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ABSTRACT

1. Classification is a useful tool for researchers and managers wishing to group functionally
similar sites or to identify unique or threatened habitats. A process-based river classification scheme
that successfully integrates physical and biological aspects of lotic form and function would enhance
conservation and restoration efforts by allowing more meaningful comparisons among sites, and
improving functional understanding of lotic ecosystems.
2. The River Styles framework provides a geomorphological river characterization scheme in

which assemblages of geomorphic units vary for differing River Styles, presenting differing arrays of
aquatic habitat diversity for each style.
3. The ecological significance of the River Styles framework is tested by comparing the

macroinvertebrate assemblages and habitat characteristics of pool and run geomorphic units for
three different River Styles on the north coast of New South Wales, Australia.
4. Multivariate ordinations and analysis of similarity (ANOSIM) revealed that macroinvertebrate

community structure differed between Bedrock-Controlled Discontinuous Floodplain rivers and
Gorge rivers, and between Bedrock-Controlled Discontinuous Floodplain and Meandering Gravel
Bed rivers, especially in pools. Differences between Gorge and Meandering Gravel Bed rivers were
less apparent, largely due to variations within the Meandering Gravel Bed rivers group.
5. The variability in macroinvertebrate assemblage structure among geomorphic units was most

strongly related to variability in substrate and hydraulic variables. Substrate composition differed
significantly among all River Styles and geomorphic units, but other habitat variables showed few
consistent differences among River Style groups.
6. These results suggest that the ecological similarity of macroinvertebrate communities within

River Styles may presently be limited because some important large-scale drivers of local habitat
conditions are not included in River Styles designations. Integrating River Styles classification with
other large-scale variables reflecting stream size, temperature and hydrological regime may produce a
process-based physical classification capable of identifying river reaches with similar ecological
structure and function.
Copyright # 2003 John Wiley & Sons, Ltd.

KEYWORDS: physical habitat; habitat assessment; geomorphology; River Styles; river health; macroinvertebrates

*Correspondence to: J.R. Thomson, School of Biological Sciences, Monash University, Victoria 3800, Australia.



INTRODUCTION

Natural river systems exhibit an enormous variety of physical and biological forms and processes.
Managers and researchers need to be able to order this variability so that they can prioritize conservation
efforts, and be confident about extrapolating research or management outcomes to functionally similar
systems. While both physical and biological criteria have been used to classify lotic systems (see
Montgomery and Buffington (1998) and Naiman (1998) for reviews), successful integration of these related
aspects into a single, process-based framework that encompasses a range of spatio-temporal scales remains
a considerable challenge. A meaningful ‘bio-physical’ classification scheme would aid in prioritizing
conservation and restoration efforts, improve selection of comparable sampling sites for ecological research
and monitoring, allow identification of appropriate reference conditions for biological and physical
assessments and restoration projects, and improve predictions about the effects of management actions and
land-use changes through reference to their effects in functionally similar systems (Frissell et al., 1986;
Newson et al., 1998; Bain et al., 1999).

Because the structure and dynamics of physical habitat are believed to set the template on which
biological organisms evolve and communities are organized (Southwood, 1977, 1988; Townsend and
Hildrew, 1994), physical (or geomorphic) frameworks are generally considered the logical basis for
developing classifications that are both physically and ecologically meaningful (Frissell et al., 1986; Jowett,
1993; Padmore, 1998; Maddock, 1999; Newson and Newson, 2000). In particular, nested hierarchical
models, in which habitat features at a given spatio-temporal scale are nested within the context of larger-
scale, longer-term factors that ultimately constrain their behaviour, have received much attention (Frissell
et al., 1986; Naiman et al., 1992; Hawkins et al., 1993; Newbury and Gaboury, 1993). The ecological
relevance of such physical classification schemes has rarely been tested explicitly, however.

For any geomorphologically based classification scheme to be useful in ecological applications, it must be
ecologically meaningful. At the very minimum, this means that the relationships between geomorphic
structures, functional habitats (sensu Harper et al., 1992) and biotic communities must be understood.
Ideally, biotic communities within geomorphic classes would be relatively distinct and exhibit similar
dynamics. While this is unlikely to be the case across a wide range of geomorphic features and scales,
hierarchical schemes do provide an opportunity to find spatial scales that are both ecologically and
physically important, and to link these to physical processes operating at multiple scales. The physical and
biological similarity of physical units (e.g. mesohabitats) may be enhanced by nesting them within the
context of larger scale, constraining physical classes. The goal of this study was to examine the ecological
significance of River Styles, a geomorphological characterization scheme, by comparing the similarity of
macroinvertebrate communities within and among geomorphic classes.

River Styles and its potential for integrating geomorphology and ecology

The River Styles framework is a hierarchical procedure for geomorphic river characterization whereby
reach-scale processes are explained within a catchment context (Brierley and Fryirs, 2000). Catchment
conditions dictate the type of landscape units (i.e. topography) that in turn control the range of River Styles
formed along river courses. The primary controls on the variability in river character and behaviour are
induced by the valley-setting, measured in terms of the slope, valley shape and degree of valley confinement
(Brierley et al., 2002). In differentiating between River Styles, the relationship between channel and
floodplain processes is the first level of identification. Distinction is made among confined (no floodplain),
partly confined (discontinuous floodplain) and alluvial (continuous floodplain) valley settings. Nested
within these valley settings, different River Styles are defined at the river reach scale (sensu Kellerhals et al.,
1976), whereby boundary conditions are sufficiently uniform along a stretch of river (i.e. there is no
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significant change in the imposed discharge or sediment load) such that the river maintains a near-
consistent geomorphic structure.

