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Abstract The Water Framework Directive 2000/60/

EC (WFD) requires the analysis of biological elements

of aquatic ecosystems to assess water quality. Diatoms

are the component of the periphyton most commonly

used to classify lotic environments. Within the context

of the WFD the concept of ‘reference conditions’ was

introduced and biological quality of watercourses is

expressed as Ecological Quality Ratio (EQR). This

study was carried out in Alto Adige/Südtirol (Province

of Bolzano-Bozen, northern Italy), belonging to the

Alpine eco-region, and to the hydro-ecoregion Inner

Alps. During 2006–2009, epilithic diatoms were

sampled from monitoring and reference sites of seven

stream types. Diatom assemblages were analysed with

TWINSPAN and CCA analyses to investigate species

association and distribution in relation to stream

characteristics. Altitude and geology resulted to be

the most important factors influencing diatom assem-

blage composition, and were used to describe new

stream types. Indicator species analysis was used to

characterize reference assemblages. The biological

quality of watercourses was assessed using different

diatom indices: Specific Pollution sensitivity Index

(IPS), Eutrophication and Pollution Index with Dia-

toms (EPI-D), Trophic Index (TI). We tested also the

Intercalibration Common Metric index (ICM).

Keywords Alpine ecoregion �Diatom indices � ICM

index � Reference sites � South Tyrol

Introduction

The European Water Framework Directive 2000/60/

EC (WFD) (Council of the European Communities,

2000) recommends to member states to evaluate the

ecological status of running waters through the

analyses of the biological elements of the aquatic

ecosystem. Benthic diatoms are the most frequently

used algal group, due to their numerical dominance in

the periphyton composition, and to the advanced

scientific knowledge about species ecological prefer-

ences. In several European countries diatom indices
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were developed or existent ones were modified to be

compliant with the WFD (for a summary of different

national indices see Ector & Rimet, 2005).

In Italy, an index compliant with the WFD was not

developed, and the Intercalibration Common Metric

(ICM) index was proposed to implement the directive

(Mancini & Sollazzo, 2009; van de Bund, 2009).

The WFD requires that for each water body type,

reference conditions have to be established, represent-

ing that body type at high ecological status. The

definition of surface water body types was performed

in Europe for different geographic scales: ecoregions

(Annex XI), hydro-ecoregions and water body types,

with the aim to identify geographic areas with similar

environmental conditions, which could be character-

ized by similar biotic assemblages. This classification

could be defined as ‘a priori’, since water body types

are defined according to abiotic parameters, without

considering biotic communities.

But at the end of the intercalibration exercise it was

found that differences between water body types were

not always reflected by different diatom assemblages,

and in some geographic areas typologies were rede-

fined ‘a posteriori’, on the basis of diatom species

ordination.

In Italy, 21 hydro-ecoregions were established (Buf-

fagni et al., 2006; Wasson et al., 2006), and the

identification of different stream types following abiotic

parameters suggested by Buffagni et al. (2006), such as

hydro-ecoregion, distance from source and regime

(glacial or not glacial), led to the definition of tens of

typologies for each Italian region, implying also the

necessity to find their reference sites. This fragmentation

can be considered useful and necessary only if

characteristic biotic communities validate the typolo-

gies. This means that the ‘a priori’, abiotic classification

of water bodies has to be verified: different stream

typologies could be characterized by the same diatom

assemblages if the selected abiotic factors are not the

ones influencing diatom communities.

Diatoms of Alto Adige/Südtirol (N-E Italy) were

mainly investigated in the nineteenth century (Gru-

now, 1860; Milde, 1864a, b; Schröder, 1895) and only

few other studies were recently carried out (Cappel-

letti et al., 2007; Beltrami et al., 2008b, 2009; Lösch,

2008), while a first application of diatoms for biolog-

ical monitoring started in 2007 (Lösch & Alber, 2009).

The aim of this study was (i) to describe diatom

assemblages of running waters flowing in Alto Adige/

Südtirol; (ii) to verify if there is a correspondence

between established surface body types and diatom

assemblages; (iii) to describe diatom assemblages of

reference conditions for different stream types; (iv) to

evaluate biological quality of sampled sites with

different diatom indices; and (v) to test the application

of the ICM for the first time.

Materials and methods

Study area

Alto Adige/Südtirol (Province of Bolzano-Bozen) is

located in the North-East of Italy in the Alpine region

bordering Austria. It belongs to the ecoregion Alps,

hydro-ecoregion 3—Inner Alps (HER 3). Three inter-

calibration river types were found: Alpine calcareous

(A1), Alpine siliceous (A2), and Central (C) (Buffagni

Table 1 Classification of water bodies led by the Environmental Agency (EA types), and distribution of sampled sites in each type

HER Flow regime/origin Distance from

source (km)

EA

type

No. of

monitoring sites

No. of

reference sites

3 Glacial \5 1 1 1

Pluvio-nival \5 2 5 2

Glacial 5–25 7 5 2

Pluvio-nival 5–25 8 15 1

Pluvio-nival 25–75 14 8 2

Pluvio-nival 75–150 18 4 2

Ditches 0 7 1

Temporary 3 0 0

Spring \10 22 0 0

HER hydro-ecoregion
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et al., 2008). The Environmental Agency (EA) clas-

sified water body types in nine stream types (EA types)

according to origin-flow regime and distance from

source (Table 1). Reference sites were selected for

each EA type, following the guidelines proposed by

Buffagni et al. (2007). A total of 56 sites were

investigated (Fig. 1), belonging to seven EA types

(Table 1): 11 reference sites and 45 sites belonging to

the monitoring network of the EA.

Environmental variables

Water samples for chemical analyses were collected

by the EA of Bolzano-Bozen, stored in thermic boxes

and brought to the laboratory. Temperature was

measured in the field. Laboratory analyses were

carried out following standard methods (ISO, 1984;

UNI, 1994, 2004; APHA, 1998; APAT-IRSA/CNR,

2003; APPA BZ, 2004) for the measurement of pH,

conductivity, % oxygen saturation, carbonate hard-

ness, total suspended solids (TSS), biological oxygen

demand (BOD5), orthophosphates (P-PO4
3-), total

phosphorus (TP), ammonium (NH4
?), total nitrogen

(TN), and Escherichia coli contamination (E. coli).

