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“Few objects are more beautiful than the minute
siliceous cases of the diatomaceae: were these
created that they might be examined and admired

under the higher powers of the microscope?”

Charles Darwin
The Origin of Species, 1872
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SUMMARY

GENERAL INTRODUCTION

Algae and cyanobacteria are the most important groups of primary producers in
streams. Algae are a highly diverse group of organisms that have important functions in
aquatic habitats. Benthic algae are those primary producers that live on or in
association with substrata (Stevenson 1996a). Water chemistry, light availability,
variations in temperature, current velocity, or substrata type are the environmental
variables that most affect benthic algal communities. Benthic algae, along with
bacteria, fungi and protozoa make consortia of phototrophic and heterotrophic
microorganisms that are embedded in a mucilage matrix, and therefore function as a
community highly efficient in capturing and processing nutrients, the biofilm.
Bioassessment is an appropriate alternative of physicochemical discrete analysis for
fluvial water quality assessment. Biological communities integrate the environmental
effects of water chemistry, along with the physical and geomorphological
characteristics of rivers and lakes (Stevenson & Pan 1999). Diatoms have been proved
to be effective biological indicators of aquatic systems in several studies in Europe (e.g.
Kelly et al. 1998, Prygiel et al. 2002).

Seasonality and variability in rainfall is the principal attribute of the Mediterranean-type
climate (Gasith & Resh 1999), where stream communities undergo an annual cycle of
a sequence of biotic and abiotic regulation, which is a unique characteristic of
Mediterranean-type streams (Gasith & Resh 1999).

Diversity in local communities can be regulated by local factors (such as competition,
disturbance and abiotic conditions) as well as by regional factors (such as history of
climate, evolution and migration) (Hillebrand & Blenckner 2002). Human activities act to
change both local and regional variables, leading to impacted biological communities.
In this context, the present study wants to elucidate the distributional patterns of diatom
communities in Mediterranean rivers over different spatial and temporal scales. Thus,

different approaches are studied in the different chapters.

GENERAL MATERIAL AND METHODS

The study has been developed in Catalonia (NE Iberian Peninsula) which has an
important spatial heterogeneity determined by its geomorphological and climatic
diversity. The sites studied ranged from siliceous high-mountain fluvial systems to
coastal streams, passing through calcareous and siliceous Mediterranean fluvial
systems. These sites were selected to cover a wide range of fluvial typologies with

different levels of human disturbance.
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Sampling was conducted during summer (July-August) 2002 and spring (May-June)
2003 (but see Chapter 5). Sampling and counting followed CEN standards (2000,
2001). The available environmental data for the sampling sites included both water

chemistry and physical characteristics.

CHAPTER 1. INDICATOR TAXA OF BENTHIC DIATOM COMMUNITIES: A CASE
STUDY IN MEDITERRANEAN STREAMS

A survey of 152 streams and rivers sites in NE Iberian Peninsula encompassing
different watersheds was investigated with the objective to determine indicator taxa for
different ecological statuses of streams and rivers and identify type-specific taxa for
high-ecological status.

Four groups of stream types were defined by means of ordination analysis and
classification techniques. Group 1 included unpolluted siliceous high-mountain
headwaters sites mostly in streams of the Wet Mountain region; a second group
consisted of sites in moderately enriched and mineralized waters, which included most
of the river types previously defined in Catalonia, with overlapping of nearly natural and
slightly impacted sites; group 3 accounted for sites in highly polluted lowland streams
mostly in the Dry Mediterranean region; and finally, group 4 consisted of mineralized
and mid-altitude mountain headwaters mostly located in the Mediterranean Mountain
region. The type-specific diatom taxa for the stream types studied were determined by
using indicator species analysis (IndVal). The type-specific taxa from near-natural
streams were coincident with the indicator taxa for high ecological status.

Overall, the diatom communities in NE Iberian Peninsula exhibited a regional
distribution pattern that closely corresponded with that observed in river systems
elsewhere. Differences in diatom community composition were more evident among
relatively undisturbed sites, disturbances leading to the homogenization of the

communities over wide areas.

CHAPTER 2. CLASSIFICATION STRENGTH OF REFERENCE CONDITIONS. ARE
BIOLOGICAL CLASSIFICATIONS OF STREAM BENTHIC DIATOM COMMUNITIES
CONCORDANT WITH ECOREGIONS?

Sites with no perturbation were analysed separately to assess the performance of the a
priori classification systems of stream sites. Thus, different a priori classification
systems for reference condition sites were checked for their relative effectiveness, and

they were later compared to the biological classification, based only on diatom
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communities’ data. These were the ecoregional and subecoregional classification
based on geomorphology and water flow; the watershed as a unit, irrespectively of its
size; and a classification based on the geographical distance between sites, based on
the assumption that biological characteristics are increasingly similar in geographically
closer sites. This analysis was performed in the 31 reference sites from the data set in
summer 2003.

The global classification strength showed that the ecoregional and the subecoregional
classification were the most robust classifications after the classification based only on
diatom community, which, as it was expected, had the highest classification strength.
Although differences between ecoregions and subecoregions were very subtle in the
classification, the ecoregional classification has the strongest classification system for
reference conditions in the studied area. Watershed (hydrological units) classification
was significant though weaker than the typological classifications, possibly as a
consequence of the larger environmental variation within the watershed when
compared to ecoregions. However, spatial factors and patterns in diatom structure at
the reference sites did not indicate a significant strength, implying that the
geographically close sites were not necessarily biologically more similar.

Since local in-stream factors seem to be at least as important as geographical factors
in explaining diatom distributions at reference sites, a combination of regional
classification based on more local environmental features might provide the most

robust framework for diatom-based classification of streams.

CHAPTER 3. DISTRIBUTION OF DIATOM COMMUNITIES ALONG
ENVIRONMENTAL GRADIENTS IN MEDITERRANEAN STREAMS. APPLICATION
AND USEFULNESS OF DIATOM INDICES

The responses of the diatom communities to the gradients of environmental variables
were evaluated with regard to the usefulness of three diatom indices. For this, 73 sites
from the whole data set were selected, those with the most completed environmental
data set.

Gradient analyses were used to analyse the community structure and the major
ecological gradients underlying the variation in species composition. Two major
gradients were evident. Distribution of diatom communities was defined by a first
gradient from headwaters to lowlands, which arranged sites from oligotrophic highland
sites (where the genera Achnanthes, Cymbella and Denticula dominated the
community), to low elevation sites located in densely populated, highly industrialized or

agricultural areas (where communities were dominated by the genus Navicula). The
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second gradient expressed geochemical and water temperature differences, and
separated sites with high calcium content and higher temperatures (dominated by the
genus Cymbella) from those of low mineralization and low temperatures (dominated by
the genus Diatoma).

The three applied diatom indices, IPD, IBD and CEE, reliably assessed the water
quality of the sites, although they did not properly reflect the special situations of
Mediterranean streams, like the calcareous headwaters. However better correlations
with environmental variables were observed with IPS and IBD, though IBD
underestimate or overestimate particular situations in the studied Mediterranean
streams. Because of this the IPS was suggested as the best index to assess water
quality at the studied sites in the region. A recent intercalibration work has proved to be
a suitable exercise for the Mediterranean region in Europe, but further investigation is
stil needed to develop a powerful tool to biomonitor river systems across

Mediterranean region.

CHAPTER 4. DIVERSITY PATTERNS OF BENTHIC DIATOMS IN
MEDITERRANEAN RIVERS

It was necessary to define the factors that determined the longitudinal distribution of
diversity in the benthic diatom communities at a watershed level. For this purpose 3
watersheds from the regional approach were selected in this chapter. The aim was to
determine if there existed any regularity in the diatom diversity between the 3 rivers or,
on the contrary, there was a different model for each river. Diversity patterns were
studied approaching diversity at three levels, y-, a- and B-diversity. The diversity of the
whole watershed was considered as the y-diversity, the diversity of the different
sampling points studied along the longitudinal section as the a-diversity, and finally, the
species turnover between points as the B-diversity.

The results of this chapter indicated that the a-diversity pattern for the Ter watershed
was comparable with that of the Segre in summer and in spring. The a-diversity
showed a consistent increase from the headwaters to the middle stretches, and a
decrease towards the lower parts of the rivers, though these differences were not so
evident in spring. The Llobregat River followed a completely different pattern from that
of the Ter and Segre Rivers. The degree of pollution governed the diversity patterns in
this watershed and masked the physiographic effects. In the three watersheds, the 3-
diversity followed an inverse pattern than that of the a-diversity. However, in the
Llobregat watershed in summer the a-diversity remained constant from the middle

stretches but the turnover of species between habitats incremented or decreased.
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Under natural conditions, the stream habitat is highly heterogeneous, but
contamination causes habitat degradation and homogenization, which is detected by a

loss of species turnover between habitats and a community saturation of species.

CHAPTER 5. THE EFFECT OF HABITAT ON THE DISTRIBUTION OF BENTHIC
ALGAE AND CYANOBACTERIA IN A FORESTED STREAM

The study at the habitat level was approached in Fuirosos, a Mediterranean forested
stream. Thus, it was examined the influence of environmental variables with respect to
purely spatial factors on the distribution of algal and cyanobacterial communities in
winter (December) 2005 and spring (May) 2006, and two reaches differing in canopy
cover were selected.

Analyses revealed that the major determinants of the distribution of species were the
variations in environmental variables. Light availability as well as local hydraulic
conditions and substrata type were the main factors accounting for the algal and
cyanobacterial distribution. The factors affecting distribution varied between periods.
This suggested that some species are environmentally demanding only under certain
conditions, while others show a wider tolerance to environmental conditions.

The results of this chapter demonstrated the importance of habitat heterogeneity to
benthic community distribution in a small stream and the effect of the habitat diversity

on the structure of these communities.
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RESUM

INTRODUCCIO GENERAL

Les algues i cianobacteris sén els grups més importants de productors primaris en rius.
Les algues s6n un grup molt divers d’organismes que tenen importants funcions en els
ambients aquatics. En concret, les algues bentdoniques son aquells productors primaris
que viuen sobre o0 en associacié amb el substrat (Stevenson 1996a). La composicio
quimica de l'aigua, la disponibilitat de llum, les variacions de la temperatura i de
velocitat del corrent, o el tipus de substrat sén variables ambientals que més afecten
les comunitats d’algues bentdniques. Les algues bentoniques juntament amb els
bacteris, fongs i protozous conformen un consorci de microorganismes fototrofics i
heterotrofics dins una matriu mucilaginosa, i que per tant funcionen com una comunitat
molt eficient en la captura i processat de nutrients, el que hom anomena biofilm.
L’avaluacié biologica és una alternativa apropiada a les analisis fisicoquimiques pel
que fa a l'avaluacio de la qualitat de I'aigua dels rius, ja que les comunitats bioldgiques
integren els efectes ambientals de la quimica de l'aigua, a més de les caracteristiques
fisiques i geomorfologiques de rius i llacs (Stevenson & Pan 1999). Les diatomees han
estat proposades com a indicadors biologics efectius dels sistemes aquatics en
diferents estudis que s’han realitzat a nivell Europeu (e.g. Kelly et al. 1998, Prygiel et
al. 2002).

L’estacionalitat i la variabilitat en el régim de pluges és la principal caracteristica del
clima mediterrani (Gasith & Resh 1999), on les comunitats fluvials estan sotmeses a
un cicle anual d’'una seqiéncia de regulacio biodtica i abidtica, una caracteristica Unica
d’aquests sistemes.

La diversitat de les comunitats bioldogiques pot ser regulada tant per factors locals
(com la competicié o les condicions abidtiques) com regionals (com la historia del
clima) (Hillebrand & Blenckner 2002). Les activitats humanes actuen de manera que
canvien tant aquestes variables locals com regionals, conduint a comunitats
impactades.

En aquest context, doncs, el proposit d’'aquesta tesi és posar de manifest els patrons
de distribucio de les comunitats de diatomees en rius mediterranis en diferents escales
espacials i temporals. D’aquesta manera, en els diferents capitols s’estudien diferents

aproximacions.
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MATERIAL | METODES GENERALS

L’area d’estudi, Catalunya, té una important heterogeneitat espacial determinada per la
seva diversitat geomorfoldgica i climatica. Tot el conjunt de punts estudiats en aquesta
tesi formen un rang des de rius silicics d’alta muntanya a torrents litorals, passant per
rius mediterranis calcaris i silicics, i han estat seleccionats per a cobrir un rang ampli
de tipologies fluvials i diferents nivells de pertorbacié humana.

El mostreig es va dur a terme durant I'estiu (juliol-agost) de 2002 i la primavera (maig-
juny) de 2003 (perd veure capitol 4). El mostreig i el comptatge es van realitzar seguint
els estandards CEN (2000, 2001). Les dades recollides per als punts mostrejats

inclouen tant caracteristiques quimiques com fisiques.

CAPITOL 1. ESPECIES INDICADORES DE COMUNITATS DE DIATOMEES
BENTONIQUES. UN CAS D’ESTUDI EN RIUS MEDITERRANIS

En aquest primer capitol, per tal d’estudiar Catalunya a nivell regional, es van
investigar 152 rius i rieres que englobaven diferents conques amb [l'objectiu de
determinar les espécies indicadores per als diferents estatus ecoldgics d’aquests rius i
rieres i identificar els taxons especifics per a un estatus ecologic elevat.

Es van definir quatre grups de tipologies fluvials mitjangant analisis d’ordenacié i
técniques de classificacio. El grup 1 incloia capgaleres d’alta muntanya silicies i sense
contaminacio, la majoria de les quals es troben dins la regié Muntanya humida; el
segon grup consistia en punts d’aiglies moderadament enriquides i mineralitzades, que
incloia la majoria de tipologies fluvials definides a Catalunya, amb solapament
d’estacions gairebé de condicions naturals i lleugerament impactades; el grup 3
representava punts de poca elevacié altament contaminats que es troben
principalment a la regié de Zona baixa mediterrania; finalment, el grup 4 consistia en
capcaleres de muntanya mitjana mineralitzades, la majoria localitzades a la regi6 de
Muntanya mediterrania. Els taxons especifics per a les tipologies fluvials trobades es
van determinar utilitzant I'analisi d’espécies indicadores (IndVal). Els taxons especifics
dels rius de condicions gairebé naturals eren coincidents amb els taxons indicadors
d’estatus ecologic elevat. En general, les comunitats de diatomees de Catalunya van
exhibir un patré de distribucié regional que correspon amb els patrons observats en
altres sistemes fluvials d’arreu. Les diferéncies en la composicié de les comunitats de
diatomees eren més evidents entre punts relativament no contaminats, aixi les

pertorbacions porten a una homogeneitzacié de les comunitats en grans arees.
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CAPITOL 2. SOLIDESA DE LA CLASSIFICACIO DE LES CONDICIONS DE
REFERENCIA. LES CLASSIFICACIONS BIOLOGIQUES DE DIATOMEES
BENTONIQUES FLUVIALS CONCORDEN AMB LES ECOREGIONS?

Es van estudiar per separat els punts que no presentaven cap tipus de contaminacio
per tal d’avaluar el comportament de diferents sistemes de classificacid de les
condicions de referéncia a priori, que van ser comparats després amb la classificacio
biologica, basada només en les comunitats de diatomees. Aquests van ser la
classificacid per ecoregions i subecoregions, basades en geomorfologia i cabal; les
conques com a unitat, independentment de la seva mida; i la classificacié basada en la
distancia geografica, basada en el supdsit que es déna un increment en la similitud
bioldgica en llocs propers geograficament. L’analisi es va realitzar en 31 punts de
referéncia ja estudiats al capitol 1 (mostres recollides la primavera de 2003).

Els resultats van mostrar que la classificacié més solida era la classificacié ecoregional
i la subecoregional, després de la classificacio bioldgica, que com era d’esperar va ser
la classificaci6 més forta. Tot i que les diferéncies entre les ecoregions i les
subecoregions en la classificacié eren molt subtils, es pot dir que la classificacié per
ecoregions era la més solida en la classificacié d’estacions de referéncia de l'area
d’estudi. La classificacid per conques era significativa perd no tant robusta, degut
potser a la gran variacié ambiental entre conques comparat amb les ecoregions. Els
resultats, a més, van semblar indicar que les comunitats de punts geograficament
propers no eren necessariament més similars.

Ja que els factors local en rius sén tant importants com els factors geografics en
explicar la distribucié de diatomees en punts de referéncia, la combinacié d’una
classificacid regional basada en més caracteristiques ambientals locals podria

proporcionar el marc més robust per a la classificacio de rius basada en diatomees.

CAPITOL 3. DISTRIBUCIO DE LES COMUNITATS DE DIATOMEES EN
GRADIENTS AMBIENTALS. APLICACIO | UTILITAT D'INDEXS DE DIATOMEES

En aquest capitol es va dur a terme una altra aproximacié a nivell regional per a
avaluar la resposta de les comunitats de diatomees als gradients ambientals i provar la
utilitat de tres indexs de diatomees. Es van escollir 73 punts dels ja estudiats, que
eren els presentaven una base de dades ambientals més completa.

Els resultats van determinar dos gradients principals de distribucié de les comunitats
de diatomees. El primer gradient ordenava els punts de capcgalera a desembocadura,

on els géneres Achnanthes, Cymbella i Denticula dominaven les comunitats de punts
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d’alta muntanya i oligotrofics, i el génere Navicula ho feia en els punts de poca altitud
localitzats en zones densament poblades, industrialitzades o bé arees agricoles. El
segon gradient estava relacionat amb les caracteristiques fisiografiques, on en punts
d’aigies amb elevada temperatura i alt contingut de calci dominaven espécies del
génere Cymbella, i en punts d’aiglies de baixa mineralitzacié i baixa temperatura
dominava el génere Diatoma.

Es van aplicar tres indexs de diatomees, I'IPS, I'IBD i el CEE, que van demostrar ser
uns bons indicadors de la qualitat de I'aigua, tot i que fallen en situacions especials
dels rius mediterranis com son les capgaleres calcaries. Les millors correlacions amb
les variables ambientals es van obtenir amb els index IPS i IBD, pero finalment es
proposa I'lPS com al millor indicador ja que I'IBD subestima o sobreestima situacions
determinades. La intercalibracié engegada a la regid6 mediterrania a nivell europeu,
doncs, es presenta com a un exercici util, perd cal treballar més a fons per a

desenvolupar una eina potent de biomonitoreig a nivell mediterrani europeu.

CAPITOL 4. PATRONS DE DIVERSITAT DE DIATOMEES BENTONIQUES EN RIUS
MEDITERRANIS

A nivell de conca era necessari definir els patrons que determinaven la distribucié
longitudinal de les comunitats de diatomees en termes de diversitat. Per a aixd es van
seleccionar 3 conques de les ja estudiades en altres capitols, la conca del Ter, del
Llobregat i del Segre, amb I'objectiu de determinar si existia alguna regularitat pels tres
rius o bé cada un tenia un model diferent. Els patrons de diversitat es van estudiar a
tres nivells, considerant la diversitat gamma (y) com la diversitat de tota la conca, la
diversitat alfa (a) com la diversitat dels diferents punts estudiats al llarg de la conca i la
diversitat beta (B) com el recanvi d’espécies entre aquests punts.

Els resultats d’aquest capitol van mostrar que el Ter i el Segre tenien uns patrons de
diversitat comparables, tant a l'estiu com a la primavera. La diversitat a va
experimentar un augment progressiu des de la capgalera als trams mitjos, i després un
descens cap a les parts baixes, tot i que a la primavera aquestes diferéncies eren
menys evidents. El Llobregat, en canvi, presentava un patré completament diferent.
L’elevat grau de contaminacié present en aquesta conca sembla que governava la
distribucio de la diversitat i emmascarava els efectes fisiografics. La diversitat 8 seguia
en tots els casos un patro invers a la diversitat a, excepte al Llobregat on la diversitat o
es va mantenir constant en els trams baixos mentre la diversitat  tendia a disminuir.
D’aquests resultats es conclou que sota condicions naturals I'habitat fluvial és molt

heterogeni, perd la contaminacié provoca homogeneitzacié i degradacié d’aquests
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habitats que es detecta en una pérdua de recanvi d’espécies entre habitats i una

saturacio d’espécies de la comunitat.

CAPITOL 5. L’EFECTE DE L’HABITAT EN LA DISTRIBUCIO D’ALGUES |
CIANOBACTERIS BENTONICS EN UNA RIERA FORESTADA

L’estudi a nivell d’habitat es va realitzar a Fuirosos, una riera mediterrania forestada.
Es va examinar la influéncia de les variables ambientals respecte els factors purament
espacials en la distribucié d’algues i cianobacteris en dos moments diferents, I'hivern
(desembre) de 2005 i la primavera (maig) de 2006, i per a aixd es van escollir dos
trams de la riera que diferien en la disponibilitat de llum que entra al canal.

Les analisis van revelar que els principals determinants de la distribuciéo d’espécies
eren variacions ambientals. La disponibilitat de Illum aixi com les condicions
hidrauliques locals o el tipus de substrat van resultar ser els principals factors de
distribucidé de les comunitats, tot i que afectaven les espécies de manera diferent en
cada moment estudiat. Aixd va suggerir que algunes espécies sén ambientalment
exigents només sota determinades condicions, mentre que d’altres tenen una
tolerancia més amplia a les condicions ambientals.