Individual River Styles are characterized by a distinct set of attributes, measured in terms of channel
planform, channel geometry and the assemblage of geomorphic units (Brierley and Fryirs, 2000). The form
and assemblage of geomorphic units are used to interpret process associations along river courses. For
example, the distribution of floodplain geomorphic units records the propensity for sedimentation or
reworking of deposits, with profound differences evident among features such as slow-flowing or standing
water bodies (such as backswamps, billabongs, etc). The geo-ecological functioning and degree of
connectivity beyond the channel is commonly dictated by the nature of geomorphic units at channel
margins. For example, levees determine the character and extent of water/sediment inundation on
floodplains, while crevasse splays indicate breaches of the levee and transfer of sediment from the channel
to the floodplain zone. Instream geomorphic units are largely determined by discharge, slope and bed
material texture, ranging from bedrock-controlled forms through to boulder steps to near-continuous pools
(i.e. along a stream power gradient; cf. Grant et al., 1990; Wadeson, 1994; Montgomery and Buffington,
1998). Although Brierley et al. (2002) have identified more than 20 River Styles in coastal catchments of
New South Wales, the framework is generic and open-ended, allowing additional variants of River Styles to
be added as the procedure is applied to new geographical areas.

There is considerable evidence that different geomorphic units (e.g. pools, runs, riffles, cascades,
floodplains) support relatively distinct biotic assemblages, particularly for macroinvertebrates (e.g. Lium,
1974; Logan and Brooker, 1983; Pridmore and Roper, 1985; Brown and Brussock, 1991; Braaten and
Berry, 1997). Since individual River Styles comprise distinct assemblages of geomorphic units, it is
reasonable to infer that particular River Styles should have characteristic assemblages of habitat and biota
(at least within climatic and biogeographic limits) at the reach scale (Taylor et al., 2000; Thomson et al.,
2001). For example, geo-ecological differentiation of an upland swamp and a gorge, or a braided river with
no floodplain and an anastamosing channel network with multiple backchannels and a network of wetlands
on its floodplain, is self-evident, as the assemblages of geomorphic units, their formative relationship to
different flow regimes, and vegetation associations are so distinct that the range of habitats differs notably
among these different fluvial settings. Equally, the presence/absence of geomorphic units along a reach
constrains habitat diversity. For example, the reach-scale assemblage of biota will differ between reaches
that contain riffles and those that do not, because certain biota are specifically adapted to riffle habitats.

Furthermore, because the local physical structure of geomorphic units is influenced by hydrological and
geomorphological processes which are controlled by larger-scale factors (e.g. valley setting, regional
geology, discharge regime, hydraulic controls), geomorphic units of a given type may be physically, and
therefore biologically, more similar within River Styles than between them. That is, if reach-scale
morphology influences physical processes operating at the geomorphic unit and smaller scales, then
particular geomorphic unit types (e.g. pools) should be physically more similar among reaches with similar
reach-scale morphology compared with morphologically different reaches. If regional (reach scale) habitat
factors influence local biotic communities through biotic processes (e.g. dispersal), then the ecological
similarity of mesohabitats (geomorphic units and smaller scales) within River Styles may be further
enhanced.

If geomorphic units are physically and biologically more similar within River Styles, then the scheme
should provide a useful framework for ecological management. For example, rapid biomonitoring
techniques often involve macroinvertebrate sampling in pools and/or riffles (e.g. Barbour et al., 1999;
Coysh et al., 2000), so if these units are more similar within than between River Styles, then stratifying
sampling programmes by River Style classes may help to reduce (or explain) natural variability. Similarly,
habitat assessment procedures often lack an appropriate means with which to establish appropriate
reference conditions for appraisal of habitat diversity and condition (Maddock, 1999; Davies et al., 2000).
River Styles classification provides a means of identifying the range of geomorphic units that should be
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present in a reach (Brierley and Fryirs, 2000; Brierley et al., 2002), and may also allow determination of the
micro-habitat characteristics (e.g. particle size distributions, hydraulic characteristics) expected within
particular geomorphic unit types for particular River Styles. If reaches of a particular River Style support
distinctive biotic communities, then River Styles classification would enhance preliminary biodiversity
assessments (assuming habitat diversity as a surrogate for biodiversity), and setting of conservation and
restoration priorities (e.g. by identifying styles that are rare within a catchment and/or region).

The question posed herein is whether geomorphic units common to different River Styles are
physically and or ecologically distinct to those River Styles (i.e. can habitat and biotic characteristics of
geomorphic units be predicted from River Styles classification?). Specifically, the following questions were
addressed:

* Are particular geomorphic unit types (e.g. pools, runs) physically more similar within than among
different River Styles?

* Are macroinvertebrate assemblages within particular geomorphic unit types more similar within than
among different River Styles?

METHODS

Study area

Habitat and macroinvertebrate assemblages were sampled for three replicate reaches of three different
River Styles. Individual reaches were sampled from separate rivers to ensure sites were truly independent.
The three styles selected for comparison were Gorge (a confined style), Bedrock-Controlled Discontinuous
Floodplain (hereafter referred to as BCDF, a partly confined style), and Meandering Gravel Bed (an
alluvial style, hereafter referred to as MGB). Rivers were selected principally from the Manning Catchment,
on the north coast of New South Wales, Australia (Figure 1). Due to the difficulty of finding meandering
gravel bed sites in good condition in the Manning catchment, the Stars Creek site, situated within 30 km of
the nearest site in the Manning catchment (Dingo River, Figure 1), was included in the study. Given its
proximity to the Manning catchment, differences associated with climatic, vegetative or biogeographic
factors are considered to be minimal.

Catchment geology

The Manning and Hastings catchments occur within the New England Fold Belt, which exhibits complex
geology and faulting of Devonian, Carboniferous and Permian aged rocks (Gilligan and Brownlow, 1987).
The predominant lithologies within the catchments are sandstone, siltstone, mudstone, slate, limestone,
porphyry, basalt, dolerite, chert, jasper, schist and phyllite. Most rivers in the two catchments rise on meta-
sediments with the lower parts of the Hastings Basin being dominated by Devonian and Carboniferous
sedimentary rocks (e.g. siltstones, sandstones, conglomerates). The lower parts of the Manning catchment
are dominated by similar sequences with the additional presence of volcanic tuffs and tuffaceous sandstone.

