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Chapter 1

INTRODUCTION

1.1 Diatoms
1.1.1 Description of the phylum

Diatoms ot Bacillariophyta are single-celled, mostly autotrophic organisms. This phylum has been found
in nearly all kinds of waterbodies (Round et al. 1990) and it is one of the most prolific and species-rich
algal groups. It could reach up to 100.000 — 200.000 taxa (Mann and Vanormelingen 2013; Mann and
Droop. 1996). They have a self-made silica (8102 nH>O) cell wall (frustule) divided into an upper
epitheca and a lower, smaller hypotheca. Reproduction is mostly asexual (Figure 1a), where cell size
decreases with each duplication (Macdonald 1869; Pfitzer 1869). During each division, a new hypotheca
grows inside each of the thecae, until the size is too small to continue duplication. Then, the sexual
reproduction sets in (Figure 1b-d), and is different depending on whether diatoms are centric, with
(multi-)polar symmetry, or pennate (with bilateral symmetry) (Round et al. 1990; Sato 2008). Sexual
reproduction culminates in a diatom zygote called auxospore, which can elongate. This gives rise to the

initial cell, creating a new biggest cell.

[l J][>[Lj @ sexual
L JC—3 =
o

! | @ ) ST O
asexual
[l J] | ' :> == L

g - %

Figure 1 Description of the diatom life cycle of a centric diatom. a) Asexual reproduction after McDonald-Pfitzer (1869)
hypothesis in which each theca creates new hypotheca through mitosis. b) Sexual reproduction (red square) follows the

fusion of the gametes. It creates a vegetative cell or auxospore (c) that contains the later initial cell (d).

Diatoms ate heterokonts, yet only gametes of centric diatoms display one flagellum. Pennate forms are

known to have autonomic movement whenever a raphe is present. Most of their movement is derived
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from a mechanism proceeding from the raphe, but some may have movement derived from mucilage
extrusion (Round et al. 1990). The raphe is a longitudinal canal located either in the centre (axial, e.g.
Navicula Bory) or side (eccentric, e.g. Nitzschia Hassal) of a valve. It can be present on only one
(monoraphid, e.g. Achnanthidinm Kitzing) or both valves (biraphid, e.g. Navicula Bory). And for the
latter, they can have differing lengths (i. E. brachyraphid diatoms, such as Eunotia and Rhboicosphenia).

Chloroplasts of diatoms have four membranes and contain chlorophyll a, c¢1 and c2. Also pigments
such as carotenes, fucoxanthin and other xanthinoids are found (Round et al. 1990). These give them
their characteristic brown-golden colour. Some potentially heterotrophic or saprophytic diatoms are
known (Lewin 1953), although for the most part, diatom photosynthesis is particularly efficient. It
produces the by-product of mucilage or extracellular polymeric substances (EPS) in the form of
polysaccharides that can increase adhesion to the substrate (Smol and Stoermer 2010). EPS also has an
important part in the ecological interaction with bacteria (Bahulikar and Kroth 2008; Windler et al. 2014;
Bruckner et al. 2011).

1.1.2 Traits of the diatoms

Diatom frustules have morphological differences as well as very intricate ornamentations on both valve
and mantle faces (Figure 2). Traits that can be seen through the optical microscope such as striae, costae,
stigmata and other structures (for more information, see Glossary). Some ornamentations, such as
cribra and other velae, are visible only when observed under an electron microscope. These traits are
the most commonly used in diatom taxonomy, even though the progress in phylogenetic tool
development has modified the classical taxonomy to a high degree. Taxonomically, the class
Bacillarigphyta is very complex. Known cladistical systematics used up to date, phenotypic and genotypic,
present a paraphyletic subdivision of differently formed diatoms (Williams and Kociolek 2007; Medlin
et al. 1996). The division of diatoms of “pennate”, bilateral symmetry, and “centric”, (multi-)polar, is

therefore paraphyletic.

Diatoms can also be subdivided into other subgroups. First, a subdivision into marine and fresh-water
diatoms is important for diatom ontogeny. Even a subgroup, able to survive on wet surfaces, is known.
The heterogeneity of saline aquatic environments has impeded a clear subdivision of “marine”,
“freshwater” and “brackish” diatoms, thus this has been changing through time (Clavero 2005).
Bacillarigphyta do not only react to salinity but also to several physical and chemical states of the water.
Van Dam et al. (1994) created a axon list based on tolerances and optima of ecological values ranging
from pH, salinity, nitrogen uptake, dissolved oxygen requirements, to saprobic features, trophic state

and moisture.

Diatoms can also be divided depending on whether their habitat is planktonic and benthic. Both kinds

are used to ascertain water quality indices following European legislature (Water Framework Directive,
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Chapter 1.2) for lakes and rivers, respectively (European Commission 2000). In our studies we have
focused on the benthic communities, which are attached to a substrate like e.g. on the river bed, since
they are the main colonization form of the rivers as lotic systems, and thus the main diatoms used for
riparian biomonitoring. Planktonic, or free floating, species tend to be carried away by currents and
hence would not be useful in a lotic environment. However, several planktonic diatoms were found at

some benthic sites. This can signal the settling of these diatoms, either dead or alive, into the benthos.

f' o —.u'tr'

08,

T T

4

Figure 2 Example of benthic diatoms. Monoraphids: a) Achnanthidium pyrenaicum (monoraphid), b) Cymbella excise

(asymmetric biraphid), ¢) Navicula cryptocephala (symmetric biraphid), d) Diatoma tenuis (araphid), ¢) Navicnla cryptotenclla
(biraphid), f) Awulacoseira granulate (centric), g) Achnanthidinm minutissimum (monoraphid), h) Nitzschia inconspicua (biraphid),
i) Cocconeis lineata (monoraphid), j)Cyclotella cf. ocellate (centric), k) Denticula tenuis (biraphid), 1) Gomphonema olivacenm
(biraphid), m) Gomphonema stoermeri (biraphid), n) Amphora pedicnlus (biraphid), o) Encyonema minusculum (biraphid), p) Reimeria
sinuate (biraphid), q) Encyonopsis minuta (biraphid), 1) Nitgschia supralitorea (biraphid). White stripe = 10 um.