Diatom sampling, laboratory analyses and bio-

indication methods

Benthic diatoms were collected from 2006 to 2009.

Monitoring sites were sampled once, while reference

sites were sampled in different seasons: a total of 67

samples were collected.

Sampling and samples processing were carried out

following European standard methods (Kelly et al.,

1998; European Committee for Standardization,

2003). Slides were analysed with a light microscope

at 1,0009 magnification, and diatoms were identified

at the lowest possible taxonomic level following

Fig. 1 Geographic map of the study area. Squares: monitoring sites; triangles: reference sites
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Krammer & Lange-Bertalot (1986, 1988, 1991a, b),

Krammer (1997a, b, 2002, 2003), Reichardt (1999),

and Lange-Bertalot (2001).

For the calculation of diatom indices at least 400

valves were counted for each slide (European Commit-

tee for Standardization, 2004). The software OMNIDIA

4.2 (available at http://omnidia.free.fr) was used to

calculate the following indices: Specific Pollution sen-

sitivity Index (IPS; Cemagref, 1982), Eutrophication

and Pollution Index with Diatoms (EPI-D; Dell’Uomo,

2004), and Austrian Trophic Index (TI; Rott et al.,

1999). These indices were chosen since they are widely

used in Europe, and because they were considered the

most reliable for the geographic region analysed in this

study.

The ICM (Kelly et al., 2009) was calculated using

the formula:

ICM : EQR IPSþ EQR TIð Þ=2

The calculation of EQR_IPS and EQR_TI requires

reference values for IPS and TI. Mancini & Sollazzo

(2009) proposed some values based on their data set

(TI* and IPS*), and limits of quality classes were

established by the intercalibration exercise and differ

for the typologies A1, A2, and C (Table 2; Mancini &

Sollazzo, 2009; van de Bund, 2009). In this study, we

tested also reference values obtained from our refer-

ence sites (median; TI** and IPS** in Table 8).

Data analyses

In order to verify if specific diatom assemblages

correspond to the stream types defined ‘a priori’ (EA

types), a divisive hierarchical classification (TWIN-

SPAN) was performed with PC-ORD (pseudo species

cut levels: 0.00; 0.02; 0.05; 0.1; 0.2; McCune &

Mefford, 1999). This classification of sites is purely

based on diatom assemblages, without considering

environmental variables. The significance of the

identified groups was tested with the multi-response

permutation procedure (MRPP, Mielke, 1984; Mielke

& Berry, 2001) performed with PC-ORD. The Søren-

sen–Bray Curtis distance was used as the distance

measure between matrices.

Groupings obtained were then compared with

results of multivariate analyses, performed to explore

relationships between diatoms and environmental

variables. The species matrix was reduced by the

exclusion of rare species (relative abundance \1%)

and species abundance was log transformed. Multi-

variate analyses were performed using CANOCO 4.0

(ter Braak & Smilauer, 1998). The CCA ordination

was selected according to the length of the environ-

mental gradient ([3), as obtained from preliminary

detrended correspondence analyses (DCA). A manual

forward selection based on Monte Carlo permutation

tests was performed to retain only the most important

variables (P \ 0.05). The significance of eigenvalues

of the CCA was tested by Monte Carlo permutation

tests (n = 1,000).

A non-parametric Kruskal–Wallis test with multi-

ple comparisons of ranks was performed with the

software STATISTICA 8, in order to evaluate the

environmental parameters statistically different

between the groups.

According to results obtained, new stream types

were established and were used as grouping variable

for the indicator species analysis (ISA, Dufrêne &

Legendre, 1997; PC-ORD software), performed to

identify reference assemblages, using species abun-

dance of reference samples.

Results

The main physico-chemical variables, grouped

according to EA types, are summarized in Table 3.

Sites cover a wide altitudinal range (210–1,620 m

a.s.l.) and pH and conductivity values (respectively,

Table 2 Definition of intercalibration types present in the hydro-ecoregion 3 (HER), reference values of Trophic Index and Specific

Pollution sensitivity Index (TI* and IPS*) and classes boundary levels (according to Mancini & Sollazzo, 2009)

HER Geographic area Type Altitude Geology TI* IPS* H/G G/M M/P P/B

3 Alpine A1 [800 m Calcareous 1.7 18.4 0.87 0.7 0.6 0.3

A2 [500 m Siliceous 1.2 19.6 0.85 0.64 0.54 0.27

Central C Mid-altitude All 2.4 16.7 0.84 0.65 0.55 0.26

H high, G good, M moderate, P poor, B bad
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from 7 to 8.4 and from 44 to 648) are characteristic of

siliceous and calcareous substrata. The trophic status

ranges from oligotrophic to poly-eutrophic level (TP:

0.01–0.23 mg l-1), while BOD5 and E. coli contam-

ination reveal the presence of organic pollution mainly

due to farming activity in the surrounding area.

Diatoms identified and ecological preferences

A total of 177 species were identified. Species

recorded in more than 3% of samples are listed in

Appendix 1—Supplementary Material. Achnanthidi-

um minutissimum (Kützing) Czarnecki was present in

every sample and often dominant in abundance,

reaching up to 83% of relative abundance. Achnan-

thidium pyrenaicum (Hustedt) H. Kobayasi, Encyo-

nema minutum (Hilse) D.G. Mann and Fragilaria

vaucheriae (Kützing) J.B. Petersen were present in

more than 75% of sites. The reference site REF 8

showed the presence of species such as Brachysira

neoexilis Lange-Bertalot, Encyonopsis minuta Kram-

mer & E. Reichardt and Fragilaria delicatissima (W.

Smith) Lange-Bertalot, common in lake benthic

communities. For this reason, we decided to consider

this site not reliable as reference site, as its community

was probably influenced by the upstream lake. Any-

way, it was not excluded in the general analyses, and

was considered as a monitoring site.

It is also worth mentioning the presence of Didy-

mosphenia geminata (Lyngbye) M. Schmidt in 16

sites, including also reference sites.

