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ABSTRACT

The importance of local hydraulic conditions on the structuring of freshwater biotic communities is widely recognized by the
scientific community. In spite of this, most current methods based upon invertebrates do not take this factor into account in their
assessment of ecological quality. The aim of this paper is to investigate the influence of local hydraulic conditions on invertebrate
community metrics and to estimate their potential weight in the evaluation of river water quality. The dataset used consisted of 130
stream sites located in four broad European geographical contexts: Alps, Central mountains, Mediterranean mountains and
Lowland streams. Using River Habitat Survey data, the river hydromorphology was evaluated by means of the Lentic-lotic River
Descriptor and the Habitat Modification Score. To quantify the level of water pollution, a synoptic Organic Pollution Descriptor was
calculated. For their established, wide applicability, STAR Intercalibration Common Metrics and index were selected as biological
quality indices. Significant relationships between selected environmental variables and biological metrics devoted to the evaluation
of ecological quality were obtained by means of Partial Least Squares regression analysis. The lentic-lotic character was the most
significant factor affecting invertebrate communities in the Mediterranean mountains, even if it is a relevant factor for most quality
metrics also in the Alpine and Central mountain rivers. Therefore, this character should be taken into account when assessing

ecological quality of rivers because it can greatly affect the assignment of ecological status.
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1. INTRODUCTION

The importance of local hydraulic conditions in
influencing the freshwater biotic community is largely
recognized by the scientific community. Many authors,
at different spatial scales and in varying degrees of
detail, have demonstrated the relationships between,
e.g., current velocity and discharge (Chutter 1969;
Extence ef al. 1999), turbulence (Hynes 1970), hydrau-
lic conditions (Statzner et al. 1988; Brooks 1990;
Dolédec et al. 2007), shear stress (Cummins 1962;
Cummins & Lauff 1969) and invertebrate taxa. In spite
of this, most current methods based on invertebrates in
the assessment of ecological quality and status do not
take such relationships into account, even though they
can have a strong impact on structuring communities
and may exert a great influence on the evaluation of
river quality (Roy et al. 2003; Sheldon 2005). In fact, in
rivers where local hydraulic conditions are highly vari-
able over space and time, the water quality evaluation
and the classification of ecological status will be subject
to the 'disturbance' of flow-related natural factors (Shel-
don 2005). These factors will affect the response of
biological methods and metrics, for example, to water
pollution. The quantification of such disturbance, how-
ever, is not straightforward because of the difficulty in
describing in a complete and simple way the overall
lentic-lotic character of a river site. Recently, we pro-

posed a comprehensive approach to evaluate this char-
acter based on the quantification and weighting of, e.g.,
flow types, macrophytes and substrate types (Buffagni
2004; Erba et al. 2006; see session 2.2).

Due to the need for a timely implementation of the
Water Framework Directive (WFD; EC/2000/60), most
European countries have begun the process of revising
and adapting their assessment systems, so that quality
evaluations are performed according to the new direc-
tive. The WFD currently aims at reaching good ecologi-
cal status for all European water bodies by 2015 and
sets out a number of strict recommendations for this to
be achieved. In a quite complex overall picture, uncer-
tainty in biological quality evaluations plays a relevant
role because it can create an unbalanced allocation of
environmental or economic resources. For this reason,
any study aimed at providing direct evidence of the
influence of natural factors on quality evaluations could
have a relevant impact on river management practices
and monitoring planning. In this context, the WFD
attests to the priority of contemplating the hydromor-
phological features of rivers both in the selection of
pristine or semi-natural sites (i.e., WFD 'reference sites')
and as a support in the interpretation of biological
information when classifying river quality and defining
restoration measures. Where local hydraulic dissimilari-
ties are relevant, new assessment methods should then
integrate information on the extent of the natural vari-
ability of lentic-lotic features, so that quality judgments
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Tab. 1 Summary description of datasets used in the present paper, which were collected for the EU AQEM and
STAR projects. Main stressor codes: M, degradation in stream morphology; O, organic pollution; G, general
degradation (i.e.. a main stressor cannot be identified). Season codes: 1, spring; 2, summer; 3, autumn; 4, winter.

Quality class codes are from 1 (bad status) to 5 (high status).
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are not influenced by natural differences in hydromor-
phology between sites and seasons.

The aim of the present paper is to investigate the
influence of local hydraulic conditions on a selection of
invertebrate community metrics commonly used in the
assessment of ecological quality and estimate their
potential influence on the evaluation of river water
quality. In addition, the implications on water quality
assessment in different geographical contexts across
Europe is illustrated, together with an overall quantifi-
cation of the lentic-lotic gradient observed in various
riverine contexts.

2. METHODS
2.1. Dataset

The dataset used for the present work mainly origi-
nated from the EU co-funded AQEM (The Develop-
ment and Testing of an Integrated Assessment System
for the Ecological Quality of Streams and Rivers
throughout Europe using Benthic Macroinvertebrates)
and STAR (Standardisation of River Classifications)
projects (Hering et al. 2004; Furse et al. 2006). From
the complete AQEM and STAR database some data
were excluded for two reasons: a) biological data did
not always match with abiotic data; b) no ecological

quality classification of samples or no 'high status' sam-
ples (sensu WFD) were available. A sub-set of 130
samples, for which invertebrate and environmental data
were collected in a highly comparable way, was thus
available to investigate the relationship between bio-
logical quality metrics and the lentic-lotic character of
rivers. To avoid increasing internal variability of spe-
cific datasets where more seasons were investigated,
data to be analyzed were harmonized by selecting only
one sample for each site (from summer or autumn sea-
son) out of the full set of available data. For two Italian
datasets, sampling began at the end of one season and
ended at the beginning of the following season. Four
geographical contexts/river categories were covered by
the study, taking into account the typological grouping
performed by Verdonschot (2006): the Alps, Central
European mountains, Mediterranean mountains and
Lowland streams. In particular, to investigate the rela-
tionship between biological data and lentic-lotic char-
acter, information from Austria, Czech Republic, Italy
and Slovak Republic was considered. The datasets
selected are described in table 1 with information on
stream type, dominant stressors, season, and quality
classes covered. Detailed information on such datasets
can be found in Hering et al. (2004) and Furse et al.
(2006).
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2.2. Hydromorphological descriptors

To characterize hydromorphological features of river
sites during the STAR project and, partly, the AQEM
project, the River Habitat Survey protocol (RHS: Raven
et al. 1998; Furse ef al. 2006) was applied.