Diatoms can adhere to different substrates. They live on sand (epipsammic), stones (epilithic) and
macrophytes (epiphytic), or even animals (epizoic). In a benthic, epilithic diatom sample for
biomonitoring, epiphytic diatoms must be ignored or, at least, noted, since communities differ and
change bioindicative values. Their valves result from dead cells and hence are not part of the epilithic
community. For instance, the Cocconeis placentnla Ehrenberg complex tends to colonize macrophytes

(Cambra and Garcés 2010). Epipsammic diatoms can also be found on stones, either living or dead.
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Rimet and Bouchez (2012; Berthon et al. 2011) established a preliminary subdivision of recognizable
diatom life forms. They created groups depending on the form and distribution of diatoms, as well as
differentiating colonizing, motile and teratological forms. These forms have been increasingly used
characterizing water bodies (Riato et al. 2017). The life forms are either properties (whether diatoms are
mobile through the entirety of the water column or pioneers) or traits of diatoms' attachment (tubes,
rosettes, adnate forms, ribbons, pedunculated). Ecological guilds (Passy 2007a) or groups have been
described as high profile (exposition to the environment resulting of the extension from the substrate
enabling communities to fight for resources, not resisting mechanical stresses), low profile (small

colonies tolerant to external and nutrient stress), motile (moving) and planktonic diatoms.

1.1.3 Diatom physiological response to chemical componnds and physico-chemical traits

Diatoms are organisms with an important impact on the general biogeochemical cycles of e.g. carbon
(Brembu et al. 2017; Smetacek 1999), phosphate, nitrate and silica. Due to their overall abundance, their
influence on carbon fixation has been deemed to range from 20 — 40 % of total global primary
production (Field et al. 1998; Falkowski et al. 1993; Riding 1992; Falkowski et al. 1998). A grave result
from diatom biomass is the enormous effect that diatoms, mostly in marine phytoplankton, have on

carbon sequestration (Smetacek 1998, 1999).

Diatoms are mostly characterized by their participation in the silica cycle. Thus, the uptake of this
mineral is particularly important. Cells obtain silicon from soluble orthosilicic acid, soluble silicate and
organosilicon. These compounds are encased in plasmalemma and sequestered into the vacuole during
cell formation (Round et al. 1990). Silicate (SiO4 - nH>O) makes up 10 — 72 % of the cell wall (Schmid
etal. 1981). The silicic acid sequestration is achieved through active Silicon Transfer Proteins (Shrestha
and Hildebrand 2015; Hildebrand 2003; Reeves and Volcani 1984; Sullivan and Volcani 1973) and thus
requires ATP. Most soluble silicate is found at pH below 9. Thus, diatoms are usually not found in
particularly alkaline waters. The presence of silicon was related to regulating gene expression (Okita and
Volcani 1980). The absence of silicon also paralyzes cell division, inhibits DNA replication and
decreases chlorophyll and carotenoid production, reducing photosynthesis and glycolysis and increasing
lipid synthesis (Sarthou et al. 2005). An increase in silicate concentration is usually followed by a shift
to diatom predominance on the substrate (Round et al. 1990). It increases diatom growth rates,

favouring a higher range of intraspecific diatom sizes and thinner frustules (Round et al. 1990).

Also, uptake of other essential functional nutrients depends on silicate presence. As Round et al. (1990)
stated: “in waters enriched by run-off from silica-rich sites or on sediments, there is a continual supply
of silicic acid and the succession of species must be caused by factors other than limitation by silicate
(see also Admiraal 1984)”. For example, nitrate and phosphate concentrations, can be the limiting
factor. Nitrate tends to be obtained as sodium nitrate. It is transported into the cell actively, as observed

in Phaeodactylum tricornutum Bohlin (Syrett et al. 19806). In general, nitrogen uptake is linked to the amino
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pathway and also requires ammonium accessibility (Rhee 1978). Some species are more adept than
others for the uptake of nitrogen or phosphate (Suttle and Harrison 1988). Life forms can also
determine the ease or difficulty in uptake of nutrients (Burkholder et al. 1990). Limitation in nitrogen
or phosphate has different outcomes. Nitrogen limitation drives an increase in cell size for storage (e.
g. in marine systems) whilst phosphate limitation tends to decrease cell size, as found in continental

waters (Litchman et al. 2008).

Temperature rising can also impact diatom volume, decreasing cell size, though arguably not as the only
relevant parameter (Svensson et al. 2014). This trait has no clear, universal effect on carbon and nitrogen
uptake of bigger diatoms (Montagnes and Franklin 2001). On the other hand, conductivity affects
diatoms to a substantial degree. A stronger ionic gradient increases the probability of cell water depletion
from a hypertonic environment, thus some affectation of size may also be due to conductivity
(Potapova and Snoeijs 1997). The main counteraction of the cells is the polymerization of mannose to

polymannose (Paul 1979), but also other mechanisms are known (Dickinson and Kirst 1987).

Diatoms can be affected by metal pollution. Main examples are germanium, copper and zinc that
interfere in the silicate pathway (Azam et al. 1973; Martin-Jezequel et al. 2000; Thamatrakoln and
Hildebrand 2008; Round et al. 1990; Jaccard et al. 2009). Mercury, cadmium and lead, inhibit cell
division (Gélabert et al. 2007; Morin et al. 2008; Rivkin 1979; Kohusova et al. 2011). They also interfere
with cell wall formation, often producing teratological diatoms (Pandey and Bergey 2016). Other heavy
metals are targeted by the European priority substance act (European Patliament and Council of the
European Union 2001, 2013). Chrome, nickel, selenium and antimony do not affect diatoms up to a
concentration of about 1 uM (Round et al. 1990), whilst these concentrations produce fatality in other

organisms. Thus, diatoms are mediocre indicators for these metals.

