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RESUME

Les diatomées sont des microalgues ubiquistes d’une diversité exceptionnelle. Cela en fait de
bons indicateurs de la qualité des écosystemes aquatiques ; elles sont utilisées dans ce cadre depuis
plus de 50 ans. Depuis I'année 2000, la Directive Cadre Européenne sur I'Eau impose leur utilisation
pour évaluer la qualité écologique des cours d’eau.

Un cadre typologique doit étre utilisé afin de comparer des rivieres analogues entre elles, c'est-a-
dire des rivieres de mémes régions bioclimatiques, coulant sur les mémes substrats géologiques et a
des altitudes semblables. Différentes classifications écorégionales ont été définies sur la base de ces
paramétres. Dans le cadre de cette thése nous avons montré qu’a une échelle couvrant 4 pays
(Espagne, France, ltalie, Suisse) et a une échelle régionale (Nord-est de la France), les écorégions et la
géologie sont déterminantes pour expliquer les communautés. Les paramétres caractérisant la
pollution sont moins importants. Contrairement a certains auteurs, nous n’avons pas observé
d’homogénéisation des communautés lorsque le niveau de pollution augmente. D’autre part nous
n‘avons pas observé de communautés restreintes géographiquement: cela permettrait de
rassembler des écorégions distinctes géographiquement mais présentant les mémes caractéristiques
physiques.

Les diatomées présentent une diversité spécifique trés importante qui peut étre un frein a leur
utilisation en routine. Nous avons montré dans un deuxieme volet de ce travail, qu’en augmentant la
précision de détermination (de la subdivision a I'espéce), les performances d’évaluation de la
pollution augmentait mais beaucoup moins que le nombre de taxons. Les performances d’évaluation
entre le genre et I'espéce sont d’ailleurs proches, alors qu’il y a dix fois plus d’espéces que de genres.
Nous avons montré aussi que des métriques simplificatrices (formes de vie, guildes écologiques)
permettaient d’évaluer aussi bien le niveau en nutriments que des indices diatomiques basés sur les
especes. Ces métriques apportent des informations supplémentaires en termes de structure de
biofilm qui ne sont pas accessibles aux données en espeéce.

Enfin, la pollution des rivieres par les micropolluants devient une préoccupation sociétale
croissante. Nous avons émis I’hypothése que les diatomées pouvaient étre de bons candidats pour
évaluer la pression en herbicides. Afin de tester cette hypothese, quatre expérimentations de 2 mois
ont été réalisées en mésocosmes lotiques. Nous avons ainsi montré que les diatomées vivant
entourées de matrices polysaccharidiques épaisses étaient plus résistantes aux pesticides dissous. Au
contraire les diatomées présentant une surface cellulaire de contact importante avec I'eau étaient
défavorisées. Ce type de métrique pourrait étre utilisé in situ a plus large échelle.

Nous concluons sur l'intérét d’intégrer ces métriques a la bioindication par les diatomées. Mais
également nous soulignons l'importance de croiser la phylogénie et I'écologie pour mieux
comprendre quelles pressions environnementales ont induit des phénoménes d’adaptation chez les
diatomées. Ce type d’études contribuera a I'amélioration de la bioindication par les diatomées en
eaux douces.




ABSTRACT

Diatoms are extremely diverse ubiquitous microalgae. This makes them good indicators of the
quality of aquatic ecosystems, and they have been used for this purpose for the past 50 years. Since
2000, the European Water Framework Directive has required them to be used for assessing the
ecological quality of watercourses.

A typological framework has to be devised in order to compare rivers that are comparable, i.e.
rivers with the same bioclimatic regions, that flow over the same geological substrate at similar
altitudes. Various ecoregional classifications have been defined using these parameters. At a scale
covering 4 European countries (Spain, France, Italy, and Switzerland) and at a regional scale (north-
east France) we show that ecoregions and geology are determinant in explaining communities, and
that pollution-related parameters are less important. Unlike some other authors, we did not observe
any homogenization of communities as the level of pollution level increased. Moreover, we did not
observe geographically restricted communities, which make it possible to pool data from
geographically distinct ecoregions with the same physical characteristics.

Diatoms display a very high degree of species diversity, which can be a problem for their routine
use as assessment tools. We showed that when the precision of identification was increased from
sub-division to species level, pollution assessment performances also increased, but to a much less
marked extent than the number of taxa. Assessment performances at the genus and species levels
are similar, whereas there are ten time more species than genera. We also showed that simplifying
metrics (life-forms, ecological guilds) can be used to assess nutrient levels as effectively as diatom
indices based on species. Furthermore, these metrics provide additional information about biofilm
structure that is not available from species-based data.

Finally, micropollutant pollution of rivers is of increasing concern to citizens. We hypothesize that
diatoms could be good candidates for assessing herbicide pressure. Four experiments lasting 2
months were conducted in lotic mesocosms. We showed that diatoms surrounded by thick
exopolysaccharide matrices were more resistant to dissolved pesticides. On the other hand, diatoms
with a high cell surface in contact with the water were disadvantaged. This kind of metric could be
used in situ at a larger scale.

We conclude that these metrics could be useful for the purposes of diatom bioassessment.
However, we also stress the importance of combining phylogeny and ecology to clarify which
environmental pressures are forcing diatoms to adapt. Such studies will enhance diatom
bioassessment.
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a. General framework

Water is an essential resource for human beings. Its uses are crucial for human life and include
consumption as drinking water, agriculture, energy generation, and industrial uses. Both the quantity
and quality of this fundamental resource warrant special attention. Its management and monitoring
is a central concern for Governments, and may affect international relations. As a result, countries
have been implementing national water monitoring programs for several decades. Rivers constitute a
major aspect of water resources. For instance, in France a dense network of control in rivers
throughout the country was set up in the 1980s, and water quality has been periodically assessed
using diverse indicators (physical, chemical and biological). The data provided by these indicators
have provided the basis for the implementation of restorative actions, where required, such as the
construction of waste water treatment plants, financial incitements to reduce agricultural fertilizer
inputs etc...

In this context, the European Union sought to federate Member States around a common strategy
for water quality policy; this was particularly crucial since many rivers or lakes cross national borders.
In 2000, the Member States of the European Community decided to adopt a “Framework for
Community action in the field of water policy” (European commission, 2000). This framework for
action, known as the Water Framework Directive, set out to prevent or reduce water pollution,
promote its sustainable use, improve the health of aquatic ecosystems and mitigate the effects of
floods and droughts. One of the main objectives of the Water Framework Directive is to achieve
“good ecological status” by 2015. This date is now looming, and delays are already scheduled.
However, one of the most important points is that this Directive underlines the importance of
assessing the impact of human beings on the aquatic biota, particularly in surface water such as
water courses.

b. Bio-assessmentin rivers

“Biological assessment is an evaluation of the condition of a waterbody using biological surveys and
other direct measurements of the resident biota in surface waters” (Barbour et al., 1999).
Assessment of human impact on aquatic biota started more than a century ago with Kolkwitz &
Marson (1908) who assessed the impact of organic matter concentration on aquatic vegetation. In
particular, among other biological organisms, they proposed a list of micro-algal species that are
indicators of the saprobic level for use in assessing the level of organic matter. They had already
included a list of diatom species. The main interest of such an approach is that an aquatic biota
reflects both the stresses it has encountered over time and the fluctuations of the environment.
Methods based on aquatic biota were subsequently developed to assess the pollution of rivers. The
concept of bio-indicators emerged. A bio-indicator can be defined as a species or population that,
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because of the ecological features of the species that constitute the community, provides an
integrated record of the ecological environment - an aquatic ecosystem for instance - and thus
provides early detection of biotic and abiotic modifications (adapted from Morin, 2006). It is crucial
to use several bio-indicators (e.g. fish, macro-invertebrates, diatoms...) in order to detect the
combined effects of various stressors that may have impacts at different levels of ecological
complexity. A panel of indicators provides a broad measure of the overall impact on the biota.

Rivers are an important part of water resources, and several bio-indicators are used for their
ecological assessment. The Water Framework Directive requires five main bio-indicators to be used
for rivers. First, fish populations; they are particularly suitable for warning about interruptions of
river connectivity and global pollution. Second, macro-invertebrates are an essential biological
element for assessing the diversity of river micro-habitats, and their organic and nutrient pollution.
Third, macrophytes are good indicators of river eutrophication and, to a lesser degree, of gross
organic pollution. Fourth, Phytoplankton is a bio-indicator used in large lentic rivers and makes it
possible to assess the nutrient level. Finally, diatoms indicate the levels of nutrients and organic

matter.

c. Diatom biology

Diatoms (phylum of the Bacillariophyta) are eukaryotic, unicellular algae which range in size from 2
um (e.g. Minidiscus trioculatus in Quiroga & Chretiennot-Dinet, 2004) to about 500 um (e.g.
Coscinodiscus wailesii Gran et Angst). They belong to the Chromista kingdom, and are sister species
of other important algal classes that occur in freshwater ecosystems, such as the Chrysophyceae,
Synurophyceae and Eustigmatophyceae. Diatoms are present in a wide range of habitats, ranging
from dry habitats (e.g. Bérard et al., 2004), to freshwater and marine habitats.

The particularity of diatom cells is that they are enclosed in a siliceous exo-skeleton also known as
the frustule (Figure 1). The frustule is essentially constituted of silicate (SiO,.H,0) (Round et al.,
1990), and consists of two valves (the epivalve and hypovalve) connected by a girdle. The frustule is
also ornamented by several important features such as:

- Pores, that allow nutrients to be exchanged between the environment and the cell, and
mucilage to be secreted,

- The raphe, which is longitudinal fissure that enables diatoms to move by adhering to
substrates after excreting microfibrils through the raphe,

- Spines, which enable connecting cells to form colonies or enable individual cells to be
sustained in the plankton.
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Figure 1: Frustule of Achnanthidium druartii Rimet & Couté. (a-d): scanning electron microscopy, (a): valve

view, inner side, (b) griddle view, (c): valve view, outer side, (d) detailed view, inner side, (e) light
microscopy.

These photosynthetic organisms have one or more chloroplasts, depending on the taxon. The
number of chloroplasts is relatively constant within a genus (e.g. 1 chloroplast in Achnanthidium, 2
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chloroplasts in Navicula, Nitzschia, and several in Diatoma, Melosira). Chloroplasts consist of
chlorophylls a and c, and also contain accessory pigments (fucoxanthin and B-carotene) that give
them their characteristic brown color (see the chloroplast in Figure 2, and the biofilm in Figure 4). Cells
store energy from photosynthesis in the form of chrysolaminarin and lipids, which form small drops
inside the cells (Round et al., 1990). Diatom cells also contain the classical intracellular organites of

eukaryotic cells such as the nucleus, mitochondria, and Golgi apparatus.

Figure 2: Cymbella tumida (from the Thonon Culture Collection, culture TCC519). (left): living material;
(right): cleaned frustules after nitric acid treatment.

The diatom life cycle (Figure 3), like that of many other eukaryotic protists, consists of two phases.

The first phase corresponds to asexual reproduction. A simple mitotic division occurs, and each
daughter cell keeps one of the parent cell’s valves. The new part of the frustule is always constituted
inside that of the parent. Because of the rigidity of the cell wall, the new valves formed are slightly
smaller than the parental valve. Over time, as the cells go on dividing, a reduction in cell size is
observable. Such phenomena can be clearly visible in clonal cultures where sexual reproduction does
not occur. In the end, very small cells are formed which can be no longer viable.

Sexual reproduction enables cells to recover their maximal size. During this second phase, gametes
are produced. Reproduction is isogamic® or heterogamic’ depending on the taxon. An auxospore is
then produced, which goes on to develop and divide by mitosis to produce two cells, each with the
maximum size.

! Isogamic : the gametes display the same morphology
? Heterogamic (=anisogamic) : the gametes display different morphologies
5
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Figure 3: Life cycle of a centric diatom (Stephanodiscus), from Round et al. (1990). (a): formation of motile
gamete, (b-c): auxospore formation, (d-e): first division, (f): initial cell, (g-i): mitotic division and cell size
reduction.

Frustule morphology is an essential feature for both taxonomy and identification. Most taxonomic
characteristics are defined on the basis of particular frustule features: symmetry and outline of the
frustule, number of raphes, striae density, pore density, pore structure... Some of these
characteristics can be observed using light microscopy (e.g. frustule outline, striae density), but
others require scanning electron microscopy (e.g. pore density and shape, cf. Figure 1d). To observe
these characteristics correctly, the diatom has to be cleaned to remove the protoplast (e.g.
chloroplasts, nucleus, lipid drops) (see Figure 2). Hydrogen peroxide or nitric acid are often used for
this purpose, and there are European standards to ensure that it is carried out properly (e.g. Afnor,
2003, 2007). Observations can be then carried out using light microscopy (100x immersions lens) or
scanning electron microscopy.

d. Diatom diversity: an advantage for bioassessment?

Diatoms constitute an extremely diverse phylum, encompassing about 100,000 taxa (Mann & Droop,
1996). Several hundred new taxa are discovered every year according to the Catalogue of Diatom
Names of the California Academy of Sciences (compiled by E. Fourtanier & J.P. Kociolek). Most of
these new taxa are described on the basis of frustule morphology and divide species complexes into
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numerous species with more restricted ranges of morphological variations. Unfortunately, published
studies too rarely provide any additional details about their ecology, but when they do, it often
emerges that these new diatom species have narrower ecological spectra than the species complex
to which they belong. This is true, for instance, with Achnanthidium dolomiticum, which can be
pinpointed to water flowing over a particular lithology (carbonate rocks) with low nutrient levels. A.
minutissimum, the species complex to which A. dolomiticum belongs, also shows some preference
for low nutrient concentrations, but it has a wider spectrum of lithological preferences (Cantonati &
Lange-Bertalot, 2006). Moreover, recent studies based on phylogenetic and mating techniques
carried out on species complexes such as Nitzschia palea (Trobajo et al., 2009), Sellaphora pupula
(Evans et al., 2008; Mann et al., 2004), Navicula cryptocephala (Poulickova et al., 2010), N. phylepta
(Vanelslander et al., 2009), Gomphonema parvulum (Kermarrec et al., 2012) revealed unexpected
cryptic diversity, which is sometimes difficult to relate to particular environmental parameters or
geographical distributional patterns. These studies can be expected to increase the estimated total
number of diatom taxa known to exist worldwide.

In addition, “amnesic behavior” or incomplete familiarity with the taxonomy literature for
established species can also artificially lead to the re-creation of species that have already been
described. One example of this is Cyclotella operculata f. minuta, which was described by Grunow in
Van Heurck (1882) and over century later described by Druart & Straub as C. costei (Druart & Straub,
1988). Two years later, another conspecific taxon (C. cyclopuncta) was introduced (Hakansson &
Carter, 1990).

Despite these complications, this diversity makes diatoms excellent bioindicators since both nutrients
and organic matter have long been shown to control the relative abundance of species (and even of
varieties of species) in rivers (e.g. Patrick, 1961; Lange-Bertalot, 1979). Their ubiquity is also a crucial
advantage. Moreover, benthic diatoms constitute a major part of the biomass in temperate rivers.
This has led several authors to develop autecological indices based on the ecological preferences of
diatom taxa (Butcher, 1947; Fjerdingstad, 1950; Hustedt, 1957; Zelinka & Marvan, 1961). Diatoms are
now used worldwide alongside macroinvertebrates, fish, phytoplankton and macrophytes to assess
the ecological quality of rivers (e.g. Kelly et al., 1998; Lobo et al., 1995; Chessman et al., 1999 and
Coste et al., 1991). Most of these indices are based on the formula of Zelinka & Marvan (1961):
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where a; = abundance or proportion of valves of species j in sample, s; = pollution sensitivity
(‘optimum’) of species j, and v; = indicator value (‘tolerance’). This equation is typically a weighted
average equation implying a unimodal response curve, even if a large majority of diatom species do
not display any such trend, as was demonstrated in USA (Potapova et al., 2004).
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For about 14 years, field sampling, diatom preparation and counting have been standardized at the
European level (Kelly et al., 1998; Afnor, 2000, 2003, 2004, 2007). This ensures good comparability of
the diatom inventories produced during the last decade in the different European countries.
Basically, diatoms are scraped from several stones (5 stones for the French standard) taken from lotic
zones of rivers (Figure 4).

