on its position in the configuration with each dimension aligned to a primary 
colour (Belbin et al., 1983). Box and whisker plots were produced using the R statistical 
software package (R Development Core Team, 2004). 

 8.2.2 Attributing environmental characteristics 

Stream reaches were attributed with data for a broad set of environmental variables 
that we believed characterised potentially important landscape controls on the flow regime.  
Attribute selection was informed by a review of the landscape attributes used for river 
environment classifications elsewhere (Stein, 2007) and professional judgement but was 
limited by the availability of suitable spatial data with consistent, continent-wide coverage. 
This set formed the basis for the final selection of attributes on which the ecohydrological 
environment classification was based. 

Gridded data layers were derived for each of the selected landscape and climate 
attributes. Catchment average values were calculated by accumulating the values of all 
upstream grid cells according to the DEM-defined flow pathways and dividing by the number 
of upstream cells. Following Stein (2007), the accumulated totals and cell counts were 
distributed to anabranches in accordance with stream name in the ratio of 8 rivers: 4 creeks: 1 



Box 8.1 The ALOB clustering algorithm (Belbin, 1987) 

1. Define a set of seed objects to act as a starting configuration 

2. Create additional seeds from objects that are further (in data space) than the 
allocation radius from existing seeds  

3. Generate an initial classification by allocating each object to the closest seed 

4. Compute the centroid of each of the groups as the average of the attribute values 
for all objects in the group 

5. Sequentially extract each object from its group and re-compute the group 
centroid. Calculate the distance from the object to each group centroid and (re-) 
allocate the object to its closest group 

6. Recompute all group centroids and repeat steps 5 and 6  until there are no more 
objects to reallocate 

unnamed stream: 0.1 floodplain wetlands. Sub-catchment or reach scale attributes were 
derived by summarizing the grid cell values of the stream reach and/or its sub-catchment only.  

8.2.2.1 Climate 

Climate ultimately controls many stream processes. The amount of runoff available 
for stream flow is a function of the precipitation falling within the catchment and is reduced 
by losses due to evaporation (among others) (Williamson, 1998). Rainfall and temperature 
affect rates of weathering of rock and accordingly the rock’s hydrogeological characteristics 
including its porosity and permeability (Ollier and Pain, 1996; Knighton, 1998; Nanson et al., 
2005). Climatic parameters supply indicators for the critical environmental regimes (light, 
moisture, thermal) that control plant growth (Nix, 1981, 1992, 1997) that in turn influence 
infiltration and runoff processes.  

The climate of the catchment upstream of each stream reach was characterised by a 
sub-set of the bioclimatic parameters summarising annual and seasonal mean conditions, 
extreme values and intra-year seasonality (Nix, 1986; Hutchinson et al., 2000). These were 
computed for each cell of the national 9 second DEM version 3 (Table 8.1). The rainfall 
erosivity R factor was included as an indicator of rainfall intensity, an important influence on 
processes of infiltration and runoff generation. It describes the potential for rainfall-induced 
soil loss based on storm kinetic energy and the maximum, 30-minute rainfall intensity (Lu 
and Yu, 2002).  Catchment average values of long-term monthly mean rainfall, minimum and 
maximum temperature and potential and actual evapotranspiration that had been derived from 
the Bureau of Meteorology Climate Atlas grids (Walsh et al., 2007) were also compiled to 
assist interpretation.  

 



Table 8.1 Climatic attributes derived by calculating the average value of all grid cells upstream of the 
reach pour-point. Attributes indicated in bold were log10(x+1) transformed for classification. All were 
selected for the NOWEIGHTING, EQWEIGHTING and NOSTANDARDIZATION series 
classifications (see Section 8.2.30) 

Attribute Units Source 

 Annual mean rainfall mm 1 

 Annual mean temperature degrees C 1 

 Driest quarter mean rainfall mm 1 

 Wettest quarter mean rainfall mm 1 

 Coldest quarter mean rainfall mm 1 

 Warmest quarter mean rainfall mm 1 

 Annual mean solar radiation MJ/m2/day 1 

 Hottest month mean temperature degrees C 1 

 Coldest month mean temperature degrees C 1 

 Rainfall erosivity R factor (MJ mm)/(ha hr yr) 2 

Source data: 
1. ANUCLIM (Hutchinson et al., 2000) 
2. NLWRA (National Land and Water Resources Audit, 2000) 

 

8.2.2.2 Catchment water balance 

The catchment water balance attributes describe more directly the key aspects of the 
climatic influence on stream hydrology.  They were derived from real time estimates of 
monthly runoff computed with the water balance module of the GROWEST program (Nix, 
1981; Hutchinson et al., 2004).  This or similar models have been found to reasonably 
reproduce annual (Atkinson et al., 2002; Stein et al., 2002) or monthly flows (Lewis, 1998; 
Xiong and Guo, 1999; Jellett, 2005). Unlike more complex rainfall-runoff models catchment 
specific calibration of model parameters could be avoided by setting the two required 
parameters based on broadly known soil attributes. It was thus suitable for continent-wide 
application. 

GROWEST operates on a weekly time step, converting the monthly input rainfall and 
pan evaporation data to weekly values via cubic Bessel interpolation. The water balance 
module is conceptualised as a single “bucket” model. It adds rainfall to the previous soil 
storage and removes it by means of evapotranspiration. The soil water surplus or “runoff” is 
the rainfall exceeding “bucket full” after allowing for actual evapotranspiration, calculated 
relative to potential evapotranspiration as a simple exponential function of the relative soil 
moisture content. For the purposes of a comparative study we assume that pan evaporation is 
the same as potential evapotranspiration achieved under a full canopy when water is non-
limiting (Hutchinson et al., 1992). Monthly rainfall and pan evaporation estimates were 
generated at a grid spacing of 0.01 degrees (approximately 1km) using elevation values 
derived by resampling the 9 second DEM version 3 with bilinear interpolation, and monthly 
climate surface coefficients (Kesteven et al., 2004) for a 30 year period from 1971 to 2000. 
This period matches as closely as possible that used for the classification of flow regimes that 
extends back to 1965 (Appendix 5). Evaporation data collected up to the early 1970s were 
less reliable as evaporation pans were not all fitted with bird guards (Bureau of Meteorology, 
private communication). The impact on the calculated “runoff” was not significant. 



Table 8.2 Catchment water balance attributes derived from the monthly accumulated soil water surplus 
values (1971 to 2000) calculated in units of ML/month for each stream reach pour-point grid cell.  As 
required for classification, the attributes shown in bold were standardized by dividing by the catchment 
area at the reach pour-point and log10 (x+1) transformed. Attributes indicated in italics were selected for 
the NOWEIGHTING, EQWEIGHTING and NOSTANDARDIZATION series classifications (see Section 
8.2.3) 
Mean of the annual totals Coefficient of variation of the annual 

maximum monthly 

Coefficient of variation of the annual totals Coefficient of variation of the annual minimum 
monthly 

Minimum of annual totals Seasonal mean (summer, winter, autumn 
and spring) 

Maximum of annual totals Monthly means (January to December) 

Percentiles of annual totals  

(5,10,20,30,40,50,60,70,80,90,95%), 

Coefficient of variation of the monthly totals 

Mean of the annual minimum monthly Skewness (Median annual accumulated soil 
water surplus  / mean annual accumulated soil 
water surplus) 

Mean of the annual maximum monthly Perenniality (proportional contribution to 
mean annual discharge by the six driest 
months of the year) (%) 

Proportion of mean annual accumulated 
soil water surplus generated above the snow 
line in south-eastern Australia (> 1400m 
elevation on the mainland, > 1100m in 
Tasmania) (%) 

 

.. 

GROWEST requires information for two soil parameters: the maximum available soil 
water capacity and the soil texture category (one of sandy loam, clay loam or clay) used to 
infer the relative water retention capabilities of the soil.  Soil texture category was defined by 
classifying the values in the Australian Soil Resource Information System (ASRIS) grid of 
percent of clay in the A horizon (National Land and Water Resources Audit, 2001d). 
Maximum available soil water parameters were derived by summing the ASRIS gridded 
values for the soil A and B horizons (National Land and Water Resources Audit, 2001b, 
2001c). Summary statistics derived from the monthly catchment water balance values (Table 
8.2) were calculated from the reach pour-point accumulated totals of the upstream grid cell 
runoff estimates, converted to a volume by multiplying by the cell area. 

Delayed runoff from precipitation that falls as snow during winter can produce 
significant flood peaks in spring. A simple indicator of the potential influence of snowfall on 
stream hydrology (Stein, 2007) in south-eastern Australia  was derived by calculating the 
proportion of the catchment long-term mean annual runoff generated above the snowline: 
1400m on the mainland (Hennessy et al., 2003) and 1100m in Tasmania (Parkinson, 1986). 
Only runoff generated in the alpine areas of south-eastern Australia (i.e. areas south of 
34o12’S) was considered. Although snow falls occasionally elsewhere along the Eastern 
Highlands, it has little impact on stream flow characteristics (Warner, 1986). 



8.2.2.3 Substrate 

The hydrogeological properties of the substrate underlying the catchment plays a 
major role in shaping ecologically important properties of the stream hydrograph, such as the 
contribution from groundwater and the size of the peak flows (McMahon, 1977; Goodwin, 
1996).  

To characterise this influence the areal proportion of bedrock lithology classes within 
the upstream catchment and the catchment average values of key soil hydrological properties 
(Table 8.3) were determined for each stream reach. The lithological classes were formed by 
grouping the mapping units from the digital 1:1 million scale Surface Geology of eastern 
Australia (Whitaker et al., 2005) and the Northern Territory (Liu et al., 2006) according to the 
broad lithological composition of the unit as coded in the gross rock descriptor field in the  

Table 8.3 Attributes describing the catchment and stream substrate. Attributes indicated in italics were 
selected for the NOWEIGHTING, EQWEIGHTING and NOSTANDARDIZATION series classifications 
(see Section 8.2.3) 
Attribute Source 

of data 
Units Description 

Catchment average 
saturated hydraulic 
conductivity 

1 mm/h Average value of all grid cells upstream of the reach pour-
point  

Stream and environs 
average saturated hydraulic 
conductivity 

1 mm/h Average value of all grid cells upstream of the reach pour-
point  

Catchment average solum 
plant available water 
holding capacity 

1 mm Average value of all  grid cells upstream of the reach pour-
point  

Catchment percentage old 
bedrock 

2,3,4 % Areal proportion of all upstream grid cells overlying old 
rocks (>570My)  

Catchment percentage 
siliciclastic/undifferentiated 
sedimentary rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying 
siliciclastic/undifferentiated sedimentary rocks (includes 
sandstones,conglomerate,mudstone,siltstone)  

Catchment percentage 
carbonate sedimentary 
rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying 
carbonate sedimentary rocks (includes 
limestone,marl,dolomite)  

Catchment percentage other 
sedimentary rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying other 
sedimentary rocks (includes volcanogenic sediments, non-
carbonate chemical sediment, organic-rich rocks) 

Catchment percentage 
igneous rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying 
igneous rocks 

Catchment percentage 
mixed sedimentary and 
igneous rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying mixed 
sedimentary and igneous rocks 

Stream and environs 
percentage unconsolidated 
rocks 

2,3,4 % Proportion of DEM derived stream reach grid cells and 
associated valley bottom cells overlying unconsolidated 
material (regolith)  

Catchment percentage 
unconsolidated rocks 

2,3,4 % Areal proportion of all upstream grid cells overlying 
unconsolidated material (regolith) 

Source data: 
1. Soil Hydraulic Properties of Australia (Western and McKenzie, 2004) 
2. Surface geology of eastern Australia (Whitaker et al., 2005) 
3. Surface geology of the Northern Territory (Liu et al., 2006) 
4. Geology of Australia (Bureau of Rural Sciences, 1991) 



 
digital coverage.  In Western Australia and South Australia where coverage of geology at this 
scale is not yet complete, the lithological classes were assigned based on the digital version of 
the 1976 Edition of Geology of Australia, 1:2,500,000 scale (Bureau of Rural Sciences, 
1991). 