Based on the RHS protocol, the morphological
impact (Habitat Modification Score, HMS) was esti-
mated for each site. To derive the HMS index, scores
were assigned according to Raven et al. (1998). To cal-
culate HMS, a different score is given to each morpho-
logical modification (e.g., bank re-sectioning, number of
weirs, bridges), according to the estimated importance
of the impact type and to the extent of its presence.
HMS is thus the sum of all the individual scores. The
HMS score was normalized here by subtracting to the
maximum value observed in the overall dataset
(HMS=96) the site score and then by dividing by the
same maximum value in order to obtain an index that
ranges from 0 to 1. In the present paper, increasing val-
ues of the normalized HMS score indicate an increase in
morphological quality.

The Lentic-lotic River Descriptor (LRD: Buffagni
2004), was used to define the local hydraulic character
of a site. The LRD is an abiotic index devoted to the
evaluation of the local hydraulic condition of streams,
derived mainly by giving scores to various habitat fea-
tures in relation to their ability to indicate the lotic or
lentic character of the site. LRD negative values repre-
sent rivers with a predominantly lotic character, positive
values are reached when lentic habitats dominate. The
LRD was developed on the basis of hydromorphological
data collected with the CARAVAGGIO method
(Buffagni et al. 2005), which represents an implemen-
tation of the UK River Habitat Survey method (RHS:
Raven et al. 1998), focusing especially on and adapted
to Mediterranean rivers (Buffagni & Kemp 2002;
Buffagni et al. 2005). Because the CARAVAGGIO
method allows the recording of a higher number of
hydromorphological features with respect to RHS, it
was necessary to adjust the calculation of LRD to the
features recorded with both methods. The features con-
sidered in the LRD version adapted to the UK RHS
form are presented in table 2. Only the key features
needed for LRD estimate are summarized here, while
the formula for its calculation can be found elsewhere
(Buffagni er al. 2004; unpublished). One important
feature is the flow type: at laminar or null flow a posi-
tive score is assigned, while to turbulent flows negative
values correspond. A particularly high value is given to
dry conditions because they interrupt the longitudinal
connectivity of the stream, potentially causing great
changes in the benthic community. Substrate types
receive a score in relation to granulometry, with small-
sized substrata considered to be mainly associated with
lentic features while larger ones achieve a negative
score, somewhat providing a memory of high-flow
events. Other scoring features are vegetation types and
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bars. Artificial features such as bridges or weirs obtain
positive values, because they are considered in relation
to the impoundment phenomena and flow impedance
they can create. Because the presence of such artificial
structures is considered as invariant in, for example, a
year-long time scale, the variation that can be observed
in LRD values at a river site will depend on the dynamic
features only i.e. discharge and natural channel features
(e.g., substrate, macrophytes), which are often driven by
climate characteristics. Increasing values of LRD indi-
cate an increase of lentic conditions. For selected data
analyses (i.e., PLS analysis session 2.5.), in order to
produce an index ranging from 0 to 1, the LRD site
scores were normalized by adding the absolute value of
the most negative value observed in the overall dataset
(LRD =-51.50) and by dividing each LRD site score by
the new maximum value obtained (LRD = 94.5).

Tab. 2. Habitat features considered for the calculation
of the Lentic-lotic River Descriptor (LRD) in its
simplified version adapted to the UK River Habitat
Survey protocol.

UK RHS field Habitat feature
form Section

S E  Channel substrate & flow-type occurrence
£

§. G Channel Vegetation types

(=) C&K Bars & flow-type occurrence

g D  Artificial features

E M  Waterfalls & debris dam

@ N Channel choked with vegetation

2.3. Chemical descriptors

It is not the aim of this paper to investigate the
response of invertebrate metrics to individual chemical
variables. On the contrary, an overall evaluation of the
community response to major synoptic factors is being
undertaken: those which can mostly affect invertebrate
taxa because they integrate various aspects of hydro-
morphology and pollution. Thus, to describe river sites
in terms of water (organic) pollution, the Organic Pol-
lution Descriptor (OPD) (Erba et al. 2007) was used.
This descriptor is inspired by and conceptually similar
to the one described in the Italian legislation (D.Lgs.
152/99; see Erba et al. 2007). The variables considered
here are: Oxygen saturation deficit [%], chloride [mg
L'}, BOD5 [mg L], ammonium [mg L], nitrite [mg
L], nitrate [mg L], ortho-phosphate [ug L], total
phosporous [pug L], COD [mg L™, Escherichia coli
[UFC/100 mL]. A score is assigned to each chemical
variable available in the dataset. The score assigned,
ranging from 0 to 1, is based on class boundaries
obtained as multiples of the 75™ percentile of values
found at reference sites (sensu WFD). The multiplica-
tive factor of the 75" percentile of reference sites used
to define boundaries in OPD is increased by two times
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per each class of scores. The scores obtained from each
chemical parameter are then averaged to obtain the final
index value. Increasing value of OPD indicates an
increase in water quality. The response of individual
invertebrate metrics to single chemical pollutants can be
found in Erba et al. (2007).