Study site selection

Given that the aim of this study was to determine whether River Style per se affects macroinvertebrate
assemblages, selected reaches of each River Style were located at similar catchment positions, so that
factors such as altitude and stream size, which have been shown to influence macroinvertebrate community
composition (e.g. Wright et al., 1984; Marchant et al., 1997), but which are not direct determinants of River
Style, were as consistent as was practicable (see Table 1). Good condition reaches were selected by
consulting recent River Styles reports (Cohen and Brierley, 1999; Ferguson et al., 1999) along with visual
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assessment of local habitat condition, riparian condition, local land use, potential upstream impacts, and
basic water quality tests} dissolved oxygen (DO), conductivity, pH, turbidity and temperature. The names
and locations of the nine study reaches are shown in Table 1 and Figure 1, along with altitude, slope,
catchment area, distance from source and estimated discharge at time of measurement.

Gorge reaches comprise bedrock-controlled pools and extensive runs, separated by riffles and occasional
boulder/gravel bars. Reaches of BCDF River Style have occasional to semi-regular (alternating) floodplain
pockets. Instream zones comprise pool-riffle sequences with cascades, runs and glides. Bedrock boundaries
are common. Lateral and point bars form transient sediment stores. Channel margins often have benches
adjacent to floodplain pockets. Relative to some other reaches of this River Style in coastal valleys of New
South Wales, levees are relatively subdued in this river system (cf., Ferguson and Brierley, 1999), and most
floodplain pockets are relatively flat-topped (i.e. proximal-distal variability is not pronounced). However,
whenever pockets are sheltered by bedrock spurs, local ponding may be evident at floodplain margins.
Finally, selected MGB reaches have fully self-adjusting pool-riffle sequences, as bedrock is only locally
evident. Glides and runs characterize the transitional zones between pools and riffles. Point bars are
common, and continuous areas of floodplain may have significant heterogeneity, including some cut-offs

Figure 1. Study site map showing the locations of the field sites examined in this study.
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(billabongs), flood channels and occasional backswamps. Overall, the range of geomorphic units increases
from confined through partly confined to the alluvial River Styles. However, in this study, a test of the
ecological significance of the River Styles framework focuses on common units to the three selected River
Styles, namely pools and runs.

Habitat and macroinvertebrate sampling

All sites were sampled once within a two week period in May 2000 at base flow discharge, after a period of
negligible rainfall.

Habitat mapping

Instream habitat characteristics of each reach were assessed and mapped using the habitat mapping
procedure outlined by Thomson et al. (2001). A geomorphic unit map of each reach was drawn at a scale of
ca 1:5000 identifying the spatial distribution of pools, runs, riffles, cascades, bars, etc. (see Brierley and
Fryirs, 2000). Each geomorphic unit within the reach was then further divided into hydraulic units }

patches of homogeneous surface flow type and substrate composition (Thomson et al., 2001). A range of
habitat variables was measured or estimated within each hydraulic unit, thus allowing a range of
microhabitat features such as woody debris and macrophytes to be placed within an hydraulic context, such
that specific combinations of habitat variables (e.g. woody debris in fast flowing versus slow flowing
patches) could be identified (cf., Armitage and Cannan, 1998). Because the size of each hydraulic unit is
recorded, the data collected using this procedure can be easily aggregated to give geomorphic unit or even
reach-scale estimates of variables if required (e.g. length of bank edge with trailing vegetation). The
parameters recorded for each hydraulic unit are listed in Table 2. Hydraulic variables (depth, roughness
values and velocity) were measured at three randomly selected points within each hydraulic unit. For the
analyses reported here, all habitat variables were aggregated to give weighted (by hydraulic unit area)
averages for each geomorphic unit.

Depth-averaged velocity was measured with a propeller current meter (Hydrological Services Pty. Ltd.,
model CMC-200) at 0.4 depth for 30 s. Roughness height, spacing and groove width (Davis and Barmuta,
1989; Young, 1992) were measured in situ with a ruler for all roughness elements within a 25 cm radius of
the point at which velocity was measured and these values averaged for each flow point. Derived hydraulic
indices (Froude number, Reynolds number, roughness Reynolds number and shear velocity) were then
calculated for each flow point, before hydraulic unit and weighted geomorphic unit scale averages were
calculated. The proportion of substrate particles falling into each of seven size categories (Table 2) within
each hydraulic unit was visually estimated.

Habitat mapping was conducted prior to macroinvertebrate sampling because the use of kick nets (see
below) alters roughness characteristics of the stream bed. Care was taken to make habitat estimates/
measurements from the bank wherever possible, or to make minimal disturbance to the stream bed and
vegetative habitats in pools and runs that were to be sampled. Basic water quality parameters (DO,
conductivity, pH, turbidity, temperature) were also measured on site prior to habitat mapping (Table 1).

Macroinvertebrate sampling

At each site, two pools and two runs were sampled for macroinvertebrates. Pools and runs are identified on
the basis of bed morphology and substrate characteristics. Pools typically have concave beds, and
accumulate fine-grained sediment and organic materials at base flows. In contrast, runs have relatively flat
beds and are zones of fine sediment transport at base flows, so that fine grained materials are rarely present.

A semi-quantitative sample was collected for each geomorphic unit using sweep and kick nets. Hydraulic
unit patches were sampled in proportion to their relative size within each geomorphic unit, such that a total
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of 3min sampling effort was made for each geomorphic unit. Within each hydraulic unit, microhabitat
features (logs, macrophytes, bare substrate, etc.) were also sampled in proportion to their relative
abundance within that unit. Logs were sampled by holding a net downstream of the log and vigorously

Table 2. A list of the variables measured as part of the geo-ecological mapping exercise

Hydraulic variables Flow typea

velocityb (m s�1)
depthb (m)
roughnessb (m)
vertical spacingb (m)
horiz. spacingb (m)
groove widthb (m)

Substrate Mean phic

Sorting
Packingd (1–5)

Aquatic vegetation Emergent (%)
Floating (%)
Submerged (%)
Filamentous algae (%)
Moss (%)

Organic matter Multiple logs
Single logs
Twigs and leaves
Detritus

Bank morphology LHB
RHB
LHB bank slope
RHB bank slope

Riparian vegetation LHBe

RHBe

LHB trailing
RHB trailing
LHB shadingf

RHB shadingf

Total shadingg

Dimensions Max. length (m)
Max. width (m)