Els resultats d’aquest capitol demostren la importancia de I'’heterogeneitat de I'habitat
en la distribucié de les comunitats bentoniques en una riera de dimensions petites i

I'efecte de la diversitat de I'habitat en I'estructura d’aquestes comunitats.
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BENTHIC PRIMARY PRODUCERS IN STREAMS

Algae and cyanobacteria are the most important groups of primary producers in
streams. Algae are a highly diverse group of organisms that have important functions in
aquatic habitats. Benthic algae are those primary producers that live on or in
association with substrata (Stevenson 1996a). Most of benthic algae in freshwater
habitats are green algae (Chlorophyta), diatoms (Bacillariophyta), and red algae
(Rhodophyta). Benthic algae are widely considered to be the main source of energy for
higher trophic levels in many, if not most, unshaded temperate region streams (e.g.
Minshall 1978). Moreover, they sequester inorganic nutrients (Mulholland 1996) and
labile organics (Tuchman 1996), helping to purify stream water (Vymazal 1988). In river
ecosystems, water chemistry, light availability, variations in temperature, current
velocity, or substrata type are potentially environmental variables affecting benthic algal
communities. The variability of these environmental characteristics, plus the biological
interactions, cause habitats for river algae to differ and this might be reflected in their
community structure even at the habitat scale (Walker et al. 1999, Cardinale et al.
2000). Algae show a wide variety of mechanisms to attach to the substratum, being
stalks, sticky capsules, filaments, pads, glue or simply clinging to the substratum. Also
the shape varies from simple, non-motile cells to motile, multicellular,
filamentous structures (Azim & Asaeda A
2005). The main growth form or

morphology in  stream  benthos,

excluding benthic diatoms, is colonial or

filamentous. Many of the green algal

filaments are individually macroscopic,

whereas most of other algae are only

macroscopically evident in multicellular
.D.O :A Inorganic  Light (UV, PAR)

masses (Stevenson 1996a). Benthic nutrients

algae along with bacteria, fungi and POM\\\ [ //Téf%

protozoa make consortia of

phototrophic and heterotrophic q\ \’\% ﬁ’_k i’ '
microorganisms that are embedded in a
mucilage matrix, and therefore m— Eps A g Y Extracelluar enzyme

functioning as a community highly ' Cyanobacteria &~ Fungi ®rcoma == Bactria
Fig. 1. A) Natural biofilm. B) Biofilm structure,

efficient in capturing and processing
biotic and abiotic interactions are represented

nutrients, the biofilm (Fig. 1). (modified from Pusch et al. 1998).

29



GENERAL INTRODUCTION

THE USE OF DIATOMS IN FLUVIAL BIOASSESSMENT

Physicochemical analyses have proved to be useful indicators of water quality,
although fail to detect changes over a longer time scale, and do not necessarily reflect
the ecological state of the system since they do not integrate ecological factors such as
those altering the physical environment. Bioassessment is an appropriate alternative to
the purely chemical analyses since biological communities integrate the environmental
effects of water chemistry, along with the physical and geomorphological
characteristics of rivers and lakes (Stevenson & Pan 1999). The short generation time
of microorganisms make them appropriate early warning indicators of changes
occurring in aquatic habitats (Sabater & Admiraal 2005). Diatoms usually account for
the highest number of species among the primary producers in aquatic systems (Pan
et al. 1999) and quickly react to environmental changes (Sabater et al. 1988, Rott
1991). Their structural elements in the siliceous cell wall allow reliable taxonomic

determination at specific and sub-specific level (Fig. 2).

Fig 2. Diatoms. A) Cymbella minuta, B) Achnanthes minutissima, C) Nitzschia fonticola, D) Cyclotella
meneghiniana, E) Rhoicosphenia abbreviata, F) Gomphonema clavatum, G) Navicula cryptotenella. Scale
bar =10 pm.

They have been used as indicators of pH, salinity, nutrients as well as toxicity. Thus,
diatoms have been proved to be effective biological indicators of aquatic systems in

several studies in Europe (e.g. Kelly et al. 1998, Prygiel et al. 2002). Also they have
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been considered in the European Framework Directive (European Commission 2000)
as one of the biological quality elements in the definition of ecological status. The
information provided by diatom communities may be understood by different
approaches. On one hand, diatom indices constitute a way of summarizing the
information provided by the autoecological preferences of the taxonomic composition of
the diatom community (Sabater & Admiraal 2005). Several indices have been created
and tested mainly in central and northern European rivers (Lange-Bertalot 1979, Coste
in CEMAGREF 1982, Descy & Coste 1990, Lenoir & Coste 1996). Recently, different
exercises of Intercalibration between different geographical European groups have
been started within the Water Framework Directive (WFD). On the other hand,
multivariate techniques are powerful methods to assess the important environmental

gradients regulating community composition (Soininen 2002).

MEDITERRANEAN STREAMS

Streams in Mediterranean-climate regions (areas surrounding the Mediterranean Sea,
parts of western North America, parts of west and south Australia, south-western South
Africa and parts of central Chile) are physically, chemically, and biologically shaped by
sequential, predictable, seasonal events of flooding (late fall-winter) and drying (late
summer-early fall) over an annual cycle. Seasonality and variability in rainfall is the
principal attribute of the Mediterranean-type climate (Gasith & Resh 1999). On all
continents, certain coastal regions in the middle latitudes, most extending between 30°
and 40° north and south of the equator, are governed by a symmetrical atmospheric
circulation that produces a climate characterized by mild, wet winters and hot, dry
summers (Aschmann 1973). The marine influence keep winter temperatures mild, with
mean monthly minima ranging from about 8° to 12 °C, and frost infrequent except at
high elevations or well inland; summer mean monthly maxima usually vary between
18° and 30° C (Dell et al. 1989). Mediterranean regions are often rugged and have a
marked change in elevation (except for Australia); therefore headwaters of some
streams may be in high elevation areas where climate is wetter and colder than typical
Mediterranean (e.g. Ter River in Spain, Sabater et al. 1995), the upper courses being
partially subjected to a snow-fed regime. In these cases, streams may exhibit a
bimodal flow pattern, one after rain in fall and the other after snow melt in spring. All the
described characteristics influence the stream biota and their interaction with
environment. That is, stream communities undergo an annual cycle where abiotic
(environment) controls dominate during floods after which, where discharge declines,

biotic (predation, competition) controls may become important. If there is extreme
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drying or desiccation, abiotic regulation returns. The sequence of biotic and abiotic
regulation is a unique characteristic of Mediterranean-type streams (Gasith & Resh
1999).

Fig. 3. Mediterranean streams in Catalonia (NE Iberian Peninsula). Tordera (A), Segre (B), Freser (C) and
Ges (D) Rivers.

THE IMPORTANCE OF INTEGRATIVE ECOLOGICAL SCALES

The physical characteristics of river systems can be investigated at spatial scales
ranging from the individual particle to the entire drainage watershed and over equally
broad temporal scale (Frissell et al. 1986, Fig. 4). This spatial-temporal framework

likely has meaning for the biota (Fig. 5).
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Fig. 4. An approximate spatial and temporal scale over which physical change takes place in rivers (From
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Running waters are naturally open, as well as hierarchical and heterogeneous
ecosystems. This heterogeneity is expressed in physical, chemical and biological
elements across multiple spatial and temporal scales, which are linked. The
hierarchical system of running waters consist of streams systems, stream segments
and reaches within streams, pool-riffle sequences within reaches and microhabitats
within pools or riffles (Frissell et al. 1986, Fig. 5). Benthic algae present a considerable
heterogeneity of biomass and species composition prevailing at these multiple spatial
and temporal scales. The growth and success of benthic algae in streams is the
outcome of complex interactions between hydrological, chemical and biotic factors
(Biggs 1996). Proximate variables, variables directly controlling accrual and loss, like
discharge regime and water quality, are controlled by higher-scale environmental
features of catchments, ultimate variables, such as their topography, slope, land-uses
and vegetation (Biggs et al. 1990). Human activities act to change both proximate and
ultimate variables, leading to impacted biological communities. Diversity in local
communities can be regulated by local factors (such as competition, disturbance,
abiotic conditions) as well as by regional factors (such as history of climate, evolution
and migration) (Hillebrand & Blenckner 2002). From several studies arise the question
of how regional differences in diversity are generated and maintained during time
(Rosenzweig 1995, Hillebrand & Azovsky 2001) and how these regional differences
transfer into the diversity of local communities (Zobel 1997). The assembly of a local
community is the result by species passing through a series of filters, which represent
historical as well as ecological constraints on the arrival and survival of organisms at a
certain locality (Hillebrand & Blenckner 2002).

The study of the patterns of benthic diatom communities in Mediterranean rivers was
approached at different levels with the general aim of elucidating the factors affecting
communities in each of these levels and in different temporal moments. At a regional
level in Catalonia (NE Iberian Peninsula), a survey of 152 stream and rivers sites
encompassing different watersheds provided and extensive survey of sampling sites,
covering a wide range of fluvial typologies with different levels of human disturbance.
The study region has an important spatial heterogeneity determined by its
geomorphological and climatic diversity. The studied sites ranged from siliceous high-
mountain fluvial systems to coastal streams, passing through calcareous and siliceous
Mediterranean fluvial systems. At this level the idea was to study the responses of the
diatom communities to the gradients of environmental variables, and also to determine
indicator taxa for different ecological statuses of streams and rivers and identify type-
specific taxa for high-ecological status. Multivariate techniques (ter Braak &

Verdonschot 1995) allow the elucidation of ecological factors, which explain most of the
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variation in diatom distribution. One method used to identify the indicator value of a
range of taxa is the indicator value approach (IndVal, Dufréne & Legendre 1997), which
uses a species’ degree of specificity and fidelity to an ecological state to define the
indicator species as the most characteristic species within each state.

At a watershed level it was necessary to define the factors that determined the
longitudinal distribution of diversity of benthic diatom communities. For this purpose 3
watersheds from the regional approach were selected. Two of them, the Ter and
Llobregat, show similar physical dimensions though physical and chemical differences.
The third system, the Segre, is larger and more diverse. The aim was to determine if
there exists any regularity in the diatom diversity between the 3 rivers or, on the
contrary, there is a different model for each river. The additive partition of Lande

(1996), in which y = a + 3, express a- and B-diversity in the same measurement units

so that their relative importance could be easily quantified and interpreted (Crist &
Veech 2006). This approach allows the diversity of the whole watershed to be
considered as the y-diversity, the diversity of the different sampling points studied
along the longitudinal section to be the a-diversity, and finally, the species turnover
between points represent to be the B-diversity. With these 3 components of diversity,
the diversity at different levels can be studied.

At a habitat level it was interesting to examine the effects of environmental factors that
affected the microdistribution of biomass and composition of benthic algae and
cyanobacteria in two reaches from Fuirosos, a Mediterranean forested stream
previously studied at the regional level. Algal and cyanobacterial community was
examined by multivariate analyses that consider the overall response of the community

and the separate effects of the environmental variables.
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OBJECTIVES OF THE THESIS

The present study wants to elucidate the distributional patterns of diatom communities
in Mediterranean rivers over different spatial and temporal scales. The main objectives

are:

1. To describe the main distribution patterns of diatom communities and their best
indicator taxa in Mediterranean streams, understanding how human influences are

reflected in the variation in benthic diatom communities and type-specific indicator taxa.

2. To assess the performance of different a prirori classification systems for reference
condition sites to provide a reasonable framework for a corresponding regional

grouping of streams according to their benthic diatom communities.

3. To determine the main environmental factors regulating diatom distribution in

Mediterranean rivers.

4. To test the usefulness of different diatom indices developed in central Europe
evaluating water quality, and the suitability of a Mediterranean intercalibration process

in Europe for the use of diatom indices.

5. To investigate how abiotic environment contribute to shape diversity patterns in each
river system and to determine whether the diversity patterns differ or not over

watersheds of different size and characteristics.

6. To study the factors affecting the microdistribution of biomass and composition of
benthic algae and cyanobacteria, and to assess the relative contribution of environment
and space as determinants of this distribution at a habitat level in a Mediterranean

forested stream.
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STUDY AREA

Different data sets were used in order to assess the main objectives of the study. In
this section a general description with common features of the area studied is carried
out. Necessary details are explained extensively in each chapter.

The whole study area was composed of 152 stream and river sites in the NE Iberian
Peninsula. These sites were selected to cover a wide range of fluvial typologies with
different levels of human disturbance. Most of the sampled sites coincided with those
designed by the control network of the Catalan Water Agency (ACA). Some reference
sites included in this study were completely new, without previous historical data. The
study sites were mostly located in western areas, with some sites in the hydrographic
net of the River Ebre (Fig. 1).
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Fig. 1. Map of the study area and location of the sampling sites.
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The study region has an important spatial heterogeneity determined by its
geomorphological and climatic diversity. The sites included in the study ranged from
siliceous high-mountain fluvial systems to coastal streams, passing through calcareous
and siliceous Mediterranean fluvial systems. The internal watersheds are strongly
influenced by a Mediterranean climate, with marked seasons and interannual variability
in rainfall (Gasith & Resh 1999). These Mediterranean streams and rivers often flood in
autumn and dry up in summer with consequent flow interruption. The shorter rivers
(e.g. the Francoli, the Gaia) have their headwaters in middle mountain elevations and
flow for a few kilometres to the sea. The larger systems, the Ter and the Llobregat,
have their headwaters in the Pyrenees and therefore the upper courses are partially
subjected to a snow fed regime. The tributaries of the Ebre watershed also have their
headwaters in the Pyrenees, and experience minimum temperatures below 0°C,
annual rainfall of above 1000 mm and heavy snowfall in winter. The middle and lower
parts of the Ebre, the Llobregat and the Ter are subjected to a Mediterranean climate,
implying high hydrological variability in these sections. Most of these streams and
rivers are regulated and the existence of dams implies striking longitudinal differences
in the river (Puig et al. 1987).

SAMPLING AND SPECIES IDENTIFICATION

The aim of this section is to detail the most common methods for the different chapters,
with the exception of Chapter 5, which follows a different methodology (see Chapter 5).
Sampling was conducted during summer (July-August) 2002 and spring (May-June)
2003. Sampling and counting followed CEN standards (2000, 2001). At least five
stones were randomly collected from the stream bottom in riffle sections. The substrata
were scraped with a toothbrush or a knife to detach the algal communities to a final
area of 2-10 cm?. The use of a toothbrush or a knife depended on the nature of the
substrata sampled: if the substratum was softer, a toothbrush was used; in the case of
harder substrata, the knife proved more efficient. Algal samples were preserved in
formaldehyde 4% until analysis (Fig. 2).

The available environmental data for the sampling sites included both water chemistry
and physical characteristics (see Appendix 1, page 155 and attached CD). The
physical data collected in the field (Fig. 3) were dissolved oxygen, water temperature,
conductivity and pH. Qualitative observations were also obtained for water
transparency, light and the river habitat. Chemical data analyses were provided by the
ACA. The altitude of the sites was derived from the Digital Elevation Model (DEM, 30 m
x 30 m) of the Institute of Catalan Cartography (ICC, www.icc.es) using ESRI ArcGIS®.
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Fig. 3. Physical data measurements by specific

Fig. 2. Benthic algae collection.

meters.

Diatom frustules were cleaned from the organic material using sulphuric acid,
dichromate potassium and hydrogen peroxide, or, alternatively, boiling hydrogen
peroxide. Frustules were mounted on permanent slides using Naphrax (r.i. 1.74; Brunel
Microscopes Ltd., Chippenham, Wiltshire, UK). Up to 400 valves were counted on each
slide by performing random transects under light microscopy using Nomarski
differential interference contrast optics at a magnification of 1000x. Taxa were identified
mainly according to Krammer & Lange-Bertalot (1991-1997) and Lange-Bertalot (2001)
(see Appendix 2, page 155 and attached CD).
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INTRODUCTION

According to the European Union Water Framework Directive (WFD) (European
Commission 2000) the taxonomic composition of benthic diatoms is one of the
biological quality elements in the definition of ecological status. Significantly, the
determination of ecological status is based on characterizing type-specific reference or
near-natural conditions and assessing the ecological quality of streams. This requires
the development of a well-established typology and type-specific conditions. Diatoms
are known to react sensitively to differences in physical and chemical characteristics of
water (Rott et al. 1998, Passy et al. 1999, Winter & Duthie 2000) and they are
abundant in rivers and streams (Round 1981). Since they integrate the environmental
effects of water chemistry in addition to the physical and geomorphological
characteristics of rivers and lakes, they have been considered among the best
limnological indicators (Stoermer & Smol 1999), and indicator species for different
nutritional levels have already been proposed for anthropogenically polluted waters
(Sabater & Admiraal 2005).

Despite their importance as ecological indicators, large and regional scale knowledge
of the structure and function of diatom communities is still scarce (Potapova & Charles
2002). Diatom communities may differ, both in their composition and relative
abundance, because of their ecological affinities and preferences. Consequently,
diverse diatom communities occur in natural waters spatially and temporally based on
their geological setting, water chemistry and geomorphological conditions (Stevenson
& Pan 1999). Many of these factors depend on climate, geology, topology and other
physiographical features, but also on land-use characteristics. Land uses may be
similar between ecological regions, and are likely to reduce the weight of physiography
on diatom distribution, concealing the natural spatial heterogeneity (Leira & Sabater
2005). Therefore, it is relevant to understand the broad-scale patterns of diatom
distribution in areas of high landscape diversity and a variety of human influences
(Potapova & Charles 2002). Only through a good understanding of the variation in
sensitivity and precision of diatom indicator species to environmental conditions among
stream types and degrees of human disturbance can we develop and use biological
indicators and indices with enough precision and accuracy.

NE Iberian Peninsula includes diverse physical and ecological regions, in a variety of
landscapes ranging from high mountains to Mediterranean-dominated areas, which
have been historically modified through irregular human influence. Studies on diatom

distribution and autoecological preferences have so far included sparse watersheds
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(Sabater et al. 1987, Sabater & Sabater 1988, Sabater & Roca 1992, Goma et al.
2004), and none of them has attempted an overall analysis.

Under this framework, there is a need to identify type-specific diatom species, since the
autoecological requirements are decisive in their use as indicator taxa. Several
approaches have been used in ecology to investigate the species communities or
indicator species that characterize a habitat. Diatom communities can be designated by
the dominant taxa, but it is important to distinguish the tolerant taxa (occurring in all
streams affected by a given disturbance) from those taxa more specific to a given
condition. One method used to identify the indicator value of a range of taxa is the
indicator value approach (IndVal). This method (Dufréne & Legendre 1997) uses a
species’ degree of specificity and fidelity to an ecological state to define the indicator
species as the most characteristic species within each state.

The present work provides an extensive survey of sampling sites, ranging from
undisturbed locations to heavily disturbed sites, covering all river types in NE Iberian
Peninsula. The objectives of this study were 1) to determine the indicator taxa for
different ecological statuses of streams and 2) to identify type-specific taxa for high
ecological status. It is also discussed how human influences are reflected in the

variation in benthic diatom communities and type-specific indicator taxa.

MATERIAL AND METHODS

Study area

In this chapter the whole data set composed of 152 stream and river sites in NE Iberian
Peninsula was used. More details can be obtained in the General Material and
Methods.

The study sites covered the major types of geomorphologic and physiographic
conditions (ACA 2003) and encompass the five river types of Catalonia. These five
types have been defined in NE Spain in terms of climate, hydrology, geology and relief
(Munné & Prat 2004). Wet mountain rivers (WM) are restricted to the high lands in the
northwest (> 600 m a.s.l.) and encompass most of the Pyrenees ecoregion. This region
is characterized by a high annual runoff (> 800 mm) and low mean annual
temperatures (< 10°C). Siliceous geology is well represented in this river type (43%).
The Mediterranean mountain rivers (DM) are located at an intermediate altitude (about
300-600 m a.s.l.), and are characterized by a moderate annual air temperature (9-
14°C) and wet climate (> 850 mm year™"). The region of dry Mediterranean rivers (DL)
is located in the central lowlands and is characterized by dry summers and an annual

rainfall below 650 mm, and higher temperatures (14-16°C). The large watercourses
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(LW) are also located in the lowlands and comprise those river stretches with high
discharge values (> 20 m® s™), although they have a moderate annual runoff (0.2-0.4
hm® km?) because of the large catchment area drained. Annual precipitation is
moderate and the mean annual temperature is about 14°C. Finally, coastal streams
(CS) are located near the Mediterranean coast in the lowlands, and many of them are
temporary or ephemeral streams, characterized by their small drainage area (< 250

km?) and intermittent flow regime (> 120 dry days per year).

Sampling and species identification

See General Material and Methods.

Data analysis

Multivariate data analyses were performed on the diatom data set to explore the main
gradients of community variation and to detect and visualize similarities in the diatom
samples. The major patterns of variation in the species composition data were
described using a detrended correspondence analysis (DCA). DCA is an indirect
gradient technique which assumes a unimodal response of species to their
environment. Detrending by segments was undertaken using the CANOCO version 4.5
(ter Braak & Smilauer 2002). Since the sampling data were distributed between two
different seasons and years, time was considered as a categorical co-variable in order
to avoid the effect of seasonal differences between the two study periods.

Given that DCA is a gradient analysis technique, the groups it outlined were not strictly
followed. Therefore, a cluster analysis was performed to determine whether the
interpretation of the DCA could result in the formation of different groups of sites.
Sorensen’s similarity coefficient (Czekanowski index) was measured on square-root
transformed abundance data, and flexible beta was selected as the linkage method.
Flexible beta was set to -0.25 (Dufréne & Legendre 1997). The cluster analysis was run
with PC-Ord 4.2 (McCune & Mefford 1999). The statistical significance of between-
group differences was tested using the multi-response permutation procedure (MRPP).
MRPP is a non-parametric procedure that tests the hypothesis of no differences in
assemblage structure among groups (Zimmerman et al. 1985). Sorensen’s coefficient
was also used as the distance measure. MRPP has the advantage of not requiring
assumptions (such as multivariate normality and homogeneity of variances) that are
seldom met with ecological community data. MRPP was also implemented using the
program PC-Ord 4.2.

The Water Framework Directive assumes the denomination of type-specific taxa.

Therefore, it is of the utmost importance to detect and describe the value of different
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species as indicators of type-specific environmental conditions. The indicator value
method (IndVal; Dufréne & Legendre 1997) was then used to identify the indicator
species of these groups of sites. IndVal is a simple and useful method to identify
indicator species and species assemblages characterizing groups of samples (Dufréne
& Legendre 1997). The originality of this method lies in the way it combines information
on the specificity and the fidelity of occurrence of a species in a particular group. It
produces indicator values for each species in each group expressed as the product of
the specificity and fidelity. Therefore, indicator species are defined as the most
characteristic species of each group. The method derives indicators from any site
classification. Taxa which were mostly observed in only one type of stream were
nominated as type-specific. The statistical significance of the species indicator values
is evaluated using a randomization procedure. The indicator value of a species i is the
largest value of IndVal; observed among all groups j. The indicator value is at its
maximum when all individuals of a species are found in a single group of sites (high
specificity) and when the species occurs in all sites of that group (high fidelity) (Dufréne
& Legendre 1997).