2.4. Benthic invertebrate sampling - Biotic metrics and
indices

Invertebrates were sampled following the AQEM
and STAR sampling protocols (AQEM consortium
2002; Hering et al. 2004; Furse et al. 2006). Both proto-
cols focus on a multi-habitat scheme, where habitats are
sampled in proportion to their presence within a reach
(25-50 m). Sampling was usually performed with a Sur-
ber net (area 0.05 to 0.01 m%; mesh size 0.5 mm). A full
sample consists of 20 sampling units from the different
microhabitat types occurring in at least 5% of the sam-
pling sites.

A few biotic indices were calculated to assess the
response of benthic communities to the river quality
gradients and to the lentic-lotic character range experi-
enced within each dataset: the STAR ICM metrics and
index (Buffagni et al. 2007) were selected (see below).
Those metrics were preferred for their wide applicabil-
ity at an European scale, which was demonstrated for
WEFD Intercalibration purposes (Buffagni & Furse
2006). The identification level required to calculate
these metrics and index is the family, which seems the
most suitable level to perform a comparison at such a
large geographical scale (Verdonschot 2006). These
metrics are clustered into three groups, providing infor-
mation on three major response areas:

- Tolerance: ASPT (Armitage ef al. 1983);

- Abundance/Habitat: Log;o (Sel EPTD +1) (based on
Sel EPTD, Buffagni et al. 2004); 1-GOLD, (Pinto et
al. 2004), Total number of Families (N_families,
e.g., Hering et al. 2004); number of EPT Families
(EPT taxa, e.g., Lenat 1983);

- Diversity: Shannon - Wiener diversity index
(SHAN, Shannon 1948).

After their normalization by the median value of ref-
erence sites’ samples or the 75" percentile of high status
sites, the metrics were combined into the STAR ICMi.
The normalization was performed separately for each of
the stream types defined during the AQEM and STAR
projects (Hering et al. 2004; Furse et al. 2006) and
included in the present study. A different weight is
attributed to the metrics within each group, giving
greater importance to the metrics based on the whole
community (Buffagni et al. 2007). To obtain the final
multi-metric score, the same weight is attributed to each
of the three metric groups (0.333). To calculate these
metrics and indices the ICMeasy software 1.2 (Buffagni
& Belfiore 2006), was used.
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2.5. Data analysis

The variability of the quality and environmental
descriptors within each of the four considered river
categories was assessed by means of box & whisker
plots obtained with the Statistica 5.0 software (StatSoft
Inc. 2004).

Partial least squares of latent structures (PLS)
regressions were performed using SIMCA 11.0 (Umetri
2005) to define which environmental factors were more
influential on invertebrate communities. For the purpose
of the present paper, the main advantage offered by PLS
modelling is that this analysis offers powerful diagnos-
tic tools to obtain information on the model structure
and of the contribution and sign of each predictor. A
cross validation statistical test (CV, Wold 1978; Eriks-
son et al. 1995) was performed to select the number of
significant components, which provides Q (i.e. the
cross-validated R?). For models with less than 100
cases, like in the datasets tested here, the significance
limit is set to Q* >0.05 (Eriksson et al. 1995). Thus,
components with Q? lower than this limit were excluded
because they were classified as not significant. Once a
PLS model has been calculated, different tools are
available to construe its meaning e.g., weights, loadings,
coefficients. Scaled and centred coefficients were taken
into account to obtain information on the positive or
negative contribution of each predictor (Eriksson et al.
1995). The range described by the confidence interval
(95% limit) of the coefficients was considered to test
their significance: only if the confidence intervals did
not pass through zero, were they considered significant
(Gauchi & Chagnon 2001). Another tool to construe
PLS meaning is the Variable Influence on Projection
(VIP), which gives information about the importance of
each X-variable taking into account the amount of Y-
variance explained by each latent variable (Wold 1995).
Terms with VIP larger than 1 are the most relevant for
explaining Y and values higher than 0.7 are considered
important (Eriksson et al. 1999; Lepori et al. 2005). The
VIP score was selected here as a useful indicator
because it is considered the most condensed way to
express the results of a PLS model (Eriksson et al.
1995). Furthermore, the VIP value is extremely useful
for the objectives of this paper because, as it is dimen-
sionless (Yao et al. 2004), it is possible, by means of
simple sums, to compare the results of different models.
The confidence interval (95% limit) of the VIP was
considered, as explained for the coefficients, to test the
significance.

3. RESULTS

3.1. Lentic-lotic variability

The variability of LRD values within each of the
four considered geographic contexts is shown in figure
1. The highest variability is observed in the Mediterra-
nean mountains. They present very lentic as well as very
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Fig. 1. Variability of the Lentic-lotic River Descriptor (LRD) in the four considered geographic areas with indication of the name and

limits of LRD classes.

lotic LRD values with a quite wide 25" - 75™ percentile
range, which covers intermediate to lotic situations. The
lowest LRD variability is observed in the Central
Mountain rivers dataset. The lowest median value (ca -
22) was observed in the Alps, while the highest LRD
median value was observed for the Lowland streams
dataset (ca +30).

Sites belonging to the Alps show a median value in
the lotic class, while minimum value belongs to the
extremely lotic class. Maximum value is a slightly posi-
tive value of the intermediate class. Central mountains
present a lotic median value, with minimum and maxi-
mum values ranging from very lotic conditions, domi-
nated by fast flowing areas, up to intermediate ones.
Sites in the Mediterranean mountains show a median
value corresponding to intermediate lentic-lotic condi-
tions, while minimum and maximum values range
between very lentic and very lotic conditions. Thus,
Mediterranean mountains present a stretched gradient in
hydraulic conditions, varying from net dominance of rif-
fle or fast flowing areas up to the clear dominance of
stagnant conditions. Lowland streams present a lentic
median value commonly characterized by the domi-
nance of pool areas with fine substrate, standing or low
flowing water, presence of lentic vegetation and organic
detritus. The median value is at the boundary between

lentic and very lentic conditions. The range between
minimum and maximum values varies from intermedi-
ate conditions up to very lentic ones characterized by
standing water, fine substrate and the disappearance of
riffle areas.