An additional class, based on the age of the rocks underlying the catchment, was 
derived to reflect the increased porosity and permeability that accompanies weathering and 
fracturing of rocks over time (Table 8.3) (Le Moine et al., 2005; Le Moine et al., 2007). The 
hydraulic conductivity of the materials in the immediate environs of the stream is also an 
important influence on stream and aquifer connectivity (Ransley et al 2007). Accordingly, the 
proportion of coarse grained unconsolidated materials in the immediate vicinity of the stream 
and its associated environs was taken to be an indicator of the potential for groundwater 
recharge. These materials generally have high conductivities (Cook, 2003). We defined the 
stream and its environs to include the stream reach and any adjacent grid cells coded as valley 
bottom flats. Valley bottom flats were identified according to the Flatness Index of Gallant 
and Dowling derived from the values of their multi-resolution Valley Bottom Flatness Index 
and associated multi-resolution Ridge-top Flatness Index (Gallant and Dowling, 2003). 

8.2.2.4 Catchment and valley morphology 

Eleven terrain parameters (Table 8.4) were computed from the national 9 second DEM 
to account for the influence of catchment and valley morphology on stream hydrology. 

Measures of slope and relief are indicative of the energy available for the movement 
of water. Runoff is usually quicker in steeper catchments so hydrographs have larger and 
spikier peaks (Thorne, 2004).  Two measures of catchment relief were derived (Table 8.4). 
Catchment Relief (Stewardson et al., 2005) considers the ratio of the average upstream relief 
relative to the total range in elevation while the Relief Ratio (Gordon et al., 1992) measures 
the total elevation range relative to the catchment length.  Catchment length is the longest 
upstream path length, estimated by summing the distance to move across the surface, 
allowing for the change in elevation, from the centre of the grid cell to the centre of the next 
grid cell downstream in the direction of flow. The catchment average slope was computed 
from the grid cell estimates of slope calculated from the 9 second DEM using biquadratic 
spline interpolation with the SLPGRD program (Hutchinson, unpublished). 

Valley slope has a direct influence on channel slope and hence stream power and 
velocity (Knighton, 1998). It was calculated by dividing the difference in elevation between 
the highest and lowest cells of the stream segment by its length. The length of the segment 
was computed as the sum of the distances to move to the next cell in the direction of flow for 
all cells in the segment. Very short stream segments of just one cell were assigned the average 
of the segment slope values computed for the upstream and downstream segments. 

The size and shape of the catchment influence the water yield and its timing and 
distribution. The catchment elongation, for example, has a large bearing on the timing and 
magnitude of peak flows during flood events (Bárdossy and Schmidt, 2002; Moussa, 2003). A 
commonly used measure of catchment shape is the Elongation Ratio (Re) (Gordon et al., 
1992; Brierley et al., 1996; Davies et al., 2000; Parsons et al., 2002). It was calculated at each 
segment pour-point by dividing the diameter of a circle with the same area as the catchment 
above the pour-point by the maximum length of the catchment. The more elongated the 
catchment, the closer the value of this ratio is to zero. Catchment size is described by the total 
area that drains to the catchment outlet (Gordon et al., 2004). It was computed by 
accumulating the area of all grid cells upstream of the segment pour-point. The total area 



Table 8.4 Terrain attributes describing the catchment and valley morphology. Attributes indicated in 
italics were selected for the NOWEIGHTING, EQWEIGHTING and NOSTANDARDIZATION series 
classifications (see Section 8.2.3). Catchment area and catchment length, log10(x+1) transformed, were also 
included in the  NOSTANDARDIZATION series classifications.  
Attribute Units Definition 

Indicator of valley 
confinement  

% Percentage of stream reach grid cells and their immediate neighbours 
that are not valley bottoms as defined by mrVBF and mrRTF indices 

Valley Slope % Stream reach slope: computed as the difference in elevation between 
the highest and lowest cells of the stream reach divided by its length 

Catchment area km2 The contributing area upstream of the reach pour-point 

Catchment length km Maximum flow path length upstream to the reach pour-point, 
calculated by incrementing the maximum upstream length of 
neighbouring contributing cells. Flow path distance is the distance to 
move across the surface, allowing for the change in elevation, from the 
centre of the grid cell to the centre of the next grid cell downstream in 
the direction of flow.  

Maximum upstream 
elevation 

m Maximum elevation value of all upstream grid cells 

Mean upstream elevation m Mean elevation value of all upstream grid cells 

Minimum reach elevation m Minimum elevation value of all cells in reach  

Catchment relief  (mean upstream elevation-pour point elevation)/(max upstream 
elevation-pour point elevation). 

Catchment relief ratio  (maximum upstream elevation-pour point elevation)/(flow path 
distance from source) 

Catchment shape 
(elongation ratio) 

 Re = Dc / L 
where: 
Dc = the diameter of a circle with the same area as the catchment area 
upstream of the segment  
L = the maximum length of the catchment along a line basically 
parallel to the main stem (Gordon et al., 1992) 

Catchment slope % Mean slope of all grid cells upstream of the reach pour-point (both 
valley and hillslope cells) 

Stream density km/km2 Accumulated length of DEM derived stream upstream of the reach 
pour-point cell  / upstream area  

upstream of a flow bifurcation was included in the area of all downstream segments (i.e it was 
not divided at the bifurcation).  

Hydrograph properties including those related to baseflow and the timing and 
magnitude of stormflow events, have been shown to be strongly correlated with drainage 
density, the length of channel per unit area (e.g.Mwakalila et al., 2002; Brandes et al., 2005). 
Drainage density was calculated here by dividing the total length of all upstream reaches by 
the catchment area at the reach pour-point.  

A primary differentiating criteria in many river classification schemes is valley 
confinement (e.g. Whiting and Bradley, 1993; Rosgen, 1994; Brierley and Fryirs, 2000). The 
width of the valley relative to that of the channel controls the energy of inundating flows 
(Fagan and Nanson, 2004). Confinement must be described relative to the width of the 
channel (Jerie et al., 2003), but neither valley nor channel width can be estimated reliably 
with the available continental scale data. Instead, an indicator of valley confinement (Stein, 
2007) was derived by considering the Flatness Index class values derived from the values of 
the multi-resolution Valley Bottom Flatness (mrVBF) and multi-resolution Ridge Top 



Flatness (mrRTF) indices (Gallant and Dowling, 2003) of the grid cells neighbouring the 
channel cells. It was computed as the percentage of the cells in the immediate 3 x 3 cell 
neighbourhood of the channel cell that were not classified as valley bottoms (i.e. cells that 
were classified as hillslope, ridge top flat or indeterminate). Small values of this indicator thus 
identify unconfined channels on wide floodplains. Intermediate values suggest the presence of 
smaller floodplain pockets.Valley confinement is indicative of the depositional environment 
and the potential for stream aquifer connectivity (Ransley et al., 2007) at the reach scale. The 
final terrain parameter, catchment storage, describes the relative proportion of depositional 
areas in the catchment, calculated simply as the proportion of grid cells in the catchment 
upstream of the segment pour-point that are valley bottoms. 

8.2.2.5 Vegetation cover 

The type and cover of vegetation in the catchment has an indirect but significant 
influence on stream hydrology through its effect on processes of infiltration and 
evapotranspiration. The catchment vegetation cover was described by the areal proportion of 
the catchment in each of three broad structural classes: trees, grasses and others, the latter 
including shrublands. These classes were formed by grouping the 23 major vegetation types 
of the National Vegetation Information System (NVIS) Version 3 pre-European vegetation 
layer supplied as a grid at 100m resolution (National Land and Water Resources Audit, 
2001a). Pre-European vegetation, rather than present vegetation, was used to avoid 
confounding the classification with the effects of recent (post European) industrial society 
(see Appendix 3).  

8.2.3 Assigning stream gauges to the DEM derived stream network 

To aid evaluation of the ecohydrological environment classifications, each of the 830 
high and medium quality gauging stations compiled for the classification of flow regimes 
(Appendices 4 and 5) were assigned the identifier of the stream reach on which they were 
located. This enabled gauges to be allocated to an ecohydrological environment group and 
thus the flow characteristics of the group to be described. Kruskal-Wallis rank sum tests were 
used to test the null hypothesis that the distribution of the flow metric values was the same in 
each of the ecohydrological environment groups (R Development Core Team, 2004). Kruskal-
Wallis is a non-parametric statistic that is more robust to departures from normality than the 
F-statistic (Belbin and Collins, 2004). 

The reach assignment of each gauging station was verified by comparing the gauge 
name and supplied catchment area with the name and DEM-derived catchment area of the 
assigned stream reach. These comparisons uncovered occasional errors in gauge location as 
well as incorrect matching due to differences in mapping scale and generalization of the DEM 
derived stream network, particularly for gauges located close to a confluence. Automatic 
procedures were developed to relocate these gauges to the closest position on a stream reach 
of the same stream name. Gauging stations for which matching locations could not be found 
automatically within 1 km of the given gauge location or those for which the DEM derived 
catchment area differed from that supplied by more than 5% were manually checked. 

8.2.4 Classification series 

Four series of classifications were generated with varying sets of attributes, weightings 
and transformations and numbers of groups (Table 8.5). Six classifications were generated for 
each series with the numbers of groups broadly between 10 and 60. In some cases, no value of  



Table 8.5 Classification series from which the ecohydrological environment classification was chosen. 
 
Classification name Number 

of 
groups 

Attributes Transformations Standardization Weighting of 
attributes 

10 

20 

29 

41 

51 

MANTELSELECTED 

61 

As indicated 
in Table 8.6 

As selected using 
the procedure of  
Snelder et al. 
(2007) 

As per Table 
8.2 

Implied by the 
number of 
times an 
attribute was 
selected 

10 

20 

30 

40 

51 

NOWEIGHTING 

59 

As indicated 
in tables 8.1 
to 8.4 + 
vegetation 
cover  
attributes 
(Section 
8.2.2.5) 

As per tables 8.1 
and 8.2 

As per Table 
8.2 

None 

10 

20 

31 

40 

49 

EQWEIGHTING 

58 

As for NO-
WEIGHTING 

As per tables  8.1 
and 8.2 

As per Table 
8.2 

Equal 
weighting 
applied to each 
attribute group 

11 

18 

30 

41 

49 

NOSTANDARDIZATION 

57 

As for NO-
WEIGHTING 
plus 
catchment 
area and 
catchment 
length 

As per tables 8.1, 
8.2 and 8.4 

None Equal 
weighting 
applied to each 
attribute group 

 

 

  

the allocation radius would produce exactly the desired number of groups and so the numbers 
of groups tested incremented only approximately by ten. 

The first (“MANTELSELECTED”) was based on a set of attributes and 
transformations selected using the method of Snelder et al. (2007) described below and the 
830 gauges compiled for the ecohydrological classification characterised by a set of 120 
ecologically relevant flow metrics (Appendix 5.1). Each gauge was also attributed with a 
corresponding set of the 75 environmental attributes compiled for the stream reach. Following 
Snelder et al. (2007), a set of environmental variables was selected from this candidate set 



 
Figure 8.1 Mantel coefficient values with number of selected variables for the first 20 iterations. Error 
bars represent the 95% confidence limits while the dashed line show the maximum coefficient value 
obtained after 63 iterations. The circle indicates the minimum number of variables for which the 
confidence limits include the maximum coefficient value 

such that the pairwise distances between gauges in environmental space was maximally 
correlated with the pairwise distances based on the observed flow metrics. Both 
environmental and flow distances were calculated by the Manhattan distance after applying a 
range standardization as for the Gower metric (Gower, 1971). In a manner akin to forward 
stepwise regression, the variable that produced the largest increase (or smallest decrease) in 
the correlation between the distance matrices, as measured by the Mantel r statistic, was 
added iteratively (Snelder et al., 2007).  A single variable could be added more than once as 
all were considered for selection at each step. A range of transformations of the variables was 
also tested: raising them to the power of 2, 0.5, 0.25 and log10. The procedure was 
implemented in R using the ecodist package (Goslee and Urban, 2007) and allowed to run for 
63 iterations. By this stage the change in the mantel r statistic for each additional attribute was 
very small (Figure 8.1) and no new attributes were being selected. To generate the 
MANTELSELECTED classification series we used the set of attributes that produced a 
Mantel r statistic value with confidence limits that included the maximum achieved over the 
63 iterations (0.744) (Table 8.6). 