Only those taxa occurring in at least three sites with an abundance of more than 1%
during each of the sampling seasons were included in the analyses to minimize the
influence of rare taxa. All analyses were carried out with square root transformed
abundance data, except for the IndVal calculations which uses untransformed

abundances.

RESULTS

Ordination

The DCA accounted for a relatively low percentage of explained variance. This is usual
in noisy data sets which contain a large number of samples and taxa with zero values.
Nevertheless, DCA effectively identified coherent ecological signals on the first two
axes of the data set. The first DCA axis (15.5% of the variance) summarized the
distribution of the diatom communities throughout the conductivity and nutrient
gradient, which arranged the sites from the headwaters to the lowlands. The most
polluted sites were clustered on the left side of the axis (Fig. 1) and corresponded to
low elevation sites located in densely populated, highly industrialized or agricultural
areas. Diatom taxa showing maximum abundance in these samples were Nitzschia
desertorum, Navicula saprophila, Nitzschia capitellata, Nitzschia frustulum, Navicula
subminuscula, Nitzschia palea, Navicula veneta and Cyclotella meneghiniana. Sites on

the right side of the axis corresponded to communities in oligotrophic headwaters.
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Diatom taxa abundant in these samples were Cymbella delicatula, Achnanthes
biasolettiana, Fragilaria arcus, Cymbella microcephala, Cymbella affinis and
Gomphonema pumilum.

The second DCA axis accounted for 6.7% of the variance. The main part of the near-
natural or reference study sites were distributed along this axis. Sites with lower water
temperatures and poorly mineralized waters were grouped together and apart from
samples with higher temperatures and mineral content. Sites in the upper part of the
diagram were in cold, siliceous, high-mountain headwaters of low mineralization.
These were associated with Fragilaria capucina var. rumpens, Fragilaria arcus and
Cymbella sinuata. Sites in the lower part of the diagram were in mineralized waters of
calcareous mid-mountain headwaters, where C. microcephala, C. delicatula and C.

affinis were characteristic.
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Fig. 1. Detrended correspondence analysis (DCA) of diatom communities in rivers of NE Iberian Peninsula
in the ordination space of the first and second axis; A) DCA ordination of diatom assemblage samples
classified by cluster groups, B) DCA ordination of diatom samples classified by river typology. Taxa codes

correspond to those of Table 1.

Diatom groups and type-specific taxa

After ordering the diatom communities by DCA as outlined above, a cluster analysis
was performed. This classification analysis produced 4 groups of sites and confirmed
the indications of the DCA (Table 1 and Fig. 2). A MRPP indicated significant
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differences between the identified groups (A = 0.166, p < 0.0001). The main physical
and water quality characteristics of the four groups of sites are indicated in Table 2.

Cluster group 1 (47 cases) included unpolluted and siliceous high-mountain headwater
sites mostly in streams of the WM region. A second cluster group (67 cases) consisted
of sites in moderately enriched and mineralized waters. This group included most of the
river types, with overlapping of nearly natural and slightly impacted sites. Cluster 3
accounted for sites in highly polluted lowland streams (92 cases), mostly in the dry
Mediterranean region. Finally, the fourth cluster group (76 cases) consisted of
mineralized and mid-altitude mountain headwaters. Most of the streams in this group

were located in the DM region.
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Fig. 2. Cluster dendrogram of the sampling sites. The four groups, with the number of sampling sites per

group indicated in brackets, are identified and characterized.

Only eleven species were recorded as having high IndVals (> 50%) and could
therefore be considered as good indicator species (Table 1). Nearly all site groups had
species with high IndVals (> 50%). Species with higher IndVals were mostly
characteristic in lowland, highly polluted rivers, as well as in mineralized mid-mountain
headwaters. Although few species emerged as indicator species with high IndVals (>
50%) in unpolluted siliceous streams, those with low IndVals showed a high frequency

of occurrence (high fidelity) in this group.
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Table 1. Indicator values (IndVal) results for the most important taxa in each stream group. Significance of
each species as a type-specific indicator was assessed by means of Monte Carlo tests based on 999

permutations (p < 0.001). Fidelity (F) and specificity (S) values are also shown.

Code Group 1 Group 2 Group 3 Group 4
F S Indval F S Indval F S Indval F S IndVal

Achnanthes biasolettiana Grunow ABIA 75 79 59 3 30 1 0 8 0 21 75 16
Achnanthes minutissima Kiitzing AMIN 26 91 24 12 99 12 3 62 2 59 100 59
Amphora inariensis Krammer AINA 4 15 1 65 58 38 2 5 0 29 21 6
Cymbella affinis Kiitzing CAFF 15 49 8 4 30 3 12 0 78 88 68
Cymbella microcephala Grunow CMIC 3 30 1 2 15 0 1 12 0 94 82 77
Cymbella minuta Hilse CMIN 41 79 32 33 75 25 0o 7 0 26 62 16
ex Rabenhorst

Cymbella sinuata Gregory CSIN 54 57 31 41 48 20 0 4 0 5 21 1
Denticula tenuis Kutzing DTEN 18 32 6 2 7 0 0 1 0 79 67 53

Diatoma mesodon (Ehrenberg) DMES 96 36 35 3 6 0 1 1 0 1 3 0
Kutzing

Diatoma moniliformis Kutzing DMON 4 15 1 6 18 1 4 13 1 86 55 47
Gomphonema pumilum (Grunow) GPUM 85 38 33 1 10 0 1 9 0 12 46 5
Reichardt & Lange-Bertalot

Navicula capitatoradiata Germain  NCPR 7 21 1 80 51 40 5 18 1 8 22 2

Navicula gregaria Donkin NGRE 3 15 0 62 78 48 30 60 18 5 29 2
Navicula saprophila Lange-Bertalot NSAP 2 21 0 28 73 21 68 85 58 2 20 0
& Bonik

Navicula subminuscula Manguin NSBM 0 4 0 3 33 1 94 66 62 3 13 0
Navicula veneta Kutzing NVEN 13 13 2 20 66 13 62 85 52 5 32 2
Nitzschia fonticola Grunow NFON 26 55 14 56 85 48 4 35 2 14 54 7
Nitzschia frustulum (Kutzing) NIFR 1T M 0 5 33 2 92 67 62 3 25 1
Grunow

Nitzschia inconspicua Grunow NINC 4 23 1 48 85 41 44 50 22 4 22 1

Nitzschia palea (Kitzing) W. Smith  NPAL 5 34 2 17 67 11 75 78 59 3 34 1

Only A. biasolettiana showed a high IndVal (59%) in the unpolluted (Table 2) siliceous
upland streams (Group 1). Diatoma mesodon, Gomphonema pumilum, Cymbella
minuta and C. sinuata showed a perfect indication between 25-35%. The species with
the highest indicator value in Group 2 (Nitzschia fonticola, Navicula gregaria, Nitzschia
inconspicua and Navicula capitatoradiata) showed a certain degree of preference for
this particular environmental condition (i.e. high specificity), although they were also
present across other stream types. In Group 3 only five taxa had a value index > 50%.
These were Nitzschia frustulum, N. palea, Navicula saprophila, N. subminuscula and
N. veneta, and they were therefore characteristic of lowland highly polluted sites with
high mean phosphate and nitrate concentrations (Table 2). Indicator species (IndVal >
50%) of cluster Group 4 were Cymbella microcephala, C. affinis, Achnanthes
minutissima and Denticula tenuis. These were indicator taxa from mineralized mid-

mountain headwaters (Table 2).
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Table 2. Statistical description for the environmental variables in each cluster group.

N Mean Standard Deviation  Standard Error Minimum  Maximum
Conductivity 1 45 310.88 500.58 74.62 19.20 3320.00
(uS cm'1) 2 67 764.04 1317.22 160.92 105.40 10770.00
3 86 1474.05 1550.72 167.22 284.00 14184.00
4 67 577.76 553.10 67.57 45.90 3410.00
Total 265 870.41 1234.07 75.81 19.20 14184.00
Nitrate 1 35 0.51 0.93 0.16 0.01 4.97
(mg NO3-N L'1) 2 53 2.44 2.92 0.40 0.01 20.11
3 81 2.98 2.89 0.32 0.01 16.15
4 47 1.44 2.84 0.41 0.01 15.73
Total 216 2.1 2.80 0.19 0.01 20.11
Phosphate 1 35 41.04 83.38 14.09 1.31 392.79
(ug PO43'-P L'1) 2 53 140.06 405.04 55.64 2.18 2684.04
3 81 325.71 554.88 61.65 2.18 3600.54
4 47 51.03 103.62 15.11 2.18 626.28
Total 216 174.26 415.66 28.28 1.31 3600.54
TOC 1 32 1.99 2.95 0.52 0.05 17.07
(mgC L'1) 2 52 2.62 1.62 0.22 0.50 8.10
3 80 5.51 5.90 0.66 0.05 44.70
4 46 1.89 1.63 0.24 0.05 10.75
Total 210 3.46 4.28 0.30 0.05 44.70
Water 1 42 14.85 3.68 0.57 8.00 22.00
temperature 2 67 18.04 3.53 0.43 11.10 29.00
(°C) 3 85 19.67 3.31 0.36 11.00 26.80
4 67 16.40 3.73 0.46 8.00 24.90
Total 261 17.64 3.93 0.24 8.00 29.00
Altitude 1 47 844 519 76 82 2241
(m) 2 67 245 247 30 0 937
3 92 189 216 23 1 1746
4 75 509 287 33 9 1746
Total 281 397 390 23 0 2241
DISCUSSION

The diatom communities’ composition and the characteristic species of each group of
sites in NE Iberian Peninsula closely corresponded with those observed in other
geographical areas (Potapova & Charles 2002, Martinez de Fabricius et al. 2003,
Soininen et al. 2004). Benthic diatom assemblages are controlled by multiple factors
reflecting land use and site-specific conditions at various temporal and spatial scales
(DeNicola et al. 2004, Pan et al. 2004). Diatom distribution is sensitive not only to the
biogeochemical characteristics of the waters (Aboal et al. 1996, Potapova 1996) and
their nutrient content (Rott 1995, Licursi & Gomez 2002), but also to water velocity and
substratum type (Passy et al. 1999, Martinez de Fabricius et al. 2003). The respective
relevance of water quality variation and physiographic processes in rivers in a precise

geographical area are expressed in a complex gradient, in which the interaction
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between local and broader-scale factors determines the composition of diatom
communities (Cushing et al. 1983, Molloy 1992, Steinman et al. 1992, Robinson et al.
1994, Leland 1995). This study shows the existence of distinctly different communities
among river typologies. As a consequence, the indicator taxa for the near-natural
streams proved to be type-specific.

Achnanthes biasolettiana was type-specific for high altitude, siliceous streams and was
not observed in highly impacted streams. This taxon is characteristic of upstream sites
with low human impact (Martinez de Fabricius et al. 2003, Soininen et al. 2004).
Gomphonema pumilum and Cymbella minuta were also included in this group. The
resulting species community is widely spread in headwaters characterized by low
nutrient conditions (Lange-Bertalot 1980, Kelly 2002, Martinez de Fabricius et al.
2003).

In oligotrophic and mineralized headwaters the type-specific indicator taxa were
Achnanthes minutissima, Cymbella microcephala, C. affinis and Denticula tenuis.
Several Cymbella taxa and A. minutissima are dominant in the diatom communities of
Pyrenean calcareous springs (Sabater & Roca 1992). Cymbella showed the highest
affinity towards calcium in a data set collected from sites throughout the USA
(Potapova & Charles 2003). However, the abundance of A. minutissima in headwaters
is related to it being an early colonizer (Kelly 2002, Martinez de Fabricius et al. 2003)
and favoured by the high water velocities in headwater streams.

Taxa such as Navicula saprophila, N. subminuscula, N. veneta, Nitzschia frustulum
and N. palea were type-specific for river sections affected by intensive agricultural and
industrial activities. These taxa have been described as highly tolerant and resistant to
organic pollution (Vidal & Gentili 2000, Fawzi et al. 2002, Soininen 2002, John 2004,
Rakowska 2004). Low elevation stretches support high irradiances, slow-moving
waters and naturally high nutrient concentrations. The diatom taxa characteristic in
these situations, such as Navicula gregaria, Nitzschia fonticola and N. inconspicua, are
widespread in lowland rivers (Martinez de Fabricius et al. 2003).

Nutrient-enrichment and human disturbances have an overriding effect on local and
large-scale factors, which are likely to reduce the regional differences (Gasse et al.
1983, Sabater & Roca 1992, Potapova & Charles 2003). An obvious consequence is
that differences in diatom community composition are more evident among relatively
undisturbed sites than among sites severely affected by nutrient enrichment. In this
data set, sites in mid and low altitude areas with intensive agriculture and industry
showed the largest overlap between nutrient-enrichment and physiographic factors
(Leira & Sabater 2005). Accordingly, diatom species composition in the two groups of

polluted sites showed the highest similarities to those sites subjected to human impact
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elsewhere, regardless of their regional context. In streams with moderately polluted
and mineralized waters, indicator values for the most characteristic species were all <
50% of perfect indication, implying that these taxa can be considered as sufficiently
uncharacteristic. This might be, to a certain extent, a consequence of the overlapping
conditions between near natural and impacted streams. Taxa characteristic of a
particular habitat (i.e. high specificity and high fidelity) have a high indicator value.
However, species showing another combination of specificity and fidelity might be
useful indicators and are relatively resilient to changes. Some species with the highest
indicator values (e.g. Navicula gregaria, Nitzschia fonticola and N. inconspicua) show a
certain degree of preference for a particular environmental condition (i.e. high
specificity), although they are also present across other stream types. Highly specific
taxa are restricted to a single state and, consequently, these species might be
regarded as sufficiently indicative of those sites with moderate nutrient enrichment.
Under changing environmental conditions, species are more likely to decline or
increase in abundance (i.e. fidelity), indicating mixed conditions or demonstrating a
shift between different states.

River typology corresponded to diatom community classification among the least
impacted sites when biota is regulated by regional factors, and where characteristic
taxa indicated specific autoecological requirements. However, one of the strong
inferences that may be drawn from the present results is that disturbances lead to the
homogenization of the diatom community composition over wide areas, as the
classification analysis grouped together streams with similar water chemistry,
independently of their regional differences, in group 2. Interestingly, some taxa for
highly impacted streams proved to be type-specific because they were mostly located
in the dry Mediterranean climate region, thus showing a narrower geographical and
ecological distribution. In spite of the downstream pollution gradient showed by the
gradient analysis, this might suggest that anthropogenic impacts were not capable of
completely overriding the regional, large-scale patterns in community structure.

The information value of indicators depends largely on how they are developed and
calibrated, and more precisely on how well the autoecological requirements of those
taxa are quantified. A key issue in developing indicator taxa is understanding the
linkages between regional factors and diatom distribution. One conclusion derived from
this study is that the use of diatom indices as an ecological tool (Descy 1979,
CEMAGREF 1982) needs to take account of the different autoecological characteristics
of the diatom taxa in different regions, and be adapted if it is to provide a reliable
diagnosis of specific river systems. One of the main objectives of the WFD is to

achieve a good ecological status for all European aquatic ecosystems by 2015. The
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WFD provides a framework for the protection of inland surface waters, transitional
waters, coastal waters and groundwater. These findings support the characterization of
river types through two classification systems (A and B) (Annex Il of the WFD). The
main purpose of typology is to enable type-specific conditions to be defined and to
apportion study units. If the distribution of a diatom is limited primarily by regional
characteristics, it should not be applied over wide areas so as to accurately

discriminate between natural and human-induced changes.
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INTRODUCTION

The determination of the ecological status of river ecosystems is based on
characterizing type-specific reference or near-natural conditions and referring them to
the ecological quality of streams. This requires the development of a well-established
typology and type-specific conditions. The development of such a framework for
biological assessment involves necessarily determining natural classes of undisturbed
systems (i.e. ecological classification). A correct identification of reference conditions is
fundamental, since deviations between expected (reference) and observed conditions
are the base for the assessment of ecological quality. The strategy of the reference
conditions implemented by the Water Framework Directive (WFD) (European
Commission 2000) represents a new paradigm in biological evaluation. Therein, the
reference conditions are represented by a number of sites that include variation in their
expression of the good status. Thus, this strategy admits that variability exists among
the biotic communities of the different sites that represent reference conditions.
Subsequently, reference conditions have to be linked to water body types, and the
communities thriving these should represent, as much as possible, the full range of
conditions occurring naturally within the water body type (Nijboer et al. 2004).
Therefore, classification of reference sites should include the biological variability.
Thus, a correct identification and classification of reference conditions has important
implications for management programmes and future comparisons between different
countries.

Ecological classification can be identified as a method for describing ecosystem
structure, hence making possible the development of environmental criteria, illustrating
current environmental conditions, and guiding efforts to maintain and restore physical,
chemical and biological integrity. Classification has been used so far as a method to
compare disturbed or existing vegetation with reference conditions (Goebel & Hix 1996,
1997, Jenkins & Parker 1998, Palik et al. 2000). Classification can be done either with
physical features (a priori), in which previous knowledge or assumptions are used to
develop a classification, or by analysis of biological data without physical features or
explicit prior assumptions (a posteriori) on the causes of differences among
assemblages (Hawkins & Norris 2000). A central aspect of the WFD is to proceed to
type-specific ecological assessment and classification. An integral part of this approach
is the development of baseline data by which to compare various disturbances and
land-uses. The WFD defines a European typological framework for assessing the
ecological quality of streams, which is based on a fixed typology including catchment

size, geology and altitude (system A) or alternatively variables such as latitude,
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longitude, altitude, catchment size and geology (system B). This typological framework
groups therefore areas of similar climate, landform, soil, potential natural vegetation,
hydrology, or other ecologically relevant variables. These ecoregions should define
areas where similar communities are likely to occur and, therefore, where similar
predictions can be established. For this reason, ecological regions have proven to be
an important tool for ecological assessment. By delineating geographic areas with
similar characteristics, ecological regions provide a framework for developing relevant
indicators, setting expectations through the use of regional reference sites, establishing
ecoregion-specific criteria and/or standards, presenting results, focusing models based
on relationships between landscape and surface water metrics, and setting regional
priorities for management and restoration.

The Water Agency in Catalonia (NE Iberian Peninsula) proposed a multivariate system
to synthesize the environmental descriptors and to define river types using System B
(Munné & Prat 2004). This method resulted in two levels of classification. Five ‘river
types’, were mainly discriminated by annual runoff coefficient, air temperature, and
discharge. A second level defining 10 ‘subtypes of river management’ was established
by the catchment geology and flow regime (see Material and methods in this chapter).
Discussion has centered around the concordance between initial classification (a priori)
by physical geographic features, and classification based on biological data, usually
species composition (a posteriori) (Hawkins & Norris 2000). The result of the a
posteriori approach, which is an empirical analysis of biological data to develop
classes, might be a classification that group or not reference sites according to the a
priori patterns. This would imply the necessity of testing and refining the a priori
classification with subsequent analysis of the biological data.

According to the WFD the taxonomic composition of benthic diatoms is one of the
biological quality elements in the definition of ecological status. Diatoms are known to
respond (in terms of composition and abundance) sensitively to differences in physical
and chemical characteristics of water (Rott et al. 1998, Passy et al. 1999, Winter &
Duthie 2000). Because of their diverse autoecological requirements, their siliceous
remains are used extensively as environmental indicators of climate change, acidic
precipitation and water quality (Stoermer & Smol 1999), as well as indicator species for
different nutritional levels in anthropogenically polluted waters (Sabater & Admiraal
2005).

In this study, stream diatom community data have been used to assess the
performance of the a priori classification systems of stream sites. Within the context of
the results of Chapter 1 the undisturbed sites were tested separately. Thus, different a

priori classification systems for reference condition sites were checked for their relative
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effectiveness, and they were later compared to the biological classification, based only
on diatom communities’ data. These were the ecoregional and subecoregional
classification detailed above, based on geomorphology and water flow; the watershed
as a unit, irrespectively of its size; and a classification based on the geographical
distance between sites, based on the assumption that biological characteristics are

increasingly similar in geographically closer sites.
MATERIAL AND METHODS
Epilithic diatom community data collected from 31 reference sites (Fig. 1) in the NE

Iberian Peninsula during the summer 2003 have been used (Table 1 and 2). More

details are described in General Material and Methods.

Llobregat

Fig. 1. Map of the study area and location of the reference sites.
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Table 1. Reference sites used in this study. See Table 2 for correspondence between numbers and types
and subtypes names. Not all the river types and subtypes were considered due to the absence of
reference sites. In this chapter Ebre, Segre, Noguera Pallaresa and Noguera Ribagorgana watersheds

were all considered as Ebre watershed.

Watershed and stream Site Code Type Subtype
Besos

Avenco Aiguafreda Jo17 2 3
Caldes Gallifa N16 3 6
Rossinyol Sant Miquel del Fai N4 3 6
Tenes Sant Miquel del Fai N7 3 6
Ebre

Cadi Cava N38 1 2
Fontanet Organya N41 1 2
Noguera de Cardos Lladorre N44 1 1
Noguera de Vallferrera Alins N45 1 1
Flamicell Lluga N46 1 2
Noguera Pallaresa Alos d'Isil N48 1 1
Noguera de Tor Balneari de Boi L021 1 1
Noguera Ribagor¢cana Senet L020 1 1
Siurana La Febro N2 3 6
Fluvia

Ser Serinya J040 2 4
Gurn Sant Privat d'en Bas N24 2 4
Joanetes Joanetes N25 2 4
Llierca Pont de Llierca N26 2 4
Sant Pong Sant Salvador de Bianya N27 2 4
Ferré Sant Salvador de Bianya N28 2 4
Francoli

Brugent Capafons N3 3 8
Llobregat

Merlés Santa Maria de Merlées ~ J006 2 4
Muga

Muga Albanya N29 2 4
Muga Sant Lloreng de la Muga N30 2

Ter

Freser Planoles N33 1 1
Solana Sant Quirze de Besora N34 2 4
Merdas Gombren N35 1 2
Ritort Mollé N36 1 1
Ter Setcases TeO 1 1
Tordera

Tordera Les llles TO

Santa Coloma Les Fosses N20 3 6
Fuirosos Gualba N22 2 3
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Table 2. River types and subtypes of river management for the internal watersheds in Catalonia.