3.2. Organic pollution and Morphological degradation
variability

The variability of organic pollution and morphologi-
cal degradation variables within each of the four consid-
ered geographical contexts is shown in figure 2.

The highest chemical degradation was observed in
the Central mountain area (OPD minimum value ca 0.1;
median value ca 0.72). In the Central mountains the
OPD gradient is wide both in terms of minimum and
maximum values and height of the box. In this dataset
both pristine and heavily degraded sites in terms of
organic pollution are present. The lowest chemical deg-
radation was observed in the Alps, where the highest
OPD median value (ca 0.95) was observed and, for this
parameter, all sites resulted in pristine or high quality
conditions. In the Mediterranean mountains, even if the
OPD median value corresponds to nearly good quality
sites, a wide range of organic degradation was observed
with values from a minimum of ca 0.2 up to pristine (ca
1) ones. In the Lowland streams the organic pollution
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Fig. 2. Variability of Organic pollution (OPD) and Morphological impairment (HMS) in the four considered geographic areas.

ranged between moderate to pristine conditions with a
good quality median value, and a box with values rang-
ing from ca 0.55 to ca 0.85.

The highest morphological impairment variability
was observed in the Alps. Sites in the Alps showed
unmodified as well as altered sites described by HMS
values with a wide 25" - 75" percentile range, covering
intermediate to pristine conditions. In the Lowland
streams the 25" - 75" percentile range comprised
mainly modified streams and the lowest HMS median
value was observed (ca 0.45). The highest median value
was observed in the Mediterranean mountains (HMS
equal to ca 0.95), corresponding to unmodified riverine
sites and in general the gradient observed in Mediterra-
nean rivers is similar to that of the Central mountains.

3.3. Biological quality metrics and lentic-lotic
character

The results of the PLS regression models for rivers
in the Alpine area are presented in table 3. In the Alps,
the amount of biological variability explained ranges
between 0.12 and 0.42 R?Y values. Except for 1-GOLD,
Shannon diversity and the Number of Families, all
models were significant and showed a single compo-
nent. All VIP values higher than 0.7 resulted significant
except for OPD in the ASPT model and for HMS in the
EPT taxa model. In general terms, morphological
impairment was the most relevant factor in all signifi-
cant models except for EPT taxa, for which organic
pollution proved to be the most important. The lentic-
lotic character of river sites affected all the considered
metrics, being important and significant in all signifi-

cant models. As far as the sign of the regression coeffi-
cients is concerned (Tab. 4), a decrease in morphologi-
cal impairment corresponded to an increase in metric
value, while a decrease in the lentic condition of sites
corresponded to an increase in the metrics value. No
clear trend could be seen for organic pollution in terms
of coefficient signs, probably due to the generally good
water quality of river sites.

In Central mountain rivers the amount of biological
variability explained (Tab. 3) showed R*Y values
between 0.19 and 0.42. For all models only one compo-
nent was identified and except for Selected EPTD all
were significant. In general terms, organic pollution was
the most relevant factor in all significant models except
those for Shannon diversity and Number of Families, in
which morphological impairment proved to be more
important. Despite the short gradient of LRD observed
here, the lentic-lotic character of river sites affected
many of the considered metrics and resulted as signifi-
cant in most cases. Looking at the coefficient signs
(Tab. 4), the increase of both quality indicators caused
an increase of the metrics value in all significant mod-
els, corresponding to better conditions in the benthic
community, while an increase in the lentic condition of
sites corresponded to a decrease in the metrics value.

In the Mediterranean mountains the amount of bio-
logical variability explained ranges from 0.23 to 0.32 in
terms of R*Y values. All regression models except that
for the Total Number of Families are significant and
generally show at least two significant factors (Tab. 3).
As in the previous areas, only one component was iden-
tified for all the models. The lentic-lotic character was
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Tab. 3. Summary of PLS regression models and VIP values between environmental factors and biological
metrics in the four river categories (ns: non significant model). VIP values that are either lower than 0.7
(i.e. not important) or not significant are reported in italic.

Alps Central mountains
RY Q° VIP RY Q’ VIP

Metrics OPD HMS LRD Metrics OPD HMS LRD
ASPT 042 034 0.74 1.32 0.84 ASPT 042 038 129 094 0.67
EPT taxa 034  0.20 1.13 0.76 1.07 EPT taxa 0.41 0.37 1.23 0.87  0.86
1-GOLD ns <0.05 1-GOLD  0.25 0.16 1.14 092 092
SHAN ns <0.05 SHAN 0.21 0.13 0.83 1.11 1.04
Log EPTD 0.12  0.06 0.97 1.16  0.85 Log EPTD ns <0.05

N_families ns <0.05 N_families 0.19  0.14 0.99 1.28 0.62
STAR_ICMi 030  0.18 0.52 1.35 096 STAR_ICMi 042 038 1.18 1.00  0.79

Mediterranean mountains Lowland streams
RY Q° VIP RY Q’ VIP

Metrics OPD HMS LRD Metrics OPD HMS LRD
ASPT 030 0.24 1.04 0.68 1.20 ASPT 050 042 1.30 1.14 0.12
EPT taxa 0.23 0.10 0.23 1.18 1.25 EPT taxa 0.52  0.46 1.26 1.18 0.19
1-GOLD 034 021 1.66 0.15 0.46 1-GOLD  0.63 0.44 1.36 1.07 0.05
SHAN 027  0.15 0.78 0.78 1.33 SHAN 0.55 0.42 1.17 1.12 0.61
Log EPTD 0.1 0.21 0.24 1.14 1.28 Log EPTD 0.48 0.40 1.24 1.21 0.09
N_families ns <0.05 N_families 0.56  0.43 1.27 1.14 0.30
STAR_ICMi 032  0.20 0.66 1.03 122 STAR_ICMi 0.62  0.55 1.28 1.17 0.07

Tab. 4. Intercept and scaled and centred coefficients of PLS regression models between environmental
factors and biological metrics in the four river categories are reported. Not significant coefficients are
reported in italic.