Derived indices Mean Froude
Mean Reynolds
Mean shear
Mean roughness Re

aRefer to Thomson et al. (2001).
bMeans of three random measurements within each hydraulic unit.
cCalculated from proportion of bedrock, boulder, cobble, pebble, gravel, sand, and silt.
dAfter Anderson (1993) 1=packed, armoured, 2=packed, not armoured, 3=moderate
compaction, 4=low compaction, 5=no packing.
eSpecht (1970) vegetation classification.
fProportion of bank length for which riparian vegetation overhangs stream.
gProportion of total stream area shaded by riparian vegetation. LHB/RHB=Left-hand
bank/right-hand bank.
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rubbing the log by hand. Bare substrate and patches of leaf litter (or other organic matter) were sampled by
disturbing the bottom with feet while holding a kick net downstream. Macrophytes and trailing vegetation
were sampled by passing a sweep net through vegetation. Each sample was preserved on site with 70%
alcohol solution and returned to the laboratory for processing.

Laboratory procedures

Macroinvertebrate samples were sub-sampled to the greater of 10% or 300 individuals with a Marchant
(1989) sub-sampler and identified to family level by professional taxonomists. Total abundances were
estimated by dividing the number of each family per sub-sample by the sub-sample fraction.

Analysis

Ordinations were used to explore the similarity of macroinvertebrate assemblages between samples. Two
ordination techniques were used initially; Non-metric Multi Dimensional Scaling (NMDS, Kruskal, 1964)
and Detrended Correspondence Analysis (DCA, ter Braak, 1995). In addition, unimodal canonical
correspondence analysis (CCA: ter Braak, 1995) was used to relate environmental variables to macro-
invertebrate patterns. NMDS was based on Bray-Curtis similarity matrix derived from

ffi
4
p

transformed
data. Macroinvertebrate data were

ffi
2
p

transformed for DCA and CCA analysis.
Differences in macroinvertebrate assemblages between River Styles were tested for significance using a

two-factor nested Analysis of Similarity (ANOSIM, Clarke and Warwick, 1994), with rivers nested within
River Style. Separate analyses were performed for pool, run and combined samples. ANOSIM derives a test
statistic, R, which contrasts the similarities among samples within treatments (i.e. River Styles) with the
similarities among samples between treatments (Clarke and Warwick, 1994). In nested ANOSIM, samples
within a level of the nested factor (in this case samples within a river) are treated as a single sample for
comparisons between main treatment groups (i.e. between River Styles). The significance of R is calculated
by a permutation test: R statistics are calculated for arbitrarily arranged samples and compared with the R
statistic derived from the true sample arrangement. The probability of obtaining an R statistic greater than
or equal to the ‘true’ R with randomly arranged samples is then calculated. Five thousand random
permutations were used in calculating the significance of tests for differences between rivers, and 280 (all
possible) permutations for tests for differences between River Styles. Significance levels were set at P50.05
for these tests. For pair-wise comparisons between River Style groups following a significant River Style
effect, only 10 permutations are possible (i.e. there are 10 ways that six rivers can be arranged into two
groups of three). Significance levels for these tests were therefore set at P=0.1 (i.e. tests were considered
significant if grouping rivers according to River Style produced a higher R statistic than any other possible
combination of rivers into groups of three). The similarity matrices used for ANOSIM were derived using
the Bray-Curtis similarity measure with

ffi
4
p

transformed data.
Variation in biological data was compared with environmental variables by unimodal canonical

correspondence analysis (CCA). In CCA the ordering of taxa is modified through the addition of a multiple
linear regression with environmental variables (ter Braak, 1995). To ensure that the sample order was not
inappropriately distorted from that produced in unconstrained ordination, sample scores for NMDS, DCA
and CCA axes were compared by correlation. Environmental variables were range standardized (0–1) for
use in CCA.

CCA was initially performed using all local habitat variables to explore relationships among all habitat
variables and macroinvertebrate assemblages. A second CCA was performed using forward stepwise
regression to identify those habitat variables that ‘best explained’ the pattern in the macroinvertebrate data.
Variables were selected in turn and those that significantly added to the explained variation were retained.
Significance was tested by monte-carlo permutation tests (ter Braak, 1995).

ECOLOGICAL SIGNIFICANCE OF RIVER STYLES 33

Copyright # 2003 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 14: 25–48 (2004)



Site–scale environmental variables (catchment area, distance from source, etc.) were excluded from the
initial CCAs because all (four) samples from the same site have the same values for these variables, such
that strong relationships could be obtained simply due to spatial autocorrelation in the biological data
rather than actual habitat effects. Samples from the same site are likely to have similar biotic assemblages
simply because they are close to each other, not necessarily because they are at the same altitude, etc. A
separate CCA was conducted with the site-based variables included (without selection of variables through
stepwise regression), and vectors for these variables are shown to indicate possible relationships. However,
because of the low sample size (n=9), it is difficult to make sound conclusions about the effects of these
variables on the observed pattern in the macroinvertebrate data.

Selected habitat variables, specifically mean phi, mean velocity, mean depth and those variables shown to
be significantly related to the pattern in macroinvertebrate data through CCA, were tested for differences
between River Styles with three-factor mixed model ANOVA. River Style and Geomorphic Unit were fixed
factors and River was a random factor nested within River Style but crossed with Geomorphic Unit.
Assumptions of ANOVA were checked by examination of box and residual plots, and transformations (log
or arcsine) made to homogenize variances where necessary. Following significant River Style effects or
River Style � Geomorphic Unit interactions, the Student-Newman-Keuls (SNK) procedure (Winer et al.,
1991) was used to compare treatment means.

ANOSIM and NMDS analyses were performed with the Primer software package (Clarke and Warwick,
1994), CCA and DCA with the Canoco package (version 4, ter Braak and Smilauer, 1998), and ANOVA
with Systat (v.10).

RESULTS

Ordinations

Ordinations by NMDS, DCA and CCA showed similar patterns, and sample scores for axes from all
ordinations were highly correlated (Table 3). Thus the pattern in the data is robust to the ordination
method, and is not distorted by constraining with environmental data. For simplicity, only the CCA
ordination is presented here.