River types Subtypes of river management

1 Humid mountain rivers 1 Siliceous humid mountain rivers

2 Calcareous humid mountain rivers

2 Mediterranean mountain rivers 3 Siliceous Mediterranean mountain rivers

4 Calcareous Mediterranean mountain rivers
5 Mediterranean mountain rivers with high discharge
3 Dry Mediterranean rivers 6 Lowlands Mediterranean rivers

7 Siliceous dry Mediterranean rivers

8 Karst feed rivers

4 Large watercourses 9 Large watercourses

5 Coastal streams 10 Coastal streams

Classifying the diatom communities into groups with similar species composition was
conducted by means of cluster analysis in R-package (R Development Core Team
2004). Clustering was conducted using Bray-Curtis dissimilarity and flexible-linkage (3
= -0.25) which conserves the object space (Legendre & Legendre 1998). The
classification dendrogram was pruned to an optimum number of clusters with the aid of
multiresponse permutation procedures (MRPP) in order to select the level of the
classification with the highest divergence between groups and the highest convergence
within groups. MRPP was performed on data separated into at least two clusters and
up to 15 clusters. Results from the MRPPs that showed high separation between
groups (T-statistic) and high homogeneity within groups (A-statistic) were used to
select the optimum number of plot clusters.

After the optimum number of clusters was determined, an indicator species analysis
was performed to identify which diatom species were important to each end-group
cluster. Indicator species analysis provides a method of combining the relative
abundance and relative frequency of each species into an indicator value (Dufréne &
Legendre 1997). Indicator values (IndVals) were tested for statistical significance using
a randomization technique (Monte Carlo). The randomizations were used to test the
statistical significance of each species’ IndVal by finding the probability of achieving an
equal or greater IndVal from randomized data. Species having IndVals significantly
different from the randomized data were identified as significant indicators of their
respective plot groups. Indicator values range from 0 to 100, with 100 representing
perfect indication.

The strength of the respective different classifications was compared with the following
procedure. The classification strength (CS) of ecoregions and subecoregions was
tested using the randomization protocol of Van Sickle & Hughes (2000). Hence, the

mean of all between-class similarities (B) and the within-class mean similarity (W) were
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first calculated using Bray-Curtis similarity coefficient. CS is defined as the difference
between these similarities (CS = W-B). Values of this measure range from 0 to 1, with
those near zero indicating that sites are randomly assigned to classes. A similar
procedure was followed to test the classification strength of hydrological units. Finally,
was also tested if the proximity of sites in the biological classification could be
explained by mere spatial/geographical distance between the sampling sites. If this
was positive, site similarity was more a product from spatial autocorrelation rather than
from ecological similarity. The classification strength of spatial coordinates (longitude
and latitude, see Appendix 1) of the study sites grouped according to the biotic
classification was therefore tested.

The observed values of CS were later compared to permuted values, obtained through
1000 random reassignments of sites to groups. Since such permutation tests are able
to assign statistical signification to very small differences between observed and
expected values of CS when sample size is moderately large (Van Sickle & Hughes
2000) the emphasis was mostly placed on the relative magnitude of CS statistic than

on the p-values from the randomization tests.

RESULTS

Cluster analysis provided 4 site groups (Fig. 2) validated by MRPP procedure showing
the highest separation between groups (T-statistic) and highest homogeneity within

groups (A-statistic).

Classification

Distance (Objective Function)
5,7E|+00 ) 7,5E|+00

Information Remaining (%)
25 0

Diatom group A (11)

Diatom group B (9)

Diatom group C (6)

Diatom group D (5)

Fig. 2. Flexible Beta clustering dendrogram of reference sites based on their Bray-Curtis similarities. The

number of sites in each group is shown in brackets.
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The physiographic and chemical characteristics of the 4 end-groups obtained by the

cluster analysis are detailed in Table 3.

Table 3. Mean values (n) of the environmental variables for each of the diatom groups. Standard errors of
the mean are given in italics.

Diatom group

A B c D
pH 8.15(11) 8.19(9) 822(6)  7.69 (5)
0.06 0.10 0.15 0.11
Conductivity (uS cm™)  388.82 (11) 576.78 (9) 263.10 (6) 61.30 (5)
58.80 150.38 46.70 14.96
Water temperature (°C) 15.89 (11) 1513 (9) 14.08(6)  10.12 (5)
1.17 0.50 0.76 0.92
Oxygen saturation (%) 101.36 (7) 98.34 (8) 112.67 (6) 111.18 (5)
2.36 4.17 6.68 4.45
S04 (mg L") 67.63(8) 18.75(4) 47.60(5) 21.00 (4)
20.95 4.33 23.05 15.02
cl (mgL™) 8.86(8) 845(4) 10.94(5)  5.32(4)
1.32 3.13 4.85 2.09
HCOs (mg L") 22255 (8) 224.95(4) 145.44 (5) 46.26 (4)
21.71 36.26 35.55 15.49
K" (mg L") 172(8) 134(4) 043(5)  0.26(4)
0.46 0.24 0.12 0.07
ca’ (mgL™") 62.64 (8) 38.72(5) 44.8(5)  20.42(4)
8.58 5.16 11.75 10.43
Mg”* (mg L") 21.33(8) 13.20(5) 9.66(5)  2.64 (4)
3.93 2.86 4.29 1.14
Na" (mg L™ 6.10(8) 10.79(5) 2.10(5)  1.75(4)
1.07 2.71 0.97 0.72
NOs-N (mg L™ 0.38(8) 040(4) 0.14(4)  0.19(3)
0.14 0.14 0.05 0.09
NH4"-N (mg L) 0.05(3)  0.01(1) 0.04 (1)
0.03
PO, -P (ug L") 21.00(8) 9.60(4) 12.00(4) 10.18 (3)
16.09 7.71 5.94 5.95
TOC (mgL™” C) 115(8) 0.62(3) 073(4)  1.14(3)
0.36 0.29 0.39 0.09
Width (m) 8.50 (11) 3.44(9) 7.47(6)  4.40(5)
2.96 0.45 2.94 0.40
Depth (cm) 19.50 (10) 21.67(9) 23.33(6)  45.00 (5)
2.52 6.24 4.41 10.72
Altitude (m) 667.00 (11) 502.44 (9) 1027.50 (6) 1179.60 (5)

148.42

86.32

165.09

78.14

65



CHAPTER 2

Sixteen species were recorded as having high IndVals (> 50%) and could therefore be
considered as good indicator species (Table 4). All site groups had species with high
IndVals (> 50%).

Table 4. Indicator value (IndVal) results for the most important taxa in each stream group. Significance of
each species as type-specific indicator for each group was assessed by means of Monte Carlo
permutation tests based on 999 permutations (p < 0.001). The average (Avg) and maximum (Max) value

recorded for a species in all groups are also shown.

Taxa Code Avg Max Group Observed IndVal (%) p-value
A B C D
Cymbella microcephala (Grunow) Krammer CMIC 24 90 A 9 2 3 0 0.001
Denticula tenuis Kitzing DTEN 18 61 A 61 2 10 1 0.016
Cymbella affinis Kitzing CAFF 22 53 A 53 16 17 0 0.040
Navicula cryptotenella Lange-Bertalot NCTE 20 53 A 53 20 4 2 0.012
Gomphonema lateripunctatum GLAT 13 51 A 51 1 0 0 0.017
Reichardt & Lange-Bertalot
Cocconeis pediculus Ehrenberg CPED 23 91 B 1 91 O 1 0.001
Amphora pediculus (Kitzing) Grunow APED 18 67 B 2 67 2 2 0.002
Navicula gregaria Donkin NGRE 15 56 B 1 56 0 2 0.008
Nitzschia inconspicua Grunow NINC 14 52 B 0 52 O 2 0.030
Achnanthes biasolettiana Grunow ABIA 23 76 C 3 10 76 3 0.001
Diatoma ehrenbergii Kutzing DEHR 13 50 C 0 0 50 0 0.0M11
Diatoma mesodon (Ehrenberg) Kitzing DMES 25 98 D 0 0 1 98 0.001
Fragilaria arcus (Ehrenberg) Cleve FARC 24 91 D 0 0 4 91 0.001
Achnanthes biasolettiana Grunow ABSA 20 80 D 0 0 0 80 0.001
var. subatomus Lange-Bertalot
Achnanthes lanceolata (Breb.) Grunow ALAN 19 73 D 0 2 0 73 0.002
Cymbella sinuata Gregory CSIN 21 73 D 1 1 8 73 0.001

The first group (group A) contained calcareous high- and mid-mountain streams
characterized by Cymbella microcephala, Denticula tenuis and Cymbella affinis. The
most important species in group B characterize alkaline waters with moderate organic
pollution and relatively high nutrient concentrations (e.g. Cocconeis pediculus,
Amphora pediculus, Navicula gregaria, Nitzschia inconspicua). These are calcareous
mid-altitude mountain streams and lowland rivers. Group C was composed of
Pyrenean siliceous and calcareous streams. This was a poorly-defined group with two
weak indicator species (Achnanthes biasolettiana and Diatoma ehrenbergii). Sites of
group D were small siliceous high-mountain streams. Many of the best indicators for
group D were common taxa at low water temperatures and poorly mineralized waters
(e.g. Diatoma mesodon, Fragilaria arcus, Achnanthes biasolettiana var subatomus,

Achnanthes lanceolata and Cymbella sinuata).
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With only 2 exceptions all a priori classifications showed statistically significant
differences (p < 0.001) of greater CS than would be seen for randomly grouped sites
(Table 5).

Table 5. Results of the classification strength for the different classification approaches. The classification
strength is defined as the difference between the within-class mean similarity (Wbar) and the mean of
between-class similarities (Bbar). Significance of the classification was assessed by means of Monte Carlo

permutation tests based on 999 permutations (p < 0.001).

Number Weighted Between-
e o Observed Observed
Classification of within-groups  groups mean . . p-value
A ST ratio (M) difference
classes mean similarity similarity
Whbar Bbar Bbar/Wbar  Wbar-Bbar
Diatom communities 4 0.716 0.557 0.778 1.59E-01  0.0001
Ecoregions 3 0.626 0.575 0.919 5.05E-02  0.0010
Subecoregions 5 0.642 0.578 0.901 6.38E-02  0.0003
Geography 4 0.988 0.987 1.000 3.29E-04  0.3059
Watersheds 6 0.625 0.583 0.932 4.27E-02  0.0178

The subecoregions CS was 0.064 and was only improved by the diatom community
classification (CS = 0.159). At the level of ecoregions the classification strength was
also nearly strong as at the subecoregion level (CS = 0.051), although p-value was
higher in the former (p = 0.001). On the other hand, hydrological units (watershed)
classification was significant (p < 0.05) but weaker (CS = 0.043) than the typological
classifications. Finally, spatial factors (summarized by UTM coordinates of the study
sites) and patterns in diatom structure at the reference sites did not show a significant

strength.

DISCUSSION

Although classifications can be applied both a priori and a posteriori, it seems evident
that the largest variability in reference conditions occurs in the a posteriori
classification, that is using biota of reference sites to form the groups (Hawkins &
Carlisle 2001). A posteriori classifications have been widely used in Great Britain (Moss
et al. 1987), Australia (Simpson & Norris 2000), Canada (Reynoldson et al. 1995,
1997) and USA (Hawkins et al. 2000) as a precursor to develop predictive models. In
this study the diatom classification (a posteriori classification) were used to search for
an appropriate a priori classification for reference conditions.

Hierarchical dendrograms are useful for comparing alternative multiway classifications
because of their concise format. As an illustration, the a priori ecoregion classification

in NE Iberian Peninsula rivers can be compared to a posteriori groupings derived from
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a clustering algorithm on diatom communities. Such comparisons have been
frequently, but only qualitatively, used to evaluate ecoregions and other land
classifications from site-level data (e.g. McDonough & Barr 1977, Hughes & Gammon
1987, Hughes et al. 1987, Omernik & Griffith 1991). Mean similarity dendrograms
convey classification strengths through conceptually simple comparisons of within and
between-class similarities. As a result, they may prove to be an attractive, nontechnical
tool for evaluating environmentally-oriented land classifications. The concise
dendrogram format allows visual comparison of several different classifications, such
as those produced by different similarity measures or clustering algorithms. Unlike
most ordinations, the dendrograms depict class separation and compactness directly in
the original units of the chosen similarity measure.

The global CS test applied to the NE Iberian Peninsula data set showed that there
were significant differences (p < 0.001) in diatom community composition among the
ecoregion and subecoregion zones. However, these CS values were not numerically
large. Ecoregions and subecoregions, with CS values ranging between 5% and 6.4%
respectively, were weaker classifiers than diatom communities (15.9%) but stronger
than watersheds and geographical position, which ranged from CS = 4.3% to 0.03%.
Values of M (Table 5) that are only slightly less than 1.0 indicate a weak classification,
and classification strength increases progressively as M decreases from 1.0 towards 0.
Soininen et al. (2004) reported similar results on Finnish rivers, except that these rivers
showed a distinct spatially-structured variation.

The results of this study showed that the ecoregional and the subecoregional
classification were the most robust classifications after the classification based only on
diatom community, which, as it was expected, had the highest classification strength.
Moreover, classification of watersheds and that of geographical distance between sites
proved to have non-significant classification strength. This suggested that watersheds
are not indicated as a unit for biological classification and that the distribution of diatom
communities of Mediterranean streams was not explained by mere proximity of sites.
However, comparing the ecoregions and subecoregions with the diatom classification
in the mean similarity dendrograms for diatom abundances (Fig. 3) it was observed that
there were contrasting patterns between ecoregions and subecoregions in the test

results.
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Fig. 3. Mean similarity dendrograms of the three significant alternative classifications. Scale is given above
and below the dendrograms (%). The lengths of the branches indicate classification strength (CS); the join
base of the branches is the mean between-class similarity (B) and the end of the branches is the mean

within-class similarity (W) for the class.

Differences between ecoregions and subecoregions were very subtle in the
classification. However, what is suggested from the classification dendrogram (Fig. 3)
is that the ecotype classification might be stronger that the subecotype classification.
All branches of the ecoregion dendrogram were quite large, and branch length was
very equal between them, showing that the 3 ecoregions have non-negligible and
comparable levels of within-class homogeneity in species abundance. Although the
similarity within the calcareous humid and calcareous Mediterranean subecotypes was
higher than the respective ecotype, most of the branches length for the subecotypes
diminished respectively to ecotypes, probably because of the little number of sites in
these subecotypes. Overall, the ecoregional classification is the most robust
classification system for reference conditions in the studied area.

Classifications based simply on geographical distance showed a smaller power in
partitioning biological variance as landscape elements defined by physical and
ecological processes. Large watersheds had weaker CSs than ecoregions probably
because of the larger environmental variation within the watershed when compared to
ecoregions. Moreover, difference in biota among watersheds can occur because of

either habitat differences among and within watersheds (e.g. channel type, slope,
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substrate availability, temperature, current velocity, chemistry) or because of
biogeographical reasons.

It is necessary to highlight that classification of reference conditions needs to respond
to the biological as well as the environmental variability, since the two allow for the
definition of the ecological quality of the system. Ecoregional classification represented
the geomorphological and hydrological characteristics of streams, and from these
results it can be assumed that also responded to the biological variability (diatom
communities) in the area. Finally, watersheds were not the most appropriate for
classification of reference conditions. These statements have implications in water
management programmes and should be given full consideration. A strong covariation
of physiographical location and water chemistry across the study area (see Leira &
Sabater 2005) is remarkable. Since local in-stream factors seem to be at least as
important as geographical factors in explaining diatom distributions at reference sites
(see also Potapova & Charles 2002, Leira & Sabater 2005), a combination of regional
classification based on more local environmental features might provide the most

robust framework for diatom-based classification of streams.
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DISTRIBUTION AND INDICES

INTRODUCTION

Diatoms have widely been used for monitoring aquatic environments, since they
integrate the environmental effects of water chemistry, in addition to the physical and
geomorphological characteristics of rivers and lakes (Stevenson & Pan 1999). Diatoms
are an important component in many rivers and streams as they are the most common
and diverse group in these ecosystems (Round 1981). Because taxa show diverse
ecological requirements, their siliceous remains are used extensively as environmental
indicators in studies of climate change, acidic precipitation and water quality (Stoermer
& Smol 1999).

There are several methodological tools for bioassessment that use diatom-derived
information. Diatom indices and ecological classifications have been tested along
pollution gradients in several countries (e.g. Kelly 1998, Kwandrans et al. 1998, Rott et
al. 1998). These indices have been developed and used mainly in central and northern
European rivers (Lange-Bertalot 1979, Coste in CEMAGREF 1982, Descy & Coste
1990, Lenoir & Coste 1996). Moreover, multivariate statistical methods are powerful
tools for classifying diatom communities and especially to assess the important
environmental gradients regulating community composition (Soininen 2002). An
important goal for community ecology is to identify major patterns of community
structure and to characterize and predict changes in those patterns in relation to
environmental gradients (Soininen et al. 2004). Diatom communities change in relation
to their affinities and ecological preferences, and therefore communities may differ with
respect to geological settings, water chemistry and geomorphological conditions.
Diatom communities may differ both in their composition and relative abundances in
relation to the before mentioned environmental parameters. It is relevant to understand
their distribution in areas of high diversity of landscapes, and a variety of human
influences (Potapova & Charles 2002).

Studies on diatom distribution and autoecological preferences so far have included
some watersheds in the NE Spain (Sabater et al. 1987, Sabater & Sabater 1988,
Sabater & Roca 1992). Recently, a wider perspective including the majority of
watersheds in NE Spain has been undertaken. While the factors affecting the
distribution of the diatom taxa were analysed by Leira & Sabater (2005), the present
work includes a high number of sampling sites covering the whole geography and a
wider array of environmental parameters. This larger data set, which includes the
different fluvial systems types of the area, was analysed to determine the regional

distribution patterns of diatom communities.
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The aims of the present work were, 1) to study the responses that diatom communities
structure show to the gradients of environmental variables, 2) to test the usefulness of
different diatom indices developed in central Europe evaluating water quality, and 3) to
test the suitability of a Mediterranean intercalibration process in Europe for the use of
diatom indices as summary parameters of the information provided by diatom

communities.

MATERIAL AND METHODS

Study area

The study area included 73 stream and rivers from Muga, Fluvia, Tordera, Ter and
Segre watershed in NE Iberian Peninsula (Fig. 1). See also General Material and
Methods.

&
C229 ®N38

Fig. 1. Map of the study area and location of the sampling sites.

Data sampling

See General Material and Methods
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Data analysis

Diatom data were first analysed with detrended correspondence analysis (DCA) (Hill &
Gauch 1980) to determine the length of the gradient for the first axes. DCA indicated
that the maximum gradient length was 3.8 standard deviation units. Therefore, this
gradient length suggested that methods based on a unimodal response model were
best suited for analysing these data (Lep$ & Smilauer 2003). DCA was used to search
for the main patterns in diatom communities without incorporating data on
environmental variables. Canonical correspondence analysis (CCA) was used to relate
community structure to environmental variables. Diatom taxa occurring in at least three
samples with a relative proportion of 1% or more during the two sampling periods were
included in the statistical analyses. Abundances of the diatom taxa were square root
transformed to reduce the effect of highly variable population densities on ordination
scores. Environmental variables, except pH and qualitative descriptors, were
logarithmically transformed before analysis to reduce skewed distributions. Analyses
were undertaken using CANOCO for Windows (version 4.5, Microcomputer Power,
Ithaca, New York).

The ecological status of the water from the studied sites was evaluated using the
pollution diatom index (IPS, Coste in CEMAGREF 1982), the biological diatom index
(IBD, Lenoir & Coste 1996) and the CEE index (Descy & Coste 1990). Diatom indices
were calculated using OMNIDIA program version 4.1, and range from 1 to 20, being 1
the worst quality and 20 the best. Indices are divided in 5 water quality classes: values
from 1 to 5 represent the bad quality class; poor water quality is designed with values
from 5 to 9; values from 9 to 13 assign the moderate water quality; the good water
quality range from 13 to 17; and finally, the high water quality goes from 17 to 20. The
relationship between diatom indices and logarithmically transformed environmental
variables was analysed with Pearson’s correlations using SPSS for Windows (version
15.0.1, SPSS, Chicago, lllinois).

RESULTS

Species composition of diatom communities

A total of 354 diatom taxa were found in the analysed data set. Achnanthes
minutissima was the most abundant taxon and occurred in up to 90% of all samples.
The second most abundant taxon was Achnanthes biasolettiana, present in 50% of all
samples. DCA ordination results showed that 16.1% of diatom community variance

was explained on axis 1, and a further 6.5% on axis 2. This first DCA axis summarized
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the conductivity and nutrient enrichment gradient in the data set, which roughly

arranged longitudinally the sites from the headwaters to the lowlands.

A DMES

CSIN DEHR
1 ABIA

GANT
FCVA
ALFR; NAPE NLIN GOoLI

| NSEM NLAN Lp GMINCMIN
NCPICRE NPAE™ DVUL

NINC MVAR

] NSBM GPARALAN l\I‘I\IFD?gJ

NvEN NMiN NRCH AMIN
NIFRAPEDAINA

RABB NTPT
FOVE \AMBLFPIN.  cpp N

CMEN TPSN NCTE

CAFF DTEN CDEL
CHEL

1 CMIC

-2

) 6

DCAII

3.0
w

N33p

PN,
e
J118p J028p C232e Nag

062p Ndde
248 J JOB3p rﬁze C232p NdBe
J2dp 20680, oo 1201 sz N3ge
Cojde  cordp 111231018 30 S
Pr Nazp  J110p | C23iE ooy Namp
Jos2e Jide  cande 32§025p_|10%p 15 Pase  Foe N25p
Ji08p _,J066e IO Neie 1% Fop
N e 1060 Naboy G085, s NSSD gy
10308 p
J020e N2sp 0200 Jasagcp{‘f" s%%’?egpr,ﬁ:ﬂ%'gp o %E:mpe“z"PNmp N4Tp
J083e Jozge” 1€ 4i00e J1ide N2oe Jo13l011e Jo2te
Jo52e

J054e -”033 JO70e Jo8te N25e
Jiose J0S3e g, U060 . N3Se NaTe Nz8e
Jiize N3e P 1016581 J040p Coxe o
Nzgp
Jn40e Nae

N26p

T Phad

-0.5

DCAI

Fig. 2. Detrended correspondence analysis (DCA) of diatom communities in the ordination space of the
first and second axis. A) Ordination of diatom species, see Appendix 2 for full species names. B)
Ordination of sampling sites, codes correspond to those of Fig. 1. Letters in sample labels represent

sampling season (e, summer; p, spring).
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The most polluted sites were clustered on the left side of the axis (Fig. 2A, B) and
corresponded to sites predominantly with low elevation and besides densely populated,
highly industrialized or agricultural areas. Diatom taxa showing maximum abundance in
these samples were Navicula seminulum, Navicula subminuscula and Achnanthes
lanceolata spp. frequentissima. Sites on the right side of the diagram corresponded to
oligotrophic and pristine headwaters. Diatom taxa abundant in these samples were
Cymbella delicatula, Cymbella microcephala, Cymbella helvetica, Denticula tenuis,
Achnanthes biasolettiana and Cymbella affinis.