Figure 4: Sampling diatoms from stones in rivers

Most of the existing biotic indices for diatoms are based on species sensitivity. However, the
question of taxonomic resolution is often posed without any clear justifications, assuming that the
most precise determination would be the most effective for diatom biomonitoring, even if it has to
be applied on large geographical scale by large numbers of people who may not necessarily all have
the same identification skills. However, some authors have shown that there was no clear increase in
the assessment power when taxonomic resolution was increased for macroinvertebrates (Jones,
2008). Moreover, identification to diatom species level (or the infra-species level) can be challenging,
because of the tremendous diversity of these organisms, and because of incessant taxonomical
changes. Finally, from a financial point of view, identifying diatoms to species level takes much longer
than doing so to genus level, which makes it more expensive. Some authors (e.g. Zampella et al.,
2007) think that the large number of diatom species and the difficulty of identifying them limits their
use for routine purposes, as numerous identification errors occur at species level. Few studies have
attempted to estimate the advantage to reduce the identification precision from species to class or
sub-division level for biomonitoring purposes.

e. Diatom life forms and ecological guilds

All diatoms are basically unicellular algae, but they exhibit considerable diversity of life-forms and
many of them can form colonies. Taxa may even present several life-forms during their development.
This is the case for instance with Cymbella species, which can be unicellular and free moving at one



Introduction

stage, but attached to a peduncle and immobilized at another stage. Life-forms can be classified as

follows:

1.

If diatoms are solitary cells, they may be:

a.

Unattached: the diatoms float (e.g. Centric diatoms in plankton) or move freely (e.g.
free moving cells of Nitzschia or Navicula). See Nitzschia palea in Figure 5d.

b. Attached: the diatoms can be attached to substrates in several different ways:

i. Adnate: cells are firmly attached by their valve face (e.g. Cocconeis
placentula var. euglypta Figure 5e) or by their girdle view (e.g. Eunotia).

ii. Mucilage pad: cells produce mucilage on a pole that sticks to the substrate
(e.g. Diatoma, Ulnaria)

iii. Mucilage stalk: cells produce a stalk through apical pore fields and this sticks
to the substrate. The stalk can be simple (one cell) or can link several cells
(see arbuscular colonies). Several genera such as Gomphonema and
Achnanthidium can produce stalks.

2. There is considerable diversity in the types of colonies, but for freshwater taxa they can be

assigned to the following classes:

Chain colonies: centric cells are juxtaposed by their valves. Cells can be linked by
spines (Aulacoseira) or by granules (Melosira varians). In some cases (Cyclotella,
Thalassiosira) the cells do not touch and are simply held together by threads of
polysaccharides.

Ribbon colonies: pennate diatoms are juxtaposed by their valves, and are linked by
spines (Fragilaria capucina var. vaucheriae Figure 5a) or adhere by means of mucilage
excretions from their whole valve face (Fragilariopsis, also observed on Nitzschia sp.
in cultures, Kermarrec com. pers.).

Zig-zag colonies: pennate cells are connected by mucilage at their opposed poles
(Diatoma).

Rosette-forming colonies: pennate cells produce a short stalk at one pole that sticks
to a substrate. After several cell divisions, they produce colonies that resemble
fans/rosettes.

Star colonies: pennate cells are connected by mucilage at their neighboring poles,
such as Asterionella formosa.

Arbuscular colonies: stalks are produced at one pole. The stalks diverge from each
cell and form branching colonies (e.g. Gomphonema sp. Figure 5c, Cymbella,
Rhoicosphaenia)
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g. Mucous tubule colonies: several diatom genera form tubes (e.g. Encyonema
minutum Figure 5b, Frustulia, Berkeleya, Parlibellus), and cells move inside them in
file.

A
3

Figure 5: Examples of diatom life-forms. (a) ribbon colony with Fragilaria capucina var. vaucheriae (from the
Thonon Culture Collection, culture TCC372), (b) mucous tubules with Encyonema minutum (live sample from
the shore of Lake Geneva, 2011), (c) stalks with Gomphonema sp. (live sample from the shore of Lake
Geneva, 2012), (d) fast-moving diatom, such as Nitzschia palea (culture TCC764), (e) prostrated Cocconeis
placentula var. euglypta (dehydrated biofilms from the river Rollingerbaach, Luxembourg, 2003), (f) rosette
of Ulnaria (dehydrated biofilms from the river Rollingerbaach, Luxembourg, 2003).

As pointed out in Round et al. (1990), the types of colonies and life-forms of diatoms have been
subjected to strong selection. Colonies and life-forms are responses to attachment, light and nutrient
capture, sinking rate, and habitat selection. Relationships between the abundances of such life-forms
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and nutrients have been established in experimental contexts (Hoagland et al., 1982; Pringle, 1990).
Diatom cell size is also a response that can be related to the resources available (Finkel et al., 2009).
Unfortunately, these different metrics (abundance of cell sizes and life-forms) are seldom used for
routine biomonitoring - at least in Europe - even though their use could yield valuable information.
The diversity of these life forms can be assigned to larger groups, known as ecological guilds. A guild
can be defined as a group of species - equivalent to functional groups in the phytoplankton (e.g.
Padisak et al., 2009) - which live in the same environment, but may have adapted differently to
abiotic factors. For instance Passy (2007) defined the ‘low-profile’ guild which encompasses species
of short stature including prostrate, adnate, and erect diatoms. This group can withstand physical
disturbances, but does not tolerate nutrient enrichment. The ‘high-profile’ guild comprises large
species, or those which tend to form colonies (e.g. tube-forming, filamentous, branched diatoms).
This group cannot resist turbulence but benefits from nutrient enrichment. The ‘motile’ guild consists
of fast-moving species (e.g. Navicula, Nitzschia) and is adapted to both a turbulent environment and
high nutrient concentrations.

f. Geographical distribution of diatom assemblages

The composition of diatom assemblages in rivers is affected by parameters that can be artificially
divided into two kinds: those that are affected by anthropogenic activity (e.g. nutrients, organic
matter concentration), and those that are not (e.g. geological substrate, climate type, altitude).
However, to assess human impact correctly and in order to compare human impact in comparable
rivers, natural variability — i.e. parameters that are unaffected by anthropogenic activity - must also
be taken into account. River typologies have been defined in order to make it possible to compare
rivers that correspond to the same river type. This concept has been taken on board in the Water
Framework Directive. Ecoregional classifications have been developed based on abiotic factors such
as geology, relief and climate, which are generally acknowledged to determine river functioning at
the large scale (Naiman et al., 1992). In France they have been developed by Wasson et al. (2002,
2010) (see Figure 6). An ecoregional classification is also proposed in the Water Framework Directive
which includes cross-border ecoregions; these correspond to the ecoregions defined by lllies (1978)
(see Figure 6).
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Figure 6: Ecoregional classification in use in Europe. lllies (1978) classification on the left and
hydroecoregions (Wasson et al., 2002, 2010) on the right.

However these abiotic classifications were devised without taking into account diatom assemblages
or without knowing which parameters could structure them at the large spatial scale. For instance,
Illies’ ecoregions were defined from river macrofauna. No studies checking the match between
ecoregions and diatom assemblages in Europe or in France or indeed the match between diatom
assemblages and other parameters such as pollution levels had been conducted before these
ecoregions were applied to diatom biomonitoring. Furthermore, several authors pointed out that
local factors appear to determine the aquatic biota to a greater extent than large scale factors
(Hawkins et al., 2000), and that pollution has homogenized diatom communities in several Spanish
river basins (e.g. Leira & Sabater, 2005; Tornes et al., 2007) and American ecoregions (Pan et al.,
2000a). These studies support the argument that the species composition of small (especially
unicellular) organisms is determined by local factors rather than regional ones, because of their high
dispersal abilities (e.g. Finlay, 1996).

g. Diatoms and pesticide contamination

Many human activities are impairing the quality of watercourses. In particular, micropollutants are of
increasing concern to both citizens and politicians. This is evident to such an extent that in some
regions, such as the Canton of Geneva in Switzerland, the eutrophication of rivers is no longer
regarded as a the main problem, and micropollutant contamination is now seen as the primary
problem that has to be managed (A. Cordonier from the Service de I'écologie de I'eau in Geneva,
com. pers.). About 90% of European rivers are polluted by persistent organic micropollutants, and
herbicides are among those most often detected (Loos et al., 2009). This has led governments to
launch drives to reduce pesticide use. For instance, the French government plans to reduce pesticide
use by 50% over the next 10 years (Ministére de I'Agriculture et de la Péche, 2008).

The beneficial impact of these actions on the aquatic biota remains to be assessed. So far,
bioassessment tools have been developed mainly to assess nutrient and organic matter
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concentrations in water. Routine bioindicators of this particular kind of anthropogenic perturbation
are only now beginning to be devised for macroinvertebrates and diatoms.

Studying the effects of toxicants on living organisms encompasses a wide variety of methodologies
that are known collectively as “ecotoxicology”. This scientific discipline includes simple replicable
studies, such as single species tests, to define effective concentrations of one or a mixture of
toxicant(s) that reduce growth or some other end points (EC50), and also encompasses studies
integrating greater ecological complexity by controlling a set of environmental parameters, for
instance in mesocosms. Finally, ecotoxicology also encompasses studies that combine high levels of
complexity and representativity with in situ studies where no/few environmental factors are
controlled. Each level of complexity contributes decisive information for understanding the impact of
toxicants on the biota. Single-species tests are used to explore mechanistic aspects. In contrast, with
in situ studies it is often difficult to progress beyond the descriptive stage, because of the diversity of
the factors involved and their variability (Boudou & Ribeyre, 1997), but they can be used to validate
hypotheses formulated at lower levels of complexity.

Using bioindicators to assess impact of toxicants is challenging and currently still being developed.
Several tests have been carried out in Western France (Schafer et al., 2007) using specific metrics to
assess the impact of toxicants on macroinvertebrates (Liess & Von der Ohe, 2005; Schafer et al.,
2007). The effect of heavy metals on diatom communities has also been investigated (e.g. Gold,
2002; Morin et al., 2007; Peres et al., 1996), and this has revealed a modification of their species
composition. Given their mode of action, herbicides can potentially disrupt diatoms, which are
photosynthetic organisms. Diatom communities could therefore potentially be used as indicators of
herbicide contamination. Nevertheless there have been few studies relating herbicide impact to the
composition of diatom communities (e.g. Debenest et al., 2008; Morin et al., 2009a), although this
would be of interest given the extent of hydro-ecosystem contamination by herbicides (Loos et al.,
2009).

h. Main objectives of the study

Diatoms were first used to monitor rivers about 50 years ago, but their intensive use only started in
2000 in Europe after the introduction of the Water Framework Directive. This has resulted in the
generation of a mass of data that has made it possible to address new ecological issues. Moreover,
the characteristics of river pollution have changed over recent decades, and this has also opened
new fields in diatom bioassessment.

e Diatoms and ecoregions

As we have already said, ecoregions were defined on the basis of large scale factors. Diatom
assemblages and the parameters that structure them at large spatial scale were relatively little
known. Our first objective was therefore to find out whether the existing ecoregions had any
relevance to diatom assemblages. We therefore assessed the match between different ecoregional
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classifications and diatom assemblages at two different spatial scales, one regional (North Eastern
France) and one encompassing several countries (Western European).

Several authors have reported that the composition of diatom assemblages homogenizes over the
ecoregions as pollution levels increase (e.g. Leira & Sabater, 2005; Tornes et al., 2007; Pan et al.,
2000b). On the other hand, other authors have observed that ecoregions were of prime importance
for explaining the diversity of diatom assemblages (Soininen, 2004, 2007; Rimet et al., 2004). Our
second objective was therefore to find whether there is a threshold level above which pollution
outweighs ecoregions in accounting for diatom assemblages.

e Taxonomic resolution and alternative metrics in diatom bioassessment

The second part of this research work concerns the metrics actually used for diatom bioassessment
and raises the question of whether they should be updated:

Firstly, diatoms exhibit tremendous diversity at species level. However, this diversity can also restrict
their routine use, because of the difficulty of identifying so many species. We therefore wanted to
assess the influence of taxonomic resolution on bioassessment with regard to three points: firstly on
the description of assemblage composition, secondly on the assessment of environmental
parameters (nutrients, organic matter, major-ion content), and thirdly on the correspondence with
typological classifications (ecoregions, river size).

Secondly, we tested metrics that offer a potential alternative to the pollution sensitivity of species
(which is used in most of the existing diatom bioassessment tools). This second part involved testing
the assessment power of several life-forms, size classes and ecological guild abundances over a large
area in France and comparing it to existing diatom indices.

e Diatoms and pesticide contamination

The final objective of this study was to assess the pressure of pesticides, and herbicides in particular,
on river biota. Since diatoms are photosynthetic organisms, the hypothesis is that they should be
good indicators of herbicide pollution.

Several studies have already shown that the taxonomic composition of diatom communities in rivers
is impacted by herbicides (e.g. Dorigo et al., 2007; Morin et al., 2009b; Guasch et al., 1997, 1998).
Nevertheless, diatoms display such wide species diversity that the species compositions identified
were different in every study, and the species found to be resistant and sensitive, respectively, were
never the same either. No general trend can be deduced from these different studies. We wanted to
extend our thinking on metrics by applying it to the herbicides question. Our objective was to reduce
diatom species diversity to about ten simple metrics. Moreover, we hypothesized that this should
make it easier to develop and test hypotheses concerning herbicide contamination and abundance
metrics because the trends should be more general. A lotic mesocosm approach was chosen for this
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purpose, because this experimental approach makes it possible to control many environmental
factors, making it easier to check hypotheses.
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2. Diatoms and ecoregions
a. Preamble and major results

¢ Introduction

From an anthropocentric point of view, abiotic parameters in rivers can be assigned to two
categories: those that are affected (nutrient, organic matter concentrations) and those that are
unaffected by human activity (geological substrate, climate, altitude). Both categories have an
important structuring effect on diatom assemblages. This has been demonstrated, for instance, for
the dominant geology in the river basin (e.g. Tison et al., 2004; Cantonati, 1998), the altitude of the
sampling site (Ndiritu et al., 2006; Jittner et al., 2010), and the distance from the source (Potapova &
Charles, 2002b). It has long been known that the concentrations of nutrients and organic matter
structure diatom communities (e.g. Butcher, 1947; Fjerdingstad, 1950; Zelinka & Marvan, 1961), and
this led scientists to develop tools based on the sensitivity of diatom species to assess the water
quality of rivers (see for instance the review of Ector & Rimet, 2005). These tools were usually indices
that give a score on a scale. However, for biomonitoring purposes, water managers were soon
grouping rivers into homogenous types in order to make it possible to compare river-sites that are in
fact comparable: the objective being to eliminate the variability of natural parameters in order to
measure only the impact of human activity on aquatic biota. Ecoregions adapted to rivers have been
developed for this purpose in Europe and integrated in the Water Framework Directive (European
Commission, 2000). Ecoregions have conventionally been defined on the basis of abiotic
environmental parameters, such as geology, climate, altitude and river size (e.g. Bailey, 1995).

In Europe, several different methods for constructing ecoregions are proposed in the Water
Framework Directive, and these lead to different ecoregional classifications. One classification
system A in the Water Framework Directive includes large cross-border ecoregions and is based on
the ecoregions defined by lllies (1978). These are biogeographical regions corresponding to the
aquatic fauna and are essentially based on macro-invertebrates. System B in the Water Framework
Directive proposes a list of the abiotic factors to use, the class boundaries of each parameter are
fixed by the author of the ecoregion. This methodology was the one chosen in France, and has led to
the definition of 22 hydro-ecoregions (Wasson et al., 2002); these were subsequently reduced to five
regions, known as diato-ecoregions, corresponding to the main diatom assemblages present in
France (Tison et al., 2005).

The original abiotic classifications - known as hydro-ecoregions - were devised without reference to
diatom assemblages and our first aim was to find out whether they reflected diatom assemblages at
different spatial scales. We therefore assessed the match between these different ecoregional
classifications and diatom assemblages. This assessment was carried out at two different spatial
scales: a regional scale (32,700 km?) and a European scale (340,000 km?, extending over several
countries).
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Several authors have observed that local factors explain aquatic biota to a greater extent than large
scale factors (Hawkins et al., 2000), and that pollution has homogenized diatom communities in
several Spanish river basins (e.g. Leira & Sabater, 2005; Tornes et al., 2007) and American ecoregions
(Pan et al., 2000). In contrast, other studies have reported that large scale factors and ecoregions are
determinant for diatoms (Soininen, 2004, 2007; Rimet et al., 2004). Our second goal was therefore to
find out whether there is a threshold above which factors affected by human activity explain diatom
assemblage variability to a greater extent than ecoregions. To address this second point, we tested
two areas where diatoms were sampled using the same methodology (European standard). The first
area had experienced very little anthropogenic pressure and consisted of high altitude rivers in Spain,
France, Italy, and Switzerland. The second area was chosen in one of the most industrialized parts of
France, the North-east: this region presents contrasting areas, some of which are highly
industrialized, others with intensive agriculture but also including natural areas. We were expecting
to find that the match between ecoregions and diatom assemblages would be closer for the high
altitude rivers than for the rivers in North-eastern France.

e Methodology

The same datasets were used for both purposes. Diatom counts, chemical and physical analyses, and
typological information carried out in the framework of routine river quality assessment in Spain,
France, Italy, and Switzerland were used to compile a database. Additional data from research
studies were also added (Cantonati, 1998; 2001). Diatom samples and counts were carried out in
accordance with the European standard (Afnor, 2003).