As noted from Figure 2, samples from BCDF reaches tended to group together in the ordination, and to
separate from other samples. Gorge samples also tended to be grouped together (though less tightly), but
the MGB samples are widely scattered. MGB samples from the same river grouped together but the three
rivers are widely separated. Differences between pools and runs were small, and generally not as great as
differences between rivers or River Styles.

These results are supported by ANOSIM results (Table 4). When pools and runs were analysed together,
a significant (P=0.046) River Style effect was obtained (Global R=0.325), with the greatest difference
being between BCDF and Gorge sites (R=0.741, P=0.1). BCDF and MGB sites were also different
(R=0.370, P=0.1), but Gorge and MGB sites were not (R=�0.037, P=0.7).

When pools were analysed separately, the global R for the test of the River Style effect was larger
(R=0.465, P=0.004) and all pair-wise comparisons were significant at the P=0.1 level (there is no possible
way of combining the sites into groups of three that produces an equivalent or larger R statistic). The
greatest differences were again between BCDF and Gorge sites (R=0.667, P=0.1), then between BCDF
and MGB sites (R=0.407, P=0.1), followed by Gorge and MGB sites (R=0.370, P=0.1). When runs were
analysed separately, large between-river differences were evident (R=0.926, P50.001), but there were no
consistent differences between any River Styles (Global R=0.148, P=0.204).

Overall differences in macroinvertebrate assemblages between River Styles were relatively small, and
appeared to be mostly related to differences in relative abundances of families rather than their presence or
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absence. Of 73 families found, none was unique to one River Style, and only five were present in at least two
rivers of one style and completely absent from all rivers of another style (Table 5).

Relationships between habitat variables and macroinvertebrate data

The arrangement of the 36 macroinvertebrate samples, 74 macroinvertebrate taxa and environmental
variables along the first two CCA axes are presented in Figures 2, 3 and 4, respectively. The lengths and

Table 3. Pearson correlation coefficients between ordination axis scores. Asterisks indicate significance at the *P50.05 or **P50.01
level. CCAn refers to CCA axes derived from local habitat variables only, CCABn to axes derived using all environmental variables (n

refers to the axis number)

DCA1 DCA2 DCA3 DCA4 MDS1 MDS2 CCAB1 CCAB2 CCAB3 CCAB4

CCA1 �0.871** �0.09 0.053 0.229 0.121 �0.749** 0.853** 0.212 0.125 �0.115
CCA2 0.128 �0.862** �0.089 0.259 �0.877** �0.188 �0.185 0.906** �0.132 �0.206
CCA3 �0.025 �0.324 0.172 �0.57** �0.232 �0.1 0.043 �0.046 �0.631** �0.629**
CCA4 0.067 0.043 0.538** 0.124 �0.121 0.028 �0.031 0.066 0.354* �0.513**

Table 4. Results of nested ANOSIM comparing similarities of macroinvertebrate assemblages within and between River Styles

Between Rivers Between River Styles BCDF vs Gorge BCDF vs MGB Gorge vs MGB

R Pa R Pb R Pc R Pc R Pc

All 0.773 50.001 0.325 0.046 0.741 0.100 0.370 0.100 �0.037 0.700
Pools 0.704 0.002 0.465 0.004 0.667 0.100 0.407 0.100 0.370 0.100
Runs 0.926 50.001 0.148 0.204

aProbability calculated from 5000 random permutations.
bProbability calculated from 280 (all possible) random permutations.
cProbability calculated from 10 (all possible) random permutations.

Figure 2. Distribution of macroinvertebrate samples in CCA ordination space. * BCDF pools, & BCDF runs, * Gorge pools,
& Gorge runs, � MGB pools, + MGB runs.
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Table 5. Summary of invertebrate taxa found in each river and River style. Row entries show the number of rivers in each category in
which each taxon was found

Taxa Code Total Rivers BCDF Rivers Gorge Rivers MGB Rivers

Ancylidae Anc 4 2 1 1
Anthericidae Ant 5 1 1 3
Aphroteniinae Aph 7 3 1 3
Atriplectides Atr 2 0 1 1
Atyidae Aty 8 3 2 3
Baetidae Btd 9 3 3 3
Blephaceridae Ble 4 1 2 1
Caenidae Cae 9 3 3 3
Cal/Hel CH 6 2 3 1
Calamatoceridae Cal 8 3 3 2
Carculionodae Car 1 0 0 1
Ceinidae Cei 1 1 0 0
Ceratopogonidae Cer 7 3 1 3
Chironominae Ch 9 3 3 3
Coenagrionnidae Coe 1 0 0 1
Conoesucidae Con 8 3 3 2
Corixidae Cor 1 1 0 0
Corydalidae Cy 6 3 2 1
Culicidae Cul 2 0 1 1
Diamesinae Dia 1 0 1 0
Dixidae Dix 3 0 2 1
Dugessidae Dug 4 3 1 0
Dytiscidae Dyt 5 2 1 2
Ecnomidae Ecn 6 1 2 3
Elmidae El 9 3 3 3
Empididae Emp 9 3 3 3
Eusiridae Eus 1 0 1 0
Gerridae Ger 4 2 0 2
Glossosomatidae Glo 8 3 3 2
Gomphidae Go 3 1 0 2
Gripopterygidae Gri 9 3 3 3
Gyrnidae Gyr 2 1 0 1
Helicophidae Hel 5 2 2 1
Helicopsychidae Hls 9 3 3 3
Hydraenidae Hyd 3 1 1 1
Hydrobiidae Hbi 4 2 1 1
Hydrobiosidae Hbd 9 3 3 3
Hydrophilidae Hpl 7 3 1 3
Hydropsychidae Hs 8 3 3 2
Hydroptilidae Hpt 9 3 3 3
Kokiridae Ko 1 0 1 0
Leptoceridae Lcd 9 3 3 3
Leptophlebiidae Lep 9 3 3 3
Lymnaeidae Lym 1 0 1 0
Mesoveliidae Mes 1 0 1 0
Mite Mit 9 3 3 3
Muscidae Mus 1 0 0 1
Nannochonsidae Nan 1 0 1 0
Nematoda Nem 3 2 1 0
Nematomorpha Np 2 1 1 0
Odontoceridae Od 1 0 1 0
Oligochaeta Oli 9 3 3 3
Orthocladinae Ort 9 3 3 3
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directions of environmental arrows (Figure 3) are related to their importance in ‘explaining’ variation in
macroinvertebrate taxa and direction of taxa compositional changes across samples. Mean velocity, mean
Froude number and mean Reynolds number were highly correlated with each other, and therefore only
Froude number (which was most strongly correlated with the ordination axes) is included in the CCA plot.
The first two axes account for 27.4% and 34.8% of variation in the family data and family-environment
relationship respectively (Table 6). Individual habitat variables were generally only weakly correlated with
the first two ordination axes. The separation of BCDF and Gorge samples seems to be along a gradient
reflecting substrate composition (especially % cobbles), the number of logs and, less strongly, instream
vegetation (macrophytes and filamentous algae).

