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a b s t r a c t
There is a long tradition of river monitoring using taxonomy-based metrics to assess environmental
quality in Europe via benthic macroinvertebrate communities. A promising alternative is the use of their
species life-history traits. Both methods (taxonomy-based and trait-based), however, have relied on the
time-consuming identiﬁcation of taxa. River biotopes, (i.e. 1–100 m2 ‘habitats’ with associated species
assemblages), have long been seen as a useful and meaningful way of linking the ecology of macroinvertebrates and river hydro-morphology and can be used to assess hydro-morphological degradation in
rivers. However, between-river taxonomic differences, especially at large spatial scale, had prevented
a general test of this concept until now. The species trait approach may overcome this obstacle across
broad geographical areas, using biotopes as the hydro-morphological units which have characteristic
species trait assemblages. We collected macroinvertebrate data from discrete 512 patches, comprising
13 river biotopes, from seven rivers in England and Wales. The aim was to test whether river biotopes
were better predictors of macroinvertebrate trait proﬁles than taxonomic composition (genera, families, orders) in rivers, independently of the phylogenetic effects and catchment scale characteristics (i.e.
hydrology, geography and land cover). We also tested whether species richness and diversity were better related to biotopes than to rivers. River biotopes explained 40% of the variance in macroinvertebrate
trait proﬁles across the rivers, largely independently of catchment characteristics. There was a strong
phylogenetic signature, however. River biotopes were better at predicting macroinvertebrate trait proﬁles than taxonomic composition across rivers, whatever the taxonomic resolution. River biotopes were
better than river identity at explaining the variability in taxonomic richness and diversity (40% and ≤10%,
respectively). Detailed trait-biotope associations agreed with independent a priori predictions relating
trait categories to near river bed ﬂows. Hence, species traits provided a much needed mechanistic understanding and predictive ability across a broad geographical area. We show that integration of the multiple
biological trait approach with river biotopes at the interface between ecology and hydro-morphology
provides a wealth of new information and potential applications for river science and management.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Stream benthic macroinvertebrates have long been associated
with particular river bed habitats (e.g. Behning, 1924; Percival and
Whitehead, 1929) and the relationship has been used to strengthen
the value of invertebrates beyond mere water quality indicators
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(Armitage et al., 1983) into biodiversity conservation indicators
(Brooker, 1982–1983; Harper et al., 1992). A promising new area
for biomonitoring is the use of biological traits, mainly descriptive of species life-history features (Dolédec and Statzner, 2010;
Menezes et al., 2010; Statzner and Bêche, 2010). In Europe, these
could be used by regulatory agencies to assess achievement of
‘Good Ecological Status’ under the European Water Framework
Directive (2000/60/EC). Multiple trait analysis has several practical advantages compared to the traditional taxonomic composition
approach: (i) it is more independent of geographic scale (Statzner
et al., 2001; Archaimbault et al., 2005; Bonada et al., 2007), (ii) it provides clear biological meaning (even for the non-expert), and (iii)
it can have a better predictive ability for speciﬁc environmental
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pressures (Dolédec et al., 2006; Dolédec and Statzner, 2008;
Archaimbault et al., 2010). These are despite the rather strong phylogenetic signature in aquatic macroinvertebrates implying modest
functional convergence along different evolutionary branches and
the potential emergence of non-causal relationships between individual species traits and present environmental conditions (e.g. Poff
et al., 2006; Horrigan and Baird, 2008); i.e. some traits may represent an evolutionary ‘hang-over’ rather than current adaptation
(Gould and Lewontin, 1979).
Both approaches (taxonomy or trait), however, rely on the timeconsuming and costly identiﬁcation of taxa. Several research efforts
have suggested alternatives, based on habitats as surrogates (i.e.
substitutes) for macroinvertebrate composition and diversity, the
so called ‘mesohabitats’ or ‘functional habitats’ (e.g. Armitage et al.,
1995; Harper et al., 1995; Beisel et al., 1998), akin in spatial scale
to the ‘microhabitats’ of Frissel et al. (1986). Whilst demonstrated
within individual rivers, the biological reality of these macroinvertebrate ‘habitats’, has remained untested across rivers. This is a
major stumbling block to potential application by regulatory agencies due to the different taxonomic composition of different types of
rivers. Furthermore, the level of taxonomic identiﬁcation differed
between studies, e.g. species (Pardo and Armitage, 1997), genus
(Harper et al., 1992) or family (Armitage and Cannan, 2000) and
the effect of taxonomic resolution on results has not been clearly
investigated.
Despite these limitations, subsequent research successfully
linked functional habitats with local hydraulics and morphological alterations (Armitage and Pardo, 1995; Kemp et al., 1999,
2000; Harvey et al., 2008). Parallel studies have linked species
trait categories to local hydraulics (e.g. Lamouroux et al., 2004;
Tomanova and Usseglio-Polatera, 2007) which were tested and
compared against a priori predictions (Statzner and Bêche, 2010).
River habitats thus have the potential to be used for a more informative (with the use of traits), holistic (including macroinvertebrates,
macrophytes and physical environment) and cost-effective (rapid)
assessment of river quality (Harper and Everard, 1998; Newson
et al., 1998; Harper et al., 1999).
We have chosen to adopt the term ‘biotopes’ rather than
the earlier terms ‘functional habitats’ (sensu Harper et al., 1995)
or ‘mesohabitats’ (sensu Armitage et al., 1995). This is because
we are referring to a physical, morphological unit, that is the
home of a species (or trait) assemblage rather than of a single
species, as the word habitat implies (e.g. the ‘habitat template’
of Southwood, 1977). Here, we do not consider these biotopes
only as indicators of biodiversity conservation within the context of physical degradation of rivers by engineering schemes
as was the original purpose of the ‘functional habitats’ concept.
We are now seeking to promote the value of these biotopes as
potential indicators of ecosystem structure and functioning in
the context of the WFD, by linking taxonomy with biological
traits.
Here we used 512 macroinvertebrate samples collected from
13 river biotopes across seven rivers in England and Wales to test
the following hypotheses: (1) river biotopes are better predictors
of taxonomic composition than macroinvertebrate trait proﬁles
within (but not between) rivers; (2) the power of river biotopes
to predict taxonomic composition increases with taxonomic resolution (orders < families < genera < species); (3) the power of river
biotopes to predict macroinvertebrate trait distributions is signiﬁcant even after correcting for phylogenetic effects; (4) river
biotopes, (reﬂecting local environmental conditions) have a predictive power that is, distinct from catchment scale characteristics
(e.g. hydrology, geography and land cover); (5) local hydraulics
(near river bed ﬂows) have predictable effects upon river biotope
trait distributions and (6) species richness and diversity differ more
between biotopes (e.g. low in sandy bed and high in leaf litter or