The attributes selected by the Mantel tests are based on a set of gauging stations that sample 
just 830 of the 1.2 million stream reaches and so may not be representative of those that 
influence stream hydrology in other environmental settings. Accordingly, a second series of 
classifications (“NOWEIGHTING”) was generated based on attributes selected from 
literature review and our professional judgement. We excluded some of the reach scale 
attributes such as valley slope that we expected would be less important discriminators of the 
spatial variation in flow regimes and retained just five of the substrate attributes – those most 



Table 8.6 Mantel test results for the first 15 iterations. The attributes shown in bold were selected for the 
MANTELSELECTED classification series. 
Iteration 
number 

Mantel 
coefficient 

Selected attribute Transformation Lower 
confidence 

limit 

Upper 
confidence 

limit 
1 0.646 Cv of annual runoff log10 0.634 0.657 

2 0.679 Catchment average annual 
mean temperature 

log10 0.669 0.690 

3 0.696 Cv of annual runoff 0.5 0.685 0.706 

4 0.702 Stream density 0.25 0.692 0.713 

5 0.710 Catchment average driest 
quarter rainfall 

none 0.700 0.721 

6 0.719 Cv of annual runoff 0.5 0.708 0.729 

7 0.722 Catchment average 
saturated hydraulic 
conductivity 

log10 0.712 0.733 

8 0.723 Mean September runoff 0.25 0.713 0.734 

9 0.729 Proportion of  catchment  
under natural tree cover  

0.25 0.718 0.740 

10 0.732 Skewness of annual runoff  0.25 0.722 0.742 

11 0.736 Catchment average 
warmest quarter rainfall 

log10 0.727 0.747 

12 0.738 Catchment average driest 
quarter rainfall 

2 0.728 0.748 

13 0.738 Catchment average solum  
plant available water holding 
capacity 

log10 0.728 0.747 

14 0.738 Cv of annual runoff 0.5 0.728 0.750 

15 0.739 Catchment maximum 
elevation 

log10 0.730 0.749 

likely to be indicative of greater potential for significant groundwater contributions to stream 
flow. A log10 (x+1) transformation was applied to attributes with particularly skewed 
distributions. In this series of classifications, no weighting was applied to attributes so 
correlated attributes would have a greater influence on the outcomes.  The same set of 
attributes was selected for the third series of classifications (“EQWEIGHTING”) but in this 
case the five attribute groups (climate, catchment water balance, catchment/valley 
morphology, substrate and vegetation) were equally weighted in the calculation of the 
dissimilarity measure regardless of the number of attributes in the attribute group. The final 
series (“NOSTANDARDIZATION”) also weighted the attribute groups equally but allowed 
for a catchment size effect, using the catchment water balance attributes expressed as volumes 
(i.e not standardized by catchment area) and including additional attributes of catchment area 
and catchment length. 



 

Figure 8.2 Classification strength of environmental classifications evaluated using 120 ecologically 
relevant flow metrics derived for 830 gauging stations. Classification strength is expressed as the 
difference between average within and between group similarities ( )BW −  

 

8.3 Results 

8.3.1 Classification selection 

Twenty four classifications were generated grouping the 1.2 million stream reaches 
into between 10 and 61 classes. The different classification series varied in both their ability 
to recover the flow regime types generated by the classification of gauging stations (Appendix 
5) and their classification strength as measured by the similarity of flow metric values within 
and between groups. 

Classification strength (CS), expressed as the difference ( )BW − , generally increased 
with the number of groups in the classification across all classification series (Figure 8.2). In 
all cases, the randomized ratio ( WB ) was greater than that for the environmental 
classification so the null hypothesis of “no class structure” could be rejected. However, with 
increasing numbers of groups the proportion of groups sampled by the gauges decreases as 
does the number of gauges within each group (Table 8.7) increasing the likelihood that CS 
values are affected by random sampling effects associated with small sample sizes (Hawkins 
et al., 2000; Heino et al., 2004; Snelder et al., 2005). The CS values of the 
MANTELSELECT and NOWEIGHTING series are consistently higher than those of the  



Table 8.7 Classification strength as measured by the similarity of flow metric values within and between 
groups for environmental classifications. A higher difference ( BW − ) or lower ratio ( WB ) indicates a 
stronger classification 

Classification  No. 
groups 

No. 
groups 

tested (i.e. 
> 1 

gauge) 

No. groups 
with less 
than 5 
gauges 

Mean no. 
gauges / 
group 

BW −  WB  

NOWEIGHTING 10 9 1 83.0 0.0551 0.937 

 20 18 2 41.5 0.0637 0.928 

 30 26 3 28.6 0.0663 0.925 

 40 34 6 23.1 0.0692 0.923 

 51 40 8 19.3 0.0702 0.922 

 59 49 13 15.7 0.0715 0.920 

EQWEIGHTING 10 9 1 83.0 0.051 0.941 

 20 16 4 46.1 0.0569 0.935 

 31 23 5 31.9 0.0629 0.929 

 40 25 10 25.9 0.063 0.929 

 49 31 11 22.4 0.066 0.926 

 58 37 15 18.9 0.0661 0.926 

NOSTANDARDIZATION 11 11 2 75.5 0.0512 0.940 

 18 11 5 46.1 0.0495 0.943 

 30 11 9 33.2 0.0529 0.939 

 41 11 14 25.2 0.053 0.939 

 49 8 18 21.3 0.053 0.939 

 57 8 18 20.8 0.0555 0.937 

MANTELSELECTED 10 9 1 83.0 0.0578 0.934 

 20 17 5 43.7 0.0595 0.932 

 29 24 8 33.2 0.066 0.926 

 41 32 7 24.4 0.0704 0.921 

 51 37 18 19.3 0.07 0.922 

 61 43 17 16.6 0.0716 0.920 

EQWEIGHTING series classifications. Not surprisingly, all are higher than the values for the 
NOSTANDARDIZATION series where stream size has a direct influence on the groupings. 

Similarly, the Hubert Arabie Rand Index values indicated the environmental 
classifications derived using the standardized catchment water balance attributes, better 
recovered the 12 group classification of gauging stations based on standardized flow metrics 
(Figure 8.3).  The index reached a maximum value of 0.23 for the 31 group EQWEIGHTING 
classification. This is only slightly higher than that for the 30 group NOWEIGHTING and the 
29 group MANTELSELECTED classifications though much lower than the value of 0.8 
suggested by Steinley (2004) to be indicative of good recovery of given clusters. However, it 



compared reasonably with the Hubert Arabie Rand Index value of 0.37 for an alternative 12 
group classification of the gauges that was generated using the UPGMA hierarchical 
agglomerative clustering strategy and the Gower dissimilarity measure based directly on the 
flow metrics. Communicating the characteristics of more than thirty groups is unwieldy 
whether by graphical or other means. A greater number of classes will also be  more difficult 
to comprehend (DeVellis, 1991 in Schunemann et al., 2003). We chose therefore to focus our 
analysis on a 30 group classification, the 30 group classification from the NOWEIGHTING 
series, henceforth referred to as the “ecohydrological environment classification”. Although 
performing comparably, the MANTELSELECTED classifications were based on a limited 
number of attributes (Table 8.6) omitting many that our literature review had indicated played 
an important role in shaping flow regimes. In particular, geology is known to be a major 
control on the magnitude of the groundwater contribution to a stream yet none of the 
attributes that described the catchment geology were selected. 

 

 

 

 
 

Figure 8.3 Recovery of the 12 groups generated by classification of gauging stations by the environmental 
classifications as measured by the Hubert Arabie Rand Index 

 



 
Figure 8.4  Total length of stream and catchment area (stream reach contributing area) by ecohydrological 
environment group. 

 

8.3.2 The ecohydrological environment classification 

Streams reaches are not evenly distributed among the ecoecohydrological environment 
groups (Figure 8.4). The number of stream reaches, their total length and catchment area vary 
by an order of magnitude. The largest group (20) includes reaches totalling more than 246,500 
kilometres of stream and drains a total area of 516,437km2 while the reaches within the 
smallest group (29) total just 20,508 km and have a catchment area of 25,573 km2.  A few 
groups (20, 21 and 24 in particular) drain proportionally more area than the length of channel 
they contain reflecting a lower drainage density while the reverse is true for some other 
groups (e.g. 6 and 7) that contain a relatively higher proportion of the channel length than of 
catchment area. The groups include streams with a wide range of catchment sizes (Figure 8.5) 
though five groups (numbers 2, 21, 24 and 27 and to a lesser extent, 4) more often contain 
stream reaches of larger catchments. 

The groups are displayed in colours that reflect their shared similarity (Figure 8.6) 
highlighting the strong north-south latitudinal gradient in the distribution of the 
ecohydrological environment groups and a clear separation of streams along the coastal fringe 
from those inland. 



 
Figure 8.5 The catchment size of stream reaches by ecohydrological environment group. The boxes 
indicate the inter-quartile range with the central bar signifying the median value. Whiskers are drawn to 
include all data points that are not more than 1.5 times the inter-quartile range from the box with outliers 
portrayed in red.  

 
A single river may traverse more than one of the ecohydrological environment groups. 

The main stem of the Darling River in western New South Wales, for instance, flows through 
five of the groups (20, 21, 24, 26 and 27) and even more if its tributaries are also considered. 
The Murray Darling Basin, in fact, contains some of the greatest diversity of ecohydrological 
environment groups at spatial scales ranging from drainage divisions (Figure 8.7a) through 
drainage basins (Figure 8.7c) and 1 degree grid cells (~110x110km) (Figure 8.7b). High flow 
regime diversity in the Murray Darling Basin was also a feature of the empirical classification 
(Appendix 6) although in this case, the larger streams were not included due to regulation.  
However, when considered as a function of drainage basin area, it is the higher relief, coastal 
draining basins that exhibit the greater diversity (Figure 8.7d). The Snowy River basin for 
instance contains 11 of the ecohydrological environment types, compared to the 20 found in 
the Murray Darling Basin, though occupying less than 2% of the area. The small, internally 
draining basins that occur across much of the Western Plateau Drainage Division and the 
lower reaches of the Murray Darling Basin Drainage Division also display a relatively high 
diversity in comparison to their area though in absolute terms the number of types is very low. 

There are broad similarities between the ecohydrological environment classification 
and the agroclimatic classification of Australia (Hutchinson et al., 2005), modelled from a 



 
Figure 8.6  The ecohydrological environment classification. Colours used to map the groups were derived 
by aligning the ordination axes of a 3-dimensional ordination of the group centroids with the three 
primary colours and assigning a colour to each group based on its position in the configuration (Belbin et 
al., 1983). Thus groups that are similar in environmental space share similar colours. 
 

global classification of agro-climatic data (Hutchinson et al., 1992) (Figure 8.8a). However, 
the catchment signal is clearly evident when compared to the smoothed boundaries of the 
agro-climatic regions. Thus, the agro-climatic class that coincides with the ecohydrological 
environment grouping of a stream reach is that of its upper catchment rather than the agro-
climatic region in which it flows. Similarly, a number of the Interim Biogeographical 
Classification of Australia (IBRA) regions (version 6.1) (Department of Environment  Water 
Heritage and the Arts, 2007) are aligned with major groupings in the ecohydrological 
environment classification though other regions (e.g the Brigalow Belt North in Queensland) 
encompass quite dissimilar ecohydrological environment groups (Figure 8.8b).  IBRA was 
developed for the National Reserves System program (Pigram and Sundell, 1997). It is a 
regionalisation delineated from regional and continental scale data on climate, 
geomorphology, landform, lithology and expert knowledge of characteristic flora and fauna 
(Thackway and Cresswell, 1995). In contrast, there is little concordance between the 
ecohydrological environment classification and the Australian Water Resources Council 
(AWRC) Drainage Divisions (Australian Water Resources Council, 1976; AUSLIG, 1997; 
Geoscience Australia, 2003) (Figure 8.8c) derived by aggregating the catchments of the major 
river systems and neighbouring small coastal or inland drainage systems according to 
geographic proximity or shared discharge points. 