Alps Central mountains
Metrics b OPD HMS LRD Metrics b OPD HMS LRD
ASPT 5.92 -0.23 0.41 -0.26  ASPT 4.72 0.38 0.20 -0.28
EPT taxa 3.90 -0.33 0.22 -0.31 EPT taxa 2.72 0.36 0.25 -0.25
1-GOLD 1-GOLD 3.14 0.25 0.20 -0.21
SHAN SHAN 3.42 0.17 0.23 -0.22
Log EPTD 4.80 0.16 0.19 -0.14  Log EPTD
N_families N_families 3.98 0.20 0.25 0.12
STAR ICMi 7.67 -0.13 0.34 -0.24 STAR ICMi 6.50 0.34 0.29 -0.23
Mediterranean mountains Lowland streams
Metrics b OPD HMS LRD Metrics b OPD HMS LRD
ASPT 7.82 0.26 0.17 -0.29 ASPT 2.20 0.42 0.37 -0.04
EPT taxa 3.36 0.05 0.25 -0.27 EPT taxa 1.06 0.40 0.37 0.00
1-GOLD 4.32 0.51 0.05 -0.14 1-GOLD 1.59 0.49 0.39 -0.02
SHAN 5.70 0.18 0.18 -0.31 SHAN 1.48 0.38 0.36 0.20
Log EPTD 3.35 0.06 0.28 -0.32 Log EPTD 1.04 0.39 0.38 -0.03
N_families N_families 1.76 0.42 0.37 0.10
STAR ICMi 6.29 0.16 0.25 -0.30 STAR ICMi 1.72 0.45 0.41 0.03

the most relevant factor in all significant models of
quality metrics, except for 1-GOLD. Organic pollution
resulted as the only significant key factor for 1-GOLD.
Morphological degradation was never the most relevant
factor but was a significant variable in determining met-
rics variation in all models but those for 1-GOLD and
ASPT. A similar pattern to that of Central mountain riv-
ers was found with regard to regression coefficients
(Tab. 4).

In the lowland streams, the amount of biological
variability explained is high, with R*Y values included
between 0.48 and 0.63, and all regression models were
significant showing one component only. Both organic
pollution and morphological impairment yielded sig-
nificant relationships in all quality metrics. The lentic-

lotic character resulted unimportant in this stream type.
As far as the sign of the regression coefficients is con-
cerned (Tab. 4), the situation is the same as explained
earlier for the two previous river categories. Because of
the reduced size of the considered dataset, further data
should be analyzed for this stream category to extend
conclusions to other stream types e.g. showing a higher
hydrological variability, and geographical contexts.

3.4. Response of invertebrate metrics to environmental
factors

As far as R’Y values are concerned, it is worth men-
tioning that the STAR _ICM index generally showed the
highest or the second highest value for almost all areas
(Tab. 3).
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For the four river categories, looking at the sum of
the number of times VIP values were important (i.e.,
>(.7) and significant, some general remarks can be out-
lined (Tab. 5). The ASPT metric responded to the
effects of the three environmental factors considered,
primarily organic pollution and morphological impair-
ment, but also to differences in the lentic-lotic condition
of river sites. The number of EPT taxa was influenced
by the three environmental variables considered. The 1-
GOLD metric resulted as influenced mainly by organic
pollution and less affected by both morphology and len-
tic-lotic character. The Shannon diversity index resulted
as primarily influenced by morphological alteration and
organic pollution, but also lentic-lotic character exerted
a strong control on determining metrics variation.
Selected EPTD taxa was influenced mainly by HMS,
but also by OPD and LRD descriptors. The total number
of Families seemed to be highly related to both chemi-
cal and morphological degradation descriptors (two
datasets only), while it appeared neutral to changes in
lentic-lotic conditions. Finally the STAR ICM index
mainly felt the effect of morphological impairment but
also that of the LRD and OPD descriptors, as expected
by looking at single metrics models. It is notable that
the only metric not influenced by lentic-lotic character-
istics is the total number of Families.

Tab. 5. Number of times that significant VIP values are
higher than 0.7 for each biological metric, with detail on
each environmental factor. The values shown refer to
significant PLS regression models for the four areas all
together (top). A summary of the ranking, i.e. relative
importance, of each environmental factor in the same
models is also presented (bottom).

Environmental factor

E £z ¢ ¢ o
g2 HE wE5S 5.8
£g &5 =2EE£2 <3¢
BHE o3 TRLE QT E
s 3 =ETE 4 °
ASPT 4 3 3 2
EPT taxa 4 3 3 3
8 | 1-GOLD 3 3 2 1
£ | SHAN 3 3 3 2
€ | Log EPTD 3 2 3 2
N_families 2 2 2
STAR_ICMi 4 2 4 3
Total 23 18 20 13
o |1 13 5 5
2 |2 3 14 5
g |3 2 1 3

In more general terms, organic pollution (here
expressed as OPD) was the most important factor in
determining the variation of metrics devoted to the
detection of general river degradation. In fact, OPD
resulted 13 times out of a total of 23 as the most rele-
vant factor and, in total, relevant 18 times in influencing
biological quality metrics. Morphological degradation
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(quantified here through HMS) was also a relevant fac-
tor in explaining metric variation and resulted as the
main determining factor 5 times and, in total, 20 times
as a relevant aspect. It is worth noting that the lentic-
lotic character (here LRD) resulted as the first variable
that determined metrics variation 5 times. Generally,
lentic-lotic features significantly influenced the varia-
tion of quality metrics in 13 models out of a total of 23;
close to 60% of cases.