marginal plants, Armitage et al., 1995; Harper and Smith, 1995)
than between rivers.

2. Materials and methods
2.1. Study area and ﬁeld survey
River sites were selected in England and Wales to represent a
wide range of lowland river types that were among the least polluted and least altered morphologically from natural conditions
encountered in England and Wales (Fig. 1, Table 1, Fig. S1 in Supporting information). This selection was based on the rivers used
by Wright et al. (1984), used for the development of a new (at
that time) macro-invertebrate biological monitoring tool (Armitage
et al., 1983), now known as RIVPACS (River Invertebrate Prediction
and Classiﬁcation System). We also used expert judgement from
the local NRA conservation sections, from available reports (e.g.
Brooker, 1982–1983; Smith et al., 1990a), detailed maps drawn at
different times (e.g. Smith et al., 1990b), other on-going studies (e.g.
Petts and Bickerton, 1994) and longitudinal surveys, to make sure
that upstream pollution, if present (e.g. Market Harborough sewage
treatment works in the upper Welland), had no signiﬁcant effects
within the section of river studied further downstream (Smith et al.,
1991; Harper and Smith, 1995, p. 45). As noted by Wright et al.
(1984), however, ‘few, if any, major rivers in Great Britain have not
been affected to some degree by Man’s activities’. Thus, minimally
impacted (often referred to as ‘semi-natural’) lowland river sections
of England and Wales cannot pretend to be the same as natural
‘reference’ conditions needed for the WFD (see Moss, 2008).
Individual river (site) surveys were completed within one
month during summer months (July–August). All rivers were sampled within the period 1988–1994. Inter-annual variability in ﬂow
regime is likely to have had negligible effect in our study due to the
wide range of lowland rivers investigated and the sub-reach sampling scale of our study (see Table 1; c.f. Monk et al., 2006), judging
from the very weak response of the Lotic invertebrate Index for
Flow Evaluation (LIFE) in England and Wales to normalised variability in ﬂow conditions (Dunbar et al., 2010), River biotopes are
visually distinguishable in-channel patches, made up of different
vegetation, mineral substrate, and organic matter types (Harper
et al., 1995; Kemp et al., 1999). These patches form a dynamic
mosaic related to ﬂow characteristics, with, e.g. in-stream submerged vegetation interspaced with fast ﬂowing stony areas, and
slow silted areas, with patches of emergent and marginal plants
(Fig. 2). The river biotope patch size in the ﬁeld ranged from
about 1–100 m2 . This range of size was found to have no effect on
macroinvertebrate composition for two biotopes tested – marginal
plants and gravel (Harper and Smith, 1995, p. 29).
Sampling included several methods to accommodate the wide
range of biotopes surveyed and to be more thorough than the standard ‘pond net sampling’ (Armitage et al., 1995). A portion of the
stem and leaves of submerged and ﬂoating leaved macrophytes
was enclosed in a hand net and then cut from the rest of the plant.
Shoots of herbaceous marginal plants were ﬁrst shaken in situ and
free-swimming invertebrates captured with a hand net, then stems
were cut and the plant directly removed to a container. Particulate substrates were sampled with methods appropriate to the
ﬂow and depth of overlying water: Surber samplers in shallow
water, and Ekman grab mounted on a pole for sandy and silty substrates in water of greater depth (Smith et al., 1990a, 1991). The
pond net sampling with timed effort (e.g. Armitage et al., 1995) is
likely to miss taxa adhering to the substrate and therefore may not
be as effective for all types of substrates. Interpretation of taxon
richness and abundance data was done in this context. Further
data analyses were carried out to check that sampling effort was
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Fig. 1. Sampling site distribution in England and Wales.

consistent across biotopes (see Section 2.8). Samples were collected
from river sections (sites) which were 3–12 km long in order to collect replicate samples each from an independent patch of the same
biotope. A higher number of samples were taken from the initial
two surveys (Welland and Wissey), which were designed, together
with information from the literature, to characterise the ‘functional
habitats’ from ‘potential habitats’ (Harper et al., 1992). Hence, the

average number of samples per river biotope varied between rivers
(Table S1). All surveys were undertaken by the same ﬁeld operator
(Dr. Colin Smith), following the same protocol (as detailed above),
so that consistency and sampling effort were maintained. In total,
512 samples from 13 river biotopes in seven rivers (Table S1) were
collected, from which more than half a million (586,000) individuals were recovered.