1.1.4 Benthic diatoms as bioindicators (historical review)

Since the 1970s a clear relation of certain diatom taxa with water traits was observed (Lange-Bertalot
1979b; Kobayasi and Mayama 1989). Sensitivity, i.e. whether a specific taxon could endure adverse
circumstances, and tolerance, i.e. the range of a substance’s concentration within which a taxon may
survive and procreate, are the main characteristics studied. Zelinka and Marvan (1961) described a

formula based on these aspects of diatom lives:

n
Xj=1%S;Vj

DI =
Z}l=1 a;vj

DI is the diatom index, a; is the abundance of species j, s; represents the pollution sensitivity of the
species and vj describes its indicator value established empirically (tolerance). Most of the diatom indices

are calculated using variations of this formula. The Ebro river basin Authorities usually employ 3 trophic
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diatom indices. IPS or “Specific Pollution-Sensitivity Index” (Coste 1982) has the highest proportion
of diatom taxa for which s; and vj have been characterized. For the Spanish diatom flora it has been
observed to be a better descriptor than the other indices and therefore is the official diatom index
chosen in legislature (Martin et al. 2010; Sabater 2000; Ministetio de Agricultura Alimentacién y Medio
Ambiente MAGRAMA) 2013). IBD or “Biological Diatom Index” (Prygiel and Coste 1998; Coste et
al. 2009; AFNOR 2007), also based on the Zelinka and Marvan (1961) formula, utilizes a less developed
taxon database. But it seems to be highly correlated to IPS (Oscoz et al. 2007), as yearly reports attest
(Cambra and Ortiz-Lerin 2005, 20006; Flor-Arnau and Cambra 2007; Flor-Arnau et al. 2008; Cambra et
al. 2003; Goma et al. 2002; Cambra et al. 2012). Finally, the CEE or “European Economic Community
Index” (Descy and Coste 1990) compares existing communities within each sampling site, and also has
been shown to be correlated, to a lesser degree, to the before mentioned diatom indices. Rarely, TDI
or “Trophic Diatom Index” (Kelly and Whitton 1995) has been used. Other parameters such as
saprobic input have not been calculated by official authorities. Sladecek index is occasionally calculated
in research (Sladecek 1986, 1973).

To calculate these diatom indices, a software was developed by Lecointe et al. (1993). OMNIDIA
calculates 18 diatom indices and 33 ecological statistic parameters (Lecointe and Coste 2015). Diatom

taxonomy and ecological traits are updated annually.

1.2 European water law : Water Framework Directive

In the year 2000 the Water Framework Directive or WEFD (European Commission 2000) was created
to homogenize freshwater quality care throughout Europe. One of the main objectives was the
expansion of water protection to all water bodies. Another aim was to improve to a specific water
quality within a given time and to regulate a basin-based water management. The commission

homogenized pollution limits, prices, citizen involvement and a simplified legislation.

To obtain a standard of ecological water quality, it was no longer to be assessed only chemically, it also
utilized bioindicators. For receiving a status of “good” quality, a deadline was set ending in 2015, using
the “one out, all out” approach: If one indicator had less than “good” quality, the site was regarded as

less than good.

To establish the water quality, firstly, undisturbed or “reference” sites were selected and described.
Intercalibration exercises were then made to find patterns throughout Europe. Communities of
different organisms were compared to check whether they coincided throughout Europe or if they were
rare or endemic. After the deadline, in 20106, the policies are tracked in an official website (European

Commission and European Environment Agency 2016).

River and lake types were later subdivided using only geomorphological and physical traits. This did not
show any correlation to species distribution. WEFD established fish, macroinvertebrates, macrophytes,
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phytoplankton and phytobenthic diatoms as bioindicators. Those appear in all kinds of continental and
coastal waters. Thereafter, indices based on them were developed or adapted for most of the countries
of the European Union. Better subdivision is still being enforced in 2017 (BOE 2016). Each index or
traditional chemical indicator has a specific EQR (ecological quality ratio). As already stated, the final

water quality was determined entirely on the worst value.

Later, the Priority Substance Regulation was added (European Parliament and Council of the European
Union 2001, 2013) decreasing maximum permissible values of concentration of dangerous products in
European Rivers. These regarded heavy metals, pesticides or organochlorides, as well as other
substances affecting life. These substances also can bioaccumulate and are monitored at known impact

sites, for instance at industrial effluent outlets.

The WFD aimed to “|create] a programme of actions to be implemented by the year 2000 aiming at
sustainable management and protection of freshwater resources” (point 3) with one important pitfall:
Rivers of an intermittent or temporary regime were not considered. These river types, mostly found in
Mediterranean climates, are still exploited, thus, defined as resources, and should be under the legislative
umbrella of the WFD. Projects like SMIRES (Science and Management of Intermittent Rivers and
Ephemeral Streams) COST Action and Life TRivers try to create a clear management framework for

these overlooked waterbodies (more in chapter 1.3.3.1 Micro-scale, Temporary Rivers).

This thesis addresses the effects of water characteristics on diatom taxonomy, morphometry and life
forms, their relationship with the bioindicative values and the different scales in the catchments they

inhabit.

1.3 Diatom studies in this thesis

In this dissertation, we investigated how diatoms react to their environment in all scales. To do so we
not only used typical diatom feature, diatom communities and their resulting bioindication values, but
we also studied how other diatom features, such as their three-dimensional adhesion (as life-forms and
ecological guilds) and their morphology related to water composition. We have identified diatoms, partly
characterized them 7 vivo, and measured the diatoms morphometrically. For each of the three scales
(macro-, meso- and micro-scale) we focused on different points. A multi-scalar approach is not unheard

of in hydrological (Allan et al. 1997) and entomological studies (Sponseller et al. 2008).

One of the key features of this thesis is the use of 10 years’ worth of diatom samples from the Ebro
river. A study of these characteristics can potentially help to observe community changes in time and

thus increase our fundamental knowledge of diatom community dynamics.
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1.3.1 Macro-scale: Diatom taxa communities

Nowadays, standardized diatom communities (or phytosociology) are a mostly forgotten tool (Margalef
1954). However, the subdivision of the river ecotypes, as established by the WFD and enforced by the
states of the European Union (Cedex-MMA 2005), does not take organisms into account. This could
produce a bias at the EQR establishment. To address this problem, we followed the example of Tison
and collaborators (2004) and Tornés et al. (2012) and characterized the Ebro river basin by describing
diatom communities, as an addition to the subdivision established for 2005-2006 (Ortiz-Lerin 2012).
This way, a more comprehensive division of sampling sites was achieved, providing a deeper
understanding of communities in their environment. We used inventories from sampling sites visited

more than seven times within ten years (2002-2013).