4. DISCUSSION

4.1. Lentic-lotic variability and overall remarks on PLS
models

Different geographic areas and river types or catego-
ries are expected to present dissimilarities in the hydro-
logical regime because this is driven by climatic and
basin-scale control factors (e.g., Monk et al. 2006).
Hydrological conditions, can show severe seasonal and
spatial variability, influencing the local hydraulic situa-
tion of riverine sites (Monk et al. 2006). Consequently,
changes in the hydrological and hydraulic conditions of
rivers can severely affect aquatic communities, whose
structure and functioning will have to adapt accordingly
(e.g., Dolédec et al. 2007; Milner ef al. 2001).

As far as the river categories and areas considered in
this study are concerned, it must be noted that, for
similarly sized rivers, in the Alps the annual discharge is
proportionally higher than at lower altitudes and is
strongly influenced by ice and snow accumulation
(Horton et al. 2006). This can result in a highly variable
annual and inter-annual hydrological cycle with periodic
floods and seasonal flow patterns strongly influencing
the benthic assemblages (Jakob et al. 2003). Further-
more, climate and anthropic changes are expected to
amplify and alter current conditions causing further
changes in the annual hydrological cycle. In the Alpine
rivers studied one of the main pressures acting on
freshwater ecosystems is morphological impairment. In
Austria, for example, Muhar et al. (2000) observed that
only a small portion of river stretches resulted as
hydromorphologically unaffected. Similar trends were
also observed by Fiireder et al. (2002) in Alpine streams
in general. Thus the relationship observed in the present
paper between biological response and environmental
variables in Alpine rivers seems consistent with results
recorded by other Authors. The fact that the percentage
of variance explained is lower than 0.45 could be linked
to the prevalence of processes and dynamics acting at a
larger scale than that studied e.g. extreme hydrological
events (Matthaei et al. 1997; Finn & Poff 2005). The
significant relationships found between the lentic-lotic
character of the studied sites and the biological metrics
is probably due to the presence in the dataset of sites
ranging from intermediate to extremely lotic conditions
(see Fig. 1). It seems extremely interesting that, not-
withstanding the overall adaptation of benthic taxa to
lotic or very lotic conditions in the Alpine region, the
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Cumulative significance VIP values m the four geographic contexts

O Lentic-lotic character

O Organic pollution

B Morphological degradation

VIP

The Alps Central mountains

Mediterranean mountains

Lowland streams

Fig. 3. Overall and relative importance of different disturbance and degradation factors in PLS regression models for biological
metrics. Bars show cumulative VIP values, which resulted in the four geographic areas, for each of the considered environmental
factors (Morphological degradation: HMS; Organic pollution: OPD; Lentic-lotic character: LRD). Not significant VIP were

excluded.

lentic-lotic nature of the site has considerable influence
on the invertebrate community.

In the Mediterranean region, rivers show a high
natural flow variability, which can embrace droughts,
and implies virtually strong seasonal differences of
macroinvertebrate assemblages (Coimbra et al. 1996;
Gasith & Resh 1999). Shifts from lotic to lentic condi-
tions are observed annually in many rivers of the region
(e.g., Pinto et al. 2004; Morais et al. 2004). Human
activities often imply water abstraction (e.g., Prat &
Munné 2000), frequently lengthening the low flow
period of rivers. The resultant effects on the invertebrate
community determine that existing approaches to
assessing water quality, developed in other regions, may
not be directly applicable (Graca & Coimbra 1998). In
accordance with these authors, the results of the present
paper call for extreme caution in using traditional
approaches to assess ecological quality in Mediterra-
nean mountain rivers. In effect, the lentic-lotic character
resulted as the most important factor affecting inverte-
brate communities, even though organic pollution and
morphological impairment acted strongly on the studied
river sites.

In Central mountain rivers, the lentic-lotic character
also proved to be an important factor, although organic
pollution and morphological impairment had a greater
effect on the biological metrics devoted to ecological
assessment. This is probably due to the smaller hydrau-
lic and hydrological variability of Central Mountain riv-
ers compared to those of the Mediterranean area
(Szoszkiewicz et al. 2006). It seems extremely interest-
ing that, notwithstanding the reduced LRD variability
that was observed, the lentic-lotic nature of the river site
acts significantly on the invertebrate community.

The studied Lowland streams showed relatively con-
stant and undisturbed hydrological features (e.g., Cotta-
Ramusino et al. 1991), which included low turbulence
(Szoszkiewicz et al. 2006) and uniform flow patterns,
due to their prevalent spring character. In these streams,
where the influence exerted by the lentic-lotic character
on the benthic community was expected to be feeble, all
PLS models were significant and explained a high pro-
portion of biological variability. Indeed, the lentic-lotic
character (i.e., through the LRD descriptor) did not sig-
nificantly influence any quality metrics. Nonetheless,
the restricted geographical range where the investigated
sites are located i.e., all in Northern Italy, and the over-
all limited number of sites advocate for extreme caution
in generalizing these conclusions. In fact, more investi-
gations are needed prior to tranferring any assumption
to other lowland river types.