Table 1
Site characteristics based on national river ﬂow archive and catchment spatial information of the Centre of Ecology and Hydrology (http://www.ceh.ac.uk/data/nrfa/, accessed
12.03.12), and water monitoring data of the Environment Agency (annual average at the time of survey; http://www.environment-agency.gov.uk/aboutus/work/35692.aspx,
accessed 12.03.12).
Welland
Latitude
Longitude
Catchment area

◦

Averaged discharge
Base Flow Index
Elevation
Slope
Width
Depth

m3 s−1

Wissey

52.591
−0.560
417

52.518
0.662
274

m
m/km
m
m

5
0.49
30
0.8
12
0.55

2
0.82
15
1.0
10
0.75

Woodland
Arable and horticulture
Grassland
Mountain, heath, bog
Built-up areas
Water (inland)

%
%
%
%
%
%

11
46
39
0
3
0

16
53
27
0
4
0

EC at 25 ◦ C
pH
Alkalinity
Soluble reactive P
Total oxydised N

S cm−1
unit
eq L−1
g L−1
g L−1

880
8.3
3940
760
6300

590
8.1
4620
330
6700

◦

km2

Teiﬁ
52.172
−3.986
510

Avon

Dove

Smite

Swale

51.294
−1.806
324

52.951
−1.830
399

52.948
−0.896
150

4
0.91
90
1.4
15
1.00

8
0.62
90
1.4
18
0.50

1
0.53
20
0.8
7
0.35

21
0.47
22
0.6
22
1.00

12
3
80
3
2
0

9
33
49
5
3
0

6
8
81
2
2
1

3
70
25
0
2
0

6
35
41
14
3
0

80
6.8
500
10
1000

620
8.0
5010
310
5800

500
8.1
3570
120
3100

16
0.50
140
1.3
22
0.35

1460
8.1
4000
2700
11,400

54.213
−1.444
1345

480
7.2
2880
120
3200
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taxon equals one (e.g. the eight feeding habit trait categories of the
trichopteran Brachycentrus subnubilus Curtis were changed from 0,
0, 2, 2, 3, 0, 1, 0 to 0, 0, 0.25, 0.25, 0.38, 0, 0.13, 0). Trait information was available for most taxa at the species or genus level of
identiﬁcation, as used in the European STAR project (Furse et al.,
2006). When the taxonomic resolution of our data was lower than
the trait database, we aggregated the trait proﬁles (i.e. averaged the
trait categories over all taxa and converted into relative abundance
distribution as above), using only taxa from the UK checklist (Furse,
2007).
2.4. Phylogenetic effect

Fig. 2. River biotopes. The patchy distribution of in-stream biotopes (1–100 m2 ) is
generally clearly visible in lowland rivers; e.g. River Wensum (6 May, 1999): gravel,
sand, silt, marginal plants (Myosotis, Phragmites, Phalaris), ﬂoating plants (Lemna),
submerged plants (Callitriche, Elodea, Myriophyllum, Oenanthe, Potamogeton), and
algae (Cladophora, Vaucheria).

2.2. Macroinvertebrate data
Macroinvertebrates were stored in a cold room (4 ◦ C) after collection and live sorted within two days. Initial sorting separated
families and distinctive species. Sub-sampling was employed when
the number of individuals per family exceeded 50–100 individuals. Macroinvertebrates were identiﬁed predominantly to genus
in all rivers (with the exception of Diptera (family), Hydracarina,
Zygoptera and Oligochaeta; Table S2) and mostly to species in three
rivers (Wensum, Wissey, Teiﬁ). The species richness in Chironomidae (Diptera) averaged 20% and Oligochaeta up to 14% of the
taxa identiﬁed to species in these three rivers. The sheer amount
of data collected however, prevented the complete identiﬁcation
to species of the difﬁcult groups for all rivers, and slowed the
compilation and data analyses of the present dataset. The list of
taxa follows Furse (2007). The identiﬁcation found 149 genera (40
rare, in the context of this study), 90 families (12 rare), and 16
orders (1 rare) – Table S2. There were only two very minor issues
with the macroinvertebrate data. The river Teiﬁ had data for all
biotopes surveyed but was incomplete for Bivalvia, Gastropoda,
and Hydracarina. Whether these missing values were omitted or
replaced by the biotope average values made virtually no difference in the results reported. The data from the River Swale (n = 42)
were reported in abundance rank categories only (0, 1 = 1, 2 = 2–10,
3 = 11–100, 4 = 101–500 individuals), and the number of individuals was taken as the median of the class (using geometric mean
instead of median gave virtually the same results). The macroinvertebrate abundance in river biotopes was made available on the
web through PANGAEA (Demars et al., 2012).
2.3. Biological species traits
The biological species traits used (Table S3) were those of
Usseglio-Polatera et al. (2000). Detailed deﬁnitions (with illustrations) and data were published in Tachet et al. (2002) allowing
non-specialists to understand and use the traits. There were 11
biological traits subdivided into 63 categories (e.g. the trait ‘respiration’ is divided into ﬁve categories ‘tegument’, ‘gill’, ‘plastron’,
‘spiracle’, ‘hydrostatic vesicle’). Macroinvertebrate afﬁnities for
each category (i.e. category) were fuzzy coded from zero (no afﬁnity) to three or ﬁve (strong afﬁnity; see Usseglio-Polatera, 1991;
Chevenet et al., 1994). The afﬁnities of the trait categories were
converted into relative abundance distribution so that the sum of
the trait category afﬁnity scores for an individual trait and a given