The ecohydrological environment groups are primarily differentiated by climatic and 
catchment water balance attributes and secondarily by attributes describing the catchment 
morphology, substrate or vegetation cover. This is shown in the box and whisker plots 
presented in Appendix 8.A (Figures.A8.1 to A8.8). For any group the values of climatic and 
catchment water balance attributes occupy a reasonably narrow range. However, the range of 
values for the attributes describing the catchment morphology, substrate and vegetation cover 
is generally much wider and often overlapping. 

 
Figure 8.7 Number of ecohydrological environment types per (a), AWRC drainage division, (b) 1 degree 
grid cell, (c) topographically defined drainage basin and (d) relative to drainage basin area (number / 
1,000km2) 



 
Figure 8.8 Concordance between the ecohydrological environment classification and the boundaries of 
regions delineated by other national classification schemes: a) Agroclimatic regions (Hutchinson et al., 
2005); b) IBRA 6.1 regions (Department of Environment  Water Heritage and the Arts, 2007) and c) 
Drainage Divisions (Geoscience Australia, 2003). Inset maps show the alternative classification. 

 



 
Figure 8.9 Dendrogram showing the relationship among the ecohydrological environment groups derived 
by clustering group centroids.  The dashed line shows the 10 meta groups delineated by cutting the 
dendrogram at a similarity value of 0.13. 

The hierarchical clustering of the group centroids indicates the 30 ecohydrological 
environment groups form 10 distinct meta groups (Figure 8.9) with strong spatial coherence 
(Figure 8.10 ). At the broadest scale these cluster into three broad regions:  i) a northern 
cluster with strong seasonal wet / dry rainfall and runoff patterns (meta-groups A and B); ii) a 
much drier cluster of streams across inland Australia with highly variable runoff 
characteristics (meta-groups C and D) and iii) streams draining wetter catchments with less 
variable runoff along the east coast, in south-eastern and south-western Australia (meta 
groups E to J). The major gradients are summarized in the 3-dimensional ordination (Figure 
8.11). It shows a clear separation of the 10 meta-groups.  

 



 

Figure 8.10 Geographic extent of ecohydrological environment meta groups. Individual groups are 
coloured as in Figure 8.6 with the exception of the single group (29) that comprises meta group J here 
shown in red for easier discrimination. 



Figure 8.11 Two rotated views of the 3-dimensional ordination of ecohydrological environment groups 
with groups coloured according to meta-group membership.   Vectors indicate a gradient of increasing 
values of the labelled attributes from the centroid of all the groups in the ordination space. 

 

Meta group A includes four of the groups (1, 3, 9 and 7) distributed across the top end 
of Australia (Figure 8.10).  The catchments of streams in these groups experience high 
temperatures throughout the year and a strong seasonal wet-dry rainfall pattern. Rainfall tends 
to be highly erosive and leads to high annual runoff totals generated almost entirely over the 
period December to April.  Group 9 streams are distinguished from others in this meta group 
by slightly cooler minimum temperatures in the colder months and less marked differences in 
precipitation between the wettest and driest quarters. Group 7 streams exhibit less variability 
and higher minimums in annual totals of runoff. In contrast to the other meta-group A 
streams, the ecohydrological environment group 1 streams typically have a low proportion of 
the catchment underlain by siliclastic sedimentary rocks but a high proportion of 
unconsolidated sediments while group 3 streams more often have a large proportion of old 
rocks underlying the catchment. 

 
Stream reaches found in a band lying immediately to the south and inland of those in 

meta group A belong to the four groups (2, 5, 10 and 13) that form meta group B (Figure 
8.10).  They too experience strongly seasonal rainfall patterns though tend to be drier and 
cooler in the colder months than those in meta group A and have more variable runoff. Group 
2 streams are distinguished by catchment morphological descriptors. They typically have a 
lower elongation ratio implying a more elongated catchment but relatively larger proportions 
of flat depositional areas as indicated by the catchment storage values and reflected in the 
lower catchment relief.  These streams also have lower annual runoff totals. Vegetation cover 
is the primary attribute discriminating group 10 streams from others in meta group B.  
Grasses, not trees, dominate the catchment of these streams.  Group 13 streams are generally 
draining catchments that are cooler during the hottest months and have lower radiation while 
group 5 streams differ most from others in this meta group by the geology that underlies the 
majority of their catchments most often comprising older rocks. 

Meta group C contains nine member groups from the ecohydrological environment 
classification. It is the largest of the meta groups representing a total length of 1,248,652 km 
of stream and occupying a catchment area of 2,836,723 km2 across central Australia (Figure 
8.10). These are the streams in the most arid parts of the continent with the lowest 



precipitation and high radiation. They experience a greater temperature range than streams in 
either meta group A or Bwith high temperatures in the hottest months and cool to warm 
temperatures in the colder months. Runoff is highly variable. While average monthly runoff is 
low all year round, annual totals are highly skewed. Runoff may be substantial in some years, 
most notably for streams in groups 4 and 12, but negligible in many others. Member groups 
can also be distinguished by their dominant vegetation cover (trees: groups 12, 20 and 27; 
grasses: groups 4, 6, 21, 11 and 18; shrublands: group 15) and catchment average soil 
hydraulic conductivity. Groups 21 and 27 also have lower values of catchment relief.  

Clustered with the meta group C streams are the four ecohydrological environment 
groups (14, 19, 24, and 30) that form meta group D (Figure 8.9). They are common across the 
northern areas of the Murray Darling Basin and include group 30 streams in south-west 
Western Australia, the latter group corresponding with the ancient or old drainage zone 
identified by Mulcahy and Bettenay (1972) . Meta group D streams experience moderate to 
low precipitation similar to that of streams in meta group B but with less marked seasonality 
and cooler temperatures. Monthly runoff magnitude is highest in winter but generally low. 
Although less variable than meta group C streams, annual runoff totals vary considerably 
from year to year though consistently higher for group 14 and 19 streams than others in this 
meta group. Group 14 is distinguished further by catchments with a high proportion of 
unconsolidated sediments while those in group 19 experience cooler temperatures and drain 
catchments with higher average slopes and greater relief.  Group 24 stream reaches are 
usually in lower catchment positions distant from their source and drain large, elongated 
catchments (Figure 8.4). Catchment storage values indicate that more of their catchment is 
classed as a valley bottom flat reflected also by their typically lower catchment relief. 

Ecohydrological environment group 8, the sole member of meta group E, is distributed 
along the coastal fringe in Queensland (Figure 8.10). It is distinguished by high summer 
rainfall that is highly erosive and temperatures that are warm to hot all year. Annual runoff 
totals are also high with low year to year variability though considerable intra-year variability 
with a strong seasonal wet/dry pattern in average monthly runoff totals. 

Most similar to this group are the two ecohydrological environment groups (16 and 
17) that comprise meta-group F (Figure 8.9).They are found along the east coast of Australia 
and represent a transition zone between the streams with a summer dominant rainfall/runoff 
pattern in the north and those with a winter dominant pattern in the south (Figure 8.10). 
Rainfall is high even in the driest period of the year and temperatures warm. The northern 
streams in this meta-group belong to ecohydrological environment group 16 and differ from 
the southern group 17 streams principally in the magnitude and seasonality of rainfall and 
runoff. Group 16 streams are wetter overall though group 17 streams experience more winter 
rainfall. The runoff of group 16 streams is also more variable both inter- and intra-year and 
their catchments experience warmer temperatures. 

Meta-group G is another with just one member group (22) and is found on the 
Fleurieu Peninsula in South Australia and in south-west Western Australia (Figure 8.10) 
where it overlaps with the “mature drainage” zone of Mulcahy and Bettenay (1972). This 
group has a typical Mediterranean climate with hot summers, mild winters and a strongly 
seasonal pattern of winter dominated rainfall and runoff. Runoff totals vary little from year to 
year. Streams in this group are most similar to those in meta-group H (Figure 8.9). They are 
differentiated primarily by a more pronounced rainfall seasonality and generally lower relief 
and average catchment slopes. 

Meta-group H comprise three of the ecohydrological environment groups (23, 25 and 
28) that are distributed across southern Australia (Figure 8.10). They are characterised by a 



cool, wet climate and the absence of a seasonal dry period. Group 25 streams are 
distinguished from the others in this meta group by lower values of catchment average slope 
and relief ratio and warmer temperatures while runoff is higher, especially in winter and 
spring in group 28 streams. Streams in both of these groups have lower values of pereniality 
but higher values of skewness than do streams in group 23. 

Ecohydrological environment group 26 is the single member of meta-group I. It is 
found in areas of higher slope and relief in south-eastern Australia, including Tasmania. The 
catchments of these streams experience cool temperatures, lower radiation and winter 
dominant rainfall patterns like those in meta-group H, but are wetter and streams may receive 
a contribution to runoff from snow melt.  

Streams in south-west Tasmania and the highest parts of the Great Dividing Range are 
members of the ecohydrological environment group 29 that forms the final meta-group, J. 
They share similar climate and runoff characteristics with those in meta-group I but typically 
are even wetter and colder and have the lowest year to year variability in runoff of all groups. 
They also differ in catchment vegetation cover. Unlike meta-group I streams, grasses and 
other non-tree vegetation types may cover a substantial portion of the catchment of these 
streams 

8.3.3 Performance of the ecohydrological environment classification  

8.3.3.1 Recovery of flow regime classes 

The 830 gauging stations used to test classification performance are unevenly 
distributed across the ecohydrological environment groups. One group (11) is not represented 
at all while three other groups (12, 18, and 21) are gauged at just one location. Another eight 
of the groups are represented by less than 10 gauging stations. In contrast, more than 80 
gauges are located on streams in ecohydrological environment groups 22 and 28. 

The ability of the ecohydrological environment classification to recover the 12 flow 
regime classes generated by the classification of these gauging stations (Appendix 5) is 
mixed. While the streams of some ecohydrological environment groups are readily assigned a 
flow regime class others are shared among a number of flow regime classes (Figure 8.12).  
This is confirmed by the value of the Hubert Arabie Rand Index of 0.226 indicative of a fairly 
weak recovery of the flow regime classes (Steinley, 2004). None of the groups sampled by 
more than one gauging station are exclusively linked to a single flow regime class. However, 
for 19 of the 30 ecohydrological environment groups, a majority (> 50%) of the gauges were 
of a single flow regime class. In particular, gauging stations on streams in the cool, wet 
groups were predominantly of either the perennial flow regime class 11 or 5.  Five of the six 
gauges on the group 29 streams were flow regime class 11 the other class 5. This situation 
was reversed for streams in the other closely associated cool, wet group 26 where 41 of the 61 
gauges belong to flow regime class 5 and another 14 are flow regime class 11.  Similarly, at 
the other ends of the environmental spectrum the arid group 6 streams were gauged at six 
locations of which five were of the extremely intermittent flow regime class 4 while all but 
one of the 34 gauges on streams in ecohydrological environment group 7 (hot, wet, summer 
rainfall) were of the flow regime class 2 (highly intermittent, summer dominant)  (23 gauges) 
or 6 (perennial, summer dominant, high baseflow contribution)  (10 gauges). 



Other ecohydrological environment groups include gauging stations from as many as 
eight flow regime classes. This is the case for both groups 25 and 28, gauged at 48 and 86 
locations respectively.  Both are members of meta-group 8.  This, however, is the meta-group 
containing the greatest variety of flow regime classes (Table 8.8).  The majority of gauges of 
most other meta-groups are members of just two or three flow regime classes. Table 8.8 also 
shows that the flow regime classes typically occur across several of the ecohydrological 
environment meta-groups though the majority may be restricted to just one or two.  For 
instance, 47 of the 56 gauges of flow regime class 8 (intermittent, winter dominant) are found 
on streams in ecohydrological environment group 22 (meta-group G) the remainder are 
scattered across three other meta-groups D, H and I. The Hubert Arabie Rand Index value of 
0.232 is only slightly better than that for the comparison with the 30 group classification. 