Among the rare species, present only at few sites

with few specimens, some are listed in the German

Red List (Lange-Bertalot & Steindorf, 1996) in the

endangered categories (Table 4). Other taxonomically

interesting species, recently described from European

watercourses, were also found: Achnanthidium atomo-

ides O. Monnier, Lange-Bertalot & Ector (Monnier

et al., 2004), A. temniskovae Ivanov & Ector (Ivanov

& Ector, 2006; Beltrami et al., 2009), Nitzschia alicae

Hlúbiková & Ector, and N. puriformis Hlúbiková &

Ector (Hlúbiková et al., 2009).

Diatom assemblages

TWINSPAN classification led to the separation of

samples into four main groups, and their principal

physical and chemical characteristics are summarized

in Table 5. Groups 1 and 2 are characterized by Alpine

and mid-altitude sites, respectively, calcareous and

Table 3 Geographical and physico-chemical characteristics of sampled sites (median and variation range)

EA 
Type

Altitude    
(m a.s.l.)

Distance 
source 
(km) % O2 pH

Conductivity 

(µS cm-1)
Hardness  

°F

TSS    

(mg l-1)

BOD 

(mg l-1)

P-PO4
3-

(µg l-1)

TP        

(µg l-1)

NH4
+         

(mg l-1)

TN       

(mg l-1)

E. coli        

(UFC 100 ml-1)
1,620 6 104 7.8 90 4.5 3 0.3 < 10 < 10 0.02 0.32 10

- - - - - - - - - - - - -
1,530 5 98 8.1 204 12.1 19 0.6 < 10 0.01 <0.02 0.48 0

- -  90-100  8.1-8.2 176-206 9.8-12.2  5-24 0.1-1.1 < 10 < 10-20 <0.02-0.03 0.46-0.5 0
730 5 107 8.4 441 24.4 5 2 10 0.025 <0.02 0.76 6

300-1,250  3-8 96-119 7.9-8.4 85-465 4.5-27 0.5-9 0.6-3.3 < 10-120 30-230 <0.02-0.1 0.44-3 0-1,100
1,560 6.5 99 7.4 55 2.2 3 0.8 < 10 < 10 <0.02 0.37 76

1,460-1,560 6-6.5 91-104 7-7.6 44-100 2-4.1 0.5-19 0.4-1.2 < 10-60 < 10-10 <0.02-0.03 0.36-0.66 1-600
950 19 115 7.9 214 10.6 2 0.7 < 10 0.02 0.05 0.71 340

890-1,510 15-31 102-124 7.6-8 127-331 6.6-18.5 0.5-7 0.3-1 < 10-20 < 10-60 0.03-0.06 0.61-1 140-600
860 17 104 7.5 74 3.3 6 0.9 < 10 20 0.04 0.72 150

860-1,080 16-17 93-109 7.1-7.8 57-137 2.6-6.5  2-24 0.8-1.5 < 10-20 < 10-30 <0.02-0.11 0.62-0.77 4-600
1130 12 104 8.3 294 15.9 7 1.8 < 10 25 0.05 0.7 170

250-1,500  7-29 93-106 7.4-8.4 44-393 1.9-23.4 0.5-157 0.4-4.5 < 10-60 < 10-140 <0.02-0.7 0.34-1.4 25-10,000
1,225 12 100 8.2 220 13.5 1 0.7 10 30 0.08 0.68 0

- - - - - - - - - - - - -
625 44 104 7.9 119.5 5.7 52 2.9 20 30 0.06 0.72 530

270-945 19-68 91-106 7.6-8.1 65-188 2.7-9.8 4-145 0.9-4.3 < 10-90 30-160 0.02-0.18 0.44-1.2 50-1,800
840 39 100 7.9 144 7.1 3.5 0.6 < 10 20 0.05 0.87 100

505-840 35-39 95-112 7.7-7.9 109-178 5.2-8.1 0.5-24 0.2-1.2 < 10-10 < 10-60 <0.02-0.29 0.58-1.2 54-140
237.5 97.5 97 7.9 184 9.8 126 3.3 45 110 0.27 0.92 3,600

212-260 71-118 93-103 7.9-8.2 162-191 8.5-13.6 32-832 0.5-5.6 30-130 50-200 0.09-0.97 0.6-1.3 900-7,300
245 92 114 8.2 246 13.9 7 1 < 10 30 0.07 1.12 290

220-245 92-114 108-122 7.9-8.2 210-270 11.6-15.4  3-22 0.6-2 < 10-10 < 10-30 0.03-0.1 0.75-1.49 90-820
220 9 87 8.0 529 28 6 3.1 0.06 110 0.11 1.54 140

210-225  1-14 68-135 7.8-8.3 359-648 19.2-36.8 0.5-15 1.7-5.1 < 10-180 30-210 <0.02-0.79 0.25-2.15  10-8,600
230 6 73 7.9 369 20 1 2.1 < 10 30 0.01 1.83 220

- - - - - - - - - - - - -

N. samples

1
MON 1

REF 3

2
MON 5

REF 5

7
MON 5

REF 5

8
MON 15

REF 1

14
MON 8

REF 4

18
MON 4

REF 3

0
MON 7

REF 1

MON monitoring sites, REF reference sites
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siliceous, with low nutrient contents. Group 3 is

mainly represented by low altitude sites, with

medium–high conductivity and hardness, and showing

nutrient enrichment. Group 4 comprises low-land

ditches, with very high saline contents (conductivity

and hardness), and high nutrient concentration.

In each group different EA types can be found.

Group 4 was almost only composed of ditches (EA

type 0). MRPP performed on TWINSPAN groups was

highly significant (A: 0.08, P = 0.000). These results

were compared with the classification obtained by

multivariate analyses.