There is no phylogenetic tree yet available for the wide range
of taxa considered in this study. Taxonomic order therefore, was
used as a surrogate, to separate the effect of phylogeny from river
biotopes on sample trait proﬁles by the same method as a previous study on species traits and aquatic plants, based on partial
redundancy analyses (Willby et al., 2000; see below).
2.5. Data transformation
Rare taxa, found in fewer than ﬁve samples, were not used for the
data analyses on taxonomic composition. The abundance (number
of individuals) of the taxa was ln(x + 1) transformed prior to statistical analyses and calculation of sample trait proﬁles, because
ln-transformed abundances have been found to be more sensitive
than raw abundances (Gayraud et al., 2003).
2.6. Multivariate data analyses
The data set has three groups of predictive nominal variables
coded as present/absent: biotopes, rivers and taxonomic orders.
Site characteristics listed in Table 1 are only provided to give some
information on the context and were not used in the analyses. The
phylogenetic effect was tested with a reduced number of predictive
variables to avoid statistical over-ﬁtting as follows: the information
pertaining to the 15 common orders was compressed to the ﬁrst
four (independent) axes of a principal component analysis (PCA)
summarising 59% of the initial variability. Hence the three tables
for the predictive variables were 512 samples × 13 biotopes; 512
samples × 7 rivers; 512 samples × 4 ‘orders’. The different tables
used for the response variables were 512 samples × 63 trait categories, 512 samples × 109 genera, 512 samples × 78 families, and
512 samples × 15 orders. Redundancy analyses (RDAs) were run
with Canoco 4.5 (ter Braak and Smilauer, 2002) to test for the
effect of the presence of different river biotope types on macroinvertebrate taxonomic composition (at different resolutions) and
trait proﬁles, within rivers and for all rivers together. Partial RDAs
were run to test for the single and confounding effects of ‘phylogeny’ (compressed taxonomic order composition) and river (i.e.
site effects also due to catchment scale characteristics). Tests of signiﬁcance were based on 1000 random Monte Carlo permutations.
Appropriateness of RDA was checked as in previous studies (e.g.
Demars and Harper, 2005).
2.7. Individual trait response to river biotopes
Individual sample trait distributions (proﬁles) were averaged
per river biotope and compared to the overall average (n = 512 samples), with comparison of 95% conﬁdence interval (CI) of the means
indicating no, positive, or negative effect of a biotope on a trait
category.
We used the independent a priori trait predictions to increasing
near river bottom ﬂow made by Statzner and Bêche (2010, Table
2) to test some of our detailed ﬁndings, since the initial aim of this
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Fr =

v



gd

where v is water velocity, g acceleration due to gravity and d water
depth.
Seven of the biotopes had been positively associated with low
Froude numbers (Fr < 0.05) – silt, tree roots, leaf litter, marginal
and emergent plants, ﬂoating and submerged broad leaved macrophytes; four biotopes with high Froude numbers (Fr > 0.3) – cobble,
macrophyte submerged ﬁne-leaved, moss, macroalgae; and two
biotopes with intermediate Froude numbers (0.05 < Fr < 0.3) – sand
and gravel (Kemp et al., 2000).
2.8. Biodiversity data analyses
Richness (±95% CI) was calculated using the rarefaction curve
of Genstat 11.0 (Payne et al., 2008) to normalise for the sampling
effort by numbers of samples collected (n = 13 for river biotopes
and n = 33 for rivers). An analysis of the rarefaction curves of
river biotopes showed that the number of replicate samples
(n = 13) was sufﬁcient to compare river biotope species richness
estimates (Fig. S2). Since the initial rate of taxonomic (mostly
genus) accumulation with sampling effort was generally constant
across biotopes sampled with different methods (Fig. S2), it is very
unlikely that any strong sampling bias was introduced. There were
enough replicates per river biotope to obtain a robust trait proﬁle
(Bady et al., 2005). Diversity was calculated with the Shannon
diversity index (H based on log10 ; Shannon, 1948) taking into
account both richness (number of taxa) and evenness (distribution
of individuals among taxa). Finally, the explanatory power (i.e.
% of explained variance) of rivers and biotopes on richness and
Shannon diversity was quantiﬁed by multiple regressions using
TIBCO Spotﬁre S+® 8.1 (TIBCO Software Inc.).
3. Results
3.1. Taxonomic composition versus trait response to river
biotopes
River biotopes predicted the taxonomic composition and the
macroinvertebrate trait distribution (proﬁles) within rivers equally
well (60% of explained variance, Fig. 3). River biotopes were
better predictors of trait proﬁles (40%) than genus composition
(26%) between the studied rivers. Additional taxonomic resolution
(including species level identiﬁcation, based on the three rivers for
which data were available) did not improve predictions. On the
contrary, predictions for order composition (31%) were slightly better than for genus composition. Hence, while order composition is
two times less informative than genus composition (based on total
sum of squares of the taxa × biotope matrix), order is sufﬁcient for
an accurate (if not precise) picture of the taxonomic composition
across biotopes (Table S4).