Diatom inventoties from 50 sites of the eight tiver ecotypes of the Ebro river were used (Table 1Table
1). Physico-chemical traits of the tiver ecotypes were mostly differentiable by the original subdivision
methods (AnnexFigure 1). Because of this, the differentiation was mostly visible in altitude,
conductivity, nitrate and water temperature. All of these were traits interrelated with each other: Altitude
affected land use (Viviroli and Weingartner 2004) and temperature, which in turn affected nitrate levels

due to fertilizer use. Bioindicators were fitted following the Spanish legal framework (Confederacion

del Ebro 2006).

Table 1 The eight river ecotypes of the Ebro river according to Confederacién Hidrografica del Ebro and their sampling

coverage.

River Ecotype Sampling Altitude
Proportion (m)

109 - Mineralized Rivers from Low Mediterranean Mountains | 6 (12%) 172 — 629
111 - Mediterranean Siliceous Mountain Rivers 5 (10%) 996 — 1630
112 - Mediterranean Calcateous Mountain Rivers 9 (18%) 265 — 833
115 - Continental and Mediterranean Slightly Mineralized Axes | 12 (24%) 110 — 484
116 - Continental and Mediterranean Mineralized Axes 2 (4%) 242 — 669
117 - Main Axes in A Mediterranean Environment 3 (6%) 8 — 225
126 - Rivers of Wet Calcareous Mountains 13 (26%) 411 - 1341
127 - High mountain rivers 0 (0%) > 1300
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We investigated whether diatom communities were congruent with the geological-physico-chemical
division, since diatom communities usually are dependent partly on conductivity, as well as the
concentration of nitrates and silicate tetraoxide. As this was not observed, the expected diatom
communities were established using several statistical approaches. The subdivisions were then
characterized. “Diatom-ecotypes” were expected to be time resilient, though affected by diatom

community dynamics.

1.3.2 Meso-scale: Land use and diatoms

Diatom communities respond to chemical changes in water (Lange-Bertalot 1979a). But these
changes are mostly driven by external parameters. Land use is one of them (Quinn et al. 1997). We
studied how the changes of land use affected diatom communities in the Segre sub-basin of the Ebro
river, taking this area as the meso-scale and defining the influence area of the diatom sampling sites

as the catchment 5 km upstream (Burfeid Castellanos and Cambra 2016).

Land uses were extrapolated from overhead aerial orthophotographs. Six main uses were detected:
agricultural, dry land, meadow, urban (comprising both industrial and residential cover), waterbodies
and wood. All these uses were deemed to differ in effluent characteristics, superficial runoff and water

transparency. The characterization, based mostly on Allan (2004), was as follows:

e Agricultural land: can have a reduced runoff, due to cultivated fields, that leads to higher
transparency. It tends to suffer a transient increase of nutrients (point pollution), because of

fertilizer use or animal farming, affecting nutrient concentrations.

e Dry land: scarce vegetal coverage can increase runoff and reduce water transparency owing

to sediments. No clear correlation to effluents is assumed.

¢ Meadow: reduced runoff due to plant cover. No clear correlation to effluents is assumed,

although some increase of nutrients could occur due to animal input.

e Urban land: Increase of runoff due to paved streets, and thus higher chance of flash floods.
Increase of effluents both in nutrient and dangerous substances (Ministerio de Medio

Ambiente y Medio Rural y Marino 2008).

e Waterbodies: describing mostly reservoirs, but also takes increase in catchment into
account. Can have a filtering effect on nutrients and effluents (Sabater et al. 2011). No effect

on water transparency, other than by planktonic growth.

e  Wood: low runoff due to radicular systems. Nutrients found in mostly low concentrations,

which can be increased in autumn because of fall of leaves and subsequent composting.

Both diatom communities and bioindicator values were obtained for each of the 16 sites. The goal
was to ascertain, whether and how diatom communities are affected by changes of Land Cover.
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1.3.3 Micro-scale: Several approaches

Micro-scale is the most used approach, where diatom communities usually represent the site they
were retrieved from, and biogeography or physico-chemical conditioning due to land cover changes
are not taken into respect. The taxonomic identification of diatoms for the sites of the Ebro Control
Network has already been performed diligently (Ortiz-Lerin 2012; Cambra et al. 2003; Flor-Arnau
and Cambra 2007; Cambra and Ortiz-Lerin 2005, 2006; Cambra and Garcés 2010; Cambra, Flot-
Arnau, and Burfeid Castellanos 2012). For this thesis chapter we have proceeded to studying

additional changes inside diatom communities, such as life forms and morphometry.

1.3.3.1 Life Forms and Ecological Guilds
One disadvantage of species-based biomonitoring is that it is difficult to perform and requires strong
skills in diatom taxonomy. Other methods are being developed to ease the determination of water
quality through diatoms. Such methods include metabarcoding, obtaining taxon information through
the genetic scanning of particular markers (Zimmermann et al. 2011; Zimmermann et al. 2014).
Another method is the division of diatoms into the observable life forms and ecological guilds

(Pandey et al. 2018; Law et al. 2014; Dunck et al. 2016).

Life forms of benthic diatoms are determined by the adhesion of individual cells to either their
substrate or their neighbouring clonal cells (Rimet and Bouchez 2012). Ecological guilds characterize
the location inside the periphyton layers (Passy 2007a). A three-dimensional community of diatoms
can and will be affected by external influences (Berthon et al. 2011). Thus, more and more studies
are made on this trait-based characterization of the diatoms’ environment (Riato et al. 2017; B-Béres
et al. 2016, 2014). Diatom ecological guilds were also subdivided by biovolume size according to B-
Béres et al. (2017): S1 (5-99 um?), S2 (100-299 um?3), S3 (300-599 um?), S4 (600-1499 um3) and S5
(>1500 um?3). In this thesis we have tried to obtain a better insight into the water traits that determine
both life forms and ecological guilds (AnnexTable 1) by performing colonization experiments and

investigating the effects of temporary rivers on those traits which are ecologically moulding.