The CCA explained 19.8% of total variance in

species assemblages, and the first three axes accounted

for 79% of it. By the forward selection out of all the

available environmental variables, altitude, conduc-

tivity, pH and P-PO4
3- were selected as the most

significant ones. The Monte Carlo test was highly

significant for the first and for all canonical axes

(P \ 0.001). The first axis was correlated with nutrient

Table 4 Diatom species found listed in the German Red List (modified after Lange-Bertalot & Steindorf, 1996)

Taxon name 1 3 G R V

Adlafia suchlandtii (Hustedt) Gerd Moser, Lange-Bertalot & Metzeltin x

Amphora inariensis Krammer x

Amphora normanii Rabenhorst x

Aulacoseira alpigena (Grunow) Krammer x

Cymbella neocistula Krammer x

Delicata delicatula (Kützing) Krammer x

Didymosphenia geminata (Lyngbye) M. Schmidt x

Epithemia goeppertiana Hilse x

Fragilaria capucina subsp. amphicephala (Kützing) Lange-Bertalot x

Fragilaria capucina subsp. austriaca (Grunow) Lange-Bertalot x

Fragilaria delicatissima (W. Smith) Lange-Bertalot x

Fragilaria tenera (W. Smith) Lange-Bertalot x

Fragilariforma virescens (Ralfs) D.M. Williams & Round x

Geissleria acceptata (Hustedt) Lange-Bertalot & Metzeltin x

Gomphonema lateripunctatum E. Reichardt & Lange-Bertalot x

Gomphonema tergestinum (Grunow) M. Schmidt x

Gyrosigma acuminatum (Kützing) Rabenhorst x

Navicula exilis Kützing x

Navicula gottlandica Grunow x

Navicula menisculus Schumann x

Navicula oligotraphenta Lange-Bertalot & G. Hofmann x

Navicula striolata (Grunow) Lange-Bertalot x

Nitzschia alpina Hustedt x

Nitzschia bacillum Hustedt x

Nitzschia solgensis Cleve-Euler x

Nupela lapidosa (Lange-Bertalot) Lange-Bertalot x

Psammothidium bioretii (H. Germain) Bukhtiyarova & Round x

Psammothidium daonense (Lange-Bertalot) Lange-Bertalot x

Psammothidium lauenburgianum (Hustedt) Bukhtiyarova & Round x

Psammothidium subatomoides (Hustedt) Bukhtiyarova & Round x

Sellaphora stroemii (Hustedt) H. Kobayasi x

Tetracyclus rupestris (Braun) Grunow x

Ulnaria biceps (Kützing) Compère x

1 Threatened with extinction, 3 endangered, G probably endangered, R very rare, V decreasing

158 Hydrobiologia (2012) 695:153–170
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enrichment (positively) and with altitude (negatively);

the second axis was negatively correlated with pH

(Fig. 2a). Samples were represented in the scatter plot

by symbols referring to EA types and TWINSPAN

groups (Fig. 2b, c). There is a good correspondence

between EA type 0 (ditches) and TWINSPAN Group

4, and they showed a positive correlation with

P-PO4
3- and conductivity. The other EA types were

not distinguished along the axes.

On the contrary, TWINSPAN Groups 1 and 2 were

positively correlated with altitude and negatively with

P-PO4
3-. Groups 1 and 3 had a positive relation with pH.

In Fig. 2c, reference sites (black symbols) are

generally located on the left side of monitoring sites

belonging to their group. In Group 1, the reference

samples located on the right part of the group are

references of the low-land typology, and are indeed

very close to Group 3.

CCA scatter plot could also be used to highlight

some incongruences of the TWINSPAN classification

(e.g. squares among triangles).

Species distribution in relation to chemical vari-

ables is shown in Fig. 2a, where the species with a

minimum fit of 10 are shown. Achnanthidium pyre-

naicum, Cymbella compacta Oestrup, C. excisa Küt-

zing, Delicata delicatula (Kützing) Krammer,

Diatoma moniliformis Kützing, Didymosphenia gem-

inata, Gomphonema pumilum (Grunow) E. Reichardt

& Lange-Bertalot, and G. olivaceum (Hornemann)

Brébisson were associated with high pH and altitude,

and low nutrient concentrations. Psammothidium

daonense (Lange-Bertalot) Lange-Bertalot, A. subato-

mus (Hustedt) Lange-Bertalot, Diatoma mesodon

(Ehrenberg) Kützing, Fragilaria arcus (Ehrenberg)

Cleve, G. olivaceum var. olivaceoides (Hustedt)

Lange-Bertalot, and Tetracyclus rupestris (Braun)

Grunow were highly correlated with low pH and were

more abundant in high altitude sites. Achnanthidium

atomoides, Cocconeis euglypta Ehrenberg, C. lineata

Ehrenberg, Navicula cryptotenella Lange-Bertalot, N.

gregaria Donkin, N. tripunctata (O.F. Müller) Bory

were associated with high pH but and increasing

values of P-PO4
3-. Planktonic species as Cyclotella

meneghiniana Kützing, C. distinguenda Hustedt, C.

costei Druart & F. Straub, and pollution tolerant

species such as Eolimna minima (Grunow) Lange-

Bertalot, and Navicula veneta Kützing were more

abundant in ditches, characterized by high conductiv-

ity and P-PO4
3- values.T
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Differences in the physical and chemical features of

the four TWINSPAN groups were statistically verified

with Kruskal–Wallis multiple comparisons (Table 6).

Group 2 differed from all the others by pH and

hardness, parameters that suggest a different geology

of the catchments, siliceous for Group 2, calcareous

(or alluvial) for the other groups. Groups 1 and 2

shared a similar altitudinal range, different from that

of Groups 3 and 4. Group 2 differed from Groups 3 and

4 also for the nutrient concentration.

Some of the frequent, endangered or taxonomically

interesting species mentioned above are shown in Fig. 3.

Reference communities

The analysis of the floristic list of reference samples

was used to identify ‘reference species’ and specific

assemblages for the typologies identified with TWIN-

SPAN and CCA analyses: calcareous alpine and mid-

altitude sites; siliceous alpine and mid-altitude sites;

low-land and low altitude sites; low-land ditches.

Achnanthidium minutissimum was present in all sam-

ples. Achnanthidium pyrenaicum, Diatoma mesodon, En-

cyonema silesiacum (Bleisch) D.G. Mann, and Fragilaria

arcus were very frequent in Groups 1, 2 and 3 (more than

60% of the sites of each group), but were absent in Group 4

(ditches). ISA was used to identify characteristic species for

each group. It was not performed for ditches typology, as

only one sample was available as reference of that group.