80

% explained variance

research was to link hydro-morphology with ecology, and since
the local hydraulics of these biotopes have already been described
from English rivers (Kemp et al., 1999, 2000). River ﬂows may be
characterised by a local hydraulic parameter; the Froude number,
which is calculated as follows:

305

within rivers
between rivers

60

40

20

0
genus

family

order

traits

Fig. 3. Explanatory power of river biotopes. River biotopes as predictors of taxonomic composition (genus, family, order) and macroinvertebrate trait proﬁles
within and among rivers (P < 0.001 for all tests). Error bars indicate standard error of
the mean. Percentage of explained variance from redundancy analyses, and significance based on 1000 Monte Carlo random permutations. Identiﬁcation to species
did not improve predictions, based on the three rivers for which data were available.

phylogeny) explained 67% of the trait variability in total. A relatively large part of explained variance was confounded between
biotopes and ‘phylogeny’ but not between biotopes and rivers.
3.3. Individual trait responses to river biotopes
Fig. 5 illustrates river biotopes with examples of positively associated trait categories (relative to the average trait proﬁle based on
the 512 samples). An example of a trait, ‘feeding habits’, is shown
in Fig. 6. Feeding habits explain how food is processed, for example, detritus is processed by deposit feeders in sand and silt, but
by ﬁlter feeders in submerged ﬁne-leaved macrophytes. Predators are positively associated with emergent and ﬂoating-leaved
macrophytes and parasitism is negatively associated with cobble
and tree roots, but positively associated with submerged and ﬂoating leaved macrophytes. A full summary of all results is shown in
Table S3 and the proportion of macroinvertebrate trait categories
in river biotopes was made available on the web through PANGAEA
(Demars et al., 2012).
The predicted effects of the biotopes with large Froude numbers (Fr > 0.3; cobble, macrophyte submerged ﬁne-leaved, moss,

Biotopes

Rivers
3
7

9
2
27

6

13
'Phylogeny'

3.2. River biotopes, ‘phylogeny’ and catchment characteristics
The power of river biotopes to predict macroinvertebrate trait
proﬁles remained highly signiﬁcant (P < 0.001) after correcting
for ‘phylogenetic’ effects (orders compressed into four PCA axes)
and taking into account the nominal effects of rivers (surrogate for local catchment characteristics and biogeography, see
Table 1; Fig. 4). These three variables (biotopes, river identity and

Fig. 4. Partitioning of explanatory power of biotope, river and phylogeny.
Biotopes, rivers (catchment characteristics and biogeography) and ‘phylogeny’ (taxonomic order) as predictors of macroinvertebrate trait distribution. Total explained
variance is 67%, partitioned as shown above using partial Redundancy Analyses.
All effects are signiﬁcant (P < 0.001) even after removing shared variance. Tests of
signiﬁcance were based on 1000 Monte Carlo random permutations.
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Fig. 5. River biotopes (capital letters) with examples of positively associated macroinvertebrate trait categories (relative to overall average trait proﬁle). Submerged
ﬁne-leaved, ﬂoating, submerged broad-leaved and emergent refer to macrophyte biotopes.

macroalgae) on the trait distribution agreed in 11/17 trait categories (Table 2). The only clear contradictions with a priori
predictions related to tegument respiration and univoltine species
(one life cycle per year). Low Froude numbers (Fr < 0.05, especially
silt, leaf litter, marginal and emergent plants and ﬂoating leaved
macrophytes) displayed, as predicted, trait distribution trends that
were opposite to those of the high Froude number biotopes (c.f.
Table S3).

Table 2
Invertebrate trait category response (+ positive, − negative or o indifferent) to
increasing ﬂow (Froude number) indicating a priori predictions by Statzner and
Bêche (2010) and results from the four biotopes with high Froude number (Fr > 0.3).
P, a priori predictions; B1, Cobble; B2, Macrophyte submerged ﬁne leaved; B3,
Mosses; B4, Macroalgae.
Trait

Categories

P

B1

B2

B3

B4

Maximal potential
size (cm)

>0.25–0.5
>0.5–1
>1–2
>2

+
+
−
−

+
o
o
o

o
+
−
−

+
+
−
−

o
+
−
−

Life cycle duration

≤1 year
>1 year

+
−

o
o

+
−

+
−

+
−

Semivoltinea

1
>1

−
−

+
−

o
+

+
−

o
o

Reproduction

Isolated eggs, cemented

+

o

o

+

o

Aquatic dispersal

Passive
Active

−
+

o
o

−
o

−
o

−
o

3.4. Biodiversity
Taxonomic richness, based on genus level identiﬁcation, differed more between biotopes (Fig. 7a) than between rivers, with
biotopes explaining 39% and rivers 10% of the variance in richness.
The average number of taxa per sample within biotopes was 16
(range 6–23). The estimates of biotope species richness using
the rarefaction curves (effectively correcting for sampling effort)
were highly correlated to the simple average (r = 0.96, n = 13,
P < 0.001; Table S5), because most biotopes had a similar initial
rate of species accumulation with sampling effort (Fig. S2). The
differences in species diversity (Shannon index) between river
biotopes spanned two orders of magnitude, with sand, macroalgae,
and submerged macrophytes having the lowest median diversity,
and cobble, gravel, marginal plants, leaf litter, ﬂoating leaved
and emergent macrophytes the highest (Fig. 7b). The average
number of individuals per sample within a biotope was about 1100
(range 170–3100) – Table S5. The number of individuals was largely

a

Respiration

Tegument

+

−

o

−

o

Locomotion and
substrate relation

Surface swimmer
Full water swimmer
Temporarily attached

−
−
+

−
−
o

−
o
+

−
o
o

o
+
−

Feeding habits

Filter-feeder
Predator

+
−

o
o

+
−

o
o

o
o

Potential number of life cycles per year.