Forward stepwise regression identified eight local habitat variables that significantly ‘explained’
biological variation using CCA. Three of these were substrate variables (proportion of boulder, cobbles and
sand), two were hydraulic variables (mean Froude number and mean shear velocity), and three related to
vegetation (number of logs, % filamentous algae and % moss). The first two axes of the CCA ordination
using only these variables accounted for 53.2% of the family environment relationship (Table 7). The
ordination of macroinvertebrate samples constrained only by these habitat variables was very similar to the
original CCA ordination and NMDS ordination (Table 3), although the first two axes accounted for only
19% of variation in the macroinvertebrate data (compared with 27% for original CCA). Three factor
ANOVA was used to compare the eight selected variables, in addition to mean phi, mean velocity and mean
depth, between River Styles.

The largest and most consistent habitat difference between River Styles was in substrate composition
(Figure 5). Mean phi in pools was significantly different for all three River Styles, and in runs was
significantly greater in gorge than in BCDF and MGB reaches (Table 8). Substrate differences would be
even more apparent at the reach scale because of the presence of bedrock and boulder steps/cascades in
Gorge reaches. ANOVA results indicate that of the eight variables that apparently had most influence on
macroinvertebrates, % cobble, % moss and mean Froude number differed significantly between two River
Styles in some geomorphic units, but none differed between all three River Styles. The proportion of

Table 5 (continued)

Taxa Code Total Rivers BCDF Rivers Gorge Rivers MGB Rivers

Philapotamidae Phi 5 3 1 1
Physidae Phy 1 0 0 1
Planorbidae Pla 4 1 2 1
Podonomopsis Pod 4 1 1 2
Polycentropidae Pol 1 0 1 0
Psephenidae Pse 8 3 3 2
Psychodidae Psy 1 0 0 1
Pyralidae Pyr 2 1 1 0
Scirtidae Sci 9 3 3 3
Simuliidae Si 9 3 3 3
Sphaeridae Sph 3 1 1 1
Staphlynidae Sta 1 0 1 0
Stratiomyidae Str 1 0 1 0
Synlestidae Syn 1 1 0 0
Tanypodinae Tan 9 3 3 3
Tasimiidae Tas 5 1 2 2
Temnocephala Tem 1 0 0 1
Tipulidae Tip 9 3 3 3
Veliidae Ve 1 0 1 0
Zygoptera imm Zy 2 1 0 1
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cobbles was significantly greater in BCDF pools than in MGB or Gorge pools (Figure 5, Table 8). MGB
runs also had less cobble than BCDF runs, but Gorge runs had equivalent cobble to BCDF runs (and
therefore more than MGB). Mean Froude number was significantly lower in BCDF runs than in MGB or
Gorge runs, with no differences in pools (Table 9). This result reflects higher velocities in MGB and Gorge
runs (Figure 6, Table 9). Moss was significantly more abundant in Gorge runs than MGB or BCDF runs
(Figure 6, Table 10). Other habitat variables that were important in the CCA were highly variable within
River Styles groups, although some showed non-significant trends for differences between River Styles. For
example, the number of logs was generally lower in BCDF pools than MGB or Gorge pools (Figure 6).

Important habitat variables (cobble, Froude number, logs) were often more similar between MGB and
Gorge reaches than between either of these styles and BCDF (Figures 5 and 6). This is consistent with the
pattern observed in the macroinvertebrate data (biggest differences between BCDF and other River Styles),
and suggests that those patterns may be largely driven by local habitat differences.

Macrophytes were rare at all sites at the time of sampling and consequently showed little relationship to
macroinvertebrate data, and differences between River Styles were not observed.

Figure 3. Relationship between habitat variables and first two axes of CCA ordination. Solid lines indicate variables selected by
forward stepwise regression as significantly ‘explaining’ variation in macroinvertebrate data.
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DISCUSSION

Despite numerous geomorphological river classification schemes being developed and advocated as useful
for ecological applications (e.g. Frissell et al., 1986; Rosgen, 1994), there have been few attempts to test
explicitly whether biotic communities are consistently different between different geomorphological classes.

Figure 4. Distribution of macroinvertebrate families in CCA ordination space. Family names are coded according to Table 5.

Table 6. Summary of CCA results using all local habitat variables

Axes 1 2 3 4

Eigenvalues 0.148 0.110 0.082 0.061
Family-environment correlations 0.972 0.951 0.966 0.873
Cumulative percentage variance of family data 15.7 27.4 36.1 42.6
Cumulative percentage variance of family-environment relationship 20.0 34.8 45.6 54.2

Eigen value/trace F ratio P-value

First canonical axis 0.148 1.676 0.030
all canonical axes 0.742 1.274 0.025
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Table 7. Summary of CCA results using only habitat variables forward stepwise regression as significantly (P50.005)
explaining variation in macroinvertebrate data

Axes 1 2 3 4

Eigenvalues 0.113 0.073 0.051 0.040
Family-environment correlation 0.865 0.831 0.776 0.903
Cumulative Percentage variance of family data 12.0 19.7 25.1 29.3
Cumulative Percentage variance of family-environment relationship 32.4 53.2 67.9 79.4

Eigen value/trace F ratio P-value

First canonical axis 0.113 3.667 0.005
all canonical axes 0.348 1.977 0.005
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Figure 6. Means (� 1 S.E.) of selected hydraulic and organic matter variables in pools (open bars) and runs (grey bars) in MGB,
BCDF and Gorge River Styles. n=6 for all bars.