For each group, the indicator species (P\0.05), frequent

species (recorded in more than 60% of sites of each group)

and some peculiar species (exclusively found in a single

group in at least 30% of sites) were listed (Table 7).

Ditches’ community was described by the species found

with a relative abundance[2%.

Water quality and ecological status assessment

Results obtained by the application of diatom indices

were presented in Tables 8 and 9. According to IPS

and EPI-D, sites were assessed as of good or very good

quality (I and II class); only few sites, generally

belonging to the ditch typology, were more polluted

(IV class). TI has a finer scale and sometimes was

Fig. 2 Ordination plot based on Canonical Correspondence

Analyses (CCA, k1: 0.344, k2: 0.184). a Scatter plot of

environmental variables selected by forward selection and

diatom species (minimum fit: 10). For diatom species codes, see

Appendix 1—Supplementary material; b scatter plot of sites

represented according to EA types. Type 0: ?; Type 1: s; Type

2: h; Type 7: D; Type 8: d; Type 14: r; Type 18: .; c scatter

plot of sites represented according to TWINSPAN groups.

Group 1: h; Group 2: D; Group 3: e; Group 4: s; filled
symbols: reference sites

c
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stricter regarding classification of sites. For example,

the class I of IPS corresponded to TI ranging from

oligotrophic to mesotrophic–eutrophic. The most

impacted sites (classes III of IPS and IV of EPI-D)

were assessed as eutrophic–polytrophic by TI.

Regarding reference sites (Table 9), their quality

was assessed by all diatom indices as very good. Also

in this case, the worst judgement was given by TI for

the EA Type 18 (low-land).

For ICM calculation, we had at first to divide our

samples in the intercalibration types present in the

hydro-ecoregion 3: A1, A2, and C, for which reference

values of IPS and TI are available. The parameters

shown in Table 2 were modified on the base of the

classification results, and we used the following

criteria:

• A1: calcareous hill-mountain streams, altitude

[500 m, pH [8, conductivity [150 lS cm-1,

hardness[10�F;

• A2: siliceous hill-mountain streams, altitude

[500 m, pH \8, conductivity \200 lS cm-1,

hardness\8�F;

• C: low-land streams/rivers and ditches, altitude

\400 m.

Results of the application of ICM are summarized

in Table 8. Results obtained using reference values

suggested by Mancini & Sollazzo (2009) (TI* and

IPS*), and the median values of our reference sites

(TI** and IPS**) can be compared. To calculate the

Ecological Quality Ratio (EQR) of ditches, we

compared the IPS and TI values of C type with the

values of the ditch reference site.

Discussion

Interesting species distribution

The development of assessment methods compliant

with the European WFD needs at first a good

knowledge of species distribution and ecology.

This study revealed the presence in Alto Adige/

Südtirol watercourses of some interesting, recently

described species (Fig. 3): Achnanthidium atomoides,

A. temniskovae, Nitzschia alicae, and N. puriformis.

Achnanthidium temniskovae was recorded only in

the first two sites along Adige river, characterized by a

Table 6 Kruskal–Wallis

multiple comparisons

between TWINSPAN

groups

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001

Group

1 vs 2

Group

1 vs 3

Group

1 vs 4

Group

2 vs 3

Group

2 vs 4

Group

3 vs 4

Altitude * *** *** ***

Dist. source * ***

pH *** *** **

% O2

Conductivity *** *** *

Hardness *** * *** *

TSS *

P-PO4
3- * * **

TP * **

BOD5 ** ***

TN ***

NH4
?

E. coli

Fig. 3 Some characteristic diatom species (scale bar: 10 lm).

1: Eucocconeis laevis; 2, 3: Nupela lapidosa; 4: Achnanthidium
pyrenaicum; 5: A. minutissimum; 6–7: A. temniskovae, raphe

valve and raphe-less valve; 8, 9: A. lineare, raphe valve and

raphe-less valve; 10, 11: A. atomoides, raphe valve and raphe-

less valve; 12, 13: Tetracyclus rupestris, valve and septum; 14,

15: A. subatomus, raphe valve and raphe-less valve; 16:

Aulacoseira alpigena; 17: Cyclotella meneghiniana; 18: Cocc-
oneis placentula s.l.; 19: C. lineata; 20: C. euglypta; 21:

Gomphonema pumilum s.l.; 22: Cyclotella costei; 23: C.
distinguenda; 24: Encyonema silesiacum; 25: Delicata delica-
tula; 26: E. minutum; 27: Gomphonema olivaceum; 28: Navicula
veneta; 29: N. cryptotenella; 30: Brachysira neoexilis and

Encyonopsis minuta; 31: N. gregaria; 32: N. tripunctata; 33:

Reimeria sinuata; 34: Diatoma mesodon; 35: Nitzschia fontico-
la; 36: N. inconspicua; 37: Cymbella neocistula; 38: C.
compacta; 39: C. excisa; 40: Fragilaria arcus; 41: F. vaucheriae
s.l.; 42: N. alicae; 43: N. dissipata; 44: N. puriformis

c
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mesotrophic status, while A. atomoides was generally

present in low-land streams in meso-eutrophic condi-

tions. Nitzschia alicae was typically found in siliceous

reference sites (high water quality) at about 800 m

a.s.l. Nitzschia puriformis had a wider distribution and

was found in oligotrophic as well as in meso-eutrophic

conditions, both in calcareous and siliceous areas. The

presence of these species in Alto Adige/Südtirol gave

additional data on their distribution and ecology in

Europe (Hlúbiková et al., 2009).

Also, the presence of the colonial diatom Didymo-

sphenia geminata, already recorded in the bordering

Province of Trento (Beltrami et al., 2008a, c), has to be

highlighted as it is studied in many countries as a

possible invasive species (Blanco & Ector, 2009;

Whitton et al., 2009). Its first record in Alto Adige/

Südtirol was noticed in 2002 (Cappelletti et al., 2007;

Beltrami et al., 2008b). Since 1999 a total of 77 sites

were sampled, and D. geminata was observed in 38 of

them. In particular, in 16 of them it was not present

during the first survey in 1999–2000 and it could be

supposed that it is currently spreading in the Province of

Bolzano-Bozen, but usually with low relative

abundances.