Author's personal copy
B.O.L. Demars et al. / Ecological Indicators 23 (2012) 301–311

307

0.4

Cobble

Silt

Sand

Gravel

0.3

0.2

0.1

0.0
0.4

Leaf litter

Tree roots

Macrophyte
emergent

Marginal
plants

0.3

0.2

0.1

0.0
0.4

Macrophyte
floating leaved

Macrophyte
submerged
broad
leaved

Macrophyte
submerged
fine leaved

0.3

Mosses

0.2

0.1

parasite

predator

piercer

scraper

filter-feeder

shredder

absorber

deposit feeder

parasite

piercer

predator

scraper

filter-feeder

shredder

absorber

parasite

piercer

predator

scraper

filter-feeder

deposit feeder

0.3

shredder

absorber

0.4

deposit feeder

0.0

Macroalgae
0.2

0.1

parasite

piercer

predator

scraper

filter-feeder

shredder

absorber

deposit feeder

0.0

Fig. 6. River biotopes’ average trait proﬁle for ‘Feeding habits’ based on the proportional representation (frequency on y axis) of eight trait categories (coloured box with
95% CI) against the average proﬁle based on all 512 samples (transparent box with 95% CI).

independent of species richness (r2 = 0.02), meaning both contributed equally to the Shannon diversity index (Fig. S3). Biotope
type was also a better predictor of sample diversity than was
river identity, 39% versus 5% of explained variance respectively.
The most noticeable difference between richness and diversity
index was ‘macrophyte, ﬂoating-leaved’ (low taxonomic richness,
with the lowest average number of individuals 170 ± 30, but high
taxonomic diversity).

4. Discussion
4.1. Novel results and current issues
The present study quantitatively linked river biotopes to multiple species traits, rather than relying on taxonomic composition
or a single trait (e.g. ‘feeding habits’ via functional feeding groups),
producing a wealth of new information (see Tachet et al., 2002, or
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Fig. 7. River biotopes and taxonomic diversity. Individual river biotope taxon
richness and Shannon diversity index based on genus data. Boxplots represent
median with 25th and 75th centiles, whiskers represent the range, and +outliers
(1.5 × interquartile range).

the new 2010 edition that includes recent invasive species in Western Europe). The aim of this study was to explain variation in trait
distribution; the effect of biotope type explained twice as much
variability (40%) than river identity (17%), even though the lowland
rivers studied covered a wide range of environmental conditions
(Fig. 1; Table 1). Interestingly, these two effects were largely additional (combined explained variance 55%) demonstrating that both
local and regional conditions played a signiﬁcant role in deﬁning
trait proﬁles. This was not the case for richness and diversity where
variance was mostly explained by river biotopes (∼40%) rather than
river sites (≤10%). The Shannon diversity index, which condensed
genus frequency abundance information to a single number on a log
scale, was sufﬁcient to demonstrate large differences in diversity
among the biotopes, even though the diversity of biotopes sampled