The first dataset included sampling sites at altitudes of over 800 m. This altitude was chosen because
it corresponds to the Water Framework Directive definition of “high-altitude rivers”. The regions
covered comprised the lberian system (Spain), the Pyrenees (Spain and France), the Massif-Central
(France), and the Alps (France, Italy, and Switzerland). The second dataset included sampling sites in
North-Eastern France, and corresponded to a region presenting highly contrasting zones (ranging
from highly industrial to agricultural and natural, from lowlands to low mountains).

e Results and Discussion
1. Do ecoregions have any relevance to diatom assemblages?

The first area studied included 261 sampling sites in high altitude rivers sampled between 1993 and
2003. Four different ecoregions, corresponding to system A of the Water Framework Directive, were
included: the Iberian region, the Pyrenees, the Alps, and the Western-Highlands (the Massif-Central
and the Jura). This classification, initially developed for macroinvertebrates (lllies, 1978), closely
matched the diatom assemblages of the area: the assemblages of the different ecoregions were
statistically different from each other (MRPP test, p<0.01%). The ecoregions matched the diatom
assemblages more closely than other parameters such as altitude, distance from the source, and
pollution. System A ecoregions are geographically continuous ecoregions. Nevertheless, we observed
that several diatom assemblages were present in separated ecoregions (for instance some
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assemblages were present in both the Iberian region and the Western-Highlands, and others in the
Alps and the Pyrenees). When diatom assemblages in the Alps were compared to those in the
Himalayas, Cantonati et al. (2001) suggested that the prominent role of cosmopolitan taxa in
mountain areas could explain the similarities between the assemblages found in these two widely
separated mountainous massifs.

The second area included 744 sampling sites in North-Eastern France. It encompassed three major
river basins: the Meuse basin - heavily dominated by agriculture, the Moselle basin - mostly
dominated by industrial activities, and the Sarre basin - occupied by forest in its upper reaches and
by industrial and agricultural activities lower down. Two ecoregional classifications were tested. The
first classification was that corresponding to the French hydro-ecoregions (Wasson et al., 2002), the
study area encompassed seven of these. The second classification, that of the diato-ecoregions, was
much simpler and encompassed just three regions. Both these classifications matched the diatom
assemblages, and showed that diatom assemblages were statistically different from one ecoregion to
another (MRPP test, p<0.01%). Nevertheless the 7 hydro-ecoregions provided a much better
description of the diversity of diatom assemblages than the diato-ecoregions. Similarly to the high
altitude mountains study, two hydro-ecoregions, the Vosges and Ardennes displayed similar diatom
assemblages. Both areas are mountainous regions characterized by crystalline geologies (schist or
granite). They have similar diatom taxa (Achnanthidium subatomus, Gomphonema rhombicum,
Psammothidium subatomoides).

The results for both study areas show that to make the ecoregional classifications more relevant to
diatom assemblages, it might be useful to combine some ecoregions that are geographically
separated, but characterized by similar diatom assemblages and environmental descriptors. This
approach has already been applied in the USA, where some areas assigned to a single ecoregion are
in fact geographically unconnected (Bailey, 1995).

2. Is there a threshold level above which factors affected by human activity explain the
variability of diatom assemblages to a greater extent than ecoregions?

In the first study area, corresponding to the high altitude rivers, the pollution level was assessed
using the SPI diatom index (Cemagref, 1982). This indicated that in 85% of these rivers water quality
was very good, in 11% quality was good, and in 2% it was moderate. No rivers had bad water quality,
which meant that the pollution gradient was slight. In the second study area, corresponding to
North-eastern France, the pollution level was also assessed using the SPI. This showed that 5.4% of
the rivers had very good water quality, 45.4% good quality, 39.6% moderate quality, 9.5% had bad or
very bad quality. The pollution gradient was therefore much steeper than in the high altitude rivers.

Several authors did not find any obvious relationship between diatoms and ecoregions, because the
most important gradients were the downstream gradient, the mineral content and pH gradients, and
the altitudinal and latitudinal gradients (Pan et al., 2000; Potapova & Charles, 2002a). Others
observed a homogenization of diatom communities in ecoregions where pollution was increasing
(Leira & Sabater, 2005; Tornes et al., 2007).
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In the case of high altitude rivers, the ecoregions of System A most closely matched diatom
assemblages: the match was closer than those for source distance, altitude, or pollution, and was
equivalent to that for geology. This can be explained by the choice of a particular river type which
artificially reduced all the other gradients (altitude, pollution, source distance).

In the case of North-eastern France, here too the hydro-ecoregions most closely reflected diatom
assemblages. This match was closer than those with river size (assessed by Strahler rank) or pollution
(assessed by the SPI). This was also confirmed by a discriminant analysis showing that the most
structuring parameters of diatom assemblages were conductivity, pH, and bicarbonate
concentration. The variability of these parameters is mainly attributable to the geological substrate,
and they are only weakly affected by anthropogenic activity (Agences de I'Eau, 2000). Diatom
communities in this area were defined by means of a Twinspan analysis, which showed that the first
dichotomy was explained by geological substrate: one community is located on a crystalline
substrate, and the other on a sedimentary substrate. Within both of them sub-communities
corresponding to polluted and highly polluted areas were present, and these displayed different
diatom species compositions. Geology is therefore the primary factor that determines hydro-
ecoregions.

Our findings seem to be at odds with those of Pan et al. (2000), Potapova & Charles (2002a), Leira &
Sabater (2005) and Tornes et al. (2007). On the contrary, they confirm the results of Soininen (2004,
2007), in Finland and of Rimet et al. (2004) in Luxembourg, who stressed the importance of the
ecoregional approach and found that geology, which is a factor that varies at larger spatial scales,
had a determining impact on diatom assemblages.

e Conclusions

Communities of unicellular organisms such as diatoms have high dispersal capacities. The invasions
of rivers by non-native diatom species provide a good demonstration of this ability. New-Zealand
lakes provide a good example with Asterionella formosa records in sediments: this species was
introduced at the time of the European settlement, salmon eggs being the most likely vector (see
review of Spaulding et al., 2010). A long-term study (Coste & Ector, 2000) of French rivers has
identified the arrival of species such as Gomphoneis eriense and Encyonema triangulum. Another
example, also in French rivers is provided by a period of five years, during which Achnanthidium
druartii spread from a single river site to 40 river sites some of them several being at hundred
kilometers apart (Rimet et al., 2010). Since the statement that “Everything is everywhere: but the
environment selects” (Beijerinck, 1913), a fierce debate about diatom endemism reigned until recent
years. Some authors argued that diatom endemism should be underestimated (e.g. Mann & Droop,
1996) and others were of the opposite opinion and were favorable to Beijerinck’s law (e.g. Finlay et
al., 2002). The spatial structure of the diatom assemblages that we observed was generally
congruent with Beijerinck’s law. There were clear correspondences between diatom assemblages
and ecoregions. In particular it appeared that if the abiotic factors used to define the ecoregions
(altitude, geology, climate) were the same, then the diatom compositions found were comparable.
Invasions of new species are probably indicative of recent environmental modifications (e.g. water
warming) opening new ecological niches that were rapidly filled by non-native diatom species: the
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example of Achnanthidium druartii is a good demonstration of this, since within just a few years
rivers separated by several hundred kilometers were colonized.

This allowed us to say that in order to improve the effectiveness of ecoregional classifications for
diatom assemblages it might be useful to combine some ecoregions that are geographically
separated, thus doing away with notions of endemism. These results also reinforce the interest of
using an ecoregional approach to developing diatom indices (Grenier et al., 2006; Lavoie et al., 2006).

Despite the findings of Leira & Sabater (2005), Tornes et al. (2007) and Pan et al. (2000), the
hypothesis that no relationship between diatoms and ecoregion would be evident for polluted sites
was not confirmed in our case. Soininen (2004) also highlights the importance of ecoregions in his
study; but he recognized that the location of his polluted sites was biased, and most of them were
located within a single ecoregion. In our case, the polluted sites were distributed throughout the
study area since diatom communities corresponding to high level of pollutions were found on both
crystalline and sedimentary substrates. Nevertheless, land-use differs from one geological substrate
to another: agricultural practices, at least, differ depending on the landscape and geology. We can
assume that the composition of diatom assemblages would differ as a result of these different
practices that result in different kinds of pollution, even when nutrient and organic matter
concentrations are equivalent. This would (once again!) highlight the bioindicative power of diatoms,
which would offer fine discrimination between different types of anthropogenic perturbations.
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b. Paper 1: Benthic diatoms in western European streams with altitudes above
800 m: Characterisation of the main assemblages and correspondence with
ecoregions.

Rimet F., Goma J., Cambra J., Bertuzzi E., Cantonati M., Cappelletti C., Ciutti F.,
Cordonier A., Coste M., Delmas F., Tison J., Tudesque L., Vidal H. & Ector L.

e Abstract

High altitude rivers in European mountains show a large diversity of benthic diatom assemblages.
From rivers of the Alps, the Pyrenees, the Massif-Central and the Iberic system, diatoms were
studied. The study area spread across four countries, Italy, France, Switzerland and Spain. Since 2000,
the European Water Framework Directive (WFD) has required the assessment of stream quality using
bioindicators and any deviaton from reference conditions measured. References for each river type
and for each bioindicator, such as diatoms, are in the process of being defined.

System A is a typological system proposed by the WFD, in which ecoregions spread over several
countries were defined. The first aim of this study was to assess the importance of these ecoregions
for diatoms compared to other environmental factors. To reduce the heterogeneity of the diatom
assemblages due to the river continuum and, also, pollution, only the rivers higher than 800 meters
were selected. These rivers include a majority of sites that are only slightly polluted, or not at all. In
total 261 sampling sites were considered from four ecoregions: the Iberic region, the Pyrenees, the
Alps and the Western Highlands. The sampling sites were characterised by differences in geology,
distance from the source and altitudes. Statistical analysis showed that geographic ecoregions of
system A and geology were the most important environmental factors for diatoms. Distance from the
source and altitude were less important and pollution was the least important parameter.

The second aim was to describe and to typify the main diatom assemblages of these European
mountains. Eight clusters gathered into four main groups were identified. Group | was mainly
recorded in the Alps and the Pyrenees; group Il had in common its close proximity to the source;
group Il was often found in the Western Highlands and Iberic region on crystalline geology, and
group IV included weakly polluted streams of the Apls and Pyrenees. Some suggestions for the
improvement of the ecoregions adapted to benthic diatoms were given in the conclusion.

e Introduction

Diatoms are unicellular algae that represent an important part of biodiversity in rivers. Diatom
assemblages responses to anthropogenic disturbances have been observed for a long time (e.g.
Butcher 1947). Diatoms reproduce and divide rapidly and quickly react to water quality changes (e.g.
Round 1991). This prompted water managers to select as one of the tools for assessing a wide range
of water quality, alongside macroinvertebrates and fish, benthic diatoms as bioindicators, which
investigate environmental quality over longer time period (Stevenson & Pan 1999).

Now, diatom indices are used routinely in different European countries to assess the biological
quality of running waters (Prygiel et al. 1999). In 2000, the European Parliament & The Council of the
European Union (2000) advised European countries to assess running water quality by using diatoms,
as part of the phytobenthos, in addition to phytoplankton, fish, macroinvertebrates and
macrophytes. It also calls for applying of the “Ecological Quality Ratio” which uses bioindicators to
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evaluate stream quality by assessing the difference between the observed site community to a non-
disturbed reference community belonging to the same stream type in the same ecoregion (Ector et
al. 2004). Thereby, reference conditions for each stream type had to be defined. Two different
typological systems were proposed in the Water Framework Directive —~WFD—- (European Parliament
& The Council of the European Union 2000). The first is system A, in which ecoregions, based on
altitude, geology and sizes of the running water catchment area were fixed. This system has the
advantage of being easily applicable to all of Europe and the ecoregions proposed in this typological
system are large, spread over several European countries.

In the second system B, the requisite factors (altitude, latitude, longitude, geology and size) were
used to define the stream types but optional factors can be added to this system typology.

System B is more complex, as each country is currently developing its own typology based more
criteria (e.g. Wimmer et al. 2000, Wasson et al. 2001, Munné & Prat 2005). Therefore, comparisons
of stream types between different European countries will require complex intercalibration studies.
So far, the ecoregions proposed in system A have never been tested on a large geographical scale,
including several countries. A difference in certain catchments characteristics, such as land use,
geology and background nutrient fluxes, is expected. For example in Norwegian rivers, macroalgal
growth took place after only a small increase of total phosphorus concentrations from 4 to 12 pg.I-1
(Lindstroem 1999) whereas in northern French rivers these concentrations are below the
classification range; 500 pg.l-1 is the lowest reference level (Prygiel 1991).

Therefore, the first objective was to assess the importance of the proposed ecoregional system A on
diatom assemblages over a large geographical scale including several European countries. Along with
this, other environmental factors were also tested; altitude, distance from the source, riverbed
geology and pollution level. However, in order to reduce the strong heterogeneity between diatom
assemblages usually observed along the river continuum (e.g. Potapova & Charles 2002), a selection
of stream types was carried out. In order to reduce the influence of pollution, stream types with low
anthropogenic influence were chosen and according to the WFD, the high altitude streams above 800
m were selected because they satisfied these prerequisites.

Benthic diatoms in several regional mountainous areas have already been studied, such as the
Pyrenees (e.g. Goma et al. 2005, Merino et al. 1994), the Alps (e.g. Cantonati 1998, Battegazzore et
al. 2004, Ciutti et al. 2005, Rimet et al. 2005, Pipp & Rott 1994, Rott et al. 2003), the Himalayas (e.g.
Cantonati et al. 2001, Jittner & Cox 2000), the Tatras (Kawecka 1980), the Carpathians (Krstic et
al.1994) and the Siberians mountains (Potapova 1996). However, a large studies considering
biogeography of the main assemblages present in mountains are almost inexistent, except for
Cantonati et al. (2001) comparing diatom assemblages of the Alps with the Himalayas, and Kawecka
(1980) about diatom assemblages of several Alpine regions of Europe. Furthermore, studies on
diatom biogeography including species distribution patterns on a large scale have remained rare
(Kociolek & Spaulding 2000) until recently (e.g. Pan et al. 2000, Potapova & Charles 2002, 2003, Tison
et al. 2005). The existing assemblage for comparisons are few and far between for European
countries and when concerned with high altitude rivers, the number is even more limited. Comparing
and typifying assemblages from several European countries was an interesting challenge. For that
reason, the second objective was to describe and typify the main diatom assemblages present in the
high altitude streams in several western European mountain ranges. Therefore, Diatom samples
were gathered from Spain, France, Switzerland and Italy along with their corresponding physical and
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chemical data for comparison later on. The main western European mountain ranges were
represented: the Alps, the Massif-Central, the Pyrenees and the Iberic system.

e Methods

Sampling sites selection

Only sampling sites with an altitude above 800 m and located in Western Europe were chosen and
several institutes were contacted for an informal collaboration. Sampling sites with altitudes above
800 m but lacking information on any of the following were rejected: geographical location, epilithic
diatom assemblage, geology, altitude or distance from the source.

Diatom sampling, preparation, identification and counts

Sampling was carried out according to European recommendations (Kelly et al. 1998; European
Committee for Standardization 2002, 2003). Benthic diatoms were collected from at least five stones
from the lotic parts of the sampling sites, avoiding sedimentation zones. Selected stones were those
that remain in place under normal hydrological conditions. The upper surface of stones were
scratched with a toothbrush. The samples fixed in 4% formaldehyde. From 1993 to 2003, 261 diatom
samples were collected under the framework of different European, or national research projects, or
national monitoring river networks and respected the European recommendations for sampling
(Kelly et al. 1998; European Committee for Standardization 2002, 2003). Twenty sites were located in
Switzerland, 67 in Italy, 79 in Spain and 95 in France (Figure 7). A detailed list of the sampling sites is

given in Appendix 1.

£ Iberic region

O Pyrenees 73
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e @ Western-Highlands

Figure 7: Distribution of sampling sites in the ecoregions of system A.
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Following European standard methods (European Committee for Standardization 2002, 2003), the
diatom valves were cleaned using 40% hydrogen peroxide to eliminate organic matter and
hydrochloric acid to dissolve calcium carbonate (Iserentant et al. 1999). Clean diatom frustules were
mounted in Naphrax©. At least 400 valves were counted and identified to species, sub-species or
varieties, using an optical microscope with 1000x magnification (Prygiel & Coste 1993; AFNOR 2000).
After counting, rare taxa were searched for by scanning the slide at 200x magnification (AFNOR
2000); they were incorporated in the counts as single individuals, whether they were single or double
valves. Taxa abundances were expressed in percentage. Diatom floras of Krammer & Lange-Bertalot
(1986, 1988, 1991a, b) were used for identifications with other floras such as Diatoms of Europe
(Lange-Bertalot 2000-2004), or several volumes of Iconographia Diatomologica (Lange-Bertalot 1995-
2004).