Diatom assemblages: ‘a priori’ vs ‘a posteriori’

classification

The TWINSPAN analysis was really useful to verify

the ‘a priori’ classification of water bodies, since

environmental parameters were not considered, and

sites were grouped only according to assemblage

similarity (biotic approach). Our results showed that

the EA classification was not reflected in the CCA

ordination, while TWINSPAN groups were more

consistent with it (Fig. 2b, c). CCA and Kruskal–

Wallis multiple comparisons were used to detect

which parameters were more significant to discrimi-

nate the new groups. In particular, the CCA (Fig. 2a)

revealed that the main factors were related to altitude,

geology (pH), and nutrient enrichment (P-PO4
3-). The

parameters chosen to identify EA types, instead, did

not seem to discriminate diatom assemblages: distance

from source and suspended solids (a proxy of glacial

regime) were not selected by forward selection.

Altitude is a parameter indirectly correlated with

several others, such as temperature, current velocity,

human impact, and is an important structuring param-

eter for diatom communities (Rimet et al., 2003). The

same could be stated for distance from source. But in

our results only altitude was significant, and for

example in Group 3 sites with highly variable distance

from source (8–118 km), but similar altitude

(212–520 m a.s.l.) were found.

Mountain streams (Groups 1 and 2) are character-

ized by adnate species or attached to the substratum by

short stalks (Achnanthidium, Diatoma, Fragilaria,

small Gomphonema species), typical of turbulent

waters and unstable environments (pioneer species)

(Rimet et al., 2007). On the contrary low-land types

Table 7 Reference assemblages of different stream types

Stream type Reference indicator species Frequent species Exclusive species

Calcareous, alpine mid-altitude Achnanthidium lineare, Gomphonema pumilum

Achnanthidium minutissimum, A. pyrenaicum, 
Cymbella compacta, Diatoma mesodon, 
Encyonema minutum, Encyonema silesiacum, 
Fragilaria arcus, Gomphonema olivaceum

Cymbella neocistula, 
Navicula exilis

Siliceous, alpine mid-altitude Achnanthidium minutissimum

Achnanthidium minutissimum, A. pyrenaicum,  
Diatoma mesodon, Encyonema minutum, E. 
silesiacum, Fragilaria arcus, F. rumpens, F. 
vaucheriae, Reimeria sinuata

Gomphonema olivaceum 
var. olivaceoides, Nitzschia 
alicae

Low-land and low altitude

Cocconeis pediculus, C. euglypta, Diatoma 
moniliformis, D. vulgaris, Fragilaria vaucheriae, 
Gomphonema pumilum, Navicula antonii, N. 
cryptotenella, N. gregaria, N. lanceolata, N. 
tripunctata, Nitzschia dissipata, N. fonticola, N. 
inconspicua, N. puriformis, Rhoicosphenia 
abbreviata

Achnanthidium lineare, A. minutissimum, A. 
pyrenaicum, Amphora pediculus, Diatoma 
ehrembergii, D. mesodon, Didymosphenia 
geminata, Encyonema minutum, E. silesiacum, 
E. ventricosum, Fragilaria arcus, F. rumpens, 
F. vaucheriae, Gomphonema olivaceum, 
Reimeria sinuata

Gyrosigma acuminatum, 
Navicula reichardtiana, 
Staurosira construens

Ditches Achnanthidium minutissimum, Fragilaria rumpens, Gomphonema olivaceum, G. pumilum, Nitzschia fonticola (spp. > 2%)

Indicator species were obtained with indicator species analysis
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Table 8 Water quality assessment and ecological status of monitoring sites

Site IPS EPI-D TI ICM* Ecological

status*

ICM** Ecological

status**

A1

TI*: 1.7 IPS*: 18.4

TI**: 1.1 IPS**: 20

BRI_1 I I oli–meso 1.06 High 0.92 High

DR_VER I I oli 1.13 High 0.97 High

EGA_1 I I oli 1.12 High 0.96 High

EGA_2 I I oli–meso 1.10 High 0.95 High

GAD_10 I I–II meso–eu 0.89 High 0.77 Good

GAD_7 I I–II eu 0.83 Good 0.73 Good

GAD_8 I I meso–eu 0.97 High 0.84 Good

PRAG I I meso 1.03 High 0.89 High

PUNI II II meso 0.89 High 0.77 Good

RI_DOB I I oli–meso 1.07 High 0.92 High

RI_MON I I oli–meso 1.09 High 0.94 High

RI_VAN I I meso 1.00 High 0.87 High

SEXT I I meso 0.98 High 0.85 High

SULD I I oli–meso 1.09 High 0.94 High

VALL I I meso–eu 0.96 High 0.83 Good

A2

TI*: 1.2 IPS*: 19.6

TI**: 1.3 IPS**:19.4

AD_BUR I I–II meso 0.85 High 0.87 High

AD_TEL I I meso–eu 0.80 Good 0.82 Good

AHR_1 I I oli 0.98 High 1.01 High

AHR_2 I I oli–meso 0.94 High 0.96 High

AU_SG I I meso 0.90 High 0.92 High

IS_FOR I I meso 0.91 High 0.93 High

KARL I I oli–meso 0.94 High 0.97 High

RED I I oli 1.00 High 1.02 High

SALD I I oli–meso 0.94 High 0.96 High

TAL_1 I I meso–eu 0.85 High 0.87 High

TAL_2 I I meso 0.90 High 0.92 High

VALD I I oli–meso 0.96 High 0.98 High

C

TI*: 2.4 IPS*: 16.7

TI**: 2.2 IPS**: 17.6

AD_LAN II II meso–eu 1.05 High 0.95 High

AD_SAL II II eu 0.98 High 0.89 High

AD_VAD I II eu–poly 0.92 High 0.84 Good

BRI_2 I I oli–meso 1.34 High 1.21 High

EGA_3 I I oli–meso 1.40 High 1.26 High

IS_BZ I I meso–eu 1.17 High 1.06 High

NERO III III–IV meso–eu 0.89 High 0.80 Good

PA_ME I I meso–eu 1.19 High 1.07 High

TA_BZ I I meso 1.23 High 1.12 High

TAL_3 II II eu 0.99 High 0.90 High

TROD I I meso 1.30 High 1.18 High

VILP II III eu–poly 0.81 Good 0.74 Good
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(Groups 3 and 4) showed a high portion of the genera