Figure 8.12.  Flow regime class membership of the ecohydrological environment groups. The size of 
symbols is drawn proportional to the total number of gauges within each environment group (shown in 
parenthesis) while their colour and shape derives from their flow regime class as in Figure 5.9 in Appendix 
5 (i.e. blue=Perennial, green=Intermittent, Orange=Highly intermittent, red=Extreme intermittent). 
Dashed lines show the 10 meta-groups formed by clustering of the ecohydrological environment groups.  
Environment group 11 streams were not gauged. 



8.3.3.2 Discriminating variation in flow regime characteristics 

While not being able to consistently predict the flow regime class membership of a 
stream, the ecohydrological classification is able to discriminate meaningful variation among 
streams in a number of the ecologically relevant characteristics of the flow regime. This is 
shown by the box and whisker plots presented for selected flow metrics describing major 
facets of the flow regime (Figures 8.13 to 8.16). To assist comparison, the hydrologic indices 
selected are those used to show variation among the flow regime classes in figure 5.9 in 
Appendix 5, calculated for each of the 830 gauging stations.  

The ability of the ecohydrological environment groups to differentiate the values of 
the hydrologic indices varies between the indices and among groups, though no group appears 
to be consistently more variable across all flow metrics. For instance, the mean number of 
zero flow days is well predicted by group membership for some groups including those at the 
extremes of the climate gradient (e,g the cool, wet groups 26 and 29 and the arid groups 6 and 
27) but poorly so for many others (e.g. group 1) (Figure 8. 13). In contrast, within group 
variation in the values of the hydrologic index, predictability of mean daily flow, is similar for 
all groups and relatively modest. 

Table 8.8 Number of gauging stations by flow regime class and ecohydrological environment meta-group 

 Flow regime class 

Meta-group Perennial Intermittent Highly intermittent Extreme 
intermittent

 1 2 3 4 5 6 7 8 9 10 11 12 

             

A 1  27    6   46 10 4 

B   6    1   28 13 26 

C         6 6 6 22 

D      1 25 7 14 1 42 18 

E 1  30    10   8 4  

F 1   31   57    25 1 

G 4 11   6 47  1 18    

H 1 18  45 54 7 26 25 6  3 2 

I 14 41  2 3 1       

J 5 1           



 
Figure 8. 13 Distribution of flow metric values by ecohydrological environment group (arranged in 
dendrogram order) for selected flow metrics 1: perenniality, constancy and predictability 



 
Figure 8. 14 Distribution of flow metric values by ecohydrological environment group (arranged in 
dendrogram order) for selected flow metrics 2: seasonality, timing, variability and skewness of flow 



 
Figure 8. 15 Distribution of flow metric values by ecohydrological environment group (arranged in 
dendrogram order) for selected flow metrics 3: magnitude and flashiness 



 
Figure 8. 16 Distribution of flow metric values by ecohydrological environment group (arranged in 
dendrogram order) for selected flow metrics 4: flood magnitude, frequency and duration 
 



 
Figure 8.17 Ecohydrological Environment Types Kruskal Wallis statistic for hydrologic indices by flow 
component: MH-Magnitude average, MH-Magnitude high, ML-Magnitude low, DH-Duration high, DL- 
Duration low, FH-Frequency high, FL-Frequency low, RA-Rate of change, TA-Timing average, TH-
Timing high, TL-Timing low        

The results are similarly mixed for the indices describing the seasonality, timing and 
variability of flow (Figure 8. 14). Perhaps best discriminated by the ecohydrological 
environment classification among these indices, are the skewness of daily flow and the Cv of 
daily flow. In contrast, the gauging station values of the Cv of the Julian date of the annual 
maximum are quite variable for most groups with some notable exceptions for several groups 
of streams from the southern half of the continent. Interestingly, this hydrologic index also 
exhibited a wide range of values for five of the flow regime classes (0, 1, 3, 4 and 6) (see 
figure 5.9 in Appendix 5). 

The gauged values of annual mean runoff are very well discriminated by all of the 
ecohydrological environment classification (Figure 8. 15) (though note log scale). The results 
are more inconsistent for the median annual minimum and median annual maximum flows. 
However, group membership reliably predicts where the median annual minimum flow is 
typically zero. Variation within groups for the hydrologic indices describing the rate of rise 
and fall is also less for streams in the cooler, wetter groups in southern Australia than it is for 
streams in meta-groups B and C in particular (Figure 8. 15). 

Similarly, the groups differ in the level of within group variation for the flow metrics 
describing characteristics of the high flows (Figure 8. 16). While the indices describing the 
flood magnitude and frequency are, in most cases, reasonably well discriminated by the 
ecohydrological environment groups those describing the duration of high flows are very 
poorly differentiated by several groups in northern Australia. 



For all hydrologic indices the probability value of the Kruskall-Wallis test was very 
close to zero, confirming that the ecohydrological environment classification did indeed 
discriminate significant variation in their values.  However, as seen in the box and whisker 
plots, this varied between hydrologic indices (Figure 8.17). Indices describing flow 
components related to the duration and frequency of events (both high and low) and the 
timing of low flow events are typically less well discriminated than other components of flow. 

 

8.3.3.3 Classification strength 

The Kruskal Wallis statistic tested classification performance against each of the 
hydrologic indices independently. A more integrated measure of performance is provided by 
the Classification Strength (CS). We showed earlier (Section 8.3.1, Table 8.7) that the CS 
value of the 30 group ecohydrological environment classification derived from the 
NOWEIGHTING classification series was less than that of the flow regime classification of 
gauging stations, though better than any random grouping of gauging stations. Here we 
compare the CS of the ecohydrological environment classification with those of alternative 
landscape classification schemes: the IBRA regionalisation and sub-regionalisation 
(Department of Environment  Water Heritage and the Arts, 2007), the AWRC Drainage 
Divisions (Australian Water Resources Council, 1976; Geoscience Australia, 2003) 
topographically defined drainage basins (all of the catchment area draining to a river mouth or 
inland sink) (Stein, 2007, unpublished) and the agroclimatic classification (Hutchinson et al., 
2005). Gauging stations were allocated to a region in each classification by overlay. We also 
explore variation in hydrologic similarity within groups.  

Classification strength was computed for each of the alternative classifications based 
on the hydrologic similarity of the gauges measured by the Gower metric across all 120 
hydrologic indices. The classification strength derived directly from a posteriori classification 
of the gauges suggests an upper bound to that achievable by any landscape classification for 
the same number of groups (Van Sickle and Hughes, 2000). To compare the strength of 
different classifications the relative CS (Snelder et al., 2004) was calculated by expressing CS 
as a percentage of the CS of a posteriori, spatially neutral classifications of the gauging 
station data. These a posteriori classifications were generated with the flexible beta UPGMA 
clustering algorithm (β = -0.1) (Belbin et al., 1992) as implemented in PATN (Belbin, 1993b) 
for a number of groups equal to the number of landscape classification groups represented by 
at least two sites, that is, the number of groups included in the calculation of W . For example, 
a 26 group classification of gauging stations produced a CS ( BW − ) value of 0.0887. Thus, the 
ecohydrological environment classification that also tests 26 groups has a relative CS value of 
75% (0.0663 / 0.0887 ) 

The ecohydrological environment classification provides the strongest landscape 
classification when expressed as relative CS (Table 8.9). The agroclimatic classification also 
performs well with a relative CS value of 69%. Topographically defined drainage basins 
provide the weakest classification with CS values just 35% of that achievable for a posteriori 
classification with an equivalent number of groups.  



Table 8.9 Classification strength of alternative landscape classifications. Relative CS values are 
calculated as for a posteriori classifications of the gauges are also included 

Classification Number 
of groups

Number of 
groups 

sampled by 
> 1 gauge 

BW −  WB  Relative 
CS 

 (%) 

Landscape classification      

IBRA 6.1 regions  (Department 
of Environment  Water Heritage 
and the Arts, 2007) 

85 56 0.0578 0.935 60 

IBRA 6.1 sub-regions  
(Department of Environment  
Water Heritage and the Arts, 
2007) 

403 145 0.0674 0.925 62 

AWRC Drainage Divisions 
(Geoscience Australia, 2003) 

12 11 0.0379 0.956 49 

Topographically defined 
drainage basins (Stein, 2007 
unpublished) 

12501 93 0.0357 0.99 35 

Agroclimatic classification of 
Australia (Hutchinson et al., 
2005) 

18 17 0.0579 0.934 69 

Ecohydrological environment 
classification (this study) 

30 26 0.0663 0.925 75 

Classification of gauging stations      

Flow regime classes (Appendix 5)  12 12 0.0764 0.915 98 

Notes: 
1. Basins of named streams 

Mean similarity dendrograms (Van Sickle, 1997) were produced using a routine 
written in the R statistical software scripting language (R Development Core Team, 2004) 
(Figure 8.18). Relatively long branches of the mean similarity dendrogram are indicative of a 
strong classification (Van Sickle and Hughes, 2000). However, while within group similarity 
Wi was greater than between class similarity for all but one of the Drainage Divisions (Bullo-
Bancannia), none of the classifications presented, including the  a posteriori classification of 
flow regime classes (Appendix 5) displayed the long arms that would suggest a strong 
classification. Moreover, W varies between groups. The values of the hydrologic indices were 
most similar among gauging stations in the cool, wet ecohydrological environment groups 26 
and 29 (values of W of 0.914 and 0.917 respectively) and least similar for gauges in group 30, 
the drier of the south-west Western Australian groups (W=0.8346).  The greatest variation in 
W is observed for groups gauged at less than 15 locations (Figure 8.19) suggesting at least 
some of the variation in W between groups may be attributed to sampling effects (Hawkins 
and Vinson, 2000; Heino et al., 2004). 



 
 

Figure 8.18 Mean similarity dendrograms for alternative groupings of gauging stations: a) the 
ecohydrological environment classification; b) Autoclass clustering of gauges (Appendix 5);  c) AWRC 
Drainage Divisions (I- North-east coast, II:-South-east coast, III-Tasmania, IV-Murray-Darling, V-South 
Australian coast, VI-South-west coast, VII-Indian Ocean, VIII-Timor Sea, IX-Gulf of Carpentaria, X-
Lake Eyre, XI-Bulloo-Bancannia) . The dendrogram node is plotted at B , the average between group 
similarity, with branches for each group of length Wi where Wi is the within group mean similarity for 
group  i 

 



 
Figure 8.19 Within group similarity (W) for ecohydrological environment groups with number of gauging 
stations 

8.4 Discussion 

We classified all of the streams (that are mapped at a scale of 1:250,000) to derive an 
ecohydrological environment classification for Australia. The classification describes 
variation in the landscape and climate variables that shape the flow regime. Climate, both 
directly, and indirectly through the catchment water balance attributes, exerts a major 
influence on these patterns. At finer spatial scales, groups exemplify the separate and/or 
combined influences of substrate, terrain and vegetation cover.  

8.4.1 Classification performance 

Our classification is also able to discriminate meaningful variation in many of the 
ecologically relevant descriptors of the flow regime. It provides a stronger classification than 
other national classifications including the AWRC Drainage Divisions, IBRA and the 
agroclimatic classification. The CS value for the topographically defined drainage basins was 
particularly low suggesting there is considerable within basin heterogeneity in flow regimes 
relative to that between – a finding supported by the high diversity of ecohydrological 
environment types observed for many basins. 

The relative CS value of 75% of that for a comparable a posteriori classification of the 
gauging stations compares favourably with that reported by Snelder et al. (2005) for New 
Zealand’s River Environment Classification from an analysis of 335 gauges (a best CS of 
60%). Like Snelder et al. (2005) we found between group similarities ( )B  to be relatively 
large when compared to the within group similarities among gauging stations (W ). 
Accordingly, absolute CS values were reasonably low. This however, was also true of the 
classification of flow regime classes. The low B values implies that each pair-wise 
combination of gauging stations share similar values for at least some flow metrics, thus 



constraining the range of possible values of B. The distribution of the pair-wise similarity 
values confirms this to be the case. These have a mean value of 0.827 (standard deviation: 
0.061, median: 0.834) on a scale of zero, indicating the gauging stations are maximally 
dissimilar, to one, implying identical values across all hydrologic indices. Even the most 
dissimilar gauges have a Gower metric value of 0.503 implying some overlap in flow metric 
values. 