Environmental data

For most of the field measurements, multiparametric probes were used to determine water
temperature (68% of the samplings), dissolved oxygen (77%), conductivity (81%) and pH (58%).
Water samples for some sites were collected and analysed in the laboratory for NO3- (78% of the
samples), NO2- (66%), NH4+ (78%), PO43- (69%), according to standard procedures (APHA 1995). All
parameters were measured for France and Switzerland, except temperature in Dranse de Bagne
River (Switzerland) and dissolved oxygen in La Morge River (Switzerland). For Italy, all the parameters
were measured except for pH and dissolved oxygen in the Amola and Avisio rivers; dissolved oxygen
and NO2- in the Conca, Cornisello, Larcher, Niscli and Noce Bianco rivers; temperature, dissolved
oxygen and NO2- in the Careser and Fersina rivers. For Spain, all parameters measured for the Alp,
Duran, Querol and Segre rivers except PO22-. All parameters were measured in the Hijar, Jiloca, Bco
Cadajon, Garona, Hijar and QOja rivers, except NO2-. For the Veral and lIsuela rivers only pH,
temperature, conductivity and dissolved oxygen were available while no physico-chemical data were
obtained for the other rivers (Aguas Limpias, Albentosa, Alfambra, Ara, Aragdn, Arazas, Aurin, Bco
Santa Anna, Bellds, Cabriel, Camarena, Cinca, Cinqueta, Err, Esera, Estarron, Gallego, Gallo, Gas,
Guadalaviar, Guatizalema, Huerva, Isdbena, Linares, Mijares, Oropesa, Osia, Pancrudo, Ribera, Turia).
For each sampling site, altitude, distance from the source and ecoregion (according to system A)
were determined using 1:20,000 topographical maps. Geology was determined using geological maps
and eight classes established: limestone, quaternary sediment, sandstone, mudstone/schist/shale,
granite, volcanic, mixed geology, and others geologies.

Data analysis

Before compiling the diatom lists from the different investigators, a taxonomical standardization was
carried out using the OMNIDIA software and some slides were checked to ensure a homogenous use
of taxa names in the database. Detrended correspondence analysis using the diatom lists showed
that the sample distribution on the three first axes were independent from the investigator. This
confirmed that taxonomical knowledge was homogenous between investigators even though they
sampled different regions.

In order to estimate the pollution level of the sampling sites, the Specific Pollution-sensitivity Index —
SPI— (Coste in Cemagref 1982), was calculated with the OMNIDIA software (Lecointe et al. 1993).
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Two different group analysis techniques were used to explore the diatom data and determine the
diatom assemblages. The first was the K-means partitioning algorithm (MacQueen 1967). The K-
means clusters were calculated using the Ginkgo program, a freeware multivariate analysis tool,
developed at the University of Barcelona (De Céaceres et al. 2003 a, b). The calculation used the Bray-
Curtis distances in determing of the K-means clusters. The second was a hierarchical agglomerative
method based on Bray-Curtis distances and Ward’s method for group linkage using the PC-Ord
software (MacCune & Mefford 1999). The efficiencies of the two methods were calculated with
MRPP (Multi-Response Permutation Procedures), and the best method was chosen to carry on the
analyses.
After the diatom assemblages were determined for each cluster, an average diatom assemblage was
calculated based on all the samples grouped in a cluster. The average diatom assemblages is
composed of ten species with the highest percentage. To determine the most indicative taxa
characterising each K-means clusters, the Indicator Species Analysis (Dufréne & Legendre 1997) was
performed and given as the underlined species on Table 3. This analysis combines information on
the abundance of species within a particular cluster and the faithfulness of its occurrence in a
particular cluster. It produces indicator values for each species in each group. Their significance was
tested using a Monte Carlo technique, using the PC-Ord software (MacCune & Mefford 1999).
Then, MRPP (Multi-Response Permutation Procedures) was used to assess the importance of
environmental factors (expressed as classes: geology, pollution, altitude, distance from the source
and ecoregions) on diatom assemblages. This technique was used in ecology by Zimmerman et al.
(1985) and more recently and specifically in diatom ecology by Soininen (2004). The classes were
defined a priori. The A-statistic is a result given by the MRPP ranging from -1 to +1; it is a descriptor
of within-class homogeneity, compared to random expectation:

- if the A-statistic for a class tends towards +1, classes tend to be heterogeneous, therefore

they have a meaning for the diatom assemblages,

- if A-statistic for the class tends towards 0, classes are comparable to random expectation,

therefore they have no meaning for the diatom assemblages,

- if A-statistic for the class tends towards -1, classes tend to be homogeneous, therefore no

meaning for the diatom assemblages.
The number of classes each environmental parameter is divided into has an effect on the analysis,
and the results of A-statistics classifications tend to increase when the number of classes increases.
Therefore, a comparison of A-statistic classification based on 4 classes with an A-statistic
classification based on 8 classes was made.
The four class classification compared 4 ecoregions (the Western Highlands, the Pyrenees, the Iberic
region and the Alps), 4 altitudinal classes, 4 distances from the source (0, 21.5, 43, 64.5, 86 km) and 4
pollution classes (SPI -0, 5, 10,15, 20, e.g. AFNOR 2000) with 4 k-means clusters. For the altitudinal
as well as the source distance classes, a linear progression of classes intervals (800, 1280, 1760, 2240,
2720 m, and 0, 21.5, 43, 64.5, 86 km, respectively), as well as a logarithmic progression (800, 1086,
1475, 2003, 2720 m and 0, 2, 8.3, 27.5, 86 km were explored. The classification with the highest A-
statistic in each case was selected.
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In the eight class classification, the following environmental parameters were divided into the 8
classes:
- geologies: limestone, quaternary sediment, sandstone, mudstone/schist/shale, granite,
volcanic, others, mixed geology,
- 8 altitudinal classes: either linear progression 800, 1040, 1280, 1520, 1760, 2000, 2240, 2480,
2720 m or logarithmic progression (800, 932, 1086, 1266, 1475, 1719, 2003, 2334, 2720 m,
- source distance classes: either linear progression (0, 10.7, 21.5, 32, 43, 53.7, 64.5, 75.2, 86 km),
or logarithmic progression (0, 0.7, 2, 4.3, 8.3, 15.3, 27.5, 48.8, 86 km).
- SPI pollution classes: 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20
The environmental parameters were then compared with the 8 K-means clusters based on diatom
assemblages. Again, the classification with the highest A-statistic was selected to carry on the
analyses.
In both comparisons with 4 and 8 classes, A-statistic of K-means clusters was given; classifications
based on diatom (K-means) give the highest A-statistic for diatom assemblages. This value was used
to give the highest A-statistic value compared to the other classes of environmental parameters
(geology, distance from the source, altitude, pollution and ecoregions).
In order to locate sampling sites on a common map, the national coordinates of each country
(Lambert Il étendu for France, World Geodetic Survey 1984 datum for Italy, Universal Transverse
Mercator representation for Spain, Oblique Mercator Projection on Bessel for Switzerland) were
transformed using WGS84 (World Geodetic Survey 1984 datum). The maps were drawn using the
ArcMap software (ESRIO).

e Results
Diatoms identified in the study area

The list of the 498 taxa (species, varieties or sub-species) identified is given in Appendix 1. The most
abundant taxa were Achnanthidium minutissimum (31% of the diatoms identified), A. biasolettianum
(11%), Gomphonema pumilum (5%), Fragilaria arcus (5%) and Encyonema minutum (3%). One
hundred and sixty-four taxa were identified only once during the study.

Diatom samples locations and environmental characteristics

The sites were located in the four ecoregions of system A (Figure 7): lberic region (27 samples),
Pyrenees (56 samples), Alps (146 samples) and Western Highlands (33 samples). According to the
diatom index, SPI, more than 96% of the sampling sites were of good or very good quality (Figure 8)
and less than 1% had bad quality. The medians, maximum and minimum values for the other
measurements are given on Table 1.
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Figure 8: Percentage of samplings in each water quality class using the diatom index SPI (Coste in Cemagref
1982). Water quality classes: 20<Very good quality<17<Good quality<13<Medium quality<9<Bad
quality<5<Very bad quality<1.

Table 1. Median, maximum and minimum values of the parameters measured in the sampling sites of the
studied area. Values are also given for the SPI diatom index (Coste in Cemagref 1982), with: 1<very bad
quality<5< bad quality<9<medium quality<13<good quality<17<very good quality<20.

Median Minimum Maximum Number of measures

SPI (diatom index) 18.9 6.6 20.0 261
Altitude (m) 1193 800 2720 261
Distance from source (km) 8.0 0.0 86.0 261
Temperature (°C)* 10.0 0.5 24.7 179
pH* 7.8 5.1 8.9 201
Conductivity (uS.cm™)* 146.0 2.0 1025.0 213
Dissolved oxygen (mg.I"")* 9.4 3.9 14.2 153
NO5™ (mgN.I™")* 0.26 0.01 4.36 205
NO, (mgN.I™")* 0.01 0.00 0.18 174
NH," (mgN.I™")* 0.04 0.00 1.19 205
PO,” (mgP.I'")* 0.01 0.00 1.00 182

*: calculated on available data

Ecoregion characteristics are given on Table 2. Site altitudes ranged from 800 to 2720 m (median of
1193 m). Altitudes of the sampling sites in the Alps altitudes were significantly higher (Boniferroni
tests p<0.05) than in the Iberic region and the Western Highlands, but similar to the Pyrenees. The
altitudes of the sampling sites in the Pyrenees, the Iberic System and the Western Highlands had not
significantly difference.

For the different sites, the distance from the source ranged from 0 to 86 km (median of 8.0 km). In
the Iberic system, it was significantly longer than in the other ecoregions (Boniferroni tests p<0.05).
Distance from the source of the sampling sites in the Pyrenees, the Alps and the Western Highlands
had not significantly difference.

The pH values ranged from 5.1 to 8.9 (median of 7.8) and conductivity from 2 to 1025 pS.cm-1
(median of 146.0 uS.cm-1). These parameters were strongly influenced by geology (e.g. Potapova &
Charles 2003, Rimet et al. 2004). The Iberic region was dominated by limestone and had the highest
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conductivity of all ecoregions. The Pyrenees, dominated by granite, limestone and sandstone, had
the lowest conductivity, while the Alps, dominated by limestone and granite, had an intermediate
conductivity in respect to the two former ecoregions. The Western Highlands with the lowest
conductivity values was dominated by granite, limestone and volcanic.

Table 2. Characteristics of the ecoregions. Median values are given for several environmental parameters
and for the SPI diatom index (Coste in Cemagref 1982).

Ecoregion Iberic region Pyrenees Alps Western highlands
N° of samples 26 56 146 33
SPI 17.1 18.9 19.3 18.1
Altitude (m) 995 1160 1401 953
Distance from source (km) 19.0 12.9 4.0 5.0
Temperature (°C)* 15.0 11.4 6.8 13.6
pH* 7.8 7.8 8.0 7.4
Conductivity (uS.cm™)* 306.7 93.3 196.2 37.5
Dissolved oxygen (mg.I'")* 8.4 10.2 9.5 9.1
NO; (mg NO; .I")* 0.43 0.52 0.23 0.25
NO, (mg NO,.I")* not available 0.01 0.01 0.01
NH," (mg NH,".I")* 0.10 0.01 0.04 0.03

PO,” (mg PO, .I")* 0.02 0.01 0.01 0.02

Dominant geology Limestone Granite (36%), Limestone Granite (76%),
(74%) Limestone (25%),  (30%) Granite Limestone (15%),
Sandstone (16%) (29%), Volcanic (6%)

*: calculated on available data

Diatom assemblages

Because of software limitation, only 220 of the most abundant diatom taxa were selected (the
selection based on the sum of abundances for each taxa), while the other 282 less abundant taxa
were excluded. Based on the 261 diatom lists, ten different K-means analyses and hierarchical
analyses were carried out. Between 2 and 15 clusters were defined for both methods and were
compared by mean of the A-statistic (Figure 9). The K-means analyses showed the best results and
were selected to carry on the analyses.

The K-means analysis defined eight clusters because after eight clusters the A-statistic showed no
significant increase in value (Figure 9) and it was also the best compromise in term of the number of
clusters characterizing the available data. Table 3 gives the average diatom assemblages for each K-
means cluster (average of the most abundant taxa in each cluster). The indicator taxa as defined by
an indicator species analysis (Dufréne & Legendre 1997) are also given for the each clusters
(underlined on Table 3).
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Figure 9: MRPP analysis carried out on two different cluster analysis: K-means method and hierarchical
agglomerative method. The A-statistic was calculated from 2 to 15 clusters. A=0 if heterogeneity within
clusters equals expectation by chance; A>0 if there is less agreement within clusters than expected by

chance, A=1 when all items are different between clusters.
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Table 3. Assemblages of the 8 K-means clusters. These assemblages were established calculating the average
abundances of the taxa in each cluster. The 10 most abundant taxa are given with their abundances in
bracket. Significant indicator taxa of each cluster, defined with the indicator species analysis, are underlined
(Monte-Carlo test, p<0.05).

Group

K-mean

Taxa names (abundance %), the most indicator taxa are underlined

Fragilaria _arcus (Ehrenb.) Cleve (43.9), Encyonema silesiacum (Bleisch) D.G. Mann (8.9),
Achnanthidium minutissimum (Kutz.) Czarn. (8.0), Diatoma mesodon (Ehrenb.) Kutz. (7.8),
Navicula gregaria Donkin (3.1), Encyonema minutum (Hilse) D.G. Mann (2.4), Diatoma ehrenbergii
Kutz. (2.4), D. moniliformis Kutz. (1.8), Nitzschia palea (Kutz.) W. Smith (1.8), Achnanthidium
biasolettianum (Grunow) Round & Bukhtiy. (1.6)

Achnanthidium biasolettianum (49.3), A. minutissimum (18.3), Cymbella affinis (4.2),
Gomphonema pumilum (4.2), G. pumilum var. elegans E. Reichardt & Lange-Bert. (1.9), Diatoma

ehrenbergii (1.7), Encyonema minutum (1.6), Nitzschia fonticola (1.5), Gomphonema tergestinum

(Grunow) Fricke (1.5), Encyonopsis microcephala (1.4)

Gomphonema pumilum (51.4), Achnanthidium minutissimum (16.7), A. biasolettianum (7.3),
Reimeria sinuata (3.7), A. subatomus (3.3), Encyonema minutum (3.2), Fragilaria arcus (1.8),
Diatoma ehrenbergii (1.7), Gomphonema olivaceum (Hornem.) Bréb. (1.4), Cymbella affinis (1.3)

Achnanthidium minutissimum (66.1), A. biasolettianum (3.2), Diatoma mesodon (2.4), Fragilaria
arcus (1.8), Encyonema minutum (1.8), Diadesmis gallica var. perpusilla (Grunow) Lange-Bert.

(1.5), Encyonopsis microcephala (Grunow) Krammer (1.5), Gomphonema pumilum (1.3), Denticula
tenuis Kitz. (1.3), Cocconeis placentula Ehrenb. var. lineata (Ehrenb.) Van Heurck (1.1)

Fragilaria capucina Desm. (10.3), Amphora pediculus (Kitz.) Grunow (10.0), Navicula cryptotenella
Lange-Bert. (8.3), Fragilaria capucina Desm. var. rumpens (Kitz.) Lange-Bert. (8.3), Fistulifera
saprophila (Lange-Bert. & Bonik) Lange-Bert. (5.9), Psammothidium oblongellum (Oestrup) Van de
Vijver (4.0), Gomphonema exilissimum (Grunow) Lange-Bert. & E. Reichardt (3.9), Nitzschia
dissipata (Kutz.) Grunow (3.8), Mayamaea atomus var. permitis (Hust.) Lange-Bert. (3.0), Eunotia

subarcuatoides Alles Norpel & Lange-Bert. (2.7)

Cocconeis placentula var. placentula (12.2), Achnanthidium subatomus (9.2), Nitzschia fonticola

(6.2), Diatoma mesodon (6.0), Achnanthidium minutissimum (5.1), Encyonema silesiacum (4.8),
Cocconeis placentula Ehrenb. var. euglypta (Ehrenb.) Grunow (4.5), Reimeria sinuata (4.5),
Nitzschia dissipata (3.6), N. paleacea (Grunow) Grunow (3.4)

v

Achnanthidium minutissimum (36.7), A. biasolettianum (9.6), Encyonema minutum (6.5),

Fragilaria arcus (3.9), Cocconeis placentula Ehrenb. var. placentula (3.9), Gomphonema pumilum
(Grunow) E. Reichardt & Lange-Bert. (3.2), Reimeria sinuata (Gregory) Kociolek & Stoermer (2.9),
Cymbella affinis Kutz. (2.4), Achnanthidium subatomus (Hust.) Lange-Bert. (2.2), Nitzschia
fonticola Grunow (2.0)

Achnanthidium minutissimum (18.6), Gomphonema olivaceum (7.1), Encyonema minutum (4.9),

Achnanthidium biasolettianum (4.8), Encyonopsis microcephala (4.3), Cocconeis placentula var.

lineata (3.1), Reimeria sinuata (3.1), Psammothidium marginulatum (Grunow) Bukhtiy. & Round
(2.3), Cymbella affinis (2.3), Diatoma moniliformis (2.3)
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The geographical location of the sites for each of the eight clusters is given on Figure 10 and Figure
11. The physical characteristics (geology, distance from the source, altitude, pollution level,
ecoregions) for each cluster are listed on Table 4. Considering geographical distribution, distance
from the source but also pollution status, some similarities between clusters were identified.
Consequently, the 8 clusters were organized into four main groups. Group | predominantly
encountered in the Alps and the Pyrenees, Group lll was most often recorded in the Western
Highlands and on crystalline bedrock, Group IV occurred in all ecoregions. Group |l was typically
found in close proximity to the source.