Ecological guilds were determined by the exposition to their environment or motility of the diatoms
as well as diatom colony types (Passy 2007a, 2007b). Passy proposed three groups, thoroughly
explained in chapter 6.1: high profile guild (HPG), defined by diatoms extending from the substrate
to gain exposition to water, and also big diatom colonies, low profile guild (LPG), with lower, small
and less exposed diatom colonies, and motile guild (MG), diatoms with the ability to move inside
their microhabitat to the most favourable location. Each of these guilds was also defined correlating
to a type of habitat, such as a wide range of tolerance for nutrients, with a high (HPG) or low (LPG)
sensitivity to current, or a selection of optimal microhabitat (MG). Later studies established the
necessity of adding further life forms and a fourth group to the ecological guild: planktonic diatoms

that sediment to the benthic habitat (Berthon et al. 2011; Rimet and Bouchez 2012). The same group
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later excluded the planktonic group for their characterization of physico-chemical parameters in

biomonitoring (Marcel et al. 2017).

Life forms added species characteristics, such as mobility within the water column, teratology and

pioneer taxa, as well as 11 life forms and the characterization into either colonial or non-colonial

forms (Table 11).

1.3.3.1.1 Water traits and diatom life forms
The experiment was designed to obtain information on how a variation of physico-chemical traits
affects diatom life forms. A hypersaline site (Salada stream), an oligotrophic stream (Llobregat
headwaters) and an eutrophic stream (Clara stream) were selected. Artificial substrates, with 9 quarry
unglazed tiles, were deposited for one month in 2016 to be colonized. Three of them were left at
each sampling site after this colonization period, the other six were divided and put into the other
sampling sites for new colonization. After another month, all substrates were extracted. The samples

from the Clara stream had disappeared.

Diatoms were examined zz vivo to establish taxon identification and the adherence type. Even though
life forms and ecological guilds have been both tested and improved (Riato et al. 2017; B-Béres et al.
2017), their physico-chemical characterization is relatively low (Marcel et al. 2017). Other functional
groups have also been used and studied in the US (Hausmann et al. 2016). In the present study we
compared the Riato-Rimet life forms and B-Béres-Passy ecological guild sizes and how they react to

the physico-chemical parameters.

1.3.3.1.2 Temporary Rivers and diatom life forms
One of the most common river types of the Mediterranean Basin is temporary rivers. These rivers
are characterized by total or partial loss of surface water (Stubbington et al. 2017). Regulation of
intermittent rivers and ephemeral streams (IRES) has been neglected by the Water Framework

Ditective (WFD, 2000/60/CE, European Commission 2000) until now.

Global change models of Mediterranean climate posit that these types of rivers are deemed to increase
(Figure 3 3). Thus, the lack of regularization of these rivers has a potential detrimental effect. In view
of this tendency of increasing, studies on the eco- and hydrological effects on all types of water bodies
have increased since the late 2000s, e. g. for lakes (Leira and Cantonati 2008) and rivers (Hughes et
al. 2009). Currently, an international COST (Cooperation in Science and Technology) Action project
named SMIRES (Science and Management of Intermittent Rivers and Ephemeral Streams, project:

CA 15113) unites European Scientists working on this subject.
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Figure 3 Projections of the change of minimum river flow in Europe facing climate change. Relative change in minimum
river flow in a 20 years recurrence interval, modelling the future period on 1961-1990 (SRES A18) (Source: modified from

European Environment Agency, JRC, European Commission, 2012).

To create a multidisciplinary tool for temporary river management inside the WED, the LIFE TRivers
project was launched (Project: LIFE13 ENV/ES000341). In this framework, Gallatt et al. (2012),
building on the MIRAGE project (Mediterranean Intermittent River Management, project: ENV
2007.2.1.2.3), created a toolbox called TREHS in 2016 that divided the river regimes into perennial
water bodies, intermittent pools and intermittently dry catchments. The toolbox also regarded the
episodic streams, that have not been sampled for diatoms in this instance. Moreover, the sampled
water regimes were characterized by their aquatic states (Figure 4). These were hyperrheic (floods),
eurheic (normal flow), oligorheic (pools interconnected with water trickle), arheic (disconnected
pools), hyporheic (high saturation level of sediment) and edaphic (dry sediment). Even though most
rivers had a periodical or temporary variability, some water bodies maintained one aquatic state. This
can complicate the biologic/ecological part of the water quality monitoring. The project was granted
also to study the affectation of the main riverine indicators, such as macroinvertebrates, macrophytes,
fish and diatoms. The aim was to help to the legislation of these potentially indispensable water
bodies. To this end, and in the frame of this thesis, diatoms were used as bioindicators, as these
rapidly reproducing organisms react to the physico-chemical changes and these in turn can in turn be

affected by flow characteristics.

Diatom communities should be able to reflect the loss of connectivity produced by river
intermittency due to their rapid generation time. The main aim of this study was to observe whether
benthic diatom functional groups and life forms can be used as indicators of flow disruption due to

water level fluctuations.
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Time
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Figure 4 Water discharge and connectivity graph describing aquatic states. Types of discharge: a) hyperrheic, b) eurheic,
¢) oligorheic, d) arheic, €) hyporheic, f) edaphic. After N. Cid (unpublished).

1.3.3.2 Diatom Sizes and Ecological Gradients
Each diatom taxon, as described by taxonomists and biomonitoring agencies, may be found in
separate locations with similar physico-chemical traits. Measurements of their specific frustule
morphology encompass a range of sizes for each taxon, as described by taxonomists, for instance
DreBler et al. (2015); Jahn et al. (2009); Williams (1985). But until now this variability has not been
satisfactorily explored in an environmental context, which is addressed in this thesis chapter.
Knowledge of diatom species size distributions are currently mostly based on cultures. Some
allometric approaches have been made (Tomas 1979), but these examples are rare. A more systematic

approach to observe the allometric effect on the whole community has been started with this work.

Other studies focused on one or more traits of the benthic diatom or phytoplankton morphology.
They related morphometry traits mostly to nutrients (Litchman et al. 2008), conductivity (Pandey et
al. 2018), pH (Wunsam et al. 2002) and water temperature (Svensson et al. 2014). In additions to
these, also traits like concentration of suspended solids (Lavoie et al. 2010) and other indirectly linked
environmental parameters such as concentrations of ammonium and dissolved oxygen have been

used for our study.