CS is an integrated measure of classification performance. However, it masks 
considerable variability in the classification’s ability to discriminate meaningful variation 
between hydrologic indices. Interestingly, some of the components of flow least well 
discriminated (low flow magnitude, duration and timing) were also some of those that were 
found to be least accurately described by the gauged data (Appendix 4). Since baseflow 
characteristics are an important distinguishing attribute of the flow regime classes (Appendix 
5) it was not surprising that the ecohydrological environment classification did not reliably 
predict class membership. 

8.4.2 Classificatory strategy 

The classification might have been tailored to better recover these flow regime classes 
by seeding it with the flow regime class means derived from the values of the environmental 
attributes at the gauging station location. Thus, each stream reach would be allocated to the 
flow regime class to which it was most similar in this environmental space. However, we 
were also interested to discover whether there was additional variation in the ecohydrological 
characteristics of streams that might not be captured by the reasonably limited set of gauging 
stations available. Accordingly, we derived our environmental classification independently 
and used the gauged data to test its performance. We thus identified four groups of streams 
with potentially different ecohydrological characteristics that were either not gauged at all, or 
gauged at only one location. Not unexpectedly, these streams are all found across the arid 
centre of Australia and hence have been of very little interest to hydrologists. 

There are a number of other aspects of our classificatory strategy that will influence 
the outcomes. These include our choices of clustering method, attributes, weightings, 
numbers of groups and hierarchical organization.  

We employed the ALOB non-hierarchical clustering procedure to generate the 
ecohydrological environment classification based on its successful application to many other 
environmental domain analyses and its ability to handle the very large data matrix that we 
generated (i.e. 1.2 million stream reaches x 48 attributes). The inter-group association matrix 
it produces also enables exploration of the relationship between groups and their higher level 
clustering. However, it does not explicitly incorporate data uncertainty into the algorithm 
though this might be approximated by appropriate variable weightings. More seriously, it 
produces hard boundaries between classes that may not reflect gradual change. Probabilistic 
methods such as that used to generate the flow regime classes overcome the problem of 
indeterminate boundaries and might be assessed for future revisions of the ecohydrological 
environment classification. 

There are no widely accepted criteria for determining an appropriate number of groups 
(Belbin, 1993a). Moreover the different criteria may not agree (Mufti et al., 2005).  For ease 
of interpretation and use and because it better recovered the grouping of gauging stations we 
chose to focus our analysis on a 30 group classification. Classifications with a larger number 
of groups will differentiate greater variation in the environmental characteristics of streams 
and their catchments. However, as the number of groups increases, the differences between 
them increasingly approach the measurement error of the attributes or is so small as to be 



ecologically meaningless. Still, streams in the two most similar groups of the 40 group 
NOWEIGHTING classification series differed significantly across at least one attribute: the 
average proportion of natural tree cover in the catchment (values of 5 and 74% respectively). 
It remains to be tested, however, whether this explains any additional, ecologically 
meaningful, variation in their flow regime. Such testing would likely require additional 
gauging stations to ensure adequate sampling of each group. 

Our attribute weighting was implicitly defined by the number of variables that we 
used to describe the major landscape controls on stream hydrology. These were heavily 
weighted to the climatic and catchment water balance descriptors, many of them highly 
correlated, so not surprisingly, these are the major discriminators of variation among the 
groups. This is, however, consistent with the wide recognition of the primary role that climate 
plays in controlling stream ecosystem patterns and processes at broad spatial scales (Bailey, 
1996; Cleland et al., 1997; Calvert et al., 2001; Snelder and Biggs, 2002) but reduces the 
influence of other important controlling factors. This could be one of the reasons the 
classification was unable to discriminate those streams with a significant baseflow 
contribution associated with the geology of its catchment. Assigning equal weighting to each 
of the major attribute groups (climate, catchment water balance, catchment morphology, 
substrate and vegetation cover), however, produced a weaker classification.  

A hierarchical classification structure provides an alternative method of organizing the 
classification that better reflects the different scales at which the controlling factors operate. 
Thus, for instance, one could derive five separate classifications, one for each of the major 
attribute groups, and then combine these hierarchically (e.g.Snelder and Biggs, 2002; Stein, 
2007). The major disadvantage of this approach is the large number of combinations it can 
produce making validation and testing problematic. For example, there are 105 possible 
combinations for a five level hierarchical classification of ten groups though of course, many 
of the potential combinations may not exist.  

The attributes selected by the Mantel tests raise some interesting questions about the 
nature of the landscape controls on stream hydrology. These too down-weighted the influence 
of substrate, selecting none of the attributes describing the catchment lithology. Similarly, the 
classification trees (CART) models (Appendix 5) did not include geological attributes as 
significant predictors of flow regime class membership. This, however, is likely to be more a 
reflection of the limitations of the geological data and the method of attribution than an 
indication of the relative influence of catchment geology on stream hydrology. 

8.4.3 Characterisation of landscape processes 

Categorical map data such as lithology are difficult to attribute in ways that suitably 
reflect their influence on stream hydrology. This task was made more difficult by the nature 
of the geological mapping. The new, 1:1 million scale, Geology of Australia mapping was not 
finished in time for this project. Differences in the mapping scale and the coding and 
lithological description of map units between this, and the older, 1:2,500,000 scale mapping 
used to complete the continental coverage, produced inconsistencies across state borders and 
potentially artefacts in the classification. The mapping units also combine lithologies with 
very different hydrogeological properties. For example, shales and other fine grained clastic 
rocks, typically with extremely low permeabilities, were mapped with highly permeable 
sandstones (Fitts, 2002). Moreover, a lithology’s hydrogeological behaviour may vary 
considerably depending on the age of the bedrock and the degree of weathering and faulting 
(Le Moine et al., 2007). Even if expert assistance was available to characterise the 
hydrogeological properties of each of the many thousands of mapping units (a major 
undertaking) there remains the problem of integrating these values across the catchment. 



Catchment averages may be uninformative and even misleading, especially in large 
catchments.  

Catchment averages were also used to characterise the catchment climate and 
similarly, may not adequately represent the heterogeneous climatic conditions of a large 
catchment. This might be improved by weighting the average according to the potential 
contribution of an area to stream flow (e.g. as indicated by the monthly runoff estimates). An 
even better solution would be to model directly the physical processes that shape the character 
and behaviour of the stream hydrology although in many cases this is likely to be precluded 
by the coarse scale of national mapping of essential data layers.  

The catchment water balance model attempted to do this. Clearly, it greatly simplifies 
the processes of converting rainfall into runoff. This avoided the need for calibration for 
individual catchments and complex parameterization with concomitant demands on data thus 
enabling continental scale application.  It was computed from monthly rainfall totals rather 
than actual rainfall events and does not account for transmission losses in streamflow routing. 
Contributions to streamflow from surface (overland and interflow) and groundwater are not 
partitioned though work is now underway to introduce a slow flow component into the water 
balance model (M.Hutchinson, pers. comm. 31/1/08). The results will also be sensitive to the 
coarse resolution (~1km) of the soils data that sets the size of the soil water storage capacity 
and the way the accumulated runoff is apportioned in anabranching systems.  

8.5 Conclusions 

We recognized limitations and uncertainties in our classification. Some of these could 
be readily addressed by testing alternative classificatory strategies such as the use of 
probabilistic clustering algorithms or a hierarchical classification structure. Others relate to 
our ability to capture the critical landscape controls on stream hydrology and will require a 
greater investment in research. In particular, it will be important to address shortcomings in 
the methods available to characterise the influence of catchment geology and the geological 
mapping on which it is based. The inability of the classification to discriminate streams with a 
significant groundwater contribution might be largely attributed to these shortcomings. 

Even so, we have shown that the consistent, continent-wide characterisation of climate 
and landscape variation that our ecohydrological environment classification describes 
differentiates many of the other ecologically relevant components of the flow regime, 
including those describing its magnitude, seasonality and variability. At the highest level, the 
classification splits streams into three broad clusters, differentiating streams in the north from 
those in the south and inland. Further divisions produce groupings of streams that are 
generally spatially coherent. The overriding influence of climate on these patterns is 
reinforced by the relative strength of an independent agroclimatic classification. 

The ecohydrological environment classification will support applications at broad 
regional to continental scale while supplying the context for finer scale regional or catchment 
studies. We showed, for instance, how it might be used to explore patterns of diversity in the 
ecohydrological characteristics of streams at a range of spatial scales. We also identified 
several ecohydrological environment types that were very poorly gauged. Thus, our 
classification may also be applied to the task of designing a more representative network of 
gauging stations.  

 

 



Acknowledgements 

The maps shown in figures 8.6, 8.7, 8.8 and 8.10 incorporates data which is © 

Commonwealth of Australia Geoscience Australia 1997 and 2004 



8.6 References 
Atkinson, S. E., Woods, R. A. and Sivapalan, M. (2002) Climate and landscape controls on 

water balance model complexity over changing timescales. Water Resources 
Research, 38(12), 1314. 

AUSLIG (1997) River Basins of Australia Version  1.0, Australian Survey and Land 
Information Group,  Canberra  

Australian Water Resources Council (1976) Review of Australia's water resources 1975. 
Australian Water Resources Council, Australian Government Department of Natural 
Resources, Canberra, 170 pp.  

Bailey, R. G. (1996) Ecosystem Geography. Springer-Verlag, New York. 204 pp. 
Bárdossy, A. and Schmidt, F. (2002) GIS approach to scale issues of perimeter-based shape 

indices for drainage basins. Hydrological Sciences Journal-Journal Des Sciences 
Hydrologiques, 47(6), 931-942. 

Belbin, L. (1987) The use of non-hierarchical allocation methods for clustering large sets of 
data. Australian Computer Journal, 19(1), 32-41. 

Belbin, L. (1993a) Environmental representativeness - regional partitioning and reserve 
selection. Biological Conservation, 66(3), 223-230. 

Belbin, L. (1993b) PATN Version  3.6, CSIRO Division of Wildlife and Ecology,  Canberra  
Belbin, L. and Collins, A. (2004) PATN Version  3.03, Blatant Fabrications,  Hobart 

http://www.patn.com.au/ 
Belbin, L., Faith, D. P. and Milligan, G. W. (1992) A comparison of 2 approaches to beta-

flexible clustering. Multivariate Behavioral Research, 27(3), 417-433. 
Belbin, L., Marshall, C. and Faith, D. P. (1983) Representing relationships by the automatic 

assignment of colour. Australian Computer Journal, 15(4), 160-163. 
Belbin, L. and McDonald, C. (1993) Comparing 3 classification strategies for use in ecology. 

Journal of Vegetation Science, 4(3), 341-348. 
Bourgeron, P. S., Humphries, H. C. and Jensen, M. E. (2001) Elements of ecological land 

classifications for ecological assessments. In Jensen, M. E. and Bourgeron, P. S. (Eds.) 
A Guidebook for Integrated Ecological Assessments. Springer-Verlag, New York pp. 
321-337 

Brandes, D., Hoffmann, J. G. and Mangarillo, J. T. (2005) Base flow recession rates, low 
flows, and hydrologic features of small watersheds in Pennsylvania, USA. Journal of 
the American Water Resources Association, 41(5), 1177-1186. 

Brierley, G. J. and Fryirs, K. (2000) River styles, a geomorphic approach to catchment 
characterization: Implications for river rehabilitation in Bega catchment, New South 
Wales, Australia. Environmental Management, 25(6), 661-679. 

Brierley, G. J., Fryirs, K. and Cohen, T. (1996) Geomorphology & river ecology in 
southeastern Australia: An approach to catchment characterisation. Part One. A 
geomorphic approach to catchment characterisation. Graduate School of the 
Environment, Macquarie University, North Ryde, 54 pp.  