Navicula and Nitzschia with motile species, generally

associated with finer substratum, steady flows, and

more mature communities. Both altitude and distance

from source could represent this ‘up stream–down

stream’ gradient, but we can suppose that in the Alpine

region turbulence and substratum size are more

correlated to altitude rather than distance from source,

while probably in low-land regions distance from

source could be more significant. Incongruence

between abiotic and biotic typifications of water-

courses was observed by Nı́ Chatháin et al. (2004), and

also their results showed that conductivity and alka-

linity were the most important factors influencing

communities of benthic diatoms.

Geology is considered one of the most important

parameter influencing diatom species distribution

(Rimet et al., 2004; Tison et al., 2005; Grenier et al.,

2006; Rimet, 2009). One of the main bias in the

classification of river types of Alto Adige/Südtirol, has

been to consider all the province area as belonging to

the hydro-ecoregion Inner Alps (siliceous), while

some dolomitic areas are well represented, and also

low-land types (Groups 3 and 4), running in alluvial

catchments, have quite high pH, hardness and con-

ductivity values.

The groups obtained with our analyses showed to

be much more consistent with the intercalibration

types A1, A2, and C (Buffagni et al., 2008; van de

Bund, 2009). Even if the ditches (Group 4) could be

considered together with low-land streams (Group 3)

in the category C, we preferred to keep them separated.

In fact, both TWINSPAN and multivariate analyses

showed that they were quite distant from Group 3 and

they were characterized by very high hardness and

conductivity, and by a slow flow, as suggested by the

presence of planktonic centric species (Cyclotella

meneghiniana, C. distinguenda, C. costei).

Our results confirmed that altitude and geology are

the main environmental factors influencing diatom

communities (Tison et al., 2005). Broader categories of

running waters (i.e. hydro-ecoregions, intercalibration

typologies) could be sufficient in reflecting diatom

variability, but for Alto Adige/Südtirol hydro-ecore-

gions should be revised considering the presence of

calcareous substrata and low-land watercourses.

Reference communities

Reference assemblages characteristic of the typolo-

gies identified in this study are summarized in Table 7.

Diatoma mesodon and Fragilaria arcus, considered

acidophilous by Rott et al. (1999) and, respectively,

neutrophilous and alkaliphilous by Van Dam et al.

(1994), were present in all reference samples, except

for ditches. Their distribution seems to be more related

to high water quality and fast flowing waters, rather

than geology, and in fact they are typically found in

many mountain streams (Round, 1991; Cantonati,

1998; Rimet et al., 2004; Gomà et al., 2005; Levkov

et al., 2005; Tison et al., 2005; Cantonati et al., 2006;

Bona et al., 2007). These two species could be

considered as reference species for all stream types,

even if, considering all the samples, they were more

frequent in siliceous watercourses (Fig. 2a).

Calcareous mountain streams were characterized by

the species Achnanthidium lineare W. Smith and Gom-

phonema pumilum, and among the frequent species we

Table 8 continued

Site IPS EPI-D TI ICM* Ecological

status*

ICM** Ecological

status**

DITCHES

TI*: 2.4 IPS*: 16.7

TI**: 1.3 IPS**: 17

BRON_2 II I–II eu 0.93 High 0.75 Good

CAL_SA III IV eu–poly 0.67 Good 0.53 Poor

F_SAL1 I I meso 1.25 High 0.95 High

F_SAL2 III IV eu–poly 0.63 Moderate 0.49 Poor

FG_CAL1 I I meso 1.19 High 0.91 High

FG_CAL2 II II eu 0.87 High 0.68 Good

FP_CAL II II–III eu 0.94 High 0.73 Good

TI* and IPS* refer to Mancini & Sollazzo (2009), TI** and IPS** are median values derived from this study

oli oligotrophic, meso mesotrophic, eu eutrophic, poly polytrophic
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can mention alkaliphilous oligo-mesotrophic (Van Dam

et al., 1994; Rott et al., 1999) ones such as Cymbella

compacta and G. olivaceum. Achnanthidium pyrenaicum

was often dominant in relative abundance.

In siliceous mountain streams, the indicator species

A. minutissimum was generally dominant, but the

taxonomy of this species is so complex that we cannot

exclude the presence of some related species. Com-

mon was the presence of Encyonema minutum,

Fragilaria vaucheriae s.l. and F. rumpens (Kützing)

Carlson. Many acidophilous oligosaprobic/oligo-

trophic species were exclusive of this group: G.

olivaceum var. olivaceoides, Nitzschia alicae, and

more rarely A. subatomus, Aulacoseira alpigena

(Grunow) Krammer, Diatoma hyemalis (Roth) Hei-

berg, Eucocconeis laevis (Oestrup) Lange-Bertalot,

Meridion circulare (Greville) C. Agardh, Psammothi-

dium daonense, and Tetracyclus rupestris.

The reference assemblage of low-land streams was

characterized by more tolerant and alkaliphilous

species: Cocconeis euglypta, C. pediculus Ehrenberg,

D. moniliformis Kützing, D. vulgaris Bory, F.

vaucheriae s.l., Navicula antonii Lange-Bertalot, N.

cryptotenella, N. gregaria, N. lanceolata (C. Agardh)

Ehrenberg, N. tripunctata, Nitzschia dissipata (Küt-

zing) Grunow, N. inconspicua Grunow, and Rhoico-

sphenia abbreviata (C. Agardh) Lange-Bertalot. This

group had many indicator species (Table 7) as its

species composition was very different from the one of

mountain watercourses, and almost all the indicator

species were indeed exclusively found in this group.