Group |, (mostly the Alps and the Pyrenees) is rarely found in the other ecoregions and is composed
of clusters 1, 2, & 3. The clusters differed from each other in respect to riverbed geology, distance
from the source and pollution status. Cluster 1 includes sites recorded at altitudes ranging from 800
to 1700 m and in river stretches located at a distance from the source between 2 to 32 kms, but had
a wide range of geological substrates. Fragilaria arcus, Encyonema silesiacum and Diatoma mesodon
dominated and characterized its average assemblage. Cluster 1 is characterized by lightly polluted
sites, with 0.38 mgN.l-1 NO3-, and 0.03 mgP.l-1 PO42- (Table 4). Subdominant taxa such as Navicula
gregaria (3.1%), Nitzschia palea (1.8%) considered as pollution tolerant (Van Dam et al. 1994) were
occasionally present in this assemblage.

Cluster 2, as the cluster 1, occurred over a similar range of altitudes (800 to 1400 m) and distances
from the source (4 to 32 km). However, it differed from cluster 1 in respect to geology as the
substrata was largely dominated by limestone. The average assemblage for this cluster included the
following indicator taxa: Achnanthidium biasolettianum, Cymbella affinis and Gomphonema
tergestinum. This cluster sites samples were unpolluted (median values in Table 4: 0.22 mgN.I-1 for
NO3-, 0.02 mgP.I-1 for PO42-).

Cluster 3 sample sites were situated on in streams very frequently flowing over granite and limestone
and located from the source between 4 to 32 kms . However, they occurred over a wider range of
altitudes (from 800 to 2000 m) than clusters 1 and 2. As with Cluster 2, cluster 3 sites were
unpolluted (median values in Table 4: 0.16 mgN.I-1 for NO3-, 0.02 mgP.l-1 for PO42-). The average
assemblage of cluster 3 was dominated by Gomphonema pumilum associated with Achnanthidium
minutissimum and A. biasolettianum.

Group Il had only cluster 4 and contained sample sites often found in close proximity to the source
(mainly from 0 to 2 km) and at higher altitudes than in Group | (often up to 2695 m). The sites were
frequently recorded from the Alps, but also present in the other three ecoregions. The sample sites
were unpolluted (median values of Table 4: 0.23 mgN.l-1 for NO3-, 0 mgP.I-1 for PO42-) and had
bedrock composed of either limestone or granite. Cluster 4 average assemblage was largely
dominated by Achnanthidium minutissimum (relative abundance of 66.1%).

Group lll contained clusters 5 and 6. The sites were regularly situated on crystalline bedrock thereby
explaining the relatively low conductivities. Cluster 5 sites were mainly present in the Western
Highlands and the Iberic region and a few were found in the Alps but absent from the Pyrenees. The
dominant geological substrate was granite, and the stream had relatively low pH and low
conductivities. Typical species of these low conductivity waters included members of the genus
Eunotia (E. subarcuatoides, E. bilunaris (Ehrenb.) Mills, & E. exigua (Breb.) Rabenhorst var. tenella
(Grunow) Norpel & Alles). The assemblages were present at altitudes lower than 1400 m, and
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encountered all along the river continuum (from the beginning of the stream to 64 km from the
source). The sample sites were lightly polluted (median values of Table 4: 0.36 mgN.I-1 for NO3-, and
0.02 mgP.l-1 for PO42-), this could explain the presence in low abundances (below 3%) of pollution
tolerant taxa such as Fistulifera saprophila and Mayamaea atomus var. permitis (Van Dam et al.
1994).

Cluster 6 occurred mostly in the Western Highlands and to a smaller extent in the Pyrenees and the
Alps. Sample sites predominantly occurred below 1400 m on crystalline substrates, rarely on
sedimentary geology. The cluster was characterized by waters weakly enriched with nutrient and
organic matter (median values of Table 4: 0.81 mgN.l-1 for NO3- and 0.03 mgP.I-1 for PO42-).
Achnanthidium subatomus was the most important indicator species of this cluster. Gomphoneis
minuta (Stone) Kociolek & Stoermer occurring at low abundances also characterized this cluster.
Group IV, composed of clusters 7 and 8, was found mostly in the Apls and the Pyrenees. The
geological bedrock of cluster 7 was composed of limestone or granite and, to a lower extent, by
mudstone, shale and schist. Altitudes ranged mainly from 800 m to 1700 m. The sampling sites rarely
had conductivities over 300 uS.cm-1 (median 108 uS.cm-1) and were unpolluted (0.22 mgN.I-1 for
NO3-, 0.01 mgP.l-1 for PO42-). The average assemblage for this cluster was dominated by
Achnanthidium minutissimum (36%). The indicative species were Gomphonema rhombicum Schmidt,
G. truncatum Ehrenb. and Encyonema minutum.

Sample sites in cluster 8 covered a large range of altitudes and distances from the source. However,
the majority were situated mainly between 4 to 32 km from the source, and rarely above an altitude
of 1700 m. They were characterized by light pollution, as the nitrate concentration was rather high
(median of Table 4: 0.36 mgN.l-1 for NO3-). The average assemblage was dominated by
Achnanthidium minutissimum and Gomphonema olivaceum, which is the indicator species for the
cluster, along with Encyonopsis microcephala and Diatoma monoliformis.

Assessment of the importance of the different physical parameters for diatom assemblages

The importance of the environmental parameters (the ecoregions, geology, altitude, pollution levels
as assessed with the SPI diatom index, and distance from the source) on diatom assemblages was
determined with the A-statistic of the MRPP.

The comparison of the linear and logarithmic scales for altitude and source distance using the A-
statistic showed that logarithmic classes had higher values than linear classes (altitude with 4 linear
classes 0.026, 4 logarithmic classes 0.027, with 8 linear classes 0.030, 8 logarithmic classes 0.035;
source distance with 4 linear classes 0.010, 4 logarithmic classes 0.033, with 8 linear classes 0.021, 8
logarithmic classes 0.042). Thus, logarithmic classes were retained.

The A-statistic for the different environmental parameters is given on Figure 12. In the four class
comparisons, the ecoregions had the most important influence on the diatom assemblages followed
by source distance, altitude and the least was pollution. In the eight class comparisons, geology was
the most important parameter followed by distance from the source, then altitude and finally
pollution.
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Table 4. Environmental characteristics of the 8 K-means clusters. Median values of some environmental
parameters are given. Median values are also given for the SPI diatom index (Coste in Cemagref 1982), with:
1<very bad quality<5<bad quality<9<medium quality<13<good quality<17<very good quality<20. Minimum
and maximum values are mentioned in brackets.

Ecoregions
(% of samples)

Group
K-mean

Geologies (% of samples)
and conductivity (Cond.)

Altitude (m) and
distance from source (km)

Pollution level
SPI (value /20)
Chemicals (mgN or mgP.I-1)

Alps: 52 Granite: 28 Mainly from 820 to 1655m, Lightly polluted
Pyrenees: 38 Volcanic: 19 1200m (820-1800) SPI: 19.0 (13.1-20)
1 Western H.: 9 Quaternary sediments: 14 NO3-: 0.38 (0-1.47)
Limestone: 14 NO2-: 0.01 (0-0.02)
Others geologies: 19 NH4+: 0.02 (0-0.08)
Cond.: 79uS.cm-1 (2-291) 10km (0-30) PO42-: 0.03 (0.00-1.00)
Alps: 56 Limestone: 54 Mainly from 800 to 1400m, Unpolluted

Pyrenees: 33
2 lbericR.: 10

Granite: 23
Sandstone: 13

Cond.: 232uS.cm-1 (70-527)

1113m (800-2050)

10km (0-41)

SPI: 19.4 (17.1-20)
NO3-: 0.22 (0.06-0.58)
NO2-: 0.01 (0-0.01)
NH4+: 0.04 (0-0.21)
PO42-: 0.02 (0.00-0.11)

Alps: 59 Granite: 41 Mainly from 800 to 2000m, Unpolluted
Pyrenees: 35 Limestone: 29 1250m (848-1800) SPI: 19.5 (16.8-20)
- 3 Iberic R.: 6 Schist, Schale, Mudst.: 17 NO3-:0.16 (0.01-1.87)
NO2-: 0.01 (0-0.18)
NH4+: 0.04 (0.01-0.08)
Cond.: 219puS.cm-1 (25-573) 10km (1.5-20) PO42-: 0.02 (0-0.03)
Alps: 77 Limestone: 46 Present in all altitudes Unpolluted
Iberic R.: 10 Granite: 30 1379m (782-2694) SPI:19.5 (17.5-20)
= 4 Western H: 7 Others geologies: 17 NO3-: 0.23 (0.02-1.02)
Pyrenees: 6 NO2-: 0 (0-0.01)

Cond.: 114uS.cm-1 (6-807)

1.9km (0-75),
source (0-2 km).

frequent near the

NH4+: 0.02 (0-0.38)
PO42-: 0 (0-0.05)

Western H.: 59
Iberic R.: 35
5  Alps:6

Granite: 59
Limestone: 29
Low conductivities

Cond.: 32uS.cm-1 (19-1025)

Mainly below 1400m,
885m (795-1250)

5km (1-80)

Lightly polluted

SPI: 17.2 (6.6-19.9)
NO3-: 0.36 (0.13-4.35)
NO2-: 0.01 (0-0.04)
NH4+: 0.08 (0.01-0.41)
PO42-:0.02 (0.01-0.33)

Western H.: 53
Pyrenees: 29
Alps: 18

1
o

Often on crystalline geologies,
Granite: 41

Quaternary sediments: 23
Volcanic: 12

Limestone: 12

Cond.: 132uS.cm-1 (50-353)

Mainly below 1400m
1121m (850-2660)

12km (0-31.2)

Weakly organic and
enriched waters

SPI: 16.0 (10.2-19.9)
NO3-: 0.81 (0.23-3.14)
NO2-: 0.01 (0-0.04)
NH4+: 0.08 (0.01-0.46)
P0O42-: 0.03 (0.02-0.13)

All ecoregions
Alps: 52

7  Western H.: 20
Pyrenees: 18
IbericR.: 9

Granite : 45
Limestone: 32
Schist, Schale, Mudst.: 11

Cond.: 108uS.cm-1 (17-437)

Rare above 1700m
1230m (800-1930)

8.7km (0-34)

Unpolluted

SPI: 18.6 (16.6-19.9)
NO3-:0.22 (0-2.28)

NO2-: 0.01 (0-0.18)

NH4+: 0.04 (0-0.37)
PO42-: 0.01 (0-0.23)

All ecoregions
Alps: 61

8 Pyrenees: 22
IbericR.: 11
Western H.: 5

I\

Limestone: 42
Granite: 28

Cond.: 187uS.cm-1 (9-489)

Rare above 1700m
1172m (800-2720)

11.2km (0-53.7), frequent between
8.5 and 27.8km.

Lightly polluted

SPI: 17.6 (9.3-20)
NO3-: 0.36 (0.01-1.60)
NO2-: 0.01 (0-0.11)
NH4+: 0.05 (0.01-1.19)
PO42-: 0.01 (0-0.50)

Medians calculated on available data for conductivity, NOs, NO,, NH," and PO42'.
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Figure 12: Comparison of the importance of the different environmental parameter for the diatom
assemblages assessed with the A-statistic. The A-statistic is given for each parameter classification: (a)
comparison of parameters classifications composed of 4 classes, (b) comparison of parameters classifications
composed of 8 classes. The A-statistic is expressed as a percentage of the A-statistic of the K-means clusters
defined with diatom assemblages. A-statistic of K-means clusters was used to give the classification that had
the highest signification for diatom assemblages.

e Discussion
Characterization of the main diatom assemblages

Characterization of the diatom assemblages is the first step in assessing the determinant
environmental parameters and understanding their distribution in the European mountains. It is also
needed in order to define diatom reference assemblages as requested in the Water Framework
Directive.

Despite the importance of diatom biogeography in modern diatom research, this subject is
infrequently discussed (Kociolek & Spaulding 2000). One of the ideas considered during round tables
about diatom biogeography, was cosmopolitanism (Edlund & Jahn 2001). Two of the assemblages
characterized in the study area showed a wide distribution and could be considered as cosmopolitan
when considering published benthic diatom data of mountain watercourses. For instance, the
average assemblage of cluster 1 seems to be worldwide in mountains since Fragilaria arcus was
frequently observed along with Diatoma mesodon in the mountain streams of the Himalaya
(Rothfritz et al. 1997), in siliceous springs of the Alps (Cantonati 1998) and in streams of Tatras
Mountains in Poland (Kawecka 1980). In the study area this assemblage was observed in lightly
polluted waters, as highlighted by the presence of pollution tolerant taxa (Navicula gregaria,
Nitzschia palea). Similarly, in the Spanish Pyrenees’ streams, flowing on calcareous and sedimentary
substrata, Fragilaria arcus was observed in a similiar assemblage accompanied by pollution tolerant
taxa such as Navicula gregaria and Fistulifera saprophila (Goma et al. 2005). Also in Macedonian
streams, Fragilaria arcus was quite abundant (9.5%) in waters with BOD of 7.4 mg.l-1 and NO3-
concentrations of 3.32 mgN.|-1 (Krsti¢ et al. 1994).

Cluster 6 contained another example of cosmopolitan assemblage that were predominantly found
below 1400 m on crystalline substrata and was characterized by Achnanthidium subatomus. This
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particular species has been observed in relatively high abundance in Himalayan mountain streams of
low conductivities (Rothfritz et al. 1997), in small streams of Luxembourg flowing over schist (Rimet
et al. 2004), and also in Alpine springs on siliceous substrata (Cantonati 1998). It is therefore possible
to consider this species as cosmopolitan. However, cosmopolitan distribution does not prevent taxa
from being good indicators of particular geology such as A. subatomus always observed on siliceous
substrata.

Another example, cluster 2 sites are found in unpolluted streams occurring primarily on limestone.
Several of its indicator taxa can be considered as cosmopolitan. G. tergestinum occurs in unpolluted
rivers of the calcareous Alps (Krammer & Lange-Bertalot 1986, Rimet et al. 2005) or in base-rich
waters in the Western Himalayas (Juttner & Cox 2000). Cymbella affinis is also frequent found in
unpolluted rivers in the limestone plateau ecoregions of France (Tison et al. 2003) or in Himalayan
running waters (Nautiyal et al. 2004). Achnanthidium biasolettianum, considered as an alkaliphilous
taxon (Cantonati 1998), was also recorded in the “mid-altitude streams and small rivers” type of
Austria, with pH of 8 and conductivities of 198 uS.cm-1 (Pipp & Rott 1994).

Achnanthidium minutissimum sensu lato was the most abundant taxon in the studied area. It has the
highest abundances (66.1%) in cluster 4. This species is probably one of the most cosmopolitan
freshwater diatoms; nevertheless, according to Stevenson & Bahls (in Barbour et al. 1999), it is an
attached diatom and often the first species to colonize substrates that have been recently scoured,
sometimes leading to the exclusion of all other algae.

Other taxa typical of cluster 4, such as Diadesmis gallica var. perpusilla and Diadesmis contenta
(Grunow) Mann, were aerophilous taxa (according to Van Dam et al. 1994). Their presence suggests
that the sampled surfaces were either not permanently covered by water or were located at the
water/air interface. This kind of assemblage has already been observed in small intermittent streams
in the Alps and the Himalayas (Cantonati et al. 2001, Battegazzore et al. 2004).