The second DCA axis represented a separate gradient within the sites with higher axis
1 scores (Fig. 2A, B). Most of the near-natural or reference study sites were distributed
along this axis. Sites with lower water temperature and poorly mineralized waters were
grouped together and apart from samples with higher temperatures and mineral
content. Sites in the right upper part of the diagram were therefore in cold waters,
siliceous substrata and high-mountain headwaters of low mineralization. These
locations were associated with Diatoma ehrenbergii and Diatoma mesodon. On the
other hand, sites in the right lower part of the diagram were characteristically of
mineralized waters in calcareous mid-mountain headwaters. Taxa in these locations

included C. microcephala, C. helvetica and C. delicatula.

Important environmental variables

The first two CCA axes were significant (p < 0.05) and jointly explained 12.5% of the
total variation in the diatom taxa data. CCA with forward selection indicated that
nutrients (nitrate and phosphate), calcium, water temperature and river habitat
(physical impact) were the environmental variables that accounted for significant (p <
0.05) portions of the total variance in diatom species composition. Thus, CCA

ordination plots primarily expressed two major gradients (Fig. 3A, B).
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Fig. 3 Canonical correspondence analysis (CCA) of diatom communities in the ordination space of the first
and second axis. A) Ordination of diatom species and environmental variables, see Appendix 2 for full

species names. B) Ordination of sampling sites, codes correspond to those of Fig. 1. Letters in sample

CCAIll

2.0

-1.5

CCAI

labels represent sampling season (e, summer; p, spring).

The first CCA axis expressed a gradient of nutrient increase. This axis arranged sites
from oligotrophic headwaters to low elevation sites located in densely populated, highly

industrialized or agricultural areas. Cyclotella meneghiniana, Navicula subminuscula,
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N. seminulum and Nitzschia amphibia were mainly observed at sites with high water
mineralization and nutrient content. Denticula tenuis, Cymbella helvetica, C.
microcephala and C. delicatula were the dominating species at headwaters and
unpolluted sites. The second axis expressed geochemical and water temperature
differences, and therefore separated sites with high calcium content and higher
temperatures from those of low mineralization and low temperatures. Diatoma
mesodon, Cymbella sinuata, Nitzschia linearis and Nitzschia paleacea showed
maximum abundance at low mineralization and cold water sites. C. microcephala, C.
helvetica and C. affinis characterized sites with high alkalinity and relatively high water

temperatures.

Diatom indices

Evaluation of water quality using IPS, IBD and CEE diatom indices. The applicability of
diatom indices to monitor water quality was assessed with the present data set. The
diatom indices tested were the IPS, IBD and CEE. The three are inspired on the
saprobic index of Kolkwitz & Marsson (1908). However, the indices take into
consideration the structure of the community, and therefore consider not simply the
presence of the taxa but also their proportion in the community. Most of these indices
are calculated according to the formula designed by Zelinka & Marvan (1961), which
consider the sum of the different species abundance influenced by their sensitivity to
the described disturbance, and by their indicator value (the latter being opposite to the

unspecificity for any situation):

n
ZaijVj

D=2

Zajsj

j=1

being a, the relative abundance; s, the sensitivity value; v, the indicator value; and n,

the number of species observed in the diatom community.

The values of the three water quality indices ranged from the lowest class to the

highest (Table 2), where most of the sites fell into the moderate and good water quality

class in summer and into the good and high water quality class in spring for the three

indices. As a general trend, the highest values of water quality for the three diatom

indices were located in the headwaters of the different watersheds, most of them in the

Pyrenees. The lowest values were found in lowland sites receiving high inputs of

organic matter and industrial discharge. These values improved in spring, when there

was an increasing of the water quality of the sites due to dilution effects of the higher
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water discharge. The watershed with the worst water quality amongst those considered
here was the Tordera, that was affected by an important chemical industry and
agricultural land uses. The Segre watershed had the best water quality, some of the
sites reaching the value of 20 for IBD. The three indices significantly correlated with the
environmental variables, both those related with pollution and physical impact (e.g.
ammonium, nitrate, phosphate, total organic carbon (TOC)) and those related with
physiography (e.g. altitude, water velocity, water temperature) (Table 3). However,
higher correlation was observed with the IPS and IBD than with the CEE.

Table 2. Sampled sites with the corresponding indices values for summer 2002 and spring 2003.

80

Watershed and river ~ Site Code Summer 2002 Spring 2003
IBD IPS CEE IBD IPS CEE
Muga
Muga Albanya N29 13.6 145 13.0 164 17.7 17.9
Muga Sant Lloreng de la Muga N30 153 16.8 17.2 164 16.9 15.8
Muga Boadella Jo12 151 16.8 16.2 18.1 18.9 17.7
Llobregat de la Muga Peralada J100 135 143 13,5 111 122 115
Orlina Rabds N31 97 90 78 143 136 11.8
Orlina Peralada J030 12.0 10.2 10.3 157 14.0 11.6
Muga Vilanova de la Muga J101 121 118 111 15 115 10.3
Alguema Santa Llogaia d'Alguema J103 10.5 12.3 12 15.7 15.7 14.1
Manol/Figueres Vilanova de la Muga C014 6.7 53 46 66 55 438
Muga Castell6 d'Empuries J0o52 59 102 6.3 12.0 10.0 9.2
Fluvia
Fluvia Hostalets d'en Bas FO 16.5 17.8 17.2 17.8 19.0 17.9
Joanetes Joanetes N25 171 18.7 17.9 185 191 179
Gurn Sant Privat d'en Bas N24 16.0 185 175 18.3 19.0 17.3
Ferro Sant Salvador de Bianya N28 16.4 17.8 18.1 13.8 13.6 14.9
Sant Pong Sant Salvador de Bianya N27 129 156 17.7 17.7 179 164
Fluvia Olot JO13 124 144 139 151 169 16.2
Ridaura Llocalou J105 50 65 73 89 97 92
Bianya Sant Joan les Fonts Jo70 105 11.8 11,5 183 19.2 17.3
Turonell Castellfollit de la Roca J104 89 72 75 121 14 126
Llierca Pont de Llierca N26 133 156 175 151 179 17.9
Ser Serinya Jo40 151 16.5 16.8 16.0 17.3 17.3
Fluvia Esponella Jo16 125 122 139 73 7.1 132
Fluvia Sant Pere Pescador Jo11 10.5 10.7 11.8 134 134 151
Tordera
Tordera Les llles TO 11.3 125 124 18.7 188 17.5
Tordera Piscines Montseny J026 16.2 144 116 17.8 189 17.7
Vallgorguina Sant Celoni J124 80 86 7.7 77 54 54
Tordera Sant Celoni JOo83 49 59 46 124 112 96
Fuirosos Gualba N22 153 15.8 141 116 16.7 143
Breda Breda J115 101 112 82 110 87 8.0
Arbucies Hostalric Jo66 104 121 10.7 109 90 73
Santa Coloma Les Fosses N20 14.0 151 145 175 174 156
Santa Coloma Parc Sant Salvador N21 135 13.0 124 154 152 141
Tordera Fogars de Tordera Joe2 85 76 58 91 84 6.5




Table 2. Continued.
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Watershed and river Site Code  Summer 2002 Spring 2003
IBD IPS CEE IBD IPS CEE
Ter
Ter Setcases TeO 174 182 173 17.8 186 17.3
Ter Ripoll Jo72 13.8 139 13.2
Ritort Mollé N36 155 152 147 16.1 182 16.6
Freser Planoles N33 157 157 141 20.0 19.8 18.1
Freser Ripoll Jo21 16.5 16.5 16.0 20.0 19.7 17.3
Merdas Gombren N35 13.0 145 141 16.7 182 16.8
Solana Sant Quirze de Besora N34 13.7 159 16.6 133 16.5 175
Ges Sant Pere de Torelld C033 159 17.6 17.7 156 17.3 17.7
Ges Torello J091 133 126 135 158 172 16.4
Ter Torelld Jo34 141 135 13.0 141 151 13.7
Meder Santa Eulalia de Riuprimer N32 10.1 80 75 138 116 124
Ter Roda de Ter Jo19 11.8 11.1 109 128 123 97
Maijor Sant Sadurni d'Osormort C034 111 152 139 16.1 16.0 135
Ter El Pasteral Jo60 12.1 142 135 139 145 13
Brugent Amer C304 120 9.2 82 151 128 115
Osor Anglés C305 175 189 166 17 154 134
Ter Bescano J110 112 13.8 134 141 145 122
Llémena Sant Gregori C306 12.0 122 128 171 187 17.5
Onyar Quart Jo20 80 6.1 54 99 85 77
Ter Sant Julia de Ramis Jo54 10.1 11.1 10.7 134 125 10.9
Terri Sant Julia de Ramis Jo28 84 10.0 92 114 113 111
Ter Flaga J112 65 81 6.7 122 105 9.0
Ter Torroella de Montgri Jo53 6.8 65 78 122 124 113
Segre
Noguera Pallaresa Alos d'Isil N48 187 194 16.8 20 19.1 16.6
Noguera Pallaresa Esterri d'Aneu C232 16.2 176 16.0 189 193 17.7
Noguera de Cardos Lladorre N44 177 16.0 17.7 174 18.7 17.7
Noguera de Vallferrera Alins N45 190 189 179 164 19.6 194
Noguera Pallaresa Sort J164 192 175 166 19 189 17.0
Flamicell Lluga N46 200 19.3 17.5 20.0 19.3 17.9
Noguera Pallaresa La Pobla de Segur N47 200 189 170 178 173 16.8
Cadi Cava N38 16.3 185 17.5 20.0 194 17.9
Valira La Seu d'Urgell N43 150 139 124 149 171 107
Segre La Seu d'Urgell C229 169 156 141 179 17.7 156
Fontanet Organya N41 158 176 16.8 189 19.2 179
Llobregos Castellfollit de Riubregos N37 168 18 172 135 12.8 139
Llobregos Ponts N39 113 142 124 11.0 134 128
Segre Ponts C231 12,6 14.8 143 13.0 143 128
Segre Artesa de Segre N42 129 139 13.0 148 154 134
Si6 La Sentiu de Si6 N40 112 113 116 106 6.3 6.1
Segre Térmens E207 10.8 12.8 128 171 171 15.1
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Table 3. Pearson’s correlation coefficients between diatom indices

and environmental variables.

Significance is indicated by asterisks: (***) p < 0.001, (**) p < 0.01, (*) p < 0.05, n = 62.

IBD IPS CEE
pH 0.406(**)  0.450(***) 0.447(***)
Conductivity (uS cm'1) -0.563(***) -0.525(***) -0.412(***)
Water temperature (°C) -0.497(***) -0.485(***) -0.409(***)
Oxygen saturation (%) 0.248 0.301(*)  0.350(**)
ol (mg L'1) -0.500(***) -0.498(***) -0.343(**)
Cl' (mg L'1) -0.713(***) -0.707(***) -0.664(***)
HCO3 (mg L'1) -0.413(***) -0.335(**)  -0.217
K (mg L") -0.611(***) -0.578(***) -0.524(***)
ca’ (mg L™ -0.402(**) -0.361(**)  -0.209
Mg (mg L™ -0.402(**) -0.344(**)  -0.146
Na" (mg L'1) -0.688(***) -0.705(***) -0.659(***)
NO3-N (mg L'1) -0.333(**) -0.379(**) -0.344(**)
NH4"-N (mg L) -0.338(**) -0.335(**) -0.387(**)
PO, -P (ug L") -0.537(***) -0.484(***) -0.494(***)
TOC (mg C L'1) -0.357(**) -0.337(**) -0.381(**)
Width (m) 0.064 0.083 0.098
Depth (cm) -0.105 -0.140 -0.126
Altitude (m) 0.433(***) 0.435(***) 0.421(***)
Water velocity 0.454(***) 0.438(***)  0.308(*)
Riparian vegetation coverage -0.318(*) -0.241 -0.205
Water transparency 0.231 0.300(*) 0.201
Physical impact -0.531(***) -0.590(***) -0.658(***)

Mediterranean Intercalibration Process of Phytobenthos. The bioassessment of water

quality needs to be interpretable and representative of environmental disturbances

(European Water Framework Directive, WFD, European Commission 2000), and also

comparable among different fluvial ecosystems in Europe. Thus, the development of a

common metric following an intercalibration process is a necessity. For this purpose,

Spain, along with France and Portugal, was involved in a Phytobenthos Mediterranean

Intercalibration process. The data presented up to this point along with data from

Llobregat, Besos, Francoli, Gaia, Foix, Riudecanyes, Segre (Noguera Ribagorcana)

watersheds and the lower part of the main axis of Ebre River (Fig. 1 General Material

and Methods) were those used for the intercalibration process, as part of Spanish

Mediterranean river systems.
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As each country had its own fluvial classification which was no comparable within
groups, a new classification for intercalibration (IC) types was suggested. IC types of
the Mediterranean Geographical Intercalibration (MED GIG) group were used to

classify samples (Table 4).

Table 4. Description of the Mediterranean Intercalibrated types.

R-M1 R-M2 R-M4 R-M5
Drainage area (sz) 10-100 100-1000 10-1000 10-100
Altitude (m) 200-800 <400 400-1500 <300
Geology mixed mixed non-siliceous mixed
Flow regime highly seasonal highly seasonal highly seasonal temporary

All members participating in the intercalibration process justified the methods used to
calculate their national metric following the Normative Definitions (NDs) of the WFD. In
the case of Spain, because of the described considerations, the diatom index IPS was
used as a national metric. Each country converted their national metric to an Ecological
Quality Ratio (EQR), computed from observed and reference values, and this EQR was
split into separated status classes (table 5). The classes defined by the NDs are High,
Good and Moderate in terms of their deviation from the biota expected at the reference

state.

Table 5. Boundary values expressed as the Spain national metric EQR.

EQR-IPS
Reference High/Good Good/Moderate
R-M1 1 0.90 0.67
R-M2 1 0.93 0.70
R-M4 1 0.91 0.68
R-M5 1 0.95 0.71

Each state adopted their approach to split the EQR into classes. Spain adopted as a
high/good boundary the 25th percentile of reference sites, and the high/good
boundary*0.75 was used to calculate the good/moderate boundary following
REFCOND (Wallin et al. 2003). Selection of Reference conditions needed to follow
criteria established by REFCOND in order to be standardized among all the members

of the Mediterranean group.

83



CHAPTER 3

Following this procedure 78 reference stations were selected from the ACA (2003) data

set that were characterizing the 4 IC types previously described (table 6 and 7).

Table 6. Number of available sites in each river type.

All Reference
R-M1 64 33
R-M2 87 13
R-M4 35 26
R-M5 12 6

Table 7. Chemical values for reference sites.

R-M1 R-M2 R-M4 R-M5

Dissolved Oxygen (% saturation)

Mean 110.39 103.26 100.88

90th percentile 138.82 143.62 114.45
NH,"-N (mg L™

Mean 0.13 0.08 0.06 0.06
90th percentile 0.25 0.13 0.12 0.06
PO,™-P (ug L)

Mean 16.44 5242 4501 47.52
90th percentile 43.93 101.38 127.78 72.02
NOz-N (mg L™

Mean 0.45 1.95 1.04 064
90th percentile 0.96 4.38 232 114

The boundaries for Spain, France and Portugal were then translated to a common
index named Intercalibration Common Metric (ICM) following the description in
Intercalibration (Pollard et al. 2005), and finally compared. The acceptable range of
boundary values was calculated as the median (mean for M5) boundary value +£0.05
EQR units for all MS (table 8).

Table 8. Acceptable range of boundary values express as ICM.

R-M1-M2-M4  R-M5
High/Good 0.80-0.90 0.88-0.98
Good/Moderate  0.61-0.71 0.60-0.70

Med GIG decided not to intercalibrate each IC type separately as IC typology resulted
no to be statistically different. Therefore simply intercalibrated R-M1, R-M2 and R-M4
as a whole group separated from R-M5, considering that only three countries
participate to the intercalibration process, and R-M5 was a very specific river type, as

temporary rivers present a considerably higher natural variability.
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DISCUSSION

Diatom communities have been widely used as indicators of eutrophication and water
pollution, as well as indicators of the integrity of biological habitats (Rott et al. 1998,
Passy et al. 1999, Winter & Duthie 2000). Multivariate analyses performed with the
data set from NE Iberian Peninsula showed a gradient of pollution as being the most
important in structuring diatom communities in the area studied. A response of diatoms
to nutrient enrichment along with river habitat appeared to be evident. Nitrate,
phosphate and physical impact were amongst the significant environmental variables.
Many studies have demonstrated that diatom communities vary along gradients of
nutrient content (Potapova & Charles 2002, Soininen & Niemela 2002, Leira & Sabater
2005, Tornés et al. 2007). On the other hand, although the measurement of river
habitat was qualitative, general descriptors summarizing physical habitat (e.g. stream
size and stream order) were also associated with diatom distribution. This being a
rather common observation (Molloy 1992), their prevalence with respect to the
chemical factors is not obvious. Soininen (2002) showed a clearly significance of water
chemistry on the communities of several Finnish rivers, although physical factors did
have some influence also. In the NE Iberian Peninsula studied rivers appeared a
community typically developing in headwaters, dominated by species of genera
Achnanthes, Cymbella and Denticula, some of them typically from clean waters with
low mineralization (Sabater et al. 1988). Downstream, mineralization and nutrient
content increased both because natural and antropic reasons. Under these conditions,
Navicula become the dominant genus (Sabater & Sabater 1988). In the studied rivers
there was a gradually change from the headwaters to the mouth in the diatom
composition (Potapova & Charles 2002). From the results of this chapter it was
possible to differentiate sites with low chemical and physical alteration, found at
headwaters, from sites with a high degree of contamination, principally due to human-
related activities, found at middle and low reaches. Diatom communities also
responded to a gradient of water temperature and geochemical characteristics. Several
studies have shown the importance of ionic composition for algal communities’
distribution (Cholnoky 1968, Sabater & Roca 1992, Ziemann 1997). Furthermore,
Patrick & Reimer (1966), Ziemann (1971, 1997), Sabater & Roca (1992), Round &
Bukhtiyarova (1996), Pipp (1997) and Potapova & Charles (2003) pointed out the great
difference between diatom communities in calcareous and calcium-poor rivers. At high
alkalinity and relatively high water temperatures, Cymbella helvetica, C. microcephala
and C. affinis (Sabater 1987) were the dominant species. Sabater & Roca (1992) noted

that calcareous springs in the Pyrenees were dominated by various species of
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Cymbella. Potapova & Charles (2003) found that species with highest affinity towards
calcium belonged to this genus in a study in continental USA, Alaska and Hawaii. At
low alkalinity and cold waters Diatoma mesodon, Cymbella sinuata and two Nitzschia
species (N. linearis and N. paleacea) characterized diatom communities. D. mesodon
has been found in cold waters (Carpenter & Waite 2000, Potapova & Charles 2002).
Complementary to multivariate analyses, indices are expected to be a rapid tool for
bioassessment. However, indices at present have been developed mainly in central
and northern Europe (e. g. Coste in CEMAGREF 1982, Lenoir & Coste 1996) to
indicate the general state of water quality. Indices reflect both the organic and inorganic
pollution sources (Descy 1979, CEMAGREF 1982). The three applied diatom indices
reliably assessed the water quality of the sites and also reflected the seasonal
differences, although they did not properly reflected the special situations of
Mediterranean streams. For example, calcareous headwaters got a value of 18 as a
maximum (see table 2, e.g. sites N29, N30, N34, C033), and not 19-20 which was
expected after the identification of these sites by multivariate ordinations (see below,
the second axis of CCA) as calcareous unpolluted waters. However, the best
correlations with environmental variables were observed with IPS and IBD. It was
observed that IBD did no give extreme values in some occasions, while at particular
situations it gave the maximum value (20) when IPS and CEE never reached this
value. Thus, IBD underestimate or overestimate particular situations in the studied
Mediterranean streams. Because of this effect IPS was suggested to be the best index
to assess water quality at the studied sites.

Further, the value provided by the indices locally had to be comparable among different
fluvial ecosystems and methods used in Europe following the WFD. The Geographical
Intercalibration Groups were created to make possible a common approach. However,
IC types turned no to be significantly different from each other on statistically analysis.
Typologies of biotic communities are necessary for the application of the WFD. The
diatom communities in their natural state should be described for several river types
(Soininen 2002). Although classifications can be applied both a priori and a posteriori,
in some cases the largest variability in reference conditions has been observed in the a
posteriori classification using biota of reference sites to form the groups (Hawkins &
Carlisle 2001), as has been described in Chapter 2.