In Alto Adige/Südtirol, A. minutissimum, F. rum-

pens, G. olivaceum, G. parvulum Kützing s.l., G.

pumilum s.l., N. fonticola Grunow are meso-eutraph-

entic species typical of ditches at high quality status.

Many species found in reference sites are listed in

the German Red List of diatoms (Lange-Bertalot &

Steindorf, 1996; Table 4) and it highlights even more

the necessity to preserve the watercourses in pristine

conditions and high quality.

The defined reference assemblages are in accor-

dance with studies of other authors regarding diatoms

of mountain streams (Rimet et al., 2003, 2007;

Schaumburg et al., 2004; Gomà et al., 2005; Tison

et al., 2005). Anyway more sites should be investi-

gated, especially for the calcareous areas.

Water quality and diatom indices

Monitoring sites were assessed with different diatom

indices: IPS, EPI-D, TI, and ICM (Tables 8, 9). IPS

and EPI-D were generally in good accordance, and the

majority of sites were assessed as of class I or II. Only

three sites were considered of class III (moderate

quality) by IPS, corresponding to a III–IV or IV for

EPI-D (moderate to bad quality). TI was more

sensitive and distinguished different trophic levels,

ranging from oligotrophic to eu-polytrophic. In some

cases, TI classification was much more rigorous than

IPS and EPI-D, assessing as meso-eutrophic sites

considered of class I by the other two indices. These

discrepancies were also found in other studies

(Picińska-Fałtynowicz, 2007; Beltrami et al., 2009),

and indeed the indices could be considered as com-

plementary: TI was more sensitive at low levels of

impact, IPS at higher pressures. For this reason, during

the intercalibration exercise member states decided to

integrate IPS and TI results in a multimetric index, the

ICM (Kelly et al., 2009). Results of ICM calculation

strictly depend on the values of IPS and TI chosen as

reference for each type. The values obtained by our

Table 9 Water quality assessment of reference sites

Site IPS EPI-D TI

REF 1 I I oli

REF 1 I I oli

REF 1 I I ul–oli

REF 2 I I oli–meso

REF 2 I I oli

REF 2 I I oli

REF 2 I I oli

REF 2 I I meso

REF 7 I I oli–meso

REF 7 I I oli

REF 7 I I oli

REF 7 I I oli

REF 7 I I meso

REF 14 I I oli

REF 14 I I oli

REF 14 I I oli–meso

REF 14 I I oli–meso

REF 18 I I–II meso–eu

REF 18 II II meso–eu

REF 18 I I meso–eu

ul Ultraoligotrophic, oli oligotrophic, meso mesotrophic, eu
eutrophic
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data set were of better quality than those proposed by

Mancini & Sollazzo (2009), and so our ICM (ICM**)

was stricter, and often more in accordance with the TI

trophic status. In particular, in the C typology, ICM*

assessed as high quality also sites of II or III IPS class,

eutrophic or eu-polytrophic, while according to

ICM** they were ‘good’. A higher disagreement

was found in ditch typology: using TI** and IPS**

values referring to our reference site, ICM** was

always lower than ICM*, leading to worst quality

judgments.

These results highlight the necessity of a more

detailed study of reference sites, and a good selection

of them. This is particularly difficult for low-land

rivers where reference conditions are rare and often

the ‘least impacted’ sites are chosen instead. A natural

eutrophication along the longitudinal gradient can be

accepted, but if reference sites are eutrophic, only the

most impacted situations would be detected. For

example in our data set, too many sites of C typology

have ICM values higher than 1. This means that their

quality was better than their reference and it could

suggest that the references were not well chosen.

The importance of geology in structuring diatom

assemblages will not emerge if the water quality

assessment will be carried out only using trophic

indices. Considering that the WFD requires the

evaluation of ‘taxonomic composition and abundance

of aquatic flora’, an index really compliant with WFD

could take in consideration, for example, also the

percentage of reference species found at monitoring

sites, in relation to their ecoregional and geological

preferences. This methodology is already used in

Austria and Germany, both for algae and macrophytes

(Schaumburg et al., 2004; Pfister & Pipp, 2009), but it

needs a good data set of diatom reference

assemblages.

Conclusions

The analyses of diatoms of Alto Adige/Südtirol

revealed that the Italian stream typologies identified

using abiotic approaches are not validated by diatom

assemblages (at least for the Alpine typologies).

Altitude and geology are the main factors structuring

benthic diatom communities, and we suggest that

stream types should be defined according to these

parameters. In our study, four main types were

identified: calcareous hill-mountain streams, siliceous

hill-mountain streams, low-land watercourses, and

low-land ditches. The definition of reference assem-

blages for each group could be a first step toward the

formulation of a new metric that could take in

consideration the presence/absence of reference spe-

cies, following the example of other European coun-

tries. This study is also a first application of the ICM in

Italy. Some problems occurred: first of all, reference

values of IPS and TI, as well as class boundaries refer

to intercalibration types, which are not clearly defined.

Based on our results, we proposed some values of

conductivity, pH, hardness to classify sites in A1, A2

and C types, but their reliability should be verified also

in other regions. Second, the selection of good diatom

reference sites can be difficult especially for low-land

river types, where pristine conditions cannot be found

and are often replaced by ‘least impacted’ sites.

Attention must be paid to reference sites selection

because the decision to use impacted sites as reference

sites could lead to the overvaluation of the ecological

status of monitoring sites.
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préciation Quantitative de la Qualité des Eaux. Ministère
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Balatonfüred, 12–16 Sept. 2006. Archiv für Hydrobiologie

Supplement 161, Large Rivers 17: 287–305.

Reichardt, E., 1999. Zur Revision der Gattung Gomphonema.

Iconographia Diatomologica 8: 1–203.

Rimet, F., 2009. Benthic diatom assemblages and their correspon-

dence with ecoregional classifications: case study of rivers in

north-eastern France. Hydrobiologia 636: 137–151.

Rimet, F., L. Tudesque, V. Peeters, H. Vidal & L. Ector, 2003.

Assemblages-types de diatomées benthiques des rivières
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