Similarily, cluster 3 taxa also indicated a particular physical environment. The most common taxa,
Achnanthidium minutissimum, Gomphonema pumilum, were of small size and equipped with a
robust mode of attachment in order to resist high current velocities (Rimet et al. 2003). This average
assemblage was very uniform and largely dominated by Gomphonema pumilum. This average
assemblage closely resembles those encountered in Alpine springs on calcareous substrate
(Cantonati 1998), or in Carpathian (Kawecka 1980), Alpine (Maier & Rott 1988) or Pyrenean rivers
(Merino et al. 1994, Tison et al. 2003, 2004). However, Gomphonema pumilum sensu lato as
considered in this study is considered to be complex of several taxa (Reichardt 1997) and more
detailed studies are needed to understand the ecology of the individual taxon within this complex.
Another taxon belonging to a species complex was Encyonopsis microcephala. This species was an
indicator species of cluster 8, along with G. olivaceum and Diatoma monoliformis. Encyonopsis
microcephala was observed in oligotrophic Alpine lakes (Hustedt 1930) and in unpolluted streams
and lakes of the Pyrenees (Besch et al. 1972). According to Krammer (1997), this taxon includes
several ecotypes with different ecological requirements: in North Europe it lives in oligotrophic
waters, with low electrolyte content, whereas in Central Europe and North America it is frequent in
lime-rich waters with middle electrolyte content, as well as in Mediterranean rivers (Goma et al.
2004).

The three former species complexes (Achnanthidium minutissimum, Gomphonema pumilum or
Encyonopsis microcephala) probably highlight the difficulty in achieving fine taxonomic resolution
when confronted with large area studies such as the presented one. Several authors (Kociolek &
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Spaulding 2000, Edlund & Jahn 2001) stressed that applying floras and taxonomies beyond their
original regional scope could lead to amalgamation (Mann 2000) and therefore to an artificial
homogenization of diatom biota. More detailed studies, but also clear identification keys are needed
in order to solve this problem.

Rare taxa must not be considered as fuzzy ecological data. Their use as environmental indicators,
especially in unpolluted rivers, is valuable (Potapova & Charles 2004). Rare diatoms such as taxa of
the Eunotia genus are good indicators of low conductivities and low pH waters, and considered as
acidobiontic (Krammer & Lange-Bertalot 1991). These taxa characterized cluster 5 sites with
riverbeds dominated by granite. Similar assemblages with Eunotia species were found in mountain
streams flowing over granites in northeastern Siberia by Potapova (1996). In the same way,
Gomphonema rhombicum, another rare taxon, found in cluster 7 sites that are characterized by
conductivities below 300 pS.cm-1 and at altitudes mainly ranging from 800 to 1700 m, was
characteristic of low conductivities (about 115 pS.cm-1) and unpolluted rivers of the Belgian
Ardennes Mountains flowing over schist substrata and accompanied by Achnanthidium
minutissimum in relatively high abundances (Leclercq et al. 1996).

Another difficulty encountered was the apparition of exotic species; this implies a regular updating of
the floras and documents used for identification. An example was the large size exotic taxon,
Gomphoneis minuta, recorded in some of studied mountain streams. It occurred frequently in cluster
6 at low abundances (average abundance of 1 %). This exotic species, considered as endemic to New-
Zealand and as invasive in France (Coste & Ector 2000) was found for the first time on the Spanish
south side of the Pyrenees in high abundance in the Segre River (Goma et al. 2005). According to
Coste & Ector (2000), this species is resistant to relatively high concentrations of organic material.
More recently, Didymosphenia geminata (Lyngbye) Schmidt was recorded for the first time in Alpine
rivers of Italy in 2004 (Ciutti et al. 2005). This large diatom with worldwide distribution (China, North
America, and Turkey) is also known to produce blooms in some rivers of New-Zealand leading to the
exclusion of all other kinds of algae. Introduction of new species seems to be a sign of anthropogenic
modifications (Edlund & Jahn 2001). This process could become more and more frequent, especially
in high altitude mountain where watercourses until recently were far from the main exchange roads.

Mountain diatom assemblages: influence of ecoregions and physical parameters

Seasonal weather effects on diatom assemblage structure in this study were not taken into
consideration because sampling was carried out only during the summer. Diatom assemblages are
also well known to react to organic pollution and eutrophication of waters, making them particularly
good bioindicators for monitoring streams in different parts of the world (Ector et al. 2004).
However, in this study, the impact of human activities on diatom assemblages was low because,
according to the diatom index SPI, a large majority of the sampling sites were of good or very good
biological quality. This was confirmed by the MRPP results with the A-statistic for SPI always the
lowest compared to other parameters.

In order to reduce the “river continuum effect”, another well known parameter affecting benthic
diatoms, only high altitude streams (over 800m) were selected from the different ecoregions.
However, the altitude range of the studied running waters was still large and ranged from 800 to
2720 m. Altitude has already been shown to be an important environmental descriptor indirectly
structuring benthic diatom assemblages. Current velocity, light intensity and temperature correlate
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with altitude. Temperature directly influences diatom metabolism (e.g. Berges et al. 2002, Medlin &
Wilson 1979) and therefore specific composition of the assemblages (Anderson 2000). For instance in
the Rhéne basin and the Mediterranean region in France, altitude is the most important structuring
parameter, before pollution and mineralization level (Rimet et al. 2003).

On the other hand, in the United States (Potapova & Charles 2002), altitude and latitude were
related to temperature variation but had minor influence on structuring diatom assemblages
compared to pollution and mineral content. The results of our study showed that altitude, even over
a relatively large range, had a rather weak effect on the diatom assemblage composition. Other
parameters such as snow cover, short vegetation period, also related to altitude in a homogenous
latitudinal area, probably affect diatom assemblages but could not be taken into account it this
study.

In system A of the WFD, four types of river sizes were defined based on catchment area. Catchment
area and distance from the source correlated. On the one hand, these parameters are often main
gradients affecting diatom assemblages when a large range of stream types are studied, as shown for
instance in a huge scale study in the United States (Potapova & Charles 2002). This inspired authors,
such as Descy & Coste (1991) to define hypothetical diatom assemblages occurring along a river
continuum in the development of a diatom index. On the other hand, when a homogenous type of
stream size was studied, distance from the source should not have significant effects on diatom
assemblages, as observed in a study carried out in headwater streams of Luxembourg, Western
Europe (Rimet et al. 2004).

In our study, distance from the source varied considerably and ranged from 0 to 86 km and was an
important parameter which was more relevant to diatom assemblages than altitude and pollution. In
particular, diatom assemblages near the sources, as in cluster 4, were very particular and were
dominated by diatoms considered as a pioneer taxa. Species compositions of stretches near the
source were very different from those occurring all along the stream, as for instance in cluster 5.
Average assemblage of cluster 5 included high abundances of “rosette forming” diatoms (relative
abundance of 18% for genus Fragilaria). In contrast to algal assemblages in downstream sites, algal
assemblages present in upstream stretches are often subject to important physical disturbances,
such as fast flooding events reported from prealpine streams (Uehlinger 1991) or dry periods in some
Alpine and Himalayan streams (Cantonati et al. 2001). Algal assemblages of upstream sites are
usually considered as less mature compared to downstream ones (Margalef 1960).

The most important environmental descriptors for diatom assemblages were geology and the
ecoregions. Geology is often observed as the determining factor influencing diatom assemblages at
different spatial scales. This was shown at local scale in the headwater streams of Luxembourg, a
country divided into two distinct geological regions where geology was the most important
parameter, and pollution was a secondary factor (Rimet et al. 2004). At a regional scale in south-
eastern France, 4 different assemblages were characterized from unpolluted sites, these diatom
assemblages showed a good correspondence with their mountain range origin and the geological
substratum (Tison et al. 2004). This was also shown for pristine lakes of Tasmania, where there was a
clear correspondence between geological bedrock and benthic diatom assemblages (Vyverman et al.
1996). However, different studies carried out on springs and rivers showed that alkalinity (Cantonati
1998), water conductivity (Sabater & Roca 1990) and ionic composition (Potapova & Charles 2003)
were important environmental factors affecting diatom assemblages and species distribution. The
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geology in the studied area was complex and very variable, even within a single mountain range.
Even though it was the most important physical parameter, but it did not explain all the diatom
variability.

The ecoregional classification seemed to reflect differences in diatom assemblages and gave the best
A-statistic results, comparable to geology. Correspondence between ecoregions and diatom
assemblages is not always evident as shown by Pan et al. (2000) in Mid-Atlantic Highland streams
(U.S.) where ecoregional differences between diatom assemblages were rather subtle. In this study
(Pan et al. 2000), land use was the most important parameter, and diatom assemblages only
corresponded to ecoregions if land use differed between them. Potapova & Charles (2002) also
assessed the relationships between diatom assemblages and ecoregions as defined by Omernik
(1995); the correlation was not clear, since the most important gradients for diatom assemblages
were first a downstream gradient, secondly a mineral content and pH gradient, and thirdly an
altitudinal and latitudinal gradient. In our case, the selection of a particular stream type (stream sites
above 800 m) reduced the variability of diatom assemblages and the importance of the downstream
gradient. The pollution gradient was also reduced since more than 96% of the diatom assemblages
indicated a good or very good quality according to the SPI diatom index. Therefore, system A
ecoregions reflected differences in diatom assemblages of high altitude streams.

e Conclusions

System A ecoregions derived from ecoregions proposed in the Limnofauna Europea of lllies (1978).
The map of lllies (1978) shows biogeographical regions of the aquatic fauna, essentially based on
macroinvertebrates (Wasson et al. 2001). Even if these ecoregions were not designed primarily for
diatoms they can give a first coarse framework for the biogeographical repartition of diatom
assemblages. However, some modifications should be carried out to improve the effectiveness of
this ecoregional classification. Cantonati et al. (2001), comparing assemblages from the Alps and the
Himalayas, pointed out the prominent role of cosmopolitan taxa in mountains. Similarly, in this study
several diatom assemblages occurred in different ecoregions, such as cluster 5 was present in the
Iberic region and the Western Highlands, or clusters 1, 2 and 3 present in the Pyrenees and the Alps,
and others such as clusters 7 and 8 present in all the ecoregions. This also emphasizes the
importance of widespread taxa, since similar assemblages were observed in equivalent stream types
of geographically separated mountainous areas. Hence, to improve the ecoregional system for
diatom assemblages, it might be interesting to regroup some ecoregions, which are geographically
separated but characterized by similar diatom assemblages and physical environmental descriptors
(e.g. clusters 1, 2, 3 and 5). This approach has already been applied in the United States where some
areas belonging to a unique ecoregion are geographically unconnected (Bailey et al. 1995). Our
study, focusing on high altitude streams, shows that taking into account ecoregions is necessary for
understanding of diatom occurrences. It is therefore also necessary for a better assessment of the
stream quality using benthic diatoms. This should also be tested on other stream types to confirm
our findings.
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c. Paper 2: Benthic diatom assemblages and their correspondence with
ecoregional classifications: case study of rivers in north-eastern France.
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e Abstract

Diatoms have been routinely used to monitor the ecological status of French rivers. Since 2000, this
monitoring has been carried out to comply with the Water Framework Directive. Ecoregions
corresponding to the aquatic fauna and flora of rivers were originally defined on the basis of physical
descriptors, designated "hydro-ecoregions" in France. They have since been simplified into diato-
ecoregions for diatoms. In this study, data sets for benthic diatoms from rivers in Northeastern
France were used to identify four main groups of diatom assemblages. The first such assemblage is
found in small rivers with crystalline geologies in mountainous massifs with neutral to slightly acidic
pH. The second assemblage occurs in small rivers flowing on limestone in lowland regions with an
alkaline pH. The third corresponds to the assemblage found in large rivers in limestone lowland
regions, and the fourth in highly mineralized rivers with high levels of chloride. Within each of these
main assemblages, several communities have been characterized corresponding to different levels of
pollution: from pristine to highly polluted. Multivariate analysis showed that the underlying geology
was the main factor structuring the diatom assemblages, followed by the pollution level. River size
had little impact on diatoms. Statistical tests showed that diato-ecoregions provided little
information about diatom assemblages in the studied region, whereas there was a close correlation
between diatoms and hydro-ecoregions. Nevertheless, these hydro-ecoregions did not account for
the diatom assemblages in the highly mineralized rivers. These ecoregions could be further improved
by merging the hydro-ecoregions of the crystalline mountainous massifs, all of which shared the
same diatom assemblages.

¢ Introduction

Assemblages of benthic diatoms in rivers are influenced both by environmental descriptors that are
not affected by human activities, such as the dominant geology of the river basin (Tison et al., 2004;
Cantonati, 1998; Rimet et al., 2007), the altitude of the sampling site (Ndiritu et al., 2006; Rimet et
al.,, 2007), the distance from the source (Potapova and Charles, 2002), and by others that can be
affected by human activities, such as the organic load and nutrient concentration of the water (e.g.
Van Dam et al., 1994; Kelly and Whitton, 1998; Kovacs et al.; 2006). Within this framework, benthic
diatoms have been recommended in the last several decades as an appropriate tool for pollution
assessment in rivers (e.g. Round, 1991; Coste et al., 1991; Whitton, 1991; Whitton and Kelly, 1995),
and have been routinely used throughout France since the late 1990s to indicate pollution levels of
watercourses. Several diatom indices, such as the Specific Pollution-sensitivity Index (Cemagref,
1982) and the standardized Biological Diatom Index (Lenoir and Coste, 1996; Afnor, 2000, 2007), are
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routinely used for this purpose. The number of sites sampled has increased gradually year by year,
especially in response to the strong impetus from the European Water Framework Directive
(European Commission, 2000). Since the year 2000, this Directive has required an assessment of the
ecological status of rivers using benthic diatoms.

Sampling benthic diatoms is an administrative obligation in order to comply with the requirements of
the Water Framework Directive, but it also has the advantage of providing a mass of samples that
has made it possible to develop large-scale diatom databases (e.g. Gosselain et al., 2005). These
databases can be used to elucidate the ecology and macroecology (Passy, 2007) of benthic diatoms,
and to compare the pollution assessments obtained using diatoms in different European countries
(Kelly et al., 2008). Moreover, such databases provide a new way to explore the large-scale
geographical distribution of diatom assemblages, as has been done for France (Tison et al., 2005b),
Finland (Soininen, 2004a), United States (Potapova & Charles, 2002; Pan et al., 2004), and even a
combination of several European countries (e.g. Kovacs et al., 2006; Rimet et al., 2007). Most of the
studies investigating the biogeographical distribution of diatom assemblages demonstrate the
importance of taking into account the regional distribution of diatoms, as summarized in the review
of Soininen (2007): the dispersal pattern of diatoms is far not ubiquitous.

Since 2000, the Water Framework Directive (European Commission, 2000) has taken on board this
variable distribution, which had already been demonstrated for other aquatic organisms, such as
macroinvertebrates (lllies, 1978), and now requires the ecological status to be evaluated on the basis
of ecoregions. To do this, ecoregions have been defined in various European countries. Ecoregions
reflecting the aquatic fauna and flora, are designated as "hydro-ecoregions" in France (Wasson et al.,
2002). The methodology for the definition of these “hydro-ecoregions” was based on the
classification system B proposed in the Water Framework Directive. This system requires obligatory
factors (altitude, geology, geographical coordinates) and optional parameters (morphology,
hydrology, climatic parameters). In that framework, a total of 22 hydro-ecoregions of 1** level were
defined in mainland France. To take into account more local particularities, 54 hydro-ecoregions of
2" level were defined from the 1 level hydro-ecoregions using the same methodology. A
supplementary work was carried out to test the adequacy of the 1°' level hydro-ecoregions to diatom
assemblages: based on diatom samplings carried out on the entire national river network, 11 diatom
communities in France have been identified using artificial neural network models and were
geographically located (Tison et al., 2005a). The 22 hydro-ecoregions have been related to these 11
benthic diatom assemblages, and were simplified to provide five regions (Tison et al., 2005a), known
as “diato-ecoregions”. These hydro-ecoregions and diato-ecoregions have already been tested at a
national scale, but testing their effectiveness at a regional scale is also of major interest for water
managers (Rimet et al., 2006), because this could provide greater detail at a regional scale. This has
been done in a particular ecoregion of the United States (Weilhoefer and Pan, 2006), and has led to a
critique and subsequent improvements of the ecoregional classification previously in use there. This
approach is being considered by the water managers of the Meuse, Moselle and Sarre basins, which
are located in North-eastern France.