Very little work has been done on the application of diatom indices in Mediterranean
rivers. The recent intercalibration work has proved to be a suitable exercise for the
Mediterranean region. Irrespective of the method used to approach biological
monitoring, uncertainties still exist concerning the uniqueness or general applicability of

a given diagnosis provided by diatom communities (Leira & Sabater 2005). Especially
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when other factors different from pollution or nutrient enrichment affect community
composition. Sabater (2000) showed that diatom indices successfully indicated the
effect of a heavy metal spill on a river system, although they did not properly reflect the
recovery. Diatom indices were originally developed to assess water quality in general,
but their potential use is not clear when other type of stress (e.g. heavy metal pollution)
influence water quality (Barbour et al. 1999). Thus, from the results of this chapter it
can be concluded that the Mediterranean diatom communities studied were distributed
continuously along gradients of water chemistry and also geochemical characteristics,
but to develop a powerful tool to biomonitor river systems across Mediterranean region

and types for site classification still needs to be reappraised.
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INTRODUCTION

Understanding why the number and abundance of species varies from place to place,
and from time to time is amongst the major issues of interest in ecology. The diversity
in local assemblages can be regulated by local factors (e.g. competition, disturbance,
abiotic conditions) and by regional factors (e.g. history of climate, evolution,
immigration). The relative importance of the regional and local factors is still uncertain
since they act on different temporal and spatial scales (Hillebrand & Blenckner 2002).
However, the regression between regional species richness and local species richness
is highly biased and unsuitable to infer any reliable information about the relative
strength of regional and local control of local diversity (Hillebrand 2005).

Diversity is distributed heterogeneously among habitats, landscapes and regions.
Quantifying the heterogeneity in diversity can be approached by comparing
components of diversity that occur within (a) and among samples () at multiple
sampling scales (Crist & Veech 2006). Whittaker (1960, 1972) originally proposed the
a, B and gamma components to characterize different scales of diversity. Gamma-
diversity (y) can be defined as the total number of species in a region, alpha-diversity
(a) is the number of species per habitat, and beta-diversity (B) accounts for the
turnover of species between these habitats. Thus, the turnover of taxa is characterized
by the B component of diversity. The beta-diversity can be measured in several
different ways. Ward et al. (1999) defined the B-diversity as being the 1/mean number
of habitats occupied by each species occurring in the region. Veech et al. (2002)
proposed that the B-diversity accounted for the average amount of diversity not found
in a single, randomly-chosen sample, or in other words the number of all the species of
other samples not found in the analysed sample. Using multivariate dispersion
Anderson et al. (2006) suggested the average dissimilarity from individual observation
units to their group centroid in multivariate space to be a measure of B-diversity.
Altogether, the diversity components can be related by additive partition (Lande 1996),

being y = &+ﬁ. Additive diversity partitions express a- and B-diversity in the same

measurement units so that their relative importance could be easily quantified and
interpreted (Crist & Veech 2006).

The interaction of various spatial scales causes both bottom-up and top-down effects
which affect the balance between the a and the B components of diversity (Loreau
2000). However, the processes that strongly influence the average local richness within
a site are not necessarily the same that account for the difference in local, plot-level
richness between sites (Rajaniemi et al. 2006). Habitat selection creates linkages

across multiple scales, and is an important factor affecting local and regional patterns
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of biodiversity (Resetarits 2005). Similar habitats are expected to present very similar
species assemblages of microscopic organisms, independent of the geographical
location of the habitat (Fontaneto & Ricci 2006).

In the analysis of the present data set, the hypotheses to be tested were 1) that -
diversity increases with stream order, and 2) that diversity patterns are related to
environmental disturbances and other environmental factors, with a regional
dimension. Species-area relationships (SAR) describe the correlation between the
species richness and the area. Increasing the area of sampling will generally result in
an increase in species richness. These hypotheses were tested in watercourses of NE
Iberian Peninsula, including morphological and climatic diversity determining an
important spatial heterogeneity. Three watersheds were selected. Two of them, the Ter
and Llobregat, show similar physical dimensions though physical and chemical
differences. The third river is the Segre, which is of larger dimensions. The physical
and chemical variability that encompasses the area determines the patterns of diversity
in the diatom communities of the 3 studied watersheds. The aim was to determine if
there existed any regularity in the diatom diversity between the 3 rivers or, on the
contrary, if there was a different model for each river. The specific objectives of this
study were therefore to assess how abiotic environment contribute to shape diversity
patterns in each river system, and to determine whether the diversity patterns differed

or not over watersheds of different size and characteristics.

MATERIAL AND METHODS

Study area

The study area was composed of 81 stream and river sites from three watersheds in
NE Iberian Peninsula, Ter, Llobregat and Segre (Fig. 1). These sites covered a wide
range of fluvial typologies and different levels of human disturbance. These three
systems have their headwaters in the Pyrenees and their upper courses are partially
subjected to a snow fed regime. The middle and lower parts of Ter, Llobregat and
Segre are subjected to a Mediterranean climate, implying high hydrologic variability in

these sections (see General material and methods).
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Fig. 1. Map of the study area and location of the sampling sites.

Sampling

See General material and methods.

Statistical analysis

Alpha -diversity and y-diversity were measured by the Shannon index (H’; natural log)
using PRIMER 5.2.4 (Primer-E Ltd. 2001). Beta-diversity was estimated following
Lande (1996). The a-diversity represented the diversity of one site and the (B-diversity
expressed the species turnover between two sites. Thus, the y-diversity was the total
diversity of two sites. All taxa present in each sample were used to make the
calculations. A multivariate analysis of variance (MANOVA) was conducted using
SPSS for Windows (version 15.0.1, SPSS, Chicago, lllinois) to test for significant
differences of watershed and sampling period on the 3 diversity components. Because
of that, the Pillai’s trace statistic, which is recommended to test for significant effects in
MANOVA due to its robustness (Scheiner 1993), was used. The relationship between

the y-, a- and B-diversity values and the area of the watershed and the main river
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length was analysed with Pearson’s correlations using SPSS for Windows (version
15.0.1, SPSS, Chicago, lllinois). Diversity values were standardized for their

representation in figures using the expression:

Di B Dmin
I Dmax - Dmin

where Dy is the transformed value, D; is any value of diversity and D, and Dy, are,
respectively, the maximum and minimum values of diversity. With this transformation

the changes were made comparable between watersheds and sites.

RESULTS

The Ter watershed

Alpha-diversity was low in the headwaters in summer, when few species dominated the
diatom community (Fig. 2A). Fragilaria arcus and Achnanthes minutissima
characterized headwaters communities, accounting for ca. 60% of the total abundance
at Te0. These species tolerate the environmental conditions that characterize the
headwaters (high water velocity, low light conditions, or flood events). A. minutissima
has been described in several studies as an early colonizer (Kelly 2002, Martinez de
Fabricius et al. 2003) favoured by highly disturbed habitats (Peterson & Stevenson
1990, 1992, Biggs et al. 1998). The a-diversity increased progressively from the
headwaters downstream, and was maximal in the section upstream of the 3
consecutive reservoirs located in the middle course of the river. Amphora pediculus,
Fragilaria capucina var. vaucheriae, Navicula cryptotenella, Navicula gregaria,
Thalassiosira pseudonana, Navicula subminuscula, Nitzschia inconspicua, Cocconeis
pediculus and Navicula minima increased their abundance until these reservoirs. This
section of the river flows in an area of important agricultural, cattle raising and industrial
activity. The waters have high concentrations of nitrate, phosphate and total organic
carbon (TOC). At this part of the river the water mineralization and nutrient content
increased. The taxa characteristic in these sites are tolerant to organic pollution (e.g.
Soininen 2002, Leira & Sabater 2005). A. minutissima was present along the main axis
but its abundance was lower than in the headwater. In the upper-middle section of the
river, the Ter received oligotrophic tributaries from high-mountain siliceous and
calcareous ranges, which had diatom communities with higher a-diversity than those in

the main axis.
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Immediately after the reservoirs, the a-diversity fluctuated (diminished, and then
increased again) and was minimal in the river mouth. The diatom community
developing downstream the reservoirs was characterised by Fragilaria construens var.
venter and N. cryptotenella, which reached ca. 50% of the total abundance, along with
A. pediculus, Nitzschia fonticola and Nitzschia dissipata. The diatom community
responded to the physical change of the river caused by the reservoirs. The dominant
taxa in that section were F. construens var. venter, Nitzschia amphibia, N. dissipata, A.
pediculus, Rhoicosphenia abbreviata, Navicula cryptotenella, Cocconeis placentula
and Achnanthes lanceolata. From this section to the mouth, few species dominate. F.
construens var. venter and N. amphibia, and later on T. pseudonana accounted for the
65% of the total abundance alone. In the section from the reservoirs to the mouth, the
main axis received water from mid-mountain polluted tributaries. The mouth had the
lowest a-diversity, as few species were able to tolerate the high degree of
contamination that suffers this part of the river.

The B-diversity (species turnover) in the Ter followed the inverse pattern as that
described for the a-diversity (Fig. 3A). Thus, the species turnover diminished from
headwaters to the reservoirs. After these structures, the turnover diminished again, but
was maximal in the mouth. The B-diversity was always higher in the tributaries than in
the main axis.

A higher homogeneity of the a- and B-diversity along the main axis occurred in spring
2003 than in summer 2002 (Fig. 2A and 3A). A slight increment of a-diversity occurred
in spring from the source to the middle reaches. The a-diversity was relatively constant
in the main axis, and always higher than in the tributaries. The reservoirs had little
effect on the a-diversity during this period. As in summer 2002, the B-diversity during
spring 2003 followed an inverse longitudinal pattern than the a-diversity. There was a
fall in species turnover from headwaters to middle stretches along the main axis. This
trend changed to higher constancy from that section to the mouth. The species
turnover was always lower in the main axis than in the tributaries. The reservoirs had
also little effect to p-diversity. The differences between summer and spring could be
explained by the increment of the water discharge in the latter, which exerted dilution
effects on the water quality.

Species distribution was quite similar to that of summer. A. minutissima, Gomphonema
pumilum, F. arcus and Cymbella minuta characterized the diatom community in the
headwaters. Altogether they accounted for the 76% of the total contribution at TeO.
From headwaters to mouth more species became important in diatom communities in
terms of abundance. Alpha-diversity incremented and [(-diversity diminished. A.

pediculus, Navicula atomus var. permitis, N. gregaria, C. minuta, Nitzschia dissipata, N.
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fonticola, N. inconspicua along with A. minutissima characterized diatom communities
until the reservoirs. After the reservoirs appeared also C. placentula and F. construens
var. venter. There was a little diminution in a-diversity downstream the reservoirs, but
downstream where the strong diminution was observed in summer. At this point
Nitzschia fonticola, Navicula reichardtiana, N. gregaria and Gomphonema olivaceum
reached ca. 60% of the total abundance. From this point to the mouth F. construens
var. venter, N. atomus var. permitis, N. gregaria, Nitzschia fonticola and N. inconspicua

dominated the communities, and a-diversity increased again.

The Llobregat watershed

The Llobregat River is a highly disturbed system since its source. Alpha-diversity was
high in the source of the Llobregat in summer (Fig. 2B). Achnanthes biasolettiana, A.
minutissima and Cymbella minuta characterized the headwaters of this River. This
diatom community was characteristic of upstream sites with low human impact
(Martinez de Fabricius et al. 2003, Soininen 2004, Leira & Sabater 2005). However,
also Navicula saprophila, N. atomus var. permitis, N. cryptotenella, Cymbella silesiaca
and Nitzschia pusilla have a relative high proportion in the headwaters, taxa
characteristic of polluted sites due to the relative high nutrient content of water in these
sites.

From the headwaters to the middle stretches some species appeared to characterize
these communities. The most characteristic were Amphora pediculus, Cocconeis
pediculus, C. placentula and Rhoicosphenia abbreviata, which are eutrophic species
but sensitive to organic pollution (Steinberg & Schiefele 1988, Kwandrans et al. 1998,
Kelly 2002). After the reservoir a-diversity fluctuated, first diminishing, later on
recovering, and finally diminishing suddenly. After that, a-diversity kept relatively
constant until the mouth, even after the entrance of the two main tributaries, the
Cardener and Anoia. From the middle stretches to the mouth, few species were able to
tolerate the high degree of contamination present in the main axis of Llobregat.
Nitzschia inconspicua and N. frustulum represented ca. 60% of the total abundance
respectively in two different sites. A minor but significant presence of Skeletonema
potamos, Cyclotella meneghiniana, Cyclotella atomus, Nitzschia palea and Navicula
recens occurred in that section. Finally, Nitzschia capitellata, N. palea and Entomoneis
paludosa characterized the river mouth. All these taxa characterized this part of the
river, with waters with high nutrient and organic matter concentrations.

The B-diversity increased from the headwaters to the middle stretches in the Llobregat
(Fig. 3B). After the Cardener entered the Llobregat, there was a sudden diminution of

species turnover, but a-diversity kept constant. Downstream, after the entrance of the
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Anoia there was an increase in the B-diversity, but a-diversity still kept constant. The
two main tributaries had opposite effects on B-diversity of Llobregat.

There were remarkable differences between the two periods (summer and spring) (Fig.
2B and 3B). In spring o-diversity was low in the headwaters and incremented
progressively up to the input of the Cardener. A. biasolettiana alone reached 72% of
the total abundance in the Llobregat headwaters, and the a-diversity was low. Other
species such as A. minutissima and Gomphonema pumilum are also characteristic of
headwaters with low nutrient conditions (Lange-Bertalot 1980, Kelly 2002). After that,
there was a progressive change along the main axis from the source to the middle
stretches. Downstream, A. minutissima reached 50-65% of the total abundance,
though A. biasolettiana, Cymbella affinis, C. minuta and Gomphonema olivaceum were
also present. In the middle stretches, R. abbreviata, C. placentula, C. pediculus,
Amphora pediculus and Achnanthes lanceolata ssp. frequentissima characterized
these communities. In the upstream section of the river to the entrance of the Cardener
there was a peak of a-diversity, because of the occurrence of several species such as
Navicula atomus var. permitis, N. gregaria, , N. saprophila, N. subminuscula, Nitzschia
capitellata and N. palea and. However, the relevance of these taxa indicated the
polluted character of this section of the river. Downstream of the Cardener, the a-
diversity diminished and N. capitellata achieved ca. 70% of the total abundance alone.
This species was replaced downstream by N. saprophila, which reached ca. 60% of the
total abundance. After the Anoia, several species characterized the diatom community
in the mouth of Llobregat River. These were Navicula lanceolata, Cyclotella
meneghiniana, R. abbreviata, Nitzschia umbonata, Gomphonema parvulum, Navicula
veneta and N. saprophila. Altogether, they caused an increasing of the a-diversity.
Unlike in summer, the two main tributaries of Llobregat affected the a-diversity. Nutrient
and organic matter concentration was higher in spring.

The B-diversity followed the inverse pattern that characterized the a-diversity. The
species turnover was high in the headwaters and then decreased until the middle
stretches. After the entrance of the Cardener, B-diversity increased again, to diminish

slightly after the Anoia.

The Segre watershed

The a-diversity progressively increased from the headwaters downstream in summer
2002 (Fig 2C). Achnanthes biasolettiana, Gomphonema minutum, Fragilaria capucina
var. vaucheriae and Cymbella minuta characterized the headwater communities.
Downstream of the reservoirs Diatoma vulgaris reached ca. 50% of the total

abundance. Nitzschia fonticola, Navicula capitatoradiata and N. tripunctata were also
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present. D. vulgaris have been found in current and rapid mountain waters (Sabater
1987). Before the reception of the two main tributaries, the Noguera Pallaresa and the
Noguera Ribagorgcana, Nitzschia dissipata, N. palea and Amphora pediculus became
the most abundant species. After the input of the two main tributaries, the a-diversity in
the Segre diminished and small species characterized the communities. These mostly
were Cocconeis placentula, Navicula minima, Amphora pediculus, Achnanthes
minutissima, Fragilaria brevistriata. The autoecological signature of this community
indicated that this part of the river received high inputs of nutrients. In the final part of
the river the a-diversity reached minimal values, C. placentula and Navicula
subminuscula reached ca. 60% of the total abundance. Diversity in the main axis was
always higher than at tributaries.

The B-diversity followed the inverse pattern as a-diversity (Fig. 3C). Species turnover
was high in the source and then began to decrease.

Unlike in summer, the a-diversity in spring remained relatively constant along the main
axis (Fig. 2C). The a-diversity in the tributaries was lower than that of the main axis of
Segre. A number of species of oligotrophic headwaters such as A. biasolettiana, N.
dissipata and Cymbella microcephala characterized the headwaters of the main Segre
axis. A peak of diversity occurred in the headwaters, mostly after the reservoirs. This
peak was located where in summer occurred sudden diminution of diversity. Nitzschia
fonticola, C. minuta, A. minutissima, Navicula cryptotenella, N. reichardtiana and
Melosira varians were the most abundant species in this site, characteristic taxa of
middle stretches with certain degree of contamination. After the Noguera Pallaresa had
entered the Segre, A. minutissima and A. biasolettiana were the most abundant taxa,
reaching ca. 50% of the total abundance, along with Nitzschia dissipata, N. fonticola, N.
inconspicua and Navicula cryptotenella. In the final part, Navicula saprophila reached
ca. 40% of the total abundance and characterized this part of the river. Accompanying
taxa were N. dissipata, N. fonticola, N. inconspicua, G. minutum and A. minutissima.
The species turnover was high in the headwaters, and then suffered a sudden

diminution and incremented again to the final part of the river (Fig. 3C).
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Fig. 2. Alpha-diversity of the studied sites arranged from headwaters to mouth. Dots represent each

sampling point and lines represent the main axis. Reservoirs are indicated with a triangle and the entrance

of the main tributaries with an arrow.

99



CHAPTER 4

Spring 2003

Summer 2002

A) Ter

N © © < m__ m_
~ o o o o o
[("“a"*a)("a-'a)
Aysianip-ejeg
o ® © ¥ o o
~ o o o o o

[("“a"*a)("a-'a)
Aysianip-ejeg

egor-cLir
cLir-geor
cLir-ysor
ysor-ocor
¥S0r-90€0
ysor-oLir
011r-G0€0
0LLr-¥0€0
orir-o9or
090r-¥€00
ooor-gLor
610r-ceN

6Lor-reor
yeor-Leor
160r-€€00
YE0r-veEN

yeor-Leor
120r-GeN

120r-€eN

PE0r-9eN

€0r-0aL

esor-clir
cLir-geor
cLir-ysor
ysor-ozor
¥S0r-90€0
ysor-oLir
0L1r-G0€0
0L1r-¥0€0
oLir-ooor
090r-¥€00
ooor-gLor
610r-ceN

6lLor-veor
yeor-Leor
160r-€€00
PEOr-vEN

yeor-Leor
yeor-zLor
120r-GEN

120r-€eEN

¢L0r-9eN

¢.0r-0aL

B) Llobregat

1.2

T T T

©® © <
o o o

(*“g-*“a)("“a-a)l
Aysienip-ejeg

T
N
[=}

T
Q
(=}

N
-

:
=
-

©® © <
o o o

(*“a-*“a)"'a-a)
Aysienip-ejeg

T
N
o

T
Q
[=}

9v0r-9.0r
9v0r-so0or
§00r-ocir
S00r-¥00r
¥00r-soor
oor-eoor
€00r-150r
€00r-s60r

100r-8040
100r-seor
G20r-91.0
€20r-1eor
Leor-eeor
Leor-220r
L€0r-0sor

8.0r-LLLr

>
V
—
(=3
MNOT—O—OO000OOMNONOOT—OO0O000000OT— 0007

(O i 1 e i e i T e & o e o B B i )

Q
M~
—
p
-

C) Segre

T T T T

N © ® © % N ©
~— -~ o o o o o
("“g-*a)("“a-a)l
Aysienip-ejeg

L]
(]
L)
[ ]
L ]
[ ]
—>
L]
L]
[ ]
[ ]
[ ]
L ]
L ]
L ]
—
[ ]
[ ]
[ ]
[ ]
[ ]
N 2 2 @ v o o
~ ~— o o o o o

("o a)("*a-'a)
Ajisianip-ejog

61¢3-¥€20
¥€¢0-GIN
SIN-0LOr
0L0r-1¢o1
010r-0¢o01
6l¢3a-Lvor
L¥0r-€2¢c0
61¢3-,02¢3
£02¢3-0vN
L023-9YN
£023-LVN
LYN-v9Lr
POLr-GYN
YLr-v¥N
Y9Lr-2€2o
¢€¢O-8YN
£023-¢vN
CYN-6EN
6EN-LEN
CYN-1€20
1€¢O-LYN
1€CO-EYN
1€¢0-62¢0
6¢¢O-8EN

IN-6123
61¢3-.603
2603-GIN
GIN-0LOr
0L0r-1¢01
010r-0201
61¢3-€220
61¢3-,0¢3
£02¢3-0vN
£023-9vN
£0¢3-LvN
LVN-¥9LL
P9Lr-GYN
P9Lr-v¥N
P9Lr-2€20
2€¢0-8YN
£0¢3-¢vN
CYN-6EN
6EN-LEN
CYN-1€20
1€20-LPN
1€CO-EYN
1£20-62¢0
62¢0-8EN

Fig. 3. Beta-diversity of the studied sites arranged from headwaters to mouth. Dots represent each

sampling point and lines represent the main axis. Reservoirs are indicated with a triangle and the entrance

of the main tributaries with an arrow.
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Effects of environment and watershed on diversity

Watersheds were significantly different between them for a- and B-diversity (MANOVA,
p < 0.001). However, significant differences due to the sampling period in neither a- nor
B-diversity were not observed (p = 0.777). The interaction between the watershed and
the period was non-significant (p = 0.135).

The relationships between diversity and the watershed area and main river length was
analysed separately according to the degree of disturbance. Hence, the Llobregat
watershed was analysed on one side, while the Segre and Ter watershed were
analysed on the other side. The tributaries Anoia and Cardener in the case of
Llobregat, and Noguera Pallaresa and Noguera Ribagorgana in the case of Segre were
considered separately. No correlation was observed between the 3 diversity
components and the area and length of the river in the case of the Llobregat watershed
(Llobregat, Anoia and Cardener). However, the y- and a- diversity correlated well with
the main river length in the case of Segre, Noguera Pallaresa, Noguera Ribagorcana
and Ter. Such a correlation could not be observed with the area. The B-diversity

correlated with the area of the watershed and the main river length (Table 1).

Table 1. Pearson’s correlation coefficients between the y-, a- and B-diversity values and the area of the
watershed and the main river length. (*) Indicate significant correlation at p < 0.001. Llobregat watershed n

= 52, Segre and Ter watershed n = 85.