We used a 10-year diatom sample library as an important asset to assess the effect that the
environment can have on diatom communities’ morphology through time. Technology now permits
an automatic and fast capture of sample images. A need for the digitalisation of diatom samples has
been a clear but slow endeavour for the big diatom collections: the Hustedt diatom collection
(Beszteri and Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar und Meeresforschung 2006), or
the one at the Natural History Museum London (Natural History Museum 2014), for example. In
addition to the automatic digitalisation, new informatic advances have allowed the development of

new and more versatile software packages for diatom recognition. Competing laboratories work on
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software that will finally be able to identify diatoms correctly. Currently, the different programmes
are only able to give approximate identifications of taxa (e.g. Bueno et al. 2017; Kloster et al. 2014;

Stela Ballester 2016), but machine learning algorithms seem to be on the brink of identifying diatoms.

As the Ebro Basin Biomonitoring Network is an official institution, a reliable diatom database needs
to be publicly available. Raw data, both physico-chemical and species inventories are freely accessible
(Confederacion Hidrografica del Ebro 2015). An image library of samples of the most characteristic
sites would be a useful asset to obtain more information but is not available until now, even though
combining the images with physico-chemical data could help to establish the relationship between

individual valves and their environment.
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Chapter 2
OBJECTIVES

The main objectives and aims of each of the chapters are:

Macro-scale

1. Describe diatom communities of the Ebro river basin using river ecotypes suitable for
diatoms.

2. Search the relationships between physico-chemical, temporal and diatom communities with
the original Ebro river ecotypes.

Meso-scale

3. Determine the effects of interannual variation in land use on changes in the diatom
communities and physico-chemical composition of the Segre river basin (Ebro tributary).

4. Study how community diversity and bioecological index values are affected by land use and

the correlation of all the previous parameters with physico-chemical composition.

Micro.-scale

10.

Study changes of diatom characteristics as responses to microhabitat (site) variations.

Determine life forms and functional groups of diatoms in brackish-eutrophic water

gradients.

Compare two methodologies for assessing diatom functional traits for intrinsically

differentiated sites.

Determine life forms and functional groups in flow gradients in intermittent rivers and

ephemeral streams.
Extrapolate whether hydrologic regime, aquatic state or both are correlated with life forms.

Investigate diatom morphology changes which are a result of spatial and interannual

variation of physico-chemical parameters in sites of the Ebro river.
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2 CHAPTER 3: T&W

MATERIALS AND METHODS
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Chapter 3
MATERIALS AND METHODS

3.1 Materials and methods

Benthic diatom samples were taken yearly at the Ebro river basin, monthly for the experimental setup
and bi-monthly at the temporary river sites (Table 2). For the period investigated in this work,
different persons took care of sampling and preparation. The sampling followed the European and
Spanish norm (AENOR 2014, 2004) and the Ebro river sampling protocol (Cambra et al. 2005).
Thus, diatom communities were scrubbed with either a toothbrush or knife from five randomly
collected stones from the river bottom (Kelly et al. 1998). The resulting scrub was put into a mixture
of river water and either 4 % formaldehyde (until 2012) or 70 % ethanol. In the laboratory, an aliquot
of the samples was digested according to the 30% hydrogen peroxide (110 °C for 12 h)-hydrochloric
acid (1M) protocol and washed with distilled water (Cambra et al. 2005). From the suspension, one
drop was dried on a coverslip, which was subsequently mounted on a microscopic slide using

Naphrax® (Brunell microscopy) mounting medium.

Table 2 Total number of sampling sites and samplings for each of the studies, including main basin.

Sampling Number of
Study Basin Number of sites

periodicity samples
3. Macro-scale yeatly Ebro 50 356
4. Meso-scale yearly Segre (Ebro) 16 60
6.1 Micro-scale I

monthly Llobregat 3 15
(experiment)

bi-monthly Catalan rivers 10 47
6.2 Micro-scale 11

bi-monthly Ebro 5 25
(temporary rivers)

bi-monthly Jucar 9 39
6.3 Micro-scale III
(cell size yearly Ebro 8 48
distributions)

All samples were investigated using a Zeiss Jenaval (Carl Zeiss Jena) microscope using a 100x
objective (GF Planochromat PhV HI 100x/ 1,30 ©0/0.17-A) and Differential Interference Contrast
(DIC), except for the samples for size measurements that followed a different protocol, explained in

Chapter 6.3. Diatoms were identified following the Spanish and European norms (AENOR 2005;
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AENOR 2014b). During preparation, diatom frustules usually separate, thus, only valves are used for
identification and calculation of diatom biotic indices. For the identification to the lowest taxonomical
level possible, general bibliography was used (Krammer and Lange-Bertalot 1986, 1988, 1991a,
1991b; Hofmann et al. 2011; Bey and Ector 2013). If needed, monographs were used to increase the
taxonomic resolution (Levkov et al. 2013; Williams 1990, 1985; Romero and Jahn 2013; Trobajo et
al. 2013). Nomenclature was updated using Diatombase (Kociolek et al. 2015). To increase statistical
significance, a minimum of 400 valves per sample was identified. For the micro-scale experiment
1,000 valves were counted whenever possible. All inventories were standardized to the proportional
abundance (percentage of each species on the total count) and transformed [log(x+1)]. The
transformation was made because of value disparity, to increase the visibility of rare diatom taxa or

life forms.

The resulting diatom inventories were inserted into Omnidia software (Lecointe et al. 1993) to
calculate index values. Spanish legislature established the Specific Pollution-sensitivity Index, IPS in
its French initials (Coste 1982), to be the standard index for diatom biomonitoring (Ministerio de
Agricultura Alimentacion y Medio Ambiente (MAGRAMA) 2013; Ministerio de Agricultura 2008).
Other indices used were the Biologic Diatom Index, IBD in French (Prygiel et al. 2006; Prygiel et al.
2002) and the CEE index (Descy and Coste 1990). More information regarding diatom indices is
given in Chapter 1.1.4.

In the experimental setup, diatoms were observed 7z vivo to gather the main life form of the different
taxa (Berthon et al. 2011). The database established by Rimet and Bouchez (2012) was used to
translate the taxonomical data into life forms and ecological guilds for the temporary rivers
(AnnexTable 1). Ecological guilds were also subdivided in size categories, following B-Béres et al.
(2017). The life forms were similarly modified from the database using the Riato et al. (2017)

methodology. More information on life forms and ecological guilds is presented in Chapter 1.1.3.1.