necessitated differing sampling methods (see Sections 2.1 and 2.8).
These differences were up to two orders of magnitude and were
similar to other studies using the pond net sampling approach (see
e.g. Armitage et al., 1995).
Large, clear cut differences in trait distribution exist across small
(∼1–100 m2 ) spatial units within a river reach. These contrasts with
the generally weak trait responses to natural environmental gradients observed by Statzner and Bêche (2010) using data collected
at the site (=reach) scale. Our results have important implications.
Most natural rivers are notoriously dynamic as a consequence of
changes in ﬂow regime and have a range of river biotopes, some
of which are used as refugia in extreme events (Lancaster and
Hildrew, 1993). Hence invertebrate trait proﬁle of a site may not
differ over time by much, as long as the range of biotopes present
meets macroinvertebrate needs. This is most likely the reason why
site level is adequate to deﬁne trait-based reference conditions
(Charvet et al., 2000; Statzner et al., 2001; Statzner and Bêche,
2010). When the proportion of biotopes is signiﬁcantly altered,
such as by weirs in lowland rivers (e.g. Raven et al., 1998; Kemp
et al., 1999) however, species trait proﬁles are also likely to alter at
the site level (Lamouroux et al., 2004). This probably explains why
the LIFE index was more sensitive to normalised variability in ﬂow
conditions in heavily engineered river sections than in semi-natural
sites (Dunbar et al., 2010).
The detailed trait results of this study are not only in good
agreement with a priori predictions but also with the two most
comparable studies (Lamouroux et al., 2004; Tomanova and
Usseglio-Polatera, 2007) listed in Table 5 of Statzner and Bêche
(2010); c.f. Table S3. The differences in trait frequency between
sand and averaged gravel/cobble trait proﬁles in this study were
also in agreement with the effects of sand deposition on macroinvertebrate species traits in a gravel/cobble river bed (Larsen et al.,
2011). Among the 10 trait categories signiﬁcantly affected by sand
addition in Larsen et al. (2011, Table II), 50% of trait categories presented the same trend (clutches, free; tegument; gill; interstitial;
burrower) and 50% no expected changes and there were no antagonistic results with our study. From our results, we might have
expected additional trends not observed in Larsen et al. (2011) such
as a decreasing univoltine, cemented egg/clutches, crawler, scraper
and increasing pupa, detritus <1 mm, deposit feeder. Some of these
discrepancies, however, may simply be due to the short term nature
of Larsen’s experiment (2 weeks). Additional knowledge of trait
correlations and trait co-evolution should also be considered in the
interpretation of the results (e.g. Poff et al., 2006; Horrigan and
Baird, 2008).
Linking species abundance/density, or taxonomic composition, to environmental variables for biomonitoring (i.e. outside
controlled experiments) can be subject to mis-interpretation
due to confounding effects and often can lack mechanistic
understanding (e.g. Demars and Edwards, 2009; Lancaster and
Downes, 2010). The causality of these relationships may be supported, however, by examining appropriate species traits (as
used for macrophytes in Demars and Harper, 2005; Demars
and Trémolières, 2009). Additionally, it may sometimes be
possible to use multiple species traits to disentangle the additive or interaction effects of stressors on macroinvertebrates
(e.g. Statzner and Bêche, 2010). An additional approach is to
consider a wider range of taxonomic groups (e.g. epiphytes,
ﬁsh) to partial out trophic (food web) relationships and/or
confounding factors (e.g. Davidson et al., 2010). This creates new opportunities to develop better bio-indicators that
are not based upon simple indices such as LIFE (Extence
et al., 1999), but upon system level understanding, very
much in line with recent management initiatives such as the
CADDIS (Causal Analysis Diagnosis Decision Information System, http://www.epa.gov/caddis/index.html, accessed 12.03.12)
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initiative by USEPA (United State Environmental Protection
Agency).
4.2. Potential for practical applications
If we assume that the proportional representation of river
biotopes (see Table S1) is representative of the minimally impacted
sections of the lowland rivers of England and Wales, then an idealised average reach-scale trait proﬁle may be calculated under
minimally-impacted conditions (bearing in mind that near-natural
states or reference conditions as deﬁned by the WFD do not exist
in lowland UK rivers). Signiﬁcant deviations from idealised species
trait distribution, especially where opposite trends in trait category
distribution are seen within or among traits, could then provide a
causal link between reach morphological alteration and biological
responses (see e.g. Statzner and Bêche, 2010; Larsen et al., 2011). It
becomes possible by the use of species traits to look for (near) natural ‘reference’ conditions (see Moss, 2008) beyond the shores of
the UK to, for example in the whole of Europe (Statzner et al., 2001;
Dolédec and Statzner, 2010; Statzner and Bêche, 2010). A combination of paleo-limnology and historical data (Andersen et al., 2004;
Walter and Merritts, 2008), as well as search for (near) natural lowland rivers within Europe may represent our best hope, as applied to
macrophytes by Danish scientists (Baattrup-Pedersen et al., 2008).
The proportional representation of river biotopes may be
checked against River Habitat Survey (RHS) reference sites, to
reﬁne the trait proﬁle (Raven et al., 1998, 2010; Harvey et al.,
2008). Considering the large shift in the presence and abundance
of river biotopes in morphologically impaired river reaches (Kemp
et al., 1999), it is very likely that the site trait proﬁles will be
altered, although more experimental work is clearly needed to
deﬁne precisely how much anthropogenic change in the proportion of biotopes a river can suffer before a signiﬁcant change in
trait distribution at the site scale can be observed. Here we suggest
that, in the ﬁrst instance, site (river reach) trait proﬁles could be
estimated from the proportional representation of biotopes (or at
least their occurrence), e.g. using the thousands of sites from RHS
surveys (Harvey et al., 2008) and available detailed data (e.g. Kemp
et al., 1999).
The above potential for bioindication should be restricted, for
now, to rivers with good water quality (well oxygenated throughout the day), as a study along the upper and central part of the
River Welland, which included grossly polluted sites, in July 1993
(six river biotopes with 10 replicates at 11 sites), showed a dominant effect of poor water quality (organic pollution). This was
due to Market Harborough’s sewage treatment work efﬂuent and
resulted in the site effect being larger than the river biotope effect
(Harper and Smith, 1995). All river biotopes studied (cobble, sand,
silt, emergent and submerged ﬁne leaved macrophytes, marginal
plants) were affected by the poor water quality (Harper and Smith,
1995), yet remain largely distinct from each others. A similar result
was found in a study contrasting the effects of physical habitat
degradation and water quality in the River Morava (Czech Republic;
Harper, 1995).
4.3. Prospects
The concept and method established in this study are readily
applicable across a broader range of rivers for which macroinvertebrate data have already been collected at the river biotope
scale (e.g. Bournaud and Cogérino, 1986; Harper, 1995; Buffagni
et al., 2000; see Introduction), and could include more biological
traits for which more speciﬁc predictions remain to be developed
(see Dolédec and Statzner, 2008; Verberk et al., 2008; Statzner and
Bêche, 2010). Linking these data to available hydro-morphological
surveys (e.g. thousands of sites in UK and European RHS data) will
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result in information gains for both river science and practical management (Vaughan et al., 2009; Vaughan and Ormerod, 2010). Trait
proﬁles based on family level identiﬁcation may also be sufﬁcient
to develop a larger database than the present study at the river
biotope scale (Dolédec et al., 2000; Gayraud et al., 2003). A measure of the proportion of biotopes at a site should be added to
existing European macroinvertebrate databases (e.g. Statzner et al.,
2007; BioFresh, http://www.freshwaterbiodiversity.eu/, accessed
12.03.12).
This study focused on biological trait response to hydromorphological units (biotopes), but some traits may have a
feedback effect on the biotopes (e.g. macroinvertebrate herbivory
may alter macrophyte biotopes; Elger et al., 2009). Another promising research area, therefore, would be to link river biotope and trait
proﬁles, rather than just biodiversity, to ecosystem functioning.
In conclusion, (1) river biotopes are better predictors of
macroinvertebrate trait proﬁles than taxonomic composition
between rivers, independently of the taxonomic resolution used
(species, genera, families, orders), but with a strong phylogenetic
signature; (2) river biotopes (local environmental conditions) have
a predictive power, distinct from catchment scale characteristics
(i.e. hydrology, geography and land cover); (3) local hydraulics have
predictable effects upon river biotope trait distributions and (4)
species richness and diversity differ far more between biotopes
than between rivers. Hence, integration of the multiple biological
trait approach with river biotopes at the interface between ecology
and hydro-morphology provides a wealth of new information and
potential applications for river science and management.
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corrected richness using rarefaction curves (see text).