An overall summary of the PLS results, obtained for
each of the river categories, is shown in figure 3 where
the cumulative VIP values for each area are shown,
obtained by summing up only significant VIP values of
significant models. Finally, organic pollution was an
important factor in determining the variation of quality
metrics. This result matched expectations, because
organic pollution and general degradation were recog-
nized as the main stressors for the majority of the con-
sidered datasets (Tab. 1; Hering ef al. 2004; Furse et al.
2006). The lentic-lotic character of sites appears to act
clearly as a confounding factor in three out of the four
river categories studied, with the exception of Lowland
streams, where the local hydraulic conditions were less
relevant in determining benthic community composi-
tion. In particular, in the Mediterranean mountain rivers,
lentic-lotic character was shown to be the most impor-
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tant factor influencing the structure of the benthic com-
munity and thus the assessment of ecological quality, as
already recognized by Coimbra et al. (1996) for unpre-
dictable Mediterranean rivers.

4.2. Relationships between biological indices and
abiotic descriptors

In general terms, the shift of a site towards an
increasingly lentic character generally leads to the dis-
appearance of sensitive taxonomic groups or species,
which are more frequently associated with lotic condi-
tions (e.g., Pinto er al. 2004). Not surprisingly, the
responsiveness of most of the studied quality metrics to
the lentic-lotic character of river sites was evidently
demonstrated, for three out of four of the river catego-
ries considered. Looking at the individual biological
metrics considered in this paper, the ASPT was origi-
nally developed to assess water quality (Armitage et al.
1983), but it seems to also be highly influenced by
hydrological parameters (Zamora-Munoz et al. 1995;
Monk et al. 2006). In fact, many sensitive taxa e.g., Ple-
coptera, which receive a high score in the index calcu-
lation, are often rheophilic taxa and have high require-
ments concerning the level of dissolved oxygen
(Extence & Ferguson 1989; Boulton 2003). When flow
changes are associated with the increase of lentic condi-
tions, these taxa tend to disappear (Boulton & Lake
1990; Morais et al. 2004). This obviously also influ-
ences the metric 'Number of EPT taxa', which constitute
both a richness and a 'tolerance' metric and is often used
to detect organic pollution (Verdonschot 2000). Erba et
al. (2006) suggested that the number of EPT taxa can
also be used to detect morphological impairment - con-
firming what was observed in the present paper - but the
simultaneous effects of water quality and lentic-lotic
character should be taken into account as well. 1-GOLD
is a metric mainly devoted to the assessment of organic
pollution (Pinto ef al. 2004) and this is confirmed by the
results presented here. Nonetheless, local hydraulic
features influence this metric in central mountain rivers.
The Shannon diversity index seems to respond to the
variation of all the variables considered. The effects of
morphological impairment linked to diminishing habitat
heterogeneity and the incidence of organic pollution are
important factors affecting this metric (Coimbra et al.
1996; Ward & Wiens 2001; Brunke 2002). In addition,
unpredicted extreme flow conditions are known to
potentially decrease the overall diversity of benthic
communities (Cowell et al. 2004; Pinto et al. 2004) and
thus act as a confounding factor in the use of this metric
for assessing ecological quality. The Log EPTD is a
metric based on the abundance of selected taxa and is
able to detect general degradation (Buffagni ez al. 2007)
as well as morphological impairment (Erba ez al. 2006).
This is partly confirmed by the results presented here.
The number of Families, that significantly react to river
alteration in two river categories only, seem not to be
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influenced by lentic-lotic character. In the Mediterra-
nean rivers, the absence of a significant model for this
metric can be connected to zoogeographical differences
among the studied areas i.e., they are characterized by
different levels of overall taxonomic richness. The
STAR ICM index is a multi-metric index obtained by
combining all of the above commented metrics and was
originally developed to assess general degradation of
river sites for WFD intercalibration purposes (Buffagni
et al. 2007). In comparison with individual metrics
response, this index often shows a better performance in
reacting to quality variables and frequently reaches the
highest R? of Y in the PLS models i.e., higher predict-
ability. Unsurprisingly, because some of the metrics that
constitute the index are influenced by lentic-lotic char-
acter, the STAR ICMi is also affected by the general
hydraulic state of the sites.

4.3. The lentic-lotic character as a misleading factor in
ecological quality evaluation

The Lentic-lotic River Descriptor (LRD) seems to be
an important tool for improving understanding of bio-
logical metric variability but attention should also be
directed to understanding the contribution of flow
impedance phenomena in determining local hydraulic
conditions. In the present paper it was observed that an
increase in lentic conditions is associated with a
decrease in quality metrics value, thus possibly causing
an underestimation of ecological quality. In fact, if the
presence of lentic conditions is due to natural processes,
the obtained ecological status classification can be
partly unsubstantiated. Nonetheless, when the alteration
of the lentic-lotic character of a site is totally or partly
due to a) water abstraction from upstream river stretches
or b) the presence of local artificial works (e.g., weirs,
dams, bridges) increasing flow impedance, the variation
of biological metrics can reflect such alterations. In this
case, it is then crucial, especially in the Mediterranean
area, that the two components of the lentic-lotic char-
acter of a river site i.e. the natural one and that due to
hydrological and morphological modifications, are
assessed. In its full formulation the LRD descriptor
(Buffagni 2004), which is based on the CARAVAGGIO
survey method (Buffagni ef al. 2005) can provide such a
distinct estimation of the lentic-lotic character (Buffagni
2004), as far as the reach scale is considered. Also, it
has to be noted that LRD and HMS, both being
descriptors of hydromorphological aspects and relevant
in determining a part of the observed metrics variation,
can be somewhat correlated, because morphology can
act directly and/or indirectly on local hydraulic condi-
tions. Nevertheless, the two descriptors considered are
actually focused on two different scales, HMS summa-
rizing the whole site condition (i.e., instream, bankface
and banktop), while the LRD is strictly an in-stream
descriptor.
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Tab. 6. Lentic-lotic character of river sites as a confounding factor for ecological status assignment.