Physico-chemical data were obtained from various sources. The Ebro data came from 3-monthly
samples taken according to the WEFD norm and made available through the website of the authorities
(Confederacion del Ebro 2015). Llobregat data were obtained in situ and contrasted with the River
Authorities data (Agencia Catalana de I’Aigua (ACA) 2014). Finally, bi-monthly physico-chemical
analyses were made during the sampling efforts of the temporary rivers. The data consisted of
chemical (ammonium, oxygen), nutritional (nitrate, nitrite, phosphate, N/P ratio, silica
concentrations), conductivity, alkalinity, hardness, temperature and pH. In some studies, the

parameter altitude was added, although it also influencing nutrient levels and water temperature.

Statistical analyses were performed using R software (R Development Core Team 2016). The main
packages used were “vegan” (Oksanen 2013a, 2014, 2013b) for multivariate analyses, “FactoMineR”
(Husson et al. 2015) for PCA, “PerformanceAnalytics” (Peterson et al. 2018) for Spearman and
Pearson correlations, “cluster” (Maechler et al. 2015), “MASS” (Venables et al. 2015), and through
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“labdsv” (Roberts 2015) and “indicspecies” (De Caceres 2013) for indication values (Dufréne and
Legendre 1997). For the Macro-scale division, the “diatSOM” package was used (Bottin, et al. 2014).
The life form studies (Chapter 6.1 and Chapter 6.2) were compared using permanova and anosim
calculations (both with*“vegan”), and proved using Tukey Honest Significant Distance (HSD) test.
Significance (henceforth p) was shown with asterisks, which are also re-stated at the necessary tables

(0 >+ 0.001 ** 0.01 ** 0.05, non-significant values showed no asterisk).

3.2 Studied areas

Rivers with north-eastern river mouths are influenced by Mediterranean or Continental climates. The
main studied rivers, Ebro and Llobregat flow into the Mediterranean (Figure 5). The TRivers project
Rivers additionally included other Catalan rivers, located in the north east, but also included some

rivers going down the shoreline of the Mediterranean, too (1.3.3, Figure 5).

® 4 Ebro (ecotype) ® 6.2 Temporary Rivers
5 Segre 6.3 Ebro (size) e
O Agricultural land O 1 Ebro in Miranda
@ Mead-Wood @ 9 Jalén in Huérmeda
© Agri-Mead-Wood @ 22 Valira in Anserall
6.1 Llobregat © 38 Najerilla in Torremontalbo *
O Eutrophic © 101 Aragén in Yesa

. . © 512 Ebro in Xerta

@ Oligotrophic @ 1178 Najerila in Vilavelayo

O saline @ 1448 Veral in Zuriza %

Mineralized rivers from low mediterranean mountains -—’\//\

— Mediterranean siliceous mountain rivers
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~— Mediterranean axes in low altitudes

—— Continental and Mediterranean slightly mineralized axes N

— Continental and Mediterranean mineralized axes

=~ Main axes in Mediterranean environment

~— Coastal Mediterranean rivers

—— Rivers of wet calcareous mountains 0 50 100 150 200 km
High mountain rivers

— Unestablished Ecotype

Figure 5 Sites studied in this thesis marked for each of the chapters. Map elaborated with QGIS software.

Following the WFD, Spanish rivers were subdivided into catchments, each with its own authority to
bio-monitor and control. Ebro is one of the largest transborder basins in Spain. Spanish Ebro river
Authorities have treaties with France and Andorra because of the shared Ebro tributaries. An
example for one of such treaties is the Segre basin legislation (Communauté de Communes et al.
2007; Pyrenées-Cerdagne and Communauté de Communes 2008; Préfet des Pyrénées-orientales and

Direction Départamentale des Territoires et de la Mer 2014). Other Mediterranean rivers studied in
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this thesis contain are the Llobregat and other Catalan catchments, managed by the Catalan river
authorities (Agencia Catalana de I’Aigua, ACA). This administration regulates several river basins,
torrents and temporal streams, not yet regularized in the WFD, as do the authorities of the Ebro and

the Jucar Rivers (Confederacion Hidrografica del Ebro and C. H. Jucar).

3.2.1 The Ebro river basin

The Ebro river basin (Chapters 4, 5, and 6, Section 3) is the biggest catchment of the Iberian
Peninsula flowing west to east, coursing into the Mediterranean (Figure 6). It is more than 85,000
km? wide and exposed to quite variable climates due to its size, wherein the west rainfall is heavier
and flows are higher (Barceld et al. 2011). Orography does also vary. The southern riverbank is
relatively low in altitude in relation to the northern. The latter is mostly located on the Basque-
Cantabrian mountains and the Pyrenees. The eastern river side passes the lower Catalan coastal

mountain ridge.
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Figure 6 Subdivisions of the Ebro river Basin into Ecoregions. Points = exemplary diatom sampling in 2013.

The Ebro river basin is conformed by 702 rivers and tributaries that conform this basin with a
combined length of approximately 12,00 km [www.chebro.es]. Natural rivers predominate, with 70

very modified rivers and two “artificial” ones. There are 102 lakes in the basin. In the delta region
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there are 16 transitional water bodies and 3 coastal lakes. The average flow in the whole basin is of

14,623 hm3/year, albeit with substantial interannual variations due to climate.

The Main River Axis is characterized by a high anthropological input due to the location of big cities
on its catchment. This implies high industrialization, a potential heavy metal input and priority
substance pollution. The population density varies highly throughout the catchment. Big cities
alternate with agricultural land or even the Monegros desert (Romani et al. 2011). Population

surpassed three million in 2013.

The whole basin has 125 principal reservoirs (Prats et al. 2011), of capacities over 1 hm?. These water
course changes are not regulated by the WED. The course of the main axis is also affected by
agricultural irrigation canals. These consume an average of 5085 hm?/year of water. A total 430

hm3/year is transferred or used for irrigation, drinking water, energy gain, or industry.