Table 10. Results of ANOVA comparing organic variables between River Styles and geomorphic units

Moss Filamentous algae Logs

df SS F P SS F P SS F P

River Style (RS) 2 0.097 7.775 0.022 0.150 0.220 0.809 5.488 2.427 0.169
Geomorphic unit 1 0.029 7.770 0.032 0.008 0.375 0.563 0.084 0.646 0.557
RS�Geounit 2 0.061 8.273 0.019 0.069 1.683 0.263 0.670 0.646 0.557
River(RS) 6 0.038 2.160 0.102 2.048 9.490 0.000 6.785 1.444 0.241
Geounit�River(RS) 6 0.022 1.270 0.325 0.122 0.566 0.751 3.109 0.662 0.681
Residual 16 0.046 0.576 18.012

SNK comparisons
Pools:MGB=BCDF=Gorge
Runs:MGB=BCDF5Gorge
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The results of this study suggest that River Styles reach-scale classification has some ecological relevance at
the scale of geomorphic units. In the geomorphic units examined for the three River Styles,
macroinvertebrate communities were more similar within some River Styles than between them. However,
there was considerable between-river biotic variability within the MGB style, such that the pools and runs
in sampled rivers could not readily be separated from the Gorge style in terms of macroinvertebrate
community structure. Furthermore, differences between macroinvertebrate communities in the pools and
runs of all River Styles were relatively small, and related more to the relative abundances of families than to
their presence or absence. Some important habitat variables differed between styles, most notably substrate
composition, but others did not. As such, River Styles classification alone may be insufficient to group sites
with ecologically similar pools and runs.

Of the various environmental attributes considered here, only substrate composition, as indicated by
mean phi classes, showed significant differences between all three River Styles, and these differences were
evident in all geomorphic units. Substrate is a primary determinant of the abundance and diversity of many
aquatic organisms, especially macroinvertebrates (e.g. Ormerod and Edwards, 1987; Jowett and
Richardson, 1990; Beisel et al., 1998), macrophytes (Power, 1996) and algae (Bergey, 1999; Niyogi et al.,
1999; Downes et al., 2000). In general, substrate particle size is a function of stream power and particle size
decreases from steep headwater reaches (high power) to low gradient lowland rivers (Knighton, 1998).
However, the differences in substrate composition observed in this study are not solely a function of
distance from source, stream size, or even of slope. Reaches with virtually identical slope, catchment area,
and discharge had different substrate composition. This is because valley confinement is also a determinant
of unit stream power, and confined rivers have greater power per unit width of channel for a given
discharge and slope than unconfined rivers. Unit power varies with the cube of velocity, and velocity
decreases as cross-sectional area increases. Confined channels therefore have greater capacity to transport
sediment under high flows. Thus valley confinement, the primary large-scale determinant of River Styles
(Ferguson and Brierley, 1999; Brierley and Fryirs, 2000; Brierley et al., 2002), has important consequences
for a fundamental local habitat variable } substrate.

Other habitat variables showed some differences between pools and runs in the three River Styles
examined. For example, the cover of moss was greater in Gorge reaches than either BCDF of MGB
reaches. This probably reflects the larger, and therefore more stable, substrate elements in these reaches,
combined with greater shading from steep valley sides. This again demonstrates how valley setting can
directly (via shading) and indirectly (via stream power) influence local habitat features.

Several habitat variables were unexpectedly similar between pools and runs in Gorge and MGB reaches
but different to BCDF reaches. In particular, mean velocity, and therefore Froude number, was greater in
pools in MGB and Gorge reaches than in BCDF reaches, but overall discharges were not different between
the River Styles. While faster currents in Gorge pools are expected (steep slopes and often downstream of
fast-flowing cascades/bedrock steps), there is no obvious explanation why stream currents should also be
fast in MGB pools relative to BCDF pools at similar discharge stages.

Other habitat variables are clearly not influenced by River Style. Macrophyte and algal growth showed
no pattern of differences between River Styles. While substrate may influence habitat for plants, other
factors that are independent of River Style will also be important (temperature, aspect, nutrient availability,
etc.). Many physico-chemical factors known to be important determinants of ecological habitat will be
independent of River Style (e.g. water temperature). This means that even within a catchment, two reaches
of the same River Style will not necessarily have equivalent habitat and biotic assemblages, despite physical
similarities.

The large-scale variables that have most often been found to be useful in predicting macroinvertebrate
community composition include: catchment area, distance from source, mean annual discharge
(all indicative of stream size), conductivity, alkalinity (a surrogate for geology), and altitude (which
broadly indicates temperature regime) (e.g. Wright et al., 1984; Moss et al., 1987; Marchant et al., 1997;
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Newson and Newson, 2000). None of these factors are direct determinants of River Style, although
many influence geomorphological processes. There is often a predictable downstream sequence of
River Styles (as slope and valley shape change) such that certain River Styles are generally found at
certain positions within a catchment (and therefore may be of similar size), but this is not always the case.
Adjacent sub-catchments can have extremely contrasting downstream patterns of River Style (Brierley
and Fryirs, 2000), and particular styles may occur in various catchment positions irrespective of stream
size. As a consequence, some fundamental habitat variables (temperature, hydraulics), and therefore
biotic assemblages, may vary significantly within any given River Style, even within an individual
catchment.