Figure S1. Photographs of field sites.

Figure S2. River biotope sampling effort assessed with rarefaction curves. The top graph
shows that an asymptote in cumulated species richness was not reached for all river biotopes.
However, the bottom graph shows that 13 samples were sufficient to characterise taxonomic
(mostly genus) richness, since the slope of the regression lines were the same at n=13, n=26
and n=35 samples, based on the river biotopes for which sufficient data existed.

Figure S3. The Shannon diversity index H’ is influenced by both the number of individuals
and the number of taxa (taxonomic richness): abundance – diversity (a) and richnessdiversity (b) correlations (note that the Shannon diversity index was calculated with the
number of individuals and taxonomic richness, so x and y axes are not totally independent).
Taxonomic richness was based on the genus data.
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Table S1. Number of replicate samples per biotope and river
biotopes
Welland
15
Cobbles (>64 mm)
9
Gravel
9
Sand
22
Silt
Tree roots
23
Marginal plants
5
Leaf litter
8
Macrophyte emergent
15
Macrophyte floating-leaved
21
Macrophyte submerged, fine-leaved
26
Macrophyte submerged, broad-leaved
10
Mosses
15
Macroalgae

Wissey
5
5
5
20

12
15
178

10
10
95

number of river biotopes
average nb samples per river biotopes
number of samples

Teifi
4
3

4
8
4
4
3
8
20

10
10
10
20
5
5

Avon

Dove

Smite

2
4
3

5

5
5
5
5

1
7
4
4
8

5
10
5

Swale
10
6
5
11

12
9

5

5
10

10

10
10

9
6
58

2

8
4
33

6
7
40

9
7
66

5
8
42

total
46
26
28
57
26
65
13
35
18
57
76
35
30
13
39
512

Table S2. Frequency (% occurrence) of the common taxa (mainly genera) within rivers.
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Table S3. Macroinvertebrate ‘potential trait’ category associations with river biotopes relative to the overall average (n=512 samples).
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Table S4. Taxonomic orders association (-, o, +) to biotopes relative to the overall average (n=512 samples)
Cobble
Gravel
Sand
Silt
Tree roots
Marginal plants
Leaf litter
Macrophyte emergent
Macrophyte floating‐leaved
Macrophyte submerged, fine‐leaved
Macrophyte submerged, broad leaved
Moss
Macroalgae

Bivalv

Coleop

Crusta

Dipter

Epheme

Gastro

Hemipt

Hirudi

Hydrac

Megalo

Odona

Oligoc

Plecop

Tricho

Tricla

+
+
o
+
‐
o
+
‐
‐
‐
‐
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‐
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+
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Table S5. Average Shannon diversity index (H’), number of individuals (N), richness (S) and
corrected richness using rarefaction curves (see text).

H'
Cobble
Gravel
Sand
Silt
Tree roots
Marginal plants
Leaf litter
Macrophyte emergent
Macrophyte floating‐leaved
Macrophyte submerged, fine‐leaved
Macrophyte submerged, broad leaved
Moss
Macroalgae

mean
1.9
1.7
0.8
1.3
1.6
1.9
1.7
1.9
1.9
0.8
1.0
1.5
1.0

N
± se
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

6

mean
1206
1012
1413
444
820
337
1209
378
170
3101
1315
1259
1669

S
± se
196
225
662
95
182
53
371
71
30
508
176
276
322

mean
22
20
6
14
17
21
23
19
15
10
15
17
15

± se
1.1
0.7
0.5
0.7
1.1
0.7
2.0
1.3
1.5
0.5
0.6
1.1
0.6

S corrected
at n=13 ± 95 CI
70
5
62
6
28
3
49
4
64
5
72
5
77
6
66
4
41
3
38
4
58
4
57
4
46
4

Figure S1. Field sites.
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Figure S2. River biotope sampling effort assessed with rarefaction curves. The top graph
shows that an asymptote in cumulated species richness was not reached for all river biotopes.
However, the bottom graph shows that 13 samples were sufficient to characterise taxonomic
(mostly genus) richness, since the slope of the regression lines were the same at n=13, n=26
and n=35 samples, based on the river biotopes for which sufficient data existed.
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Figure S3. The Shannon diversity index H’ is influenced by both the number of individuals
and the number of taxa (taxonomic richness): abundance – diversity (a) and richnessdiversity (b) correlations (note that the Shannon diversity index was calculated with the
number of individuals and taxonomic richness, so x and y axes are not totally independent).
Taxonomic richness was based on the genus data.
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