The study reported here had three objectives. The first was to identify and describe the diatom
assemblages in the Meuse, Moselle and Sarre basins. The second objective was to define the
environmental parameters that structure diatom assemblages to the greatest extent, and the third
was to assess the match between the proposed ecoregions (hydro-ecoregions and diato-ecoregions)
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and the diatom assemblages in this region. Several clustering techniques, simple descriptive statistics
and multivariate analyses were used for this purpose.

e Material and methods

Study area

The sampling area is situated in North-eastern France (Figure 13), and measures approximately
230 km east/west and 250 km north/south. It encompasses three major river basins. First, the Meuse
basin, which is largely dominated by agriculture; the River Meuse flows for about 340 km in France,
and then continues its course in Belgium. Second, the Moselle basin, which is mostly dominated by
industrial activities; the River Moselle flows for 310 km in France; and then continues its course along
the border of Luxembourg and Germany. Third, the Sarre basin, is occupied by forestry in its upper
part, but industrial and agricultural activities in its lower part. The River Sarre flows for 130 km in
France, and then continues its course in Germany.

Belgium
%‘ Luxembourg
4

Germany

1st level hydro-ecoregions and
diato-ecoregions boundaries boundaries

2nd Jevel hydro-ecoregions

Figure 13: Location of the study area. (a) Main rivers, (b) 1st level hydroecoregions: Ardennes mountains
(crystalline geology) (1), Limestone plateaus (2), Vosges mountains (crystalline geology) (3). Diato-
ecoregions: region of low conductivities (1 and 3), region of high conductivities (2), (c) 2nd level
hydroecoregions.

From 2000 to 2005, diatoms were sampled as part of the biomonitoring program for national river

networks (RNB -Réseau National Bassin- and Rref -Réseau de Référence-). The samplings followed

the Biological Diatom Index standard (Afnor, 2007), which incorporates the European standard for

diatom sampling (Afnor, 2003), and were carried out once a year during the summer period (June -

September). Benthic diatoms were collected from at least 5 stones from the lotic parts of the
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sampling sites. The upper surface of the stones was scrubbed with a toothbrush. The samples were
fixed in 4% formaldehyde. In the laboratory, the diatom valves were cleaned using 40% hydrogen
peroxide to eliminate organic matter, and with hydrochloric acid to dissolve calcium carbonate. Clean
diatom frustules were mounted in synthetic resin (Naphrax©). At least 400 valves were counted and
identified in each sample using a light microscope with a 1000x magnification. Abundances of all
observed taxa were expressed as relative counts. The identifications and counts were carried out
using Krammer and Lange-Bertalot (1986, 1988, 1991a and b) and Krammer (2000, 2001, 2002).

The counts were carried out by different people, but to ensure a taxonomic homogeneity between
them, the counts were systematically checked and, if necessary, identified and counted again by the
author of this paper.

Physical and chemical analyses were also carried out at the same sampling sites each month. Water
temperature, dissolved oxygen, conductivity and pH were measured in the field. For NO3, NO, NH,’,
Kjeldahl nitrogen (NKJ, quantification of organic nitrogen), total nitrogen (quantification of organic
and mineral nitrogen), total phosphorus, PO,*, Na*, Ca®*, CI", K, Mg*, SO,*, Biological Oxygen
Demand (BOD), Chemical Oxygen Demand (COD), Dissolved Organic Carbon (DOC), suspended
matter, carbonates and bicarbonates, water samples were collected and analyzed in laboratory
according to standard procedures (APHA, 1995). Since diatom samplings were carried out between
June and September (low flow season), an average was calculated for each parameter between June
and September in order to have a representative value for the site corresponding to the diatom
sampling period. River width was measured in the field. For each sampling site, the Strahler rank was
defined according to Strahler (1957). This rank gives a first approximation of the size of the river, and
it was used for this purpose in this study. Strahler ranks were calculated using a geographical
information system (GIS).

Data analysis

A cluster analysis was used to define groups of samplings with similar diatom assemblages; the
Twinspan analysis (Two Way Indicator Species Analysis; Hill, 1979) was computed from the diatom
counts (expressed as percentages) with the PcOrd software (McCune and Mefford, 2006). The
pseudospecies cut-off levels used were those suggested by the software: 0, 2, 5, 10, 20.

Several MRPPs -Multi Response Permutation Procedures- (Biondini et al., 1985) were computed with
the PcOrd software (McCune and Mefford, 2006) to select the best number of Twinspan groups. This
analysis calculates an A-statistic, which is a descriptor of within-group homogeneity. This statistic
varies between -1 and 1: if the A-statistic approaches 1, the groups are completely different; if the A-
statistic approaches 0, the heterogeneity within groups equals what would be expected by chance; if
the A-statistic approaches -1 the groups are homogeneous.

A geographical information system (MapInfo©) was used to locate the groups on the studied area.
Average diatom assemblages were calculated for each Twinspan group by calculating the average
abundance of each taxon in the group. Then, the indicator taxa were defined for each group using
the Indicator Species analysis of Dufréne & Legendre (1997) with the PcOrd software (McCune and
Mefford, 2006). This analysis gives an idea of the “consistency” of each taxon for each group. This
analysis yields an index calculated on the basis of the abundance and the faithfulness of each taxon
in each group. If a taxon has a high Indicator Species analysis index in a group, then the group will be
indicated by this taxon. Moreover, this index is tested by mean of a Monte-Carlo test; the indices
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presenting a significant p value (<5%) are shown for the corresponding taxa. This analysis calculates
the indicator taxa of each group on the basis of its abundance and faithfulness in the group.

In order to determine the most structuring parameters for the 16 diatom assemblages, a forward
selection and a discriminant analysis were carried out on 22 environmental parameters
(bicarbonates, Ca, chlorides, conductivity, K', Mg®", pH, Na*, sulphate, NH,", NKJ, dissolved organic
carbon, chemical oxygen demand, biological oxygen demand, NO,’, O,, total nitrogen, NO3, PO,%,
total phosphorus, river width, altitude) and on the 16 groups. The Ginkgo program (De Caceres et al.,
2007) was used to compute these analyses. The 22 environmental parameters were standardized
before computing the analyses. The standardization was carried out by dividing the difference
between the considered value and the average value of the parameter by its standard deviation.
Finally the groups were characterized using physical and chemical parameters, and box plot graphs.
In order to comply with the requirements of the WFD, a typological system has been developed in
France, leading to the definition of several hydro-ecoregions on the basis of various parameters
(altitude, geology, river basin size, river morphology, substrate, climatology; Wasson et al., 2001;
Wasson et al., 2002). Several precision levels have been defined in these hydro-ecoregions: France
includes 22 1%-level hydro-ecoregions, which are sub-divided into 54 2" level hydro-ecoregions.
These hydro-ecoregions were then simplified into 5 diato-ecoregions to match the benthic diatoms
found in rivers by Tison et al. (2005a and b). The match between diatom assemblages and these
various ecoregional classifications were assessed by means of MRPP.

For each sample, based on its diatom composition, the diatom index of water quality, known as the
Specific Pollution Sensitivity Index (IPS; Cemagref, 1982), was calculated. This index assesses the
water quality according to 5 classes (IPS values: very bad quality < 5 < bad < 9 < intermediate quality
< 13 < good < 17 < very good). The rivers in the studied area had Strahler ranks from 1 to 6; rivers
with Strahler ranks of 1 and 2 were grouped together, as were rivers of ranks 5 and 6, also according
to Chandesris et al. (2006). The water-quality classes and the river-size classes were also compared to
the ecoregional classifications by means of MRPP.

e Results

Floristic inventories

A total of 744 samplings were carried out from 2000 to 2005, and 567 taxa were identified. For the
following statistical analyses and because of software limitations (size of the database which could be
used), a selection of the most abundant taxa was carried out: the sum of the abundance of each
taxon was calculated over the 744 samplings and the 220 taxa with the highest sum values were
selected.

Twinspan analysis and geographical location of the assemblages

The results of the MRPP computed on the Twinspan classification are shown in Figure 14. There is a
gradual increase in the A-statistic as the number of groups increases. However, the increase in the A-
statistic value was weak above 16 groups, and so a total of 16 final groups was chosen. Figure 15
shows the results of the Twinspan classification Table 5.
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Figure 14: Evolution of the A-statistic value (calculated with MRPP) with the number of Twinspan groups.
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Figure 15: Groups of samples defined on the basis of their diatom composition. The groups were calculated
using a Twinspan analysis.
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Groups 2 and 3 are plotted on a geographical map in Figure 16. A clear separation between these
two groups can be observed: group 2 corresponds to the lowland limestone region, and group 3 to
the crystalline and mountainous area. The final 16 groups are plotted on geographical maps in Figure
17, and can be recombined to form the two former groups: group 2 “diatom assemblages of
limestone regions”, and group 3 “diatom assemblages of crystalline mountainous regions”.

Table 5: Number of samples and sites constituting the 16 Twinspan final groups.

Group Number of |[Number of
identification [samples sites
16 3 6
17 63 26
18 41 27
Limestone 19 176 80
regions 20 77 37
21 95 41
22 67 26
23 65 25
24 26 11
25 85 29
Crystalline 25 2 b
mz)luntainous 27 19 8
regions 28 11 4
29 1 1
30 9 9
31 2 2
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Figure 17: Box-plot of environmental parameters for the 16 diatom assemblages. The horizontal lines across
the boxes correspond to the 25% quartile, median and 75% quartile values. The whiskers outside the box
show minimum and maximum values.
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Figure 18: Box-plot of environmental parameters for the 16 diatom assemblages. The horizontal lines across the boxes

correspond to the 25% quartile, median and 75% quartile values. The whiskers outside the box show minimum and
maximum values.
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Diatom assemblages on limestone geology

Diatom assemblages numbers 16 to 23 constitute this set; their average diatom assemblages and
indicator taxa are shown in appendix 2.

Only two of them can be considered to be of good and very good ecological quality, respectively. The
first (group 16) correspond to small streams (Strahler rank of 3) near the source (median of 12 km),
and its most indicator taxa are Achnanthidium biasolettianum, Denticula tenuis and Encyonopsis
microcephala. Several of these rivers are karst resurgences, with low PO,> and NH,* concentrations
(Figure 18). The second (group 17) correspond to large river sites (Strahler rank of 5) rather far from
the source (median distance of 218 km), and most of the sampling sites are located in the Meuse
River. Achnanthidium cf. straubianum and Cymbella excisa are its most indicative taxa. Phosphorus
concentrations at these sampling sites are relatively low (Figure 18).

Four communities are characteristic of various specific levels of pollution (groups 18 to 21). The
communities of groups 18 and 19 correspond to sampling sites with relatively high organic pollution
(median DOC of 3.8 mg I and 3.5 mg I"* for groups 18 and 19 respectively). The river sizes vary in
group 18, whereas they are mostly small to middle sized for group 19 (Strahler rank of 3 and 4). The
indicator taxon for group 18 is Nitzschia sociabilis. The most indicator taxa of group 19 are Navicula
tripunctata and Nitzschia dissipata.

The communities of groups 20 and 21 are exposed to a higher level of organic pollution (see NH," and
PO,> in Figure 18). Indicator taxon of group 20 are Platessa conspicua and Psammothidium
lauenburgianum and Navicula veneta is the indicator taxon for group 21.

Finally, diatom communities of groups 22 and 23 correspond to rivers characterized by high
electrolyte contents (see conductivity in Figure 18), and in particular, high concentrations of CI
(medians of 43 and 371 mg I"* for groups 22 and 23 respectively) and of SO,> (medians of 105 and
133 mg I'). The indicator taxa of these groups are Cyclotella atomus (group 22), Nitzschia frustulum,
N. inconspicua, Navicula recens (group 23). Three kinds of rivers can be identified in these groups.
The first kind, which in fact includes most of them, are large rivers (Strahler rank of 5) impacted by
chloride discharges from soda extraction plants; the second are small rivers (Strahler rank of 3 and 4)
with naturally high electrolyte contents, and the third are rivers downstream of coal mines
discharging water with a high SO,> content.

Diatom assemblages on crystalline geology
The average diatom assemblages and the indicator taxa of this set of assemblages are shown in
appendix 2.
The communities of groups 24 and 25 correspond to organically polluted and lightly polluted rivers
respectively (median values for PO, 0.13 and 0.03 mg I for groups 24 and 25 respectively). The
indicator taxa of these groups are Eolimna minima, Fistulifera saprophila, Sellaphora seminulum
(group 24) and Fragilaria capucina var. vaucheriae (group 25).
The communities of groups 26 and 27 are present in transition geologies: these rivers have limestone
bedrock, but their conductivities are low (median conductivity 182 uS cm™), because they are
influenced by their catchment areas, which are largely dominated by a crystalline geology. The rivers
in group 26 are more polluted than those in group 25 (e.g. PO,> concentrations of 0.10 and 0.19 mg I’
! for groups 26 and 27, respectively). Nitzschia fonticola is the most indicative taxon for group 26 and
Achnanthes subhudsonis is the most indicative taxon for group 27.
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The last four communities (groups 28 to 31) correspond to very small to small rivers with low
pollution levels (Strahler rank of 1 to 3). One of them (community 29) is constituted by a single
sampling site with a low electrolyte (52 uS.cm™) content and pH (6.5). Its community is dominated by
acidophilic taxa of the genus Eunotia (E. intermedia, E. tenella).

The communities of groups 28 and 30 correspond to small rivers (Strahler rank of 3), but can be
distinguished in terms of pollution level, even if both of them are very lightly polluted. The sampling
sites of group 30 are more polluted than those of group 28 (median of PO, 0.05 and 0.1 mg L*
respectively for groups 28 and 30). The most indicator taxa of community 28 are Psammothidium
oblongellum and P. subatomoides. Achnanthidium subatomus and Cocconeis placentula var. euglypta
are the most indicator taxon of group 30.

Group 31 corresponds to very small, unpolluted rivers (Strahler ranks 1 and 2). Taxa such as
Fragilaria gracilis, Gomphonema micropus and Diatoma mesodon are the most indicative species of
this assemblage.

Comparison of the classifications and of the importance of environmental parameters for diatom
assemblages

Comparisons of the importance of different classifications (water quality assessed using the IPS
diatom index, the diato-ecoregions, the hydro-ecoregions and the river size assessed with the
Strahler rank) for diatom assemblages are shown in Figure 19. The hydro-ecoregion classification is
the most informative for diatom assemblages; that of water quality is weaker but comparable. River
size and diato-ecoregions are much less informative in explaining variability in diatom assemblages.
The results of the forward selection and the discriminant analysis are shown in Figure 20. Fifteen
parameters out of 22 were retained by the forward selection to compute the discriminant analysis.
The results of the discriminant analysis show clearly that conductivity, pH and carbonates are the
most structuring parameters for all 16 diatom assemblages. Parameters related to pollution (NH,",
total phosphorus, dissolved oxygen, NKJ) are secondary, as are altitude and river width. Box plot
graphs of the most important parameters are shown in Figure 18.
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0.07 MW A-statistic
0.06
0.054
0.044
0.034
0.021

0.014

04

River size Diato-ecoregions IPS diatom index Hydro-ecoregions
(5 Strahlerranks) (3 regions) (5water quality classes) (7 ecoregions)

Figure 19: Comparison of the importance of different classifications for the diatom assemblages, by mean of
the A-statistic (calculated with MRPP).
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Figure 20: Discriminant analysis carried out on 22 environmental parameters and the 16 final groups. A
forward selection was realized to remove 7 redundant parameters. The canonical coefficient of the
environmental parameters on the first axis of the discriminant analysis (absolute value) are represented for
the 15 lasting parameters.

e Discussion

Diatom assemblages of the north-eastern France

Diatom assemblage of the studied river basins (Meuse, Moselle and Sarre basins) can be divided in
two main diatom biotypes. The first one corresponds to rivers flowing on limestone regions and the
second to rivers flowing on crystalline geology. Inside each type, several particular communities can
be described and typified.

Groups 16 to 23 belong to these diatom assemblages of limestone region, some corresponding to
low polluted situations (groups 16 and 17). Watercourses of group 16 are mainly small karstic
unpolluted rivers and its most indicator taxa are regularly referenced as characteristic of pristine
waters as Achnanthidium biasolettianum (Rimet et al.,, 2004) and Encyonopsis microcephala
(Reichardt, 1997). Group 17 encompassed large rivers relatively weakly polluted and flowing on
limestone in regions of low population density; its most indicator taxa Achnanthidium cf.
straubianum and Cymbella excisa are considered as indicator of good water quality by diatom indices
(e.g. Cemagref, 1982; Lenoir & Coste, 1996).

Four communities (18 to 21) correspond to rivers with various pollution levels and their indicator
taxa are characteristic of polluted waters. For instance Nitzschia sociabilis for group 18, Navicula
tripunctata, Nitzschia dissipata for group 19 are considered as mesosaprobic by Van Dam et al.
(1994); Navicula veneta for group 21 is considered as polysaprobic by Van Dam et al. (1994). Group
20 clusters small polluted rivers and its indicator taxa, Platessa conspicua and Psammothidium
lauenburgianum, were also recorded in the same kind of small polluted streams in Luxembourg
(Rimet et al., 2004).