Bryce, S. A. and Clarke, S. E. (1996) Landscape-level ecological regions: Linking state-level 
ecoregion frameworks with stream habitat classifications. Environmental 
Management, 20(3), 297-311. 

Bureau of Rural Sciences (1991) Digital Version of the 1976 Edition of Geology of Australia, 
1:2 500 000 Scale (ARC/INFO  vector format),  http://www.brs.gov.au/datasets 

Calvert, S., Erskine, W. and Junor, B. (2001) Development of a National River Classification 
System - Final Report. Consultancy report prepared by PPK Environment and 
Infrastructure. Murray-Darling Basin Commission, Environment Australia and the 
Land and Water Resources, Research and Development Corporation, Sydney, 
Australia, 68 pp.  

Clarke, S. E., White, D. S. and Schaedel, A. L. (1991) Oregon, USA, ecological regions and 
subregions for water quality management. Environmental Management, 15, 847-856. 



Cleland, D. T., Avers, P. E., McNab, W. H., Jensen, M. E., Bailey, R. G., King, T. and 
Russell, W. E. (1997) National hierarchical framework of ecological units. In Boyce, 
M. S. and Haney, A. (Eds.) Ecosystem Management: Applications for Sustainable 
Forest and Wildlife Resources. Yale University Press, New Haven pp. 181-200 

Croke, B. (2002) Basin-wide mapping of sediment and nutrient exports in dryland regions of 
the Murray-Darling Basin (Project D10012). Hydrological Parameterisation of 
SedNet. Integrated Catchment Assessment and Management Centre (iCAM),  
Australian National University Technical report No., Canberra, 51 pp.  

Davies, N. M., Norris, R. H. and Thoms, M. C. (2000) Prediction and assessment of local 
stream habitat features using large-scale catchment characteristics. Freshwater 
Biology, 45, 343-369. 

Department of Environment  Water Heritage and the Arts (2007) Interim Biogeographic 
Regionalisation of Australia (IBRA) Version 6.1. Department of Environment, Water, 
Heritage and the Arts, Canberra Retrieved from: 
http://www.deh.gov.au/parks/nrs/ibra/version5-1/summary-report/pubs/ibrav5-
summary-report.doc 

DeVellis, B. (1991) Scale development: theory and applications. Sage Publications, Newbury 
Park, California 

Fagan, S. D. and Nanson, G. C. (2004) The morphology and formation of floodplain-surface 
channels, Cooper Creek, Australia. Geomorphology, 60(1-2), 107-126. 

Fitts, C. R. (2002) Groundwater science. Academic Press, Amsterdam. 450 pp. 
Gallant, J. C. and Dowling, T. I. (2003) A multi-resolution index of valley bottom flatness for 

mapping depositional areas. Water Resources Research, 39(12), 1347. 
Geoscience Australia (2003) Australian Surface Water Management Areas (ASWMA) 2000 

Product User Guide. Geoscience Australia, Canberra, 20 pp.  
Goodwin, C. (1996) Watershed Analysis and Management: The Importance of Geology 

[online]. U.S. Environmental Protection Agency Available: 
http://www.epa.gov/owow/watershed/Proceed/goodwin.htm. 

Gordon, N. D., McMahon, T. A. and Finlayson, B. L. (1992) Stream hydrology. An 
introduction for ecologists. John Wiley & Sons, Chichester. 526 pp. 

Gordon, N. D., McMahon, T. A., Finlayson, B. L., Gippel, C. J. and Nathan, R. J. (2004) 
Stream hydrology. An introduction for ecologists. 2nd. edition. John Wiley & Sons, 
Chichester. 429 pp. 

Goslee, S. and Urban, D. (2007) ecodist: Dissimilarity-based  functions for ecological 
analysis. R package Version  1.1.2. ,   

Gower, J. C. (1971) A General Coefficient of Similarity and Some of Its Properties. 
Biometrics, 27(4), 857-871. 

Harding, J. S. and Winterbourn, M. J. (1997) An ecoregion classification of the South Island, 
New Zealand. Journal of Environmental Management, 51(3), 275-287. 

Hawkins, C. P., Norris, R. H., Gerritsen, J., Hughes, R. M., Jackson, S. K., Johnson, R. K. and 
Stevenson, R. J. (2000) Evaluation of the use of landscape classifications for the 
prediction of freshwater biota: synthesis and recommendations. Journal of the North 
American Benthological Society, 19(3), 541-556. 

Hawkins, C. P. and Vinson, M. R. (2000) Weak correspondence between landscape 
classifications and stream invertebrate assemblages: implications for bioassessment. 
Journal of the North American Benthological Society, 19(3), 501-517. 

Heino, J., Louhi, P. and Muotka, T. (2004) Identifying the scales of variability in stream 
macroinvertebrate abundance, functional composition and assemblage structure. 
Freshwater Biology, 49(9), 1230-1239. 

Hennessy, K., Whetton, P., Smith, I., Bathols, J., Hutchinson, M. and Sharples, J. (2003) The 
impact of climate change on snow conditions in mainland Australia. CSIRO 



Atmospheric Research, Aspendale, Victoria, 50 pp. Retrieved from: 
http://www.cmar.csiro.au/e-print/open/hennessy_2003a.pdf 

Hutchinson, M. F., Houlder, D. J., Nix, H. A. and McMahon, J. P. (2000) ANUCLIM Users 
Guide Version 5.1. Centre for Resource and Environmental Studies, Australian 
National University, Canberra  

Hutchinson, M. F., McIntyre, S., Hobbs, R. J., Stein, J. L., Garnett, S. and Kinloch, J. (2005) 
An agro-climatic classification incorporating bioregional boundaries in Australia. 
Global Ecology and Biogeography, 14, 197-212. 

Hutchinson, M. F., Nix, H. A. and McMahon, J. P. (1992) Climate constraints on cropping 
systems. In Pearson, C. J. (Ed.) Field Crop Systems, Vol. 18. Elsevier, Amsterdam pp. 
37–58 

Hutchinson, M. F., Nix, H. A. and McTaggart, C. (2004) GROWEST Version  2.0, Centre for 
Resource and Environmental Studies, Australian National University,  Canberra 
http://cres.anu.edu.au/outputs/growest.php 

Jellett, D. R. (2005) Parameter efficient prediction of unconfined groundwater levels and 
streamflow.  PhD Thesis, Centre for Resource and Environmental Studies, Australian 
National University, Canberra. 286 pp. 

Jerie, K., Household, I. and Peters, D. (2003) Tasmania's river geomorphology: stream 
character and regional analysis. Volume 1. Nature Conservation Branch, Department 
of Primary Industries, Water and Environment Nature Conservation Report No., 126 
pp.  

Kesteven, J., Landsberg, J. and URS Australia (2004) Developing a national forest 
productivity model. Australian Greenhouse Office National Carbon Accounting 
System Technical Report No., Canberra, 104 pp.  

Kingsford, R. T., Dunn, H., Love, D., Nevill, J., Stein, J. L. and Tait, J. T. (2005) Protecting 
Australia’s rivers, wetlands and estuaries of high conservation value. Department of 
Environment and Heritage Australia, Canberra Retrieved from: 
http://www.environment.gov.au/water/publications/environmental/protecting-
rivers.html 

Kirkpatrick, J. B. and Brown, M. J. (1994) A comparison of direct and environmental domain 
approaches to planning reservation of forest higher plant communities and species in 
Tasmania. Conservation Biology, 8(1), 217-224. 

Knighton, D. (1998) Fluvial forms and processses. A new perspective. Arnold, London 
Le Moine, N., Andréassian, V., Michel, C. and Perrin, C. (2005) How to account for 

groundwater exchanges in rainfall-runoff models. Presented at MODSIM 2005 
International Congress on Modelling and Simulation. Melbourne, December, 12-15. 
Zerger, A. and Argent, R. M. (Eds.)  Modelling and Simulation Society of Australia 
and New Zealand pp. 2932-2938  

Le Moine, N., Andréassian, V., Perrin, C. and Michel, C. (2007) How can rainfall-runoff 
models handle intercatchment groundwater flows? Theoretical study based on 1040 
French catchments. Water Resources Research, 43, W06428. 

Leathwick, J. R., Mc.Overton, J. and Mc.Leod, M. (2003) An environmental domain 
classification of New Zealand and its use as a tool for biodiversity management. 
Conservation Biology, 17(6), 1612-1623. 

Lewis, A., Stein, J. L., Stein, J. A., Nix, H. A., Mackey, B. G. and Bowyer, J. K. (1991) An 
assessment of regional conservation adequacy: Tasmania. Resource Assessment 
Commission, Forest and Timber Inquiry Consultancy Series No., Canberra, 106 pp.  

Lewis, F. (1998) Modelling Direct Episodic Recharge in the Western Australian Wheatbelt. 
Department of Agriculture, Western Australia Resource Management Technical 
Report No., 46 pp. Retrieved from: 
http://agspsrv38.agric.wa.gov.au/pls/portal30/docs/folder/ikmp/lwe/water/watres/tr168
.pdf 



Liu, S. L., Raymond, O. L., Stewart, A. J., Sweet, I. P., Duggan, M., Charlick, C., Phillips, D. 
and Retter, A. J. (2006) Surface geology of Australia 1:1,000,000 scale, Northern 
Territory [Digital Dataset] The Commonwealth of Australia, Geoscience Australia.,  
Canberra http://www.ga.gov.au 

Lu, H. and Yu, B. (2002) Spatial and seasonal distribution of rainfall erosivity in Australia. 
Australian Journal of Soil Research, 40(6), 887-901. 

Mackey, B. G., Berry, S. L. and Brown, T. (2007) Reconciling approaches to biogeographical 
regionalization: a systematic and generic framework examined with a case study of the 
Australian continent. Journal of Biogeography, 35( ), 213-229. 

Mackey, B. G., Nix, H. A. and Hitchcock, P. (2001) The natural heritage significance of Cape 
York Peninsula ANUTECH, Canberra, pp. 194. 

Mackey, B. G., Nix, H. A., Hutchinson, M. F., MacMahon, J. P. and Fleming, P. M. (1988) 
Assessing representativeness of places for conservation reservation and heritage 
listing. Environmental Management, 12(4), 501-514. 

Mackey, B. G., Nix, H. A., Stein, J. A. and Cork, S. E. (1989) Assessing the 
representativeness of the Wet Tropics of Queensland World Heritage Property. 
Biological Conservation, 50, 279-303. 

Mackey, B. G., Stein, J. A., Stein, J. L. and Gilles, J. (2000) A scientific assessment of the 
conservation value of Monga and Buckenbowra State Forests, NSW, Australia - with a 
particular emphasis on adequacy and representativeness. Centre for Resource and 
Environmental Studies/ Department of Geography, Faculty of Science, Australian 
National University Working Paper No., Canberra  

McMahon, T. A. (1977) The relief and land form map of Australia: Does it show rock types 
and land forms of hydrologic significance? Catena, 4(1-2), 189-199. 

Moussa, R. (2003) On morphometric properties of basins, scale effects and hydrological 
response. Hydrological Processes, 17, 33–58. 

Mufti, G. B., Bertrand, P. and Moubarki, L. E. (2005) Determining the number of groups 
from measures of cluster stability. Presented at XIth. International Symposium on 
Applied Stochastic Models and Data Analysis (ASMDA 2005). Brest, France, May 17-
20.    pp. 405-413 Retrieved from: http://asmda2005.enst-
bretagne.fr/IMG/pdf/proceedings/404.pdf 

Mulcahy, M. J. and Bettenay, E. (1972) Soil and landscape studies in Western Australia. (1) 
The major drainage divisions. Journal of the Geological Society of Australia, 18(4), 
349-357. 

Mwakalila, S., Feyen, J. and Wyseure, G. (2002) The influence of physical catchment 
properties on baseflow in semi-arid environments. Journal of Arid Environments, 
52(2), 245-258. 