Llobregat watershed Segre and Ter watershed

Watershed area Main river length Watershed area Main river length
Gamma 0.230 0.225 0.180 0.376(*)
Alpha 0.269 0.265 0.095 0.285(*)
Beta -0.181 -0.186 0.313(%) 0.329(%)

DISCUSSION

The analyses of diversity on benthic freshwater algae have shown controversial results.
While some have described increasing diversity related to increased nutrient supply
(Marcus 1980, Pringle 1990), other studies have observed that diversity decrease in
these situations (Miller et al. 1992). These apparently contrasting results indicate a
unimodal relationship between nutrient richness and diversity (Hillebrand & Sommer
2000). Species richness is low at the lowest productivities because of a shortage of
resources, but also declines at the highest productivities, where competitive exclusions
increase rapidly. Diversity may be highest at intermediate levels of productivity (Waide
et al. 1999).
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This same pattern could be observed in the analysis of the rivers described in this
chapter. Headwaters are highly disturbed habitats, where high water current, low light
conditions or flood events make few species capable to grow under these
environmental conditions. Mouths are also impacted habitats, both physically and
chemically, and few species are able to tolerate the high degree of contamination. In
the middle, stretches environmental conditions (e.g. substratum type, current velocity
and light) favour the growth of benthic algae. As it was expected, in the Ter and Segre
alpha diversity was low in the headwaters, incremented progressively in the middle
stretches and then diminished in the mouths. The o-diversity pattern for the Segre
watershed was comparable with that of the Ter in summer as in spring, although
differences were still significant. The a-diversity remained relatively constant in spring
in the two rivers. In summer, under low water flow and high spatial differences in water
chemistry, the a-diversity showed a consistent increase from the headwaters to the
middle stretches, and a decrease towards the lower parts of the rivers. In both
watersheds, the presence of the reservoirs had an effect on a-diversity. However, the
effect of the reservoirs was not the same in the Ter and in the Segre. In the Ter, there
was a diminution of the diversity after the reservoirs, while in the Segre the effect was
the contrary in spring.

The Llobregat River followed a completely different pattern from that in the Ter and the
Segre Rivers. The a-diversity did not show any consistent pattern between the two
periods despite differences were non-significant. Previous studies analysing the
distribution of diatom communities in the same area determined that the main gradient
structuring diatom communities was mainly a nutrient gradient, which arranged
oligotrophic highland sites to eutrophic sites of low elevation (Leira & Sabater 2005,
Tornés et al. 2007). Thus, it can be considered that the distribution of the diatom
diversity from headwaters to the mouth was interfered by this gradient previously
described, making a highly different pattern than in that of the Ter and the Segre.
Generally, organisms with high dispersal ability show a weaker strength towards the
predicted relationship between species richness and area. Diatoms have relatively
efficient passive dispersal over large spatial extents, although limited (Vyverman et al.
2007, Soininen et al. 2007). However, the spatial scale of the study (31896 Km?) is not
too extensive to lead to pronounced dispersal limitation for stream diatoms (see
Soininen & Heino 2007). Thus, the lack of correlation in the Llobregat between the
diversity and the area of the watershed and the main river length can be determined by
the relevant role of the pollution in this system. In homogeneous systems, species
turnover should generally exhibit shorter scale-dependency (Soininen et al. 2007). The

degree of contamination governed the distribution of the diversity in this watershed and
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masked physiographic effects. Instead, the correlation between y-, a- and B-diversity
and physiographical parameters in the Segre and the Ter, and the consistent patterns
between summer and spring, indicated that the longitudinal pattern of diversity in these
rivers was modulated mostly by physiography.

The B-diversity followed an inverse pattern than that of the a-diversity in all cases
except for the Llobregat watershed in summer. Therefore in general, when the number
of species per habitat (a-diversity) increased, the species turnover between these
habitats (B-diversity) decreased; and vice versa. In the case of the Llobregat in
summer, however, the a-diversity remained constant from the middle stretches, while
the turnover of species between habitats incremented or decreased. In this river, the
number of species was the same between sites, but species in one site and the other
were different.

The case of the Llobregat suggested that there was a saturation of taxa. A community
is saturated when it can not support any more species. Saturation of species may be
an inevitable consequence of physical limitation, irrespective of interactions among
species, when local habitat represents a few part of the regional area. If the local
community is defined at a scale close to that of the total region, a-diversity will
incorporate almost all of y-diversity and increase parallel to the latter, irrespective of
interactions among species (Loreau 2000). Since diversity values were standardized, it
can be assumed that the community from the middle stretches to the mouth of
Llobregat in summer may be saturated, unable to support further species interactions.
Contamination causes habitat degradation and homogenization, which is detected by a
loss of species turnover between habitats (Passy & Blanchet 2007). Under natural
conditions, the stream habitat is highly heterogeneous, with distinct transverse
gradients of depth and current velocity and longitudinal alternation of riffles, runs, and
pools of differing sediment types, nutrient availability, and often canopy. This
heterogeneity creates a patch mosaic of stream algal communities (Pringle et al. 1988),
and has been identified as one of the major mechanisms generating B-diversity
(Connor & McCoy 1979). This diversity might be lost in the highly disturbed systems
such as the Llobregat. Beta-diversity was high in the headwaters due to habitat
heterogeneity. Diversity patterns in Llobregat watershed did not follow the trends for
the Ter and the Segre, and this might be justified by the degree of contamination that
affects this watershed (Leira & Sabater 2005, ACA 2003).
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CHAPTER 5. THE EFFECT OF HABITAT ON THE
DISTRIBUTION OF BENTHIC ALGAE AND
CYANOBACTERIA IN A FORESTED STREAM
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INTRODUCTION

The distribution patterns of biological communities are the result of a complex interplay
of physical and biotic processes that operate over a wide range of spatial and temporal
scales (Menge & Olson 1990). In river ecosystems, water chemistry, light availability,
variations in temperature, current velocity, or substrata type induce spatial
heterogeneity, as observed on a range of scales in the river system (Frissell et al.
1986). The variability of these environmental characteristics causes habitats for stream
and river algae to be more or less available, and this might be reflected in the algal
community structure at the habitat scale (Walker et al. 1999, Cardinale et al. 2000).
Light availability is the primary limiting factor for growth of the benthic algae in forested
streams, while nutrients may be more relevant where the canopy cover is low (Hill &
Knight 1988, Hill & Harvey 1990). Both in open and forested streams, water
temperature and hydrologic variation are also modulating the metabolism of primary
producers (Hill et al. 1995, Acufia et al. 2004, Uehlinger 2006). Since most streams
have changing longitudinal patterns of canopy cover, stream bed substratum or water
velocities, the algal communities are structured in mosaics of patches, each at a
distinct point along succession dynamics (Matthaei et al. 2003).

The variability of habitats and the associated implications for the structure of benthic
algae communities have been reported in several studies. Variations of in situ
dissolved oxygen in a prairie stream suggested spatial shifts across distances of
decimeters or less (Kemp & Dodds 2001). Passy (2001) showed that the architecture
of diatom patches on natural substrata depended on their location within the stream.
Soininen (2003) reported that a scale of meters is relevant for diatom distribution
patterns in a turbid river. At the habitat scale, algae arrive from upstream reaches or
from neighbouring patches as a result of continuous cell immigration. Hence, the algal
community developing in a given patch is the result of cell settlement and attachment,
the respective growth rates of the cells integrating the patch, interaction with other
algae and biota, and finally random factors. However, the relative influence of
environmental factors (that is, those that define the physical and chemical suitability of
a given habitat for algal growth) on the spatial distribution of the taxa is not clearly
established. Since the small-scale variation of environmental variables may be
reflected by the spatial distribution of organisms (Pringle et al. 1988), it is pertinent to
study the processes that maintain diversity in undisturbed natural systems. Here the
effects of environmental factors on the distribution of algal communities in an
undisturbed stream were examined. It was specifically of interest to determine the

factors that affected the microdistribution of biomass and composition of benthic algal
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and cyanobacterial taxa. The algal and cyanobacterial community was examined by
multivariate analyses that consider the overall response of the community and the

separate effects of environmental variables.

METHODS

Sampling

Temporal and spatial patterns of
benthic algae and cyanobacteria
distribution were studied in winter
(December) 2005 and spring (May)
2006 in  Fuirosos, a forested
Mediterranean stream in NE Iberian
Peninsula (Acufia et al. 2004).
Sampling was conducted in 2 reaches,
differing mostly in riparian cover, and
ca. 200 m apart (Fig. 1).

Fig. 1. The shaded reach (A) and the unshaded
reach (B) of Fuirosos stream in spring.

The proportion of benthic substrata in
these reaches is similar and consists of
boulders and cobbles overlying sand
and gravel. Water samples for analysis
and physicochemical variables were
taken and measured, respectively,

along 3 perpendicular transects in each

of the 2 reaches (Fig. 2). Transects

were ca. 6 m apart.
Fig. 2. Detail of a transect and the streambed.
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Water depth, water velocity, incident light, pH, conductivity, percentage of oxygen
saturation, water temperature, chlorophyll fluorescence (F0), and substratum type
(rocks and sand) were measured every 10 cm along each transect at a position near to
the substrata (see Appendix 3, page 155 and attached CD). The number of
measurements in each transect ranged from 20 to 40, depending on its width.
Conductivity, water temperature, percentage of oxygen saturation, and pH were
measured using WTW meters. Incident light was measured using a Li-Cor quantum
sensor (Li-192SB). Water velocity readings were taken with a current meter (MiniAir2
Schiltknecht 43221). Water depth at each position was measured with a ruler. The
Reynolds and Froude numbers were calculated from water velocity and depth. The
Reynolds number quantifies the ratio of inertial to viscous forces within a fluid, and can
be used to distinguish between less turbulent to laminar regimes (low Reynolds
number), and turbulent flow (high Reynolds number). The Froude number represents
the ratio of inertial forces to gravitational forces, and differentiates steady flow from
turbulent flows, and implies the greater or lower easiness for an organism to remain
attached to a given substratum (Allan 1995).

Fluorescence in situ along each transect was measured by means of a pulse amplitude
modulation (PAM) fluorometer (MINI-PAM, WALZ, Effeltrich, Germany). The PAM-
method applies ps-light pulses to determine chlorophyll fluorescence, which may vary
between a quasi-dark level (FO), when all Photosystem Il reaction centres are open,
and a maximal level (Fm), when all these centres are closed (Schreiber et al. 2002).
Therefore, FO gives an estimate of chlorophyll a (chl a) content (Geel 1997). Fifteen
periphyton samples were selected randomly from the 6 transects on the basis of the FO
range of values recorded previously every 10 cm along each transect. These samples
were collected and used to extract chl a in the laboratory. Chl a samples were collected
following Stockner & Armstrong (1971) (see below), rinsed in distilled water, and
transported to the laboratory. Suspended material was retained in GF/F filters, which
were then wrapped in aluminium foil and frozen until analysis. Chl a was measured
after extraction with cold (4°C) 90% (v/v) acetone overnight. Chl a was estimated from
spectrophotometric readings (Lambda UV/VIS spectrophotometer; Perkin-Elmer)
following Jeffrey & Humphrey (1975). These measurements were compared to their
respective FO values, and the calibration curve between the 2 parameters was then
used to transform the values for FO measures along the transects to chl a (* = 0.64, p
< 0.001). The transformed chl a values were then used in the final estimates of algal
biomass.

As it was not feasible to sample all identified spots (177 in winter and 141 in spring),

the physical variables (light, temperature, water depth) and the FO measured in the
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field in each transect were used to establish the areas to be sampled in every transect.
Within those areas, different spots were selected randomly, and sampled. Following
this procedure, benthic algae and cyanobacteria were collected in up to 7 spots per
transect, with a total of 42 samples per sampling period.

Samples for water chemistry were collected following the same criteria as for the algal
samples. Water samples were passed through Whatman Nylon membrane filters with a
pore diameter of 0.2 um in the field. Samples were then stored at 4°C and frozen in the
laboratory until analysis. Nitrate was analysed by lon-chromatography (Metrohm Ltd.
Herisau Switzerland). Phosphate concentration was measured following the method
described by Murphy & Riley (1962). Ammonium was analysed following HACH (1992).

See also Appendix 3 for chemical data.

Algae collection and analysis

Benthic algae and cyanobacteria were sampled from rocks and sand. Rocky samples
were collected by means of a brush-syringe system adapted from Stockner &
Armstrong (1971) (Fig. 3). Sandy samples were collected coring an area ca. 2 cm
depth with an untapped syringe. Sand surface was estimated after applying a
conversion factor obtained by granulometry (Artigas et al. 2004). These systems

allowed the collection of the samples without relevant alteration of the stream bottom.

Fig. 3. Benthic algae and cyanobacteria collection using a brush-syringe system adapted from Stockner &
Armstrong (1971).

The sample retained in the brush or in the untapped syringe was rinsed in 5 mL of river
water and preserved in 4% formaldehyde until analysis. Each algal sample was
partitioned for the taxonomic analysis of diatom and non-diatom algae, and
cyanobacteria. Diatom frustules were cleaned from organic material using sulphuric

acid, dichromate potassium, and hydrogen peroxide. Quantitative slides were prepared
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by using Naphrax (r.i. 1.74; Brunel Microscopes Ltd., Chippenham, Wiltshire, UK). Up
to 400 valves were counted on each slide using random microscopy fields under a light
microscopy. A Nikon Eclipse E600W light microscope equipped with Nomarski
differential interference contrast optics at a magnification of 1000x was used for diatom
counts. Taxa were identified following mainly Krammer & Lange-Bertalot (1991-1997),
and Lange-Bertalot (2001). Non-diatom algae and cyanobacteria were identified under
light microscopy at a magnification of 1000x. However, large algal species were
counted at lower magnification. The monographies used for the identification of the
non-diatom algae and cyanobacteria were by Kann (1978) and Sabater (1987). This
algal fraction was determined after counting 50 random microscope fields per aliquot.
The quantitative method throughout the process considered the brushed surface, the

dilutions performed, and the number of microscope fields counted.

Biovolume calculation

Algal and cyanobacterial biovolume was calculated following Hillebrand et al. (1999),
after measuring at least 10 randomly selected individuals of each taxon. The biovolume
of species not included in Hillebrand et al. (1999) was calculated by the best fitting of
the cells to geometrical models. In the case of the red alga Lemanea sp., cells counts
were not possible and the volume was calculated for the entire thalli at 40x. For
Cladophora glomerata mats, the extended filaments present in microscopic fields at
40x were used to calculate biovolume. In all cases, biovolume was expressed as pm®

cm™. See Appendix 4 for biovolume data (page 155 and attached CD).

Data analysis

Model Il linear regression (geometric mean regression) using SPSS for Windows
(version 14.0.1, SPSS, Chicago, lllinois) was conducted to analyse the relationship
between FO and chl a, because both variables were measurements (with errors; Sokal
& Rohlf 1995). Environmental data and chl a were analysed by multivariate analysis of
variance (MANOVA, SPSS for Windows, version 14.0.1, SPSS, Chicago, lllinois) to
test for significant effects on sampling period, reach, and substrata type as factors.
Biovolume data of the algae and cyanobacteria were analysed by means of detrended
correspondence analysis (DCA) (Hill & Gauch 1980) to determine the length of the
gradient for the first two axes. DCA revealed that the gradient length was shorter than 3
standard deviation units; therefore linear ordination techniques were more appropriate
(Lep$ & Smilauer 2003). Consequently, Principal component analysis (PCA) was used
to examine the trends of the algal distribution in the sites without making a priori

assumptions about possible factors influencing community structure.
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Constrained ordination, redundancy analysis (RDA) was used to select predictors that
best explained the variance of the algal data (ter Braak & Smilauer 2002). Partial RDAs
were finally used to separate and examine the relative importance of 2 groups of
explanatory variables for the species data. Two groups of explanatory variables
(environmental data and spatial data) were used for the constrained analyses (Borcard
et al. 1992). Environmental data included in the analyses were substratum type, water
depth, water velocity, Reynolds number, Froude number, conductivity, incident light,
percentage of oxygen saturation, water temperature, ammonium concentration,
phosphate concentration, and nitrate concentration.

Spatial data were defined as the position in the space occupied by the samples within
each transect. These data were generated by means of a polynomial trend surface
regression equation on the x (along the stream) and y coordinates (across the stream)
(Legendre & Legendre 1998, Borcard et al. 1992). A third-order polynomial regression
was applied to ensure not only the extraction of the linear gradient patterns in species
data, but also more complex features like patches or gaps, which require correct
description of the quadratic and cubic terms of the coordinates, and their interactions
(Borcard et al. 1992). The spatial matrix consisted of the 9 terms of the equation (z =
bix + boy + bax? + buxy + bsy? + bex® + byx%y + bexy? + bgy?). There is no need for an
intercept term (by) since the species data are centered on the origin in the redundancy
analyses solution (Borcard et al. 1992).

According to this preliminary RDA, collinear variables were identified and a subset of
variables based on inspection of variance inflation factors (VIF < 20) were selected (ter
Braak & Verdonschot 1995). The 2 groups of explanatory variables (environmental and
spatial) were submitted to a step-wise forward selection procedure in which the
statistical significance of each variable was tested by the Monte Carlo permutation test
(999 permutations) at a cut-off point of p = 0.05. Probabilities for multiple comparisons
were corrected using Bonferroni correction. After that, variation partitioning was
conducted in several steps: 1) RDA of the species matrix constrained by the
environmental matrix; 2) RDA of the species matrix constrained by the spatial matrix; 3)
partial RDA of the species matrix constrained by the environmental matrix and using
the spatial matrix as covariables; and 4) partial RDA of the species matrix constrained
by the spatial matrix and using the environmental matrix as covariables.

Taxa biovolumes with a relative proportion of 3% and occurring in more than 1 sample
were included in the analyses. Taxa biovolumes were logarithmically transformed
before analyses. Environmental data (except pH, percentage of oxygen saturation, and
substratum type, expressed as dummy variables) were logarithmically transformed

before analyses to reduce skewed distributions. Analyses including biovolume referred
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to the entire benthic community, algae (diatom and non-diatom algae) and
cyanobacteria. PCA, RDA, and partial RDA were undertaken using CANOCO for

Windows (version 4.5, Microcomputer Power, Ithaca, New York).

RESULTS

Site characterization

The environmental variables (Table 1) showed significantly different values in winter
than in spring (ANOVA, p < 0.001), except in the case of water velocity and the Froude
number (ANOVA, p = 0.677 and p = 0.632). These findings showed that the data
required separate analysis per period. In winter, differences between the 2 reaches
were due to light availability, water temperature, and ammonium and phosphate
concentration (ANOVA, p < 0.05). In spring, significant differences between the
reaches were detected in water depth, incident light, Reynolds number, percentage of
oxygen saturation, and ammonium concentration (ANOVA, p < 0.01). Incident light,
percentage of oxygen saturation, and Reynolds number differed with respect to
substratum type (ANOVA, p < 0.01) in winter, though only depth was significantly
different between substratum type in spring (ANOVA, p < 0.05).

Table 1. Mean values (SE) of physical and chemical variables for the reaches studied each sampling

period.

Environmental variables Winter Spring

Unshaded reach Shaded reach Unshaded reach  Shaded reach
Depth (cm) 22.39 (0.67) 18.57 (0.81) 5.95 (0.47) 9.08 (0.55)
Velocity (m s'1) 0.02 (0.00) 0.07 (0.01) 0.02 (0.00) 0.02 (0.00)
Conductivity (uS cm‘1) 187.52 (0.04) 198.39 (0.75) 231.17 (0.10) 229.23 (0.09)
Oxygen (%) 112.17 (1.38) 107.48 (1.04) 96.76 (0.43) 89.36 (0.45)
Water temperature (°C) 5.07 (0.12) 2.87 (0.03) 15.92 (0.16) 15.84 (0.12)
NH,"-N (ug L'1) 224.78 (10.73) 154.01 (21.49) 11.27 (2.36) 18.52 (3.57)
PO,>-P (Mg L'1) 7.72 (0.32) 11.92 (0.69) 5.35(0.17) 5.92 (0.27)
NO;-N (ug L'1) 259.69 (31.46) 364.30 (22.71) 33.31 (1.68) 41.34 (1.67)
Chl a (ug cm'z) 0.53 (0.07) 0.69 (0.08) 0.56 (0.07) 0.44 (0.06)
Light (umol photons m” s'1) 45.31 (2.02) 27.30 (0.49) 957.15 (57.08) 79.05 (7.49)
Reynolds number 3747.51 (405.66) 9197.99 (1869.55) 914.52 (102.23) 1756.31 (453.46)
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Chlorophyll distribution

The transformed chl a (surrogate of FO) values were significantly different only between
substrata type in winter (ANOVA, p < 0.001). Estimated chl a ranged from 0 to 2.8 pg
cm? in the unshaded reach, and from 0 to 2.6 ug cm™? in the shaded one during winter.
In spring, chl a ranged from 0 to 2.9 yg cm™? in the unshaded reach, and from 0 to 2.3
ug cm? in the shaded one (Fig. 1A). Chl a in winter ranged from 0 to 2.8 ug cm™ on
sand to 0 to 2.6 ug cm™ on rock substrata. In spring, maximum chl a reached 0.6 pg

cmon the former substrate and 2.9 ug cm®on the latter (Fig. 1B).

2.5

1.5

10 - L ; i

0.5 1

00 b - - L] e

o
&)

wu WS SuU SS

2.5

Chl a (ug cm‘2)

2.0 -

.
15 | .

1.0 1 i
0.5 - B L
0.0 - m— - é e

WSd WR SSd SR

Fig. 1. (A) Chl a transformed values in winter (W) and spring (S) for the 2 reaches, unshaded (U) and
shaded (S). (B) Chl a values of winter (W) and spring (S) for the 2 substratum types: sand (Sd) and rocks
(R). Boxes represent the median, and 25th and 75th quartiles. Figures also show (dots) the 5th and 95th

percentiles.
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Spatial distribution of taxa biovolume

Dermocarpa kerneri, Nitzschia dissipata, and Chantransia stage made up ~60% of total
algal biovolume in winter, whereas Lemanea sp., Spirogyra sp., and Cladophora
glomerata accounted for 81% of the total algal biovolume in spring. Most of the winter
biovolume was related to the occurrence of N. dissipata, Melosira varians, and
Fragilaria ulna in the unshaded reach, and that of D. kerneri and Chantransia stage in
the shaded reach. In spring, Spirogyra sp. and C. glomerata prevailed in the unshaded
reach, while Lemanea sp. alone contributed to 91% of the biovolume recorded in the
shaded reach in spring.