The Alps

Central Mountain rivers

Mediterr. Mountain rivers ~ Lowland streams

Lentic-lotic character as a
confounding factor

Yes, important

Habitat-scale interpretation

lotic conditions
present

Effect on invertebrate community Considerable part of

Yes, important

Considerable part of

Yes, very important No evidence

Flow types very diversified Flow types diversified over Flow types very diversified Homogeneous flow and
over space and time; obvious space and time; obvious
riffle(step)/pool sequence;  riffle/pool sequence; very  obvious riffle/pool
prevalence of lotic or very  lotic and intermediate
conditions potentially

over space and time; weak riffle/pool sequence;
prevalence of intermediate
sequence; very lotic and to lentic conditions
very lentic conditions

potentially present

Most part of community Low community variance

community variance due to community variance due to variance due to lentic-lotic induced by lentic-lotic

lentic-lotic variations and
flow type diversification

lentic-lotic variations and  variations and flow type
flow type diversification

variation or flow type

diversification diversification

Other relevant factors acting on  Flushing flows and flooding Flushing flows and flooding Flushing flows and flooding -

local hydraulics and assessment events as main confounding events; very low flow

events; dry or very low flow

factors periods, only partly stated  periods, only partly stated by

by lentic-lotic character

Relation to organic
pollution/morphological
impairment

and lentic-lotic character
most important factors;
organic pollution less
important

Consequences on ecological

quality assessment systems certainly needed

Potential integration to

Morphological impairment Organic pollution most
important factor;
morphological impairment habitat degradation for
and lentic-lotic character  invertebrates

often important as well

lentic-lotic character

Lentic-lotic character more Organic pollution most
important than pollution and important factor;
morphological impairment
always important as well

Corrections to assessment ~ Corrections to assessment ~ Corrections to assessment  Traditional approaches ok;
systems certainly needed ~ systems unquestionably

no corrections for lentic-
needed lotic needed

Riffle or pool specific sampling; habitat-specific sampling (e.g. only selected -

assessment methods (examples) microhabitats); correction of biological metrics by flow type, turbulence or velocity
assessed where sample units are collected; use of general regression models between
lentic-lotic character and biological response; strict stream type-specific approach and
type definition accounting for lentic-lotic character; actions above combined

Notes - -

Data to be confirmed with
larger datasets

For temporary rivers, not
included in the present
paper, an even larger
influence of lentic-lotic
character is expected

When considering the lentic-lotic character of river
sites as a misleading factor in the assessment of the
ecological quality of European rivers, the situation is
summarized in table 6.

4.4. Potential integration to existing assessment
methods

From the experience gained in the study of European
rivers, it seems reasonable to conclude that current
monitoring methods should be improved and take into
account flow-related conditions found at sites. Different
strategies could be followed in order to refine assess-
ment methods and/or systems (Tab. 6), most of which
are presently in a revision phase to make them more
suitable for WFD requirements. Firstly, in order to
reduce the variability linked to local hydraulic features
and to improve site comparability, the lentic-lotic char-
acter of sites should be taken into account when defin-
ing stream typologies and attributing river reaches to
types (Buffagni et al. 2006; Erba et al. 2006). The
assessment of ecological quality and status assignment
in stream types with depleted internal lentic-lotic vari-
ability should reduce the jeopardy of misinterpretation
of biological metric variation. Adaptation of sampling

protocols might also be undertaken to reduce the influ-
ence of lentic-lotic variability on the invertebrate sam-
ples collected. This can be obtained, for instance, by
positioning sample units in pool or riffle areas only
(e.g., Brabec et al. 2004; Buffagni et al. 2004; Buffagni
& Erba 2007), thus limiting the range of flow types
covered by the integrative site sample used for the qual-
ity classification. To further increase sample uniformity
in terms of flow types, micro- or meso-habitat specific
samples might be assumed as the basis for metrics cal-
culation (Buffagni et al. 2000; Dallas 2007). Alterna-
tively, a correction of biological metrics by flow type,
turbulence or velocity, assessed where single sample
units are collected can be easily performed. It is worth
mentioning, that in some European countries, especially
in the UK, the visual assessment of flow types (Padmore
1997) is a routine part of the habitat and hydromor-
phological assessment of rivers at a National scale (e.g.,
Raven et al. 1998). An important advantage of identi-
fying flow types i.e. compared to velocity measure-
ments or turbulence estimation, is a shorter time frame,
the non-obligation to use instruments in the field and its
scientific soundness (e.g., Padmore 1997). The same
information can be otherwise used to define for exam-
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ple, general regression models between lentic-lotic
character and biological response in defined river types,
so that an overall correction can be obtained at the site
scale. In addition, the development of dedicated, type-
specific multi-metric systems for the assessment of
ecological quality, which include metrics devoted to
quantifying the response or possibly indifferent to local
hydraulics, can be contemplated (e.g., Morais ef al.
2004; Pinto et al. 2004). All actions listed above, can be
profitably combined to give a better account of the local
peculiarity of stream systems.

In general terms, from the data analyzed in this

paper, we can conclude that the lentic-lotic character of
rivers should be taken into account in the assessment of
ecological quality. In fact, even if local methods e.g.
stream type adapted or stressor specific, might be less
affected — also because they are often based on more in-
depth taxonomic identification than Family — the distur-
bance due to the lentic-lotic character of the river still
greatly concerns ecological status assignment. Town-
send & Riley (1999) demanded further scientific inves-
tigation to define if current indices are robust enough
with respect to detecting real changes in river health and
avoiding the incorrect indication of changes. Thus, spe-
cial attention should be given to quantifying the natural
— and/or anthropic - range of local hydraulic conditions,
so that the influence of the lentic-lotic character of
streams on quality evaluation can be correctly esti-
mated.
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