Nanson, G. C., Jones, B. G., Price, D. M. and Pietsch, T. J. (2005) Rivers turned to rock: Late 
Quaternary alluvial induration influencing the behaviour and morphology of an 
anabranching river in the Australian monsoon tropics. Geomorphology, 70(3-4), 398-
420. 

National Land and Water Resources Audit (2000) Rainfall erosivity (R factor) National Land 
and Water Resources Audit,  Canberra http://data.brs.gov.au/asdd/index.php 

National Land and Water Resources Audit (2001a) Australian Native Vegetation Assessment 
2001. National Land and Water Resources Audit, Canberra  

National Land and Water Resources Audit (2001b) Available water capacity for Australian 
areas of intensive agriculture of Layer 1 (A-Horizon - Top-soil) (derived from soil 
mapping) National Land and Water Resources Audit,  Canberra 
http://data.brs.gov.au/asdd/index.php 

National Land and Water Resources Audit (2001c) Available water capacity for Australian 
areas of intensive agriculture of Layer 2 (B-Horizon - Sub-soil) (derived from soil 



mapping) National Land and Water Resources Audit,  Canberra 
http://data.brs.gov.au/asdd/index.php 

National Land and Water Resources Audit (2001d) Soil Clay Content for Australian areas of 
intensive agriculture of Layer 1 (A-Horizon - Top-soil) (derived from soil mapping) 
National Land and Water Resources Audit,  Canberra 
http://data.brs.gov.au/asdd/index.php 

Nix, H. A. (1981) Simplified simulation models based on specified minimum data sets: The 
CROPEVAL concept. In Berg, A. (Ed.) Application of remote sensing to agricultural 
production forecasting. Commission of the European Communities, Luxembourg pp. 
151-169 

Nix, H. A. (1986) A biogeographic analysis of Australian elapid snakes. In Longmore, R. 
(Ed.) Atlas of Elapid Snakes of Australia. Australian Flora and Fauna Series No. 7. 
Australian Government Publishing Service, Canberra pp. 4-15 

Nix, H. A. (1992) Environmental domain analysis. Presented at Environmental 
Regionalisation. Establishing a Systematic Basis for National and Regional 
Conservation Assessment and Planning. Canberra, 11-12 May 1992. R.Thackway 
(Ed.)  Environmental Resources Information Network   

Nix, H. A. (1997) Management of parks and reserves for the conservation of biological 
diversity. In Pigram, J. J. and Sundell, R. C. (Eds.) National Parks and Protected 
Areas: Selection, Delimitation, and Management. Centre for Water Policy Research, 
University of New England, Armidale pp. 11-36 

Nix, H. A., Faith, D. P., Hutchinson, M. F., Margules, C. R., West, J., Allison, J., Kesteven, J. 
L., Natera, G., Slater, W., Stein, J. L. and Walker, P. (2000) The BioRap Toolbox. A 
National Study of Biodiversity Assessment and Planning for Papua New Guinea. 
Consultancy Report to the World Bank. Centre for Resource and Environmental 
Studies, Australian National University, Canberra, 48 pp.  

Nix, H. A., Stein, J. A. and Stein, J. L. (1992) Developing an environmental geographic 
information system for Tasmania: An application to assessing the potential for 
hardwood plantation forestry. Bureau of Rural Resources Working Paper No., 
Canberra, 174 pp.  

Nix, H. A., Stein, J. L., Stein, J. A. and Tassell, G. (1992) Generation of an environmental 
domain classification for the Northern Territory. A report to the Northern Territory 
Conservation Commission. Centre for Resource and Environmental Studies, ANU, 
Canberra  

O'Keefe, J. H. and Uys, M. C. (2000) The role of classification in the conservation of rivers. 
In Boon, P. J., Davies, B. R. and Petts, G. E. (Eds.) Global perspectives on river 
conservation: Science, policy and practice. John Wiley & Sons, Chichester pp. 445-
458 

Ollier, C. and Pain, C. (1996) Regolith, soils and landforms. John Wiley & Sons, Chichester. 
316 pp. 

Omernik, J. M. (1995) Ecoregions: A spatial framework for environmental management. In 
Davis, W. S. and Simon, T. P. (Eds.) Biological assessment and criteria : tools for 
water resource planning and decision making. Lewis Publisher, Boca Raton pp. 49-65 

Omernik, J. M. and Bailey, R. G. (1997) Distinguishing between watersheds and ecoregions. 
Journal of the American Water Resources Association, 33, 935-950. 

Parkinson, G. (Ed.) (1986) Climate. Division of National Mapping, Canberra. 
Parsons, M., Thoms, M. and Norris, R. (2002) Australian River Assessment System: AusRivAS 

Physical Assessment Protocol. Commonwealth of Australia and University of 
Canberra Monitoring River Health Initiative Technical Report No., Canberra 
Retrieved from: 
http://ausrivas.canberra.edu.au/Geoassessment/Physchem/Man/Protocol/index.html 



Pigram, J. J. and Sundell, R. C. (1997) Introduction. In Pigram, J. J. and Sundell, R. C. (Eds.) 
National Parks and Protected Areas: Selection, Delimitation, and Management. 
Centre for Water Policy Research, University of New England, Armidale pp. 1-3 

R Development Core Team (2004) R: A language and environment for statistical computing 
R Foundation for Statistical Computing,  Vienna, Austria http://www.R-project.org/ 

Ransley, T., Tottenham, R., Sundaram, B. and Brodie, R. (2007) Development of Method to 
Map Potential Stream-Aquifer Connectivity: a case study in the Border Rivers 
Catchment. Bureau of Rural Sciences, Canberra, 25 pp. Retrieved from: 
http://www.affashop.gov.au/PdfFiles/method_map_stream_aquifer_connectivity.pdf 

Rosgen, D. L. (1994) A classification of natural rivers. Catena, 22, 169-199. 
Schunemann, H. J., Best, D., Vist, G., Oxman, A. D. and The Grade Working Group (2003) 

Letters, numbers, symbols and words: how to communicate grades of evidence and 
recommendations. CMAJ, 169(7), 677-680. 

Snelder, T. H. and Biggs, B. J. F. (2002) Multi-scale river environment classification for 
water resources management. Journal of the American Water Resources Association, 
38(5), 1225–1239. 

Snelder, T. H., Biggs, B. J. F. and Woods, R. A. (2005) Improved eco-hydrological 
classification of rivers. River Research and Applications, 21, 609-628. 

Snelder, T. H., Cattanéo, F., Suren, A. M. and Biggs, B. J. F. (2004) Is the River Environment 
Classification an improved landscape-scale classification of rivers? Journal of the 
North American Benthological Society, 23(3), 580-598. 

Snelder, T. H., Dey, K. L. and Leathwick, J. R. (2007) A procedure for making optimal 
selection of input variables for multivariate environmental classifications. 
Conservation Biology, 21(2), 365-375. 

Snelder, T. H. and Hughey, K. F. D. (2005) The use of an ecologic classification to improve 
water resource planning in New Zealand. Environmental Management, 36(5), 741-
756. 

Stein, J. L. (2007) A continental landscape framework for systematic conservation planning 
for Australian rivers and streams.  PhD Thesis, Centre for Resource and 
Environmental Studies, Australian National University, Canberra.  

Stein, J. L., Stein, J. A. and Nix, H. A. (2002) Spatial analysis of anthropogenic river 
disturbance at regional and continental scales: identifying the wild rivers of Australia. 
Landscape and Urban Planning, 60(1), 1-25. 

Steinley, D. (2004) Properties of the Hubert-Arabie Adjusted Rand Index. Psychological 
Methods, 9(3), 386-396. 

Stewardson, M., DeRose, R. and Harman, C. (2005) Regional Models of Stream Channel 
Metrics. Cooperative Research Centre for Catchment Hydrology Technical Report No. 
05/16, Melbourne, 52 pp.  

Thackway, R. and Cresswell, I. (1995) An Interim Biogeographic Regionalisation for 
Australia: a framework for setting priorities in the National Reserves System 
Cooperative Program Version 4. Australian Nature Conservation Agency, Canberra  

Thorne, C. R. (2004) Basin, Microsoft  Encarta Online Encyclopedia [online]. Available: 
http://uk.encarta.msn.com. 

Trakhtenbrot, A. and Kadmon, R. (2005) Environmental cluster analysis as a tool for 
selecting complementary networks of conservation sites. Ecological Applications, 
15(1), 335-345. 

Uhlig, P. W. C. and Jordan, J. K. (1996) A spatial hierarchical framework for the co-
management of ecosystems in Canada and the United States for the upper Great Lakes 
region. Environmental Monitoring and Assessment, 39(1-3), 59-73. 

Van Sickle, J. (1997) Using mean similarity dendrograms to evaluate classifications. Journal 
of Agricultural, Biological, and Environmental Statistics, 2, 370-388. 



Van Sickle, J. and Hughes, R. M. (2000) Classification strengths of ecoregions, catchments, 
and geographic clusters for aquatic vertebrates in Oregon. Journal of the North 
American Benthological Society, 19(3), 370-384. 

Walsh, C., Stewardson, M., Stein, J. and Wealands, S. (2007) Sustainable Rivers Audit Filters 
Project Stage 2.  Report to Murray Darling Basin Commission. University of 
Melbourne, Melbourne, 54 pp.  

Warner, R. F. (1986) Hydrology. In Jeans, D. N. (Ed.) Australia - A Geography Volume One. 
The Natural Environment. 2nd. edition, Sydney University Press, Sydney pp. 49-79 

Warry, N. D. and Hanau, M. (1993) The use of terrestrial ecoregions as a regional-scale 
screen for selecting representative reference sites for water-quality monitoring. 
Environmental Management, 17(2), 267-276. 

Western, A. and McKenzie, N. (2004) Soil hydrological properties of Australia Version  
1.0.1, CRC for Catchment Hydrology,  Melbourne  

Whitaker, A. J., Raymond, O. L., Liu, S., Champion, D. C., Stewart, A. J., Retter, A. J., 
Percival, D. S., Connolly, D. P., Phillips, D. and Hanna, A. L. (2005) Surface geology 
of Australia 1:1,000,000 scale, eastern States [Digital Dataset] The Commonwealth 
of Australia, Geoscience Australia,  Canberra http://www.ga.gov.au 

Whiting, P. J. and Bradley, J. B. (1993) A process-based classification system for headwater 
streams. Earth Surface Processes and Landforms, 18, 603-612. 

Williamson, D. R. (1998) Land degradation processes and water quality effects: waterlogging 
and salinisation. In Williams, J., Hook, R. A. and Gascoigne, H. L. (Eds.) Farming 
Action. Catchment Reaction: the effect of dryland farming on the natural environment. 
CSIRO Publishing, Melbourne pp. 162-190 

Xiong, L. and Guo, S. (1999) A two-parameter monthly water balance model and its 
application. Journal of Hydrology, 216, 111-123. 

 



 

 
Figure A8.1 Distribution of rainfall attributes by ecohydrological environment group. Groups are 
arranged in dendrogram order (Figure 8.9) 

 



 
Figure A8.2 Distribution of other climatic attributes by ecohydrological environment group. Groups 
are arranged in dendrogram order (Figure 8.9) 

 



 
Figure A8.3 Distribution of values for catchment water balance attributes by ecohydrological 
environment group 2. Groups are arranged in dendrogram order (Figure 8.9) 



 
Figure A8.4 Distribution of values for catchment water balance attributes by ecohydrological 
environment group 2. Groups are arranged in dendrogram order (Figure 8.9) 



 
Figure A8.5 Distribution of monthly mean runoff values by ecohydrological environment group 1. 
Groups are arranged in dendrogram order (Figure 8.9) 



 
Figure A8.6 Distribution of monthly mean catchment runoff values  by ecohydrological environment 
group 2. Groups are arranged in dendrogram order (Figure 8.9) 

 



 
Figure A8.8 Distribution of values for catchment and valley morphology attributes  by ecohydrological 
environment group 1. Groups are arranged in dendrogram order (Figure 8.9) 

 



 
Figure A8.9 Distribution of values for catchment substrate and vegetation cover attributes by 
ecohydrological environment group. Groups are arranged in dendrogram order (Figure 8.9) 
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