Groups 22 and 23 gather rivers with high electrolyte contents, some of these rivers being naturally
salty (salt rock in the river basin), some being impacted by soda industries or coal mines. The
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indicator taxa of these groups, Nitzschia frustulum, N.inconspicua, Navicula recens are often
observed in brackish waters (Witkowski et al., 2000). Several rare taxa observed in these rivers, such
as Entomoneis paludosa, Pleurosira laevis, Haslea spicula, clearly indicate high levels of CI' since they
are species found in brackish water or in seawater (Witkowski et al., 2000).

Communities of groups 24 to 3lare present in rivers flowing on crystalline geology, or with a
hydrographical basin largely dominated by such kind of geology. Some of them correspond to
polluted situations as group 24 with indicator taxa (e.g. Eolimna minima, Sellaphora seminulum)
considered as pollution tolerant according to various diatom indices (Cemagref, 1982; Lenoir and
Coste, 1996).

Groups 26 and 27 regroup sampling sites on limestone bedrock, but with a basin dominated by
crystalline geology. The water conductivity of these rivers is therefore quite low compared to rivers
flowing on limestone geology since the beginning of their course. The most indicator taxa of these
groups are Nitzschia fonticola, a quite widespread taxon considered as mesosaprobic (Van Dam et al.,
1994) and an invasive taxon (Coste & Ector, 2000) Achnanthes subhudsonis recorded in base poor
rivers in Himalaya (Juttner et al. 2003).

Communities of groups 28 and 30 gather small rivers characterised by low pollution levels and most
of their indicator taxa are referenced in waters of low conductivities, Psammothidium oblongellum,
P. subatomoides, Achnanthidium subatomus (Rimet et al. 2004), Cocconeis placentula var. lineata
(Monnier et al. 2007), Gomphonema rhombicum (Ector, Iserentant & Ector, 1996).

Structuring importance of environmental descriptors for diatoms assemblages

The geology of the bedrock was an important environmental descriptor in explaining the
heterogeneity and geographical distribution of diatom assemblages in the rivers of the studied area.
This descriptor has also been shown to be determinant in other rivers: in Luxembourg (Rimet et al.,
2004), in France (Tison et al., 2004), in European mountains (Cantonati, 1998; Rimet et al., 2007), and
in the rivers of Oregon USA (Weilhoefer and Pan, 2006). Water conductivity, pH, and mineral content
such as bicarbonate are directly linked to the composition of the dominant geology in the river basin.
They were determinant in our study in explaining diatom communities, as already observed
elsewhere (Potapova and Charles, 2003; Soininen, 2004b). In his review covering more than 12
studies of stream diatom assemblages, Soininen (2007) showed that major ion concentration is a
primary structuring factor at the scale of a wide geographical range.

Nevertheless, several studies have found geology to be secondary compared to pollution, as is the
case in Spanish rivers (e.g. Tornes et al., 2007; Leira and Sabater, 2005), or in mid-Atlantic streams in
the US (Pan et al., 1999). The reason given for the relative importance of the effects of geology and
pollution on diatoms is that the human impact masks that of geology (Tornes et al., 2007). In our
study, human impact appeared to be secondary even though land use pressures are very varied in
north-eastern France: some areas are dominated by industrial activities and mining (the north of the
region), others are agricultural (the west of the region, especially in the Meuse Basin), and others
again are dominated by forestry (the east of the region, mainly in the north of the Vosges hydro-
ecoregion). The most important environmental descriptors that represented pollution in the present
study were NH," and total phosphorus. Diatom composition in polluted areas differed depending on
the geological substrate of the basin. For instance assemblage 19, present in small to medium size
polluted rivers on limestone bedrock, was dominated by Amphora pediculus, and had Navicula
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tripunctata and Nitzschia dissipata as indicator taxa. These two indicator taxa were never present at
high abundances on crystalline geologies. Diatom assemblage 24, which is also present in small to
medium size polluted rivers but on crystalline geology, was dominated by Eolimna minima and had
Naviculadicata seminulum, Craticula molestiformis as indicator taxa. This means that the impact of
geology can also be observed in polluted areas, whereas it is usually only under reference conditions
that the diatom assemblages are clearly related to geology (Tison et al., 2005b; Rimet et al., 2007).
This means that our findings are quite in disagreement with the common idea that pollution
homogenizes diatom assemblages (Pan et al.,, 2000). However, perhaps we need to consider the
possibility that geology could determine land use, and that this in turn influences water quality. A
detailed study of the agricultural practices should be made, and related to the different diatom
assemblages.

Some of the rivers in the studied area have naturally high conductivities. We found that these rivers
regularly reached conductivities of 3000 to 4000 uS cm'l, and had chloride concentrations of 500 mg
I"* (e.g. River Seille, River Sanon). The taxonomic composition of their diatom assemblages is very
different from that found in all the other rivers. These naturally salty rivers (dissolved salt in rivers
comes from geological layers containing rock salt) were assigned to diatom assemblage 23, together
with rivers impacted by mining activities for sodium exploitation. Mining activities discharge large
guantities of CaCl, and NaCl into these rivers (River Meurthe), artificially increasing conductivity over
2500 uS cm’ll with a chloride concentration over 600 mg I and a Na* concentration of over 220 mg I’
!, Upstream from these mining activities, conductivities are below 500 pS cm™, the chloride
concentration is below 20 mg I'l, and the Na* below 12 mg I"". Indicator taxa of this assemblage are
typical of such high conductivities with Navicula recens and Nitzschia frustulum considered to be
indicators of high electrolyte contents by Van Dam et al. (1994) and Krammer and Lange-Bertalot
(1986, 1988). Some taxa, such as Pleurosira laevis, Haslea spicula and Entomoneis paludosa, can be
found in these rivers, but more rarely, and are usually considered as brackish and even marine taxa
(Witkowski et al., 2000). A second diatom assemblage (n°22) is found in water with high electrolyte
contents, but is only present in rivers exposed to artificial saline pollution.

The impact of conductivity on freshwater rivers has already been thoroughly investigated, for
instance in Italy (Torrisi and Dell'Uomo, 2006; Torrisi et al., 2008), and a similar diatom flora was
found. A diatom index assessing organic pollution and the chloride content of water, has been
developed in this context in Italy (Dell'lUomo, 2004) and also in Germany (Ziemann, 1971, 1982,
1999). Mining activities in the studied area were located within a precise, restricted zone, but they
impacted on long stretches of river (see Figure 13 for the locations of the mining activities). From the
Na® extraction facilities on the River Meurthe to the country's boundary with Germany and
Luxembourg (more than 100 km downstream), the water of the river is impacted by these high
chloride concentrations. The extent of this impact in our study area explains why the structuring
effect of Na* on diatom assemblages was comparable to that of other environmental descriptors,
such as the organic and trophic pollution.

Correspondence between ecoregions and diatom assemblages

Several ecoregional classifications have been proposed to describe the natural variety of diatom
assemblages in France. The first classification was the hydro-ecoregional typology, which was
constructed on the basis of geology, geomorphology and climate Wasson et al. (2001). A total of 3
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main hydro-ecoregions (1* order hydro-ecoregions) were present in the studied area (Vosges,
Ardennes, Limestone plateaus) plus seven 2" level hydro-ecoregions. These seven 2" level hydro-
ecoregions were simplified and adapted to benthic diatoms by Tison et al. (2005a, b). Two diato-
ecoregions were present in the studied area (regions of low conductivities and regions of high
conductivities). The results clearly show that the 7 hydro-ecoregions describe the diatom assemblage
diversity well, even better than the water quality classes given by the IPS diatom index (Cemagref,
1982). These hydro-ecoregions also give a better description of diatom diversity than the river size
(Strahler ranks). In other studies, river size is often observed to be the most structuring
environmental descriptor for diatom assemblages (e.g. Potapova & Charles, 2002; Pan et al., 2000).
This has led some authors to establish diatom biotypologies for bioassessment purposes (Descy and
Coste, 1991). This complex descriptor does not have any direct influence on diatoms, but is a proxy
for several correlated parameters, such as slope or elevation, which directly influence water
turbulence or temperature for instance. These last two parameters do have direct effects on specific
diatom composition.

Even though these hydro-ecoregions seem to be appropriate; they do not account for the diatom
assemblages of the naturally-salty rivers (e.g. River Seille, River Sanon). In the hydro-ecoregions of
Wasson et al. (2001), these particular rivers are classified as the “Limestone Plateaus” hydro-
ecoregion, even though they show completely different diatom taxa from these found in the typical
diatom assemblages of limestone plateaus. Therefore a particular river type should be defined for
these rivers in order to improve the hydro-ecoregion classification of the diatom assemblages in the
Meuse, Moselle and Sarre river basins.

A second comment can be made about separating the hydro-ecoregion of “Vosges” from that of
“Ardennes”. Both these hydro-ecoregions are characterised by crystalline geologies (schist or
granite), which confer low conductivities on the water of the rivers. These two mountainous regions
display similar diatom assemblages, with indicator taxa characterising low conductivities, such as
Achnanthidium subatomus (Rimet et al., 2004), Gomphonema rhombicum (lserentant & Ector, 1996),
or slightly acidic pH, such as Psammothidium subatomoides (Manoylov, 2007). Therefore, to improve
the ecoregional classification for diatom assemblages, these two regional entities could be merged.
The second ecoregional classification tested, with two diato-ecoregions, is a simplification of the 7
hydro-ecoregions. Their accuracy for explaining the diatom assemblage diversity of the studied area
was poor, and indeed performed least well of the 4 classifications tested. The diato-ecoregions are
probably more suitable for explaining diatom assemblages at larger scale, such as the national scale.
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Diatom assemblages in the area studied display considerable diversity. This diversity and the
structure of these assemblages were mainly explained by the dominant geology of the catchments
area. The structuring effect of geology on diatoms was greater than that of pollution, since diatom
assemblages in polluted rivers still reflected the dominant geology of the basin. This finding
contrasted with that of other studies showing increasing uniformity of diatom assemblages as the
pollution level increases (e.g. Tornes et al., 2007; Leira and Sabater, 2005; Pan et al., 1999). A point to
consider in further studies is whether geology influences land use, which in turn could influence the
water quality and finally diatom assemblages of polluted areas. In several studies, river size appeared
to be a determinant factor controlling the structure if the diatom assemblages (e.g. Descy and Coste,
1991; Molloy, 1992), and the downstream effect is one of the most structuring gradients on river
diatoms (Potapova and Charles, 2002). In our study this gradient did not appear to have greater
structuring effect than geology or anthropic pressure. In our study, river size was assessed from the
riverbed width and the Strahler rank, and detected rather weak impacts. A possible explanation for
these disagreements between our findings and the other studies cited is the wide variety of
geologies encountered in the area studied (sedimentary and crystalline geologies).

The step, in which the most important structuring parameters and the main diatom assemblages
were identified, was necessary to understand the tests of the different ecoregional classifications.
The diato-ecoregions tested gave rather poor concordance with the diatom assemblages of the
studied area. They only matched the first two groups defined in the Twinspan analysis. The diato-
ecoregions are probably more suitable for describing diatom assemblages at the national scale
(France) than at a more local scale. The hydro-ecoregions provided good results, and gave a good
idea of the distribution of diatom assemblages in the Meuse, Moselle and Sarre catchment basins.
Nevertheless they could be improved by merging the hydro-ecoregions of the Ardennes and the
Vosges massifs, which have the same geologies and river morphologies, and the same reference
diatom assemblages. In contrast, another hydro-ecoregion should be created to take into account
the rivers with high conductivities flowing over naturally salted geologies, which have very distinctive
diatom floras, which are known and have been thoroughly investigated (Pierre, 1968, 1970, 2001).
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3. Taxonomic resolution and life-forms in diatom biomonitoring
a. Preamble and major results

¢ Introduction

Diatoms are extremely diverse. In 1996 Mann & Droop (1996) estimated the number of taxa to be
around 100,000. Recent studies based on the biological concept of species and on molecular
approaches have revealed cryptic diversity within many diatom species complexes, such as
Sellephora pupula (Evans et al., 2008; Mann et al., 2004), Nitzschia palea (Trobajo et al., 2009),
Navicula cryptocephala (Poulickova et al., 2010), and N. phylepta (Vanelslander et al., 2009). More
conventional studies based on morphological approaches have revealed tremendous diversity within
well known species complexes such as Achnanthidium minutissimum (Ector, 2011), and Amphora
copulata (Levkov, 2009). The number of diatom taxa estimated in the late 1990s now surely needs to
be revised upwards.

The diversity and composition of benthic diatom assemblages in rivers are both influenced by the
geological context (Tison et al., 2004), latitude (Vyverman et al., 2007), altitude (Ndiritu et al., 2006;
Rimet, 2009), river size (Potapova & Charles, 2002) and by factors influenced by human activities,
such as organic matter and nutrient concentrations (e.g. Van Dam et al., 1994; Rott et al., 1997;
1998). This diversity and their relationships with pollution make diatoms an excellent bioindicator.
Numerous diatom indices (see review of Ector & Rimet, 2005) and calibration models (e.g. Winter &
Duthie, 2000; Ponader et al., 2008) have been developed for assessing ecological conditions in rivers.
Most of the existing bioassessment tools are based on identifying species or sub-species and on
determining their abundance in biofilms, with the exception of a few that are based on genus-level
identifications (Rumeau & Coste, 1988; Wu, 1999; Chessman et al., 1999).

Diatom identification requires lengthy training, and the frequent changes in nomenclature can often
frighten ecologists (Kociolek & Stoermer, 2001). For instance, 356 new taxa and taxonomic
combinations were recorded in 2009 according to the Catalogue of Diatom Names of the California
Academy of Sciences (http://research.calcademy.org). The question of what level of taxonomic

resolution to choose has long been debated in macroinvertebrate bioassessment, and some authors
claim that species determination should be viewed as the gold standard, mainly on the grounds of
tradition (Carter & Resh, 2001). Moreover some disadvantages of using a precise taxonomic
resolution for river quality assessment have been highlighted (Jones, 2008), and in some cases it does
not enhance the assessment. For diatoms, the appropriate level of taxonomic resolution is still
debated. Identification difficulties can be seen as limiting their use as routine indicators (Zampella et
al., 2007), but it may be possible to reduce the number of species without impairing the assessment
(DeNicola, 2000). Even if some taxa with similar ecologies and morphologies are merged, the diatom
indices still display a good capacity to assess river pollution (Lenoir & Coste, 1996). Comparison of
genus- and species-level resolution has demonstrated the efficacy and robustness of using the genus
for bioassessment (Growns, 1999; Wunsam et al., 2002). On the other hand, the importance of using
a fine resolution has also been stressed (Ponader & Potapova, 2007), and differing ecologies have
been observed between cryptic species within species complexes (Vanelslander et al., 2009).
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Diatoms exhibit an interesting diversity of life-forms and cell sizes that merit investigation in relation
to water pollution. Using such biological metrics can provide useful information about the structure
and architecture of river biofilms. Moreover these metrics are often characteristic of entire genera or
families, and can therefore provide another way of drastically reducing the need for taxonomic
precision. The relationships between diatom life-forms and nutrient levels are well established in
experimental contexts (Hoagland et al., 1982; Pringle, 1990), but have never been tested in situ on
large areas. Relationships between cell size and the availability of resources have been observed for
both phytoplankton and periphyton (Cattaneo et al., 1997; 1998; Wunsam et al., 2002), but failed to
provide any interesting data for river quality assessment in some Canadian studies (Lavoie et al.,
2010). Finally, Passy (2007) defined ecological guilds of diatoms, the abundance of which is
controlled by physical disturbance (water turbulence) and nutrient enrichment. These ecological
guilds include diatom species of different genera or families which are able to resist similar
environmental perturbations.

Our objectives were to explore alternative ways of assessing river quality to the tools based on
classical species pollution-sensitivity. Two main objectives were addressed:

1- We wanted to assess the influence of reducing taxonomic resolution on bioassessment in
terms of three goals :

O First, the reduction of taxonomic resolution should alter the description of the
composition of the assemblage.

0 Second, since some metrics that drastically reduce taxonomic information exhibit
some relationship with nutrient enrichment (Passy, 2007) we hypothesized that
coarser taxonomic resolution may assess environmental parameters, such as
nutrient, organic matter and mineral content, just as well as finer resolutions.

0 Third, river size and ecoregion are important factors to be considered in diatom
bioassessment (e.g. Pan et al., 2000; Potapova & Charles, 2002; Tison et al., 2005).
When taxonomic composition is discussed in research papers, the differences are
usually described at species level. We hypothesize that ecoregional classifications
can be expected to correlate more closely with a precise taxonomic resolution, and
river size with diatom assemblages at a coarse taxonomic level.

2- We wanted to explore the assessment capacities of life-forms, cell sizes and ecological guilds
in a large in situ area. Two objecti