The first PCA axis carried out with the taxa biovolume measurements separated
samples of the unshaded from the shaded reach. This axis was most probably
associated with a gradient of light incidence in the transects. In winter, 24.1% of the
total variance was explained in this first axis, while in spring it accounted for 28.3%.
The maximum biovolumes for most of the species occurred in the unshaded reach. F.
ulna, Navicula gregaria, M. varians, Nitzschia palea, and N. dissipata characterized the
illuminated habitats in winter, while Fragilaria ulna var. acus, F. ulna, Cocconeis
pediculus, and N. dissipata characterized these spots in spring. D. Kkerneri
characterized the shaded habitats in winter, while Lemanea sp. accounted for most of
the biovolume in spring. The second PCA axis expressed the relevance of substratum
type for biovolume distribution, since sandy samples were clustered together and
separated from rocky samples. This axis accounted for 13.8% of variance in winter and
15.7% in spring. D. kerneri, Gongrosira debaryana, and Nitzschia linearis accounted for
the highest biovolume in rocky habitats, while Cocconeis placentula, C. pediculus,
Fragilaria biceps, and Phormidium sp. were the most abundant in sandy habitats in
winter. In spring, G. debaryana, Homoeothrix sp., Pleurocapsa minor, and Oedogonium
sp. occupied rocky habitats, while F. biceps was typical of the communities in sandy
habitats.

Variation partitioning of biovolume

RDA with forward selection showed that Reynolds number, incident light, water
temperature, and substratum type were the environmental variables most related to the
winter biovolume of the taxa. Partial RDA showed that these environmental variables
accounted for 15.7% of the total variation (Fig. 2A). In spring, Reynolds number,
percentage of oxygen saturation, incident light, and conductivity were statistically
significant in RDA, accounting for 14.6% of the total variation in partial RDA (Fig. 2B).
Spatial variation was best described by a third-order equation. The terms retained in

the selection for the two periods in RDA were third-degree monomials (z = b;x%y + bgy®
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in winter, z = bgxy? + bgy® in spring). The spatial position of the taxa (spatial variation,
not shared by the environmental variation) accounted for the 6.4% of total variation in
winter and 4.3% in spring in partial RDA. Up to 6.1% of the variation in algal data was
shared between the environmental and spatial variables in winter, while in spring the

percentage shared increased to 9.8%.
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Fig. 2. Partial RDA results in the ordination space of the first and second axis. Ordination of the biovolumes

of algae and cyanobacteria in winter (A) and spring (B). Taxa codes correspond to those used in Table 2.

Species preferences

The biovolume distribution of several taxa was related mostly to the environmental
variables (Table 2). Amongst these, Navicula gregaria, Gongrosira debaryana,
Cymbella tumida, Achnanthes biasolettiana, Diatoma vulgaris, Nitzschia recta, Melosira
varians, and Achnanthes minutissima had their distribution mostly explained by
environmental variables in winter. Fragilaria biceps, Cocconeis pediculus, Pleurocapsa

minor, Lemanea sp., and Cladophora glomerata were the species most related to the
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environmental variables in spring. In contrast, the biovolume distribution of
Amphipleura pellucida, Chantransia stage, Cocconeis placentula, Fragilaria ulna,
Gomphonema pumilum, and Lyngbya sp. were explained both by the environmental
and spatial variables in winter. A. minutissima, Gomphonema clavatum, M. varians,
and Oedogonium sp. were amongst the species affected by both the environment and

space in spring. None of these taxa was related only to the spatial variables.

Table 2. Results of the partial redundancy analyses (RDA) with forward selection of the variables in winter
(A) and spring (B). The table shows the percentage of variance explained by environmental and spatial

variables with respect to the total and constrained variance.

A)
Taxon Code Fraction of total variance Fraction of explained variance
Environment  Space Environment Space
Achnanthes biasolettiana Grunow ABIA 20.82 1.46 93.45 6.55
Achnanthes minutissima Kitzing AMIN 15.67 1.49 91.32 8.68
Amphipleura pellucida Kutzing APEL 16.66 14.93 52.74 47.26
Amphora ovalis (Kiitzing) Kitzing AOVA 34.87 20.69 62.76 37.24
Chantransia stage CHAN 3.81 2.88 56.95 43.05
Cocconeis pediculus Ehrenberg CPED 25.19 6.68 79.04 20.96
Cocconeis placentula Ehrenberg CPLA 12.11 10.44 53.70 46.30
Cymbella tumida (Brébisson) Van Heurck CTUM 29.64 1.79 94.30 5.70
Dermocarpa kerneri (Hansgirg) Bourrelly  DKER 25.52 7.25 77.88 22.12
Diatoma vulgaris Bory 1824 DVUL 6.39 0.48 93.01 6.99
Fragilaria biceps (Kitzing) Lange-Bertalot FBCP 6.97 2.11 76.76 23.24
Fragilaria ulna (Nitzsch) Lange-Bertalot FULN 8.15 10.59 43.49 56.51
Gomphonema pumilum (Grunow) GPUM 12.76 12.14 51.24 48.76
Reichardt & Lange-Bertalot
Gomphonema truncatum Ehrenberg GTRU 1.05 3.10 25.30 74.70
Gongrosira debaryana Rabenhorst GDEB 22.36 1.17 95.03 4.97
Lyngbya sp. LYNG 6.28 6.01 51.10 48.90
Melosira varians Agardh MVAR 14.57 1.14 92.74 7.26
Navicula gregaria Donkin NGRE 20.14 0.94 95.54 4.46
Nitzschia dissipata (Kutzing) Grunow NDIS 10.40 4.57 69.47 30.53
Nitzschia linearis (Agardh) W. Smith NLIN 13.52 8.55 61.26 38.74
Nitzschia palea (Kutzing) W. Smith NPAL 15.25 2.35 86.65 13.35
Nitzschia recta Hantzsch in Rabenhorst NREC 15.28 1.19 92.77 7.23
Oedogonium sp. OEDO 11.06 7.31 60.21 39.79
Phormidium sp. PHOR1 7.80 13.44 36.72 63.28
Pleurocapsa minor Hansgirg PMIN 19.88 2.90 87.27 12.73
Rhoicosphenia abbreviata (C. Agardh) RABB 7.11 3.35 67.97 32.03

Lange-Bertalot
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B)
Taxon Code Fraction of total variance Fraction of explained variance
Environment  Space Environment Space
Achnanthes minutissima Kutzing AMIN 15.31 16.66 47.89 52.11
Cladophora glomerata (Linnaeus) Kiitzing CGLO 15.39 1.58 90.69 9.31
Cocconeis pediculus Ehrenberg CPED 39.55 0.91 97.75 2.25
Cocconeis placentula Ehrenberg CPLA 14.87 4.74 75.83 2417
Cymbella tumida (Brébisson) Van Heurck CTUM 14.61 6.70 68.56 31.44
Dermocarpa kerneri (Hansgirg) Bourrelly  DKER 8.07 4.75 62.95 37.05
Fragilaria biceps (Kitzing) Lange-Bertalot FBCP 33.45 0.63 98.15 1.85
Fragilaria capucina Desmazieres FCCP 27.41 4.27 86.52 13.48
var. capitellata (Grunow) Lange-Bertalot
Fragilaria ulna (Nitzsch) Lange-Bertalot FULN 7.77 12.51 38.31 61.69
Fragilaria ulna (Nitzsch) Lange-Bertalot FUAC 34.91 6.49 84.32 15.68
var. acus (Kutzing) Lange-Bertalot
Gomphonema clavatum Ehrenberg GCLA 8.58 6.78 55.86 4414
Gomphonema pumilum (Grunow) GPUM 12.48 2.61 82.70 17.30
Reichardt & Lange-Bertalot
Gongrosira debaryana Rabenhorst GDEB 7.87 0.94 89.33 10.67
Homoeothrix sp. HOMO2 2.50 4.06 38.11 61.89
Lemanea sp. LEMA 7.48 0.68 91.67 8.33
Melosira varians Agardh MVAR 8.35 11.95 41.13 58.87
Nitzschia dissipata (Kitzing) Grunow NDIS 12.93 4.10 75.92 24.08
Nitzschia linearis (Agardh) W. Smith NLIN 6.14 2.88 68.07 31.93
Oedogonium sp. OEDO 5.16 7.24 41.61 58.39
Pleurocapsa minor Hansgirg PMIN 4.60 0.32 93.50 6.50
Spirogyra sp. SPIR 19.32 7.44 72.20 27.80
DISCUSSION

Several environmental variables (i.e. temperature, substratum type, light, local
hydraulic conditions) explained most of the variation of the biovolume distribution in the
stream. The position of samples in the space (the spatial matrix in this study) can be
considered as a synthetic descriptor of unmeasured underlying processes that
contribute to contagious distribution. This includes the settlement of the cells or
randomness, which do not have a direct relationship with the variables that were
included in the analyses. The spatial distribution of the algal and cyanobacterial taxa in
the stream was therefore weakly related to the factors associated to dispersion in the
reach and settlement on the substrata. Even so, the amount of unexplained variation
was high, probably due to the local effects of unmeasured (biotic and abiotic) variables,
or to spatial structures that were overlooked because they require the description of
more complex functions (Borcard et al. 1992). The fine taxonomic level used in this
study may account for higher unexplained variation, compared with analyses that pool

taxa in coarser taxonomic groups or size classes (Cattaneo et al. 1993). However, a
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finer taxonomic level is necessary to understand complex successional processes or
mechanisms (Connell & Slatyer 1977, Pickett et al. 1987).

Because of the homogenous chemical environment in the Fuirosos stream, physical
variables (temperature, light, flow, substrata type) were the most prevalent in
determining the distribution and abundance of the benthic algae. Concerning hydraulic
conditions, most of the species were associated to less turbulent habitats (lower values
of Reynolds number). Because Fuirosos is an oligotrophic stream (Table 1), turbulent
flow may have negative effects on benthic algal metabolism and growth. This
antagonist effect has been observed in high-velocity, low-nutrient habitats (Borchardt
1994). However, other algae like Lemanea and Cladophora preferred habitats
characterised by turbulent flow (higher Reynolds numbers). These taxa have been
reported to withstand the drag of current (Stevenson 1996b, Sheath 2003), their growth
being favoured by turbulent flow.

Light and temperature are relevant factors of phototrophic growth (Hill 1996), and in the
Fuirosos the 2 factors determine relevant changes in algal biomass and taxonomic
composition between seasons (Veraart et al. 2008). This study revealed that mostly in
spring, light was one of the most important factors determining algal biovolume
distribution. Diatoms, which contributed most of the biovolume in winter and spring,
preferred the unshaded sectors. Filamentous green algae (e.g. Cladophora glomerata
and Spirogyra sp.) also showed a preference for unshaded habitats, but red algae (e.g.
Lemanea sp.) and colonial cyanobacteria (e.g. Dermocarpa kerneri) preferred low light
conditions. Light limitation has been observed to negatively affect the development of
diatoms (Kawecka 1986, Lowe et al. 1986, Robinson & Rushforth 1987). Filamentous
green algae increase in stream sections with high incident light (Shortreed & Stockner
1983, Lowe et al. 1986). Cyanobacteria have been observed to prefer irradiances of <
50-100 pmol photons m? s™ (Steinman et al. 1989). However, the relative proportion of
filamentous taxa increase when light energy is elevated (Duncan & Blinn 1989).
Prostrate cyanobacteria (which occurred in the Fuirosos stream) may have
physiological mechanisms that allow them to persist under low-light conditions at the
bottom of benthic algal mats (Hill 1996). Freshwater Rhodophyta are adapted to low
light and most exhibit low saturating levels of illumination for photosynthesis (35-400
umol photons m™? s™) (Sheath 2003). Likewise, members of Lemaneaceae occur more
frequently at low irradiance (Mullahy 1952, Thirb & Benson-Evans 1983).

The relevance of substratum type in algal distribution in the Fuirosos is more important
in winter. The physical properties of substrata affect benthic algal development
(Burkholder 1996, Bergey 2005, Murdock & Dodds 2007). The higher occurrence of

Cocconeis placentula and C. pediculus on sand grains is related to their prostrate
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growth form. Prostrate taxa are non-motile forms that adhere tightly in spite of the
constant movement of the sand grains (Miller et al. 1987). Rosette-forming diatoms like
F. biceps use flexible mucilage pads to adhere strongly to the substrata and can
colonize sand grains. Organic mucilage secreted by bacteria or diatoms facilitates the
subsequent colonization of substrata (Sekar et al. 2004) by prostrate forms, some of
which colonize only preconditioned substrata (Hoagland et al. 1982, Korte & Blinn
1983). In contrast, mucilage pads or stalked forms colonize bare substrata, with no
organic film (Hamilton & Duthie 1984, Steinman & Mclntire 1986). The growth form of
mucilage pads provide elongate shapes with relatively large surface area available for
attachment (Steinman & Mcintire 1986). Taxa found on sand grains are mostly pioneer
species, typically observed during early stages of succession (Miller et al. 1987, Sekar
et al. 2004). Diatom taxa as Nitzschia linearis, filamentous green algae (e.g.
Gongrosira debaryana and Oedogonium sp.), and cyanobacteria (e.g. Homoeothrix sp.
and Pleurocapsa minor) comprise late phase communities (Sabater 1989, Sekar et al.
2004). Instead, rocks provided stable substrata and allowed the development of well
structured communities.

The relative importance of environmental factors on stream periphyton shifted
seasonally (Rosemond et al. 2000). As an example, Achnanthes minutissima and
Melosira varians had a ubiquitous distribution in spring while in winter their abundance
was explained mostly by the incidence of light. However, these results suggest that
some taxa are environmentally demanding (only occurring under certain environmental
conditions) while others are more tolerant. This assertion needs to be obviously made
with caution because of the 2 only periods included in the analysis.

Community assembly is a result of historical and environmental factors (Chase 2003).
The high dispersal rate between areas or patches within a stream minimizes the
barriers between areas (historical factor) and causes environmental factors to become
the most relevant. Habitat heterogeneity associated with environmental variability can
therefore be taken as the major driver of community diversity in lotic systems and is
expressed at the substrata scale (Bergey 2005, Murdock & Dodds 2007), the reach
scale (Passy 2001, Matthaei et al. 2003) and the watershed scale (Leira & Sabater
2005, Tornés et al. 2007). The results of this chapter demonstrate the relevance of
small-scale heterogeneity in streams, and how it affects the structure of these
communities. While some species show a definite response, others are more plastic

and their response is unpredictable.
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Indicator taxa of benthic diatom communities: a case study in Mediterranean

streams

1. Four groups of streams types were defined in Catalonia, which showed the

existence of distinctly different communities among them.

2. Type-specific taxa from near-natural streams were coincident with the indicator taxa

for high ecological status.

3. Physiographical differences were only evident in undisturbed sites, while nutrient
enrichment and other human disturbances may mask the regional differences in the
distribution of the diatom communities. Human impact reduced the typological

heterogeneity of the diatom community composition.

4. The use of diatoms as an ecological tool needs to take into account of the different
autoecological characteristics of the diatom taxa in different regions, and be adapted if

it is to provide a reliable diagnosis of specific river systems.

Classification strength of reference conditions. Are biological classifications of

stream benthic diatom communities concordant with ecoregions?

5. Ecoregions and subecoregions were stronger classifiers than watersheds and
geographical position, and concordant with the classification based only on diatom
communities, showing that diatom communities’ composition in NE Iberian Peninsula

reflects ecoregional variability.

Distribution of diatom communities along environmental gradients in

Mediterranean streams. Application and usefulness of diatom indices

6. Nutrient enrichment and river habitat appeared to be the most important
environmental variables in structuring diatom communities in the Mediterranean
streams studied. Diatom communities also responded to a gradient of water

temperature and geochemical differences.

7. The 3 diatom indices applied (IPS, IBD and CEE) reliably assessed water quality of

the sites and also reflected the seasonal differences, although in some cases they did
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not properly reflected special situations in Mediterranean streams as calcareous

headwaters.

8. The best correlations with environmental variables were observed with IPS and IBD.
However, IPS is suggested as the best index to assess water quality at the studied
sites as IBD underestimate or overestimate particular situations in the Mediterranean

streams studied.

9. The intercalibration process has proved to be a suitable exercise for the
Mediterranean region. However, further investigation is still needed to develop a
powerful tool to biomonitor river systems across Mediterranean region and types for

site classification should be reappraised.

Diversity patterns of benthic diatoms in Mediterranean rivers

10. The diversity patterns of benthic diatoms were similar in the Ter and Segre,

completely different from Llobregat.

11. The diversity pattern for rivers Ter and Segre were modulated mostly by their
physiography. However, the longitudinal diversity pattern (from the headwaters to the

mouth) was interfered by a nutrient gradient in the Llobregat River.

12. Contamination caused habitat degradation and homogenization, which was
detected by a loss of species turnover between habitats and a community saturation of

species.

The effect of habitat on the distribution of benthic algae and cyanobacteria in a

forested stream

13. Physical variables (i.e. temperature, light, local hydraulic conditions, substratum
type) were the major determinants of the distribution of species in Fuirosos stream. The
spatial distribution of the algae and cyanobacteria in Fuirosos was therefore weakly

related to factors associated to dispersion in the reach and settlement on the substrata.
14. The factors affecting distribution varied between periods, suggesting that some

species are environmental demanding only under certain conditions, while others show

a wider tolerance to environmental conditions.
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15. Algal and cyanobacterial communities had a heterogeneous distribution at the
habitat scale, in spite of the small dimension of the stream. Thus, habitat heterogeneity

is of great importance to benthic community distribution in a small stream.
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Espécies indicadores de comunitats de diatomees bentoniques. Un cas d’estudi

en rius mediterranis

1. Es van definir quatre grups de tipologies de rius a Catalunya, les quals van mostrar

I'existéncia de comunitats clarament diferents entre elles.

2. Els taxons especifics dels rius de condicions gairebé naturals eren coincidents amb

els taxons indicadors d’estatus ecoldgic elevat.

3. Les diferéncies fisiografiques eren evidents solament en punts no pertorbats, mentre
que I'enriquiment de nutrients i altres pertorbacions humanes poden emmascarar les
diferéncies regionals en la distribucié de les comunitats de diatomees. L’'impacte huma
redueix I'heterogeneitat de tipologies de la composici6 de les comunitats de

diatomees.

4. L'us de les diatomees com a eines ecoldgiques requereix que tinguin en compte les
diferents caracteristiques autoecologiques de les espécies en les diferents regions, i
que siguin adaptades si es vol que proporcionin una diagnosi fiable dels sistemes

fluvials especifics.

Solidesa de la classificacio de les condicions de referéencia. Les classificacions

bioldogiques de diatomees bentoniques fluvials concorden amb les ecoregions?

5. Les ecoregions i les subecoregions van ser classificacions més fortes que les
conques fluvials i la posicid geografica, i concordants amb la classificacié basada
només en les comunitats de diatomees, demostrant que la composicid de les
comunitats de diatomees al NE de la Peninsula Ibérica reflecteix la variabilitat

ecoregional.

Distribucié de les comunitats de diatomees en gradients ambientals. Aplicacio i

utilitat d’indexs de diatomees

6. L'enriquiment de nutrients i I'habitat fluvial van ser les variables ambientals més
importants en l'estructuracié de les comunitats de diatomees en els rius mediterranis
estudiats. Les comunitats de diatomees van respondre també a un gradient de

temperatura de I'aigua i de diferéncies geoquimiques.
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7. Els tres indexs aplicats (IPS, IBD i CEE) no van fallar en I'avaluacié de la qualitat de
'aigua dels punts i a més van reflectir les diferéncies estacionals, tot i que no van
reflectir correctament algunes situacions especials dels rius mediterranis com les

capcaleres calcaries.

8. Les millors correlacions amb les variables ambientals es van observar amb I'index
IPS i 'IBD. No obstant, es suggereix I'lPS com al millor index per a avaluar la qualitat
de l'aigua ja que I'IBD subestima o sobreestima situacions particulars en els rius

mediterranis estudiats.

9. El procés d'intercalibracié ha resultat ser un exercici adequat per a la regio
mediterrania. Tot i aix0, es necessita una investigacié més a fons per a desenvolupar
una eina potent de biomonitoreig dels sistemes fluvials per a la regié mediterrania, i les

tipologies de classificacié haurien de ser reavaluades.

Patrons de diversitat de diatomees bentoniques en rius mediterranis

10. Els patrons de diversitat de les diatomees bentdniques eren similars al Ter i al

Segre, i completament diferents dels del Llobregat.

11. Els patrons de diversitat dels rius Ter i Segre estaven modulats principalment per
la seva fisiografia. No obstant, els patrons longitudinals de diversitat (des de la
capcgalera a la desembocadura) del Llobregat estaven interferits per un gradient de

nutrients.

12. La contaminacio va causar degradacié de I'habitat i homogeneitzacio, que va ser
detectada per una pérdua de recanvi d’espécies entre habitats i una saturacio

d’espécies a la comunitat.

L'efecte de I'habitat en la distribucié d’algues i cianobacteris bentonics en una

riera forestada

13. Les variables fisiques (com temperatura, llum, condicions hidrauliques locals, tipus
de substrat) van ser els principals determinants de la distribucié d’espécies a la Riera
de Fuirosos. La distribucio espacial d’algues i cianobacteris a Fuirosos va estar, per
tant, poc relacionada amb factors associats a la dispersié en el tram o a I'establiment

al substrat.
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CONCLUSIONS (CATALA)

14. Els factors que afecten la distribucié variaven entre periodes, suggerint que
algunes espécies son ambientalment exigents només sota determinades condicions,

mentre que d’altres mostren una tolerancia amplia a les condicions ambientals.

15. Les comunitats d’algues i cianobacteris tenien una distribucié heterogénia a escala
d’habitat, a pesar de les petites dimensions de la riera. D’aquesta manera,
I'heterogeneitat de I'habitat és de gran importancia per a la distribucid de les

comunitats bentdniques en una riera petita.
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