Variability in reach-scale morphology and dynamics at similar catchment positions also means that
general large-scale variables may not always be good predictors of local habitat conditions. For example,
although Davies et al. (2000) found catchment-scale variables (catchment area, stream length, relief ratio,
alkalinity, % volcanic rocks, % metasediments, dominant geology and dominant soil type) to be
reasonably good predictors of local habitat conditions, their empirical model using these variables
misclassified 31% of sites into groups previously classified on the basis of local habitat characteristics. River
Styles classification could potentially add to these commonly used large-scale factors in grouping similar
sites. Two rivers of the same style and in similar catchment positions (of similar size) are more likely to be
physically and ecologically similar than are two rivers of different style in the same catchment positions, or
two rivers of the same style but in different catchment positions. Including River Styles in such
classifications would have the advantage of incorporating a process-based element to the classification, such
that sites grouped together could be expected to exhibit similar dynamics and functional responses to
catchment-scale changes. Incorporating hydrological variables into physical classifications is also likely to
improve their ecological relevance, because the interaction of hydrology and morphology dictates
disturbance regimes (frequency and predictability of flooding and drying, degree of substrate movement
during floods, refuge availability during floods and droughts), which can have significant influence on lotic
community structure and function (Lake, 2001).

The pattern of (dis)similarities within and between River Styles evident in the macroinvertebrate data
presented here (pools and runs in MGB and Gorge reaches were similar to each other and contrast with
BCDF reaches) was reflected in many important habitat variables, and several local habitat variables were
significantly correlated with variation in the macroinvertebrate data. This suggests that macroinvertebrates
are responding to local (geomorphic unit scale and smaller) habitat variables rather than to larger scale
factors. This is consistent with other studies of macroinvertebrate community structure that suggest that
local factors are more important than regional factors (e.g. Robson and Barmuta, 1998; Robson and
Chester, 1999). Hence the relevance of hierarchical schemes for classifying macroinvertebrate habitats may
only lie in the degree to which large-scale factors influence local habitat features, such that local habitat
characteristics, and therefore biotic assemblages, may be predicted from larger-scale variables. If local
habitat characteristics of a habitat unit (e.g. a pool) are known, placing that unit within a larger-scale
context (e.g. within a River Style) may not improve the ability to predict the macroinvertebrate assemblage
within it. This does not necessarily diminish the potential usefulness of hierarchical classification schemes in
ecological management, provided that local habitat conditions can be accurately predicted from larger-
scale factors. The reach-scale assemblage of geomorphic units will undoubtedly be more relevant to fish and
other biota that move over larger spatial scales and have a greater range of habitat requirements. For
example, different geomorphic units may act as feeding (runs), resting (backwater) and spawning (gravel
bars) sites for fish, such that the composition of fish assemblages may be influenced by the reach-scale
assemblage of geomorphic units.

The similarity of pool and run fauna is somewhat surprising, given that pools are generally slow, deep
flowing habitats relative to runs. However, key habitat variables including mean phi, logs, filamentous
algae, macrophytes, etc. did not differ between geomorphic units, or differed between geomorphic units
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only in some River Styles (e.g. velocity and Froude number were equivalent in pools and runs in BCDF
reaches). Furthermore, because all microhabitats within each geomorphic unit were sampled as part of a
composite sample, expected differences due to differences in depth, velocity, etc., (where they existed, such
as in Gorge reaches) may have been partially obscured by taxa found in common microhabitats such as
woody debris, macrophytes, trailing vegetation, slow-flowing stream margins, etc. It is also important to
note that pools and runs were defined by geomorphic factors (principally bed morphology) rather than
hydraulic characteristics, hence some pools had areas of fast-flowing water and, conversely, areas of slow-
flowing water were common along the margins of runs. The physical and biological similarity of pools and
runs is somewhat counter to our initial hypothesis that geomorphic units comprise distinct habitats, and
therefore reaches with different assemblages of geomorphic units should have different habitat
characteristics. However, pools and runs are very similar geomorphic units. Indeed some geomorphologists
contend that a run is merely a type, extension or part of a pool (particularly during high flows) and thus
may not justify classification as a separate unit (Rowntree and Wadeson, 1999). Pools and runs were
selected for this study because they were the only geomorphic units common to all three River Styles.
Nevertheless, these results highlight the need for care when assigning names to habitat units, ensuring that
their transitional nature is recognized explicitly. To maximize their ecological relevance, geomorphological
classifications of rivers must be tied to hydraulic criteria in order to define habitat units objectively (Jowett,
1993). Thomson et al. (2001) have described how the addition of hydraulic units to the River Styles
hierarchy provides a means of collecting habitat data (including hydraulic and vegetative characteristics) at
ecologically relevant spatial scales within a geomorphic framework.

Geomorphic processes are clearly of ecological importance to river ecosystems because they are primarily
responsible for determining channel and floodplain morphology and substrate composition. In turn, these
factors interact with hydrology to influence disturbance regimes, flow hydraulics, riparian and instream
vegetation, and fluxes of inorganic and organic materials. However, the complex interaction of
geomorphological, hydrological and biotic feedbacks operating over multiple spatio-temporal scales
means that there may be considerable natural variation in the range of habitats found within particular
geomorphic river types. Furthermore, ecological processes are influenced by many factors that are largely
independent of morphology (climate, biogeography, biotic interactions, nutrients). A classification scheme
based on geomorphology alone can never provide a means of ordering ecological variability, and any
scheme that groups functionally similar rivers will need to combine geomorphic and non-geomorphic
features. This is routinely done at very broad scales, but ordering the enormous range and variation of
geomorphic and non-geomorphic features that exist at scales most relevant to management (catchments,
reaches, and habitats) remains a considerable challenge. Incorporation of factors such as stream size,
altitude and hydrology into classification procedures such as the River Styles framework may enable
identification of relatively discrete ranges of habitat variables, and therefore biotic communities, within
particular classes.

Classification is a useful tool for researchers and managers wishing to identify functionally similar sites
or to identify unique or threatened habitats. However, no single scheme is likely to have universal
application. The complex interactions between geomorphology, hydrology and ecology mean that some, or
even many, river systems will be unique, at least in terms of certain attributes (Kershner et al., 1992;
Townsend and Riley, 1999). The overarching philosophy of the River Styles framework is ‘know your
catchment’, and the characterization methodology is principally designed to assist catchment managers
develop a process-orientated, physical, understanding of particular river systems (Brierley et al., 2002).
Without appropriate understanding of geomorphological processes it is difficult, if not impossible, to
develop effective management plans to rehabilitate or even maintain river structure and functioning. River
Styles designations may form a useful basis for habitat classification and assessment, and other ecological
and conservation applications, provided other biologically important factors are incorporated into the
classifications.
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