In 2005 a report on preliminary evaluation of climate change was made for this basin. An increase of
temperature and a reduction of rainfall were foreseen, that would be added to the already erratic
effect of the Mediterranean climate (Garcia Vera et al. 2005). A significant reduction of water flow
down to 5-50% on the volume measured in the previously studied interval from 1970-2000 were also
predicted. This will reduce water quality even further (Aguilera et al. 2015; Bovolo et al. 2011). Thus,
water quality needs to be improved to counteract this effect. Rivers of the southern Ebro riverbank
are expected to be most strongly affected. The biological study of this basin has lagged in relation to

the formal studies.

Big studies were made into flora and fauna. Studies involved creating check-lists and species
distribution, based mostly on diatoms and macroinvertebrates, and to a lesser degree fish and
macrophytes (Sabater et al. 2011; Oscoz et al. 2007). Nonetheless, further, more physiological

understanding of the organisms could improve biomonitoring.

The rivers of the Ebro basin are in two main biogeographical regions, the Euro-Siberian region,
located at the higher mountains, and the Mediterranean region, mostly at the river axis. In 2007, the
Woater Framework Directive established river ecotypes only based on biogeochemical and extrinsic
traits (Annex Table 1), later translated for use in Spanish rivers (Ministerio de Agricultura 2008). A
previous subdivision of the Ebro Basin had been attempted by Munné and Prat in 1999. They used
physical and chemical parameters, cross-referencing them with macroinvertebrate community

structures (Munné and Prat 1999).

A new subdivision, including the degree of alteration of the riverbed, was established in 2016 (BOE
2016). In this thesis we have not used this new subdivision, since it follows the previous one, only

including a mention when altered.
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Bioindicator distribution of the IPS index was calculated for each of the river ecotypes separately. A
calculated Ecological Quality Ratio (EQR) was obtained from the respective reference sites to

account for the variability between them (Table 3).

Table 3 Comparative ecological state ranks for each ecotype’s IPS values established in 2010 (Ministetio de Medio
Ambiente y Medio Rural y Marino. 2008, ARM/2656/2008). 109 = mineralized rivers from low Mediterranean
mountains, 111 = Mediterranean siliceous mountain rivers, 112 = Mediterranean calcareous mountain rivers, 115 =
Continental and Mediterranean slightly mineralized axes, 116 = Continental and Mediterranean mineralized axes, 117 =

Main axes in Mediterranean environment, 126 = Rivers of wet calcareous mountains, 127 = High mountain river.

Ecological Scale 109 m 112 115 116 117 126 127
- >16.8 >16.2 >16 >15.1 >14.2 >11.7 >16.3 >17.4
Good 12.6-168 122-162 119-16 11.3-151 10.6-142 88-11.7 122-163 131-173
Moderate 8.4—-12.5 8.1-12.1 8—-11.8 7.6-11.2 7.1-10.5 59-8.7 8.1-12.1 8.8—-13
Poor 42-83 41-8 39-79 38-75 35-7 3-5.8 41-8 4.38-8.7

- <4.2 <4.1 <3.9 <3.8 <3.5 <3 <4.1 <43

3.2.1.1 Diatoms at the Ebro Basin
The diatom river quality control network of this basin was established in 2002, trying to comply with
the Water Framework Directive (Goma et al. 2002). Over time, from control network instauration
to 2013, a total of 459 sites have been sampled at least once. A thorough observation of the diatom
flora and subdivision of the Ebro river basin (2005 — 2006) appeared in the thesis of Ortiz-Lerin
(2012).

An inspection of the total flora and fauna of the Ebro river basin was included into a compendium
(Sabater et al. 2011), describing patterns of diatom distribution. Thus, low diversity communities at
headwaters were detined by Achnanthidinm minutissimum (Kutzing) Czarnecki and Achnanthidium
pyrenaicum (Hustedt) Kobayasi. The upper Segre, due to its silicate content, had a quite unique
community, with Achnanthidium subatomns (Hustedt) Lange-Bertalot, Diatoma mesodon (Ehrenberg)
Ktzing, Encyonema silesiacum (Bleisch) D. G. Mann, Hannaea arcus (Ehrenberg) R. M. Patrick, Fragilaria
capneina Desmazieres, Gomphonema pumilum (Grunow) E. Reichardt & Lange-Bertalot, Meridion circulare

(Greville) C. Agardh and Nitzschia pura Hustedt.

Slower waters at the middle part of the river, were characterized by slower water flow and high
mineral contents, as shown by the preponderance of Awmphora pediculns (Kitzing) Grunow ex A.
Schmidt and Cocconeis placentula Ehrenberg. Finally, with more pollution, communities were described
by Navicula cryptotenella Lange-Bertalot, Sellaphora atomoides (Grunow) Wetzel & Van de Vijver, Craticula

subminusenla Manguin) Wetzel & Ector, and Nitgschia inconspicna Grunow. In oligotrophic sites with
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phosphate access, appearance and even mass-formation of Didymosphenia geminata (Lyngbye) Mart.

Schmidt was observed.

3.2.1.2 Description of exemplary sites
Here we will describe a typical site for each of the river ecotypes established for the Ebro river basin
(Ministerio de Medio Ambiente y Medio Rural y Marino 2008; European Commission 2000, Annex
II). We have selected sites from each river ecotype that was monitored in the morphology section of
chapter 6. Since no site of ecotype 109- mineralized rivers from low Mediterranean mountains was

selected, we have taken a reference site. The physicochemical description of the sites is listed in

AnnexTable 2.

Ecotype 109 — Mineralized rivers from low Mediterranean mountains (Reference site 1141)

Alcanadre is a tributary to the Aragon river. It can suffer point pollution due to spills and debris and
is modified upstream by two diversion dams for irrigation (Confederacién Hidrografica del Ebro and
Gobierno de Aragén 2007). Despite of these caveats, both diatom and macroinvertebrate
biomonitoring display high water quality (Confederacién Hidrografica del Ebro and Gobierno de
Aragdn 2007). The river at this site has wide catchments without slopes, moderate salinity (& 371, 297

—493 uS/cm) and temperature (2 12.8, 0.8 — 24.5 °C).

Ecotype 111 — Mediterranean siliceous mountain rivers (Referebce site 1178)

Najerilla is a stream of 72.4 km in length with a 1.107 km? wide catchment. Its total elevation gradient
is 1,595 m. 8 annual samples were taken in the site of Villavelayo. Its population of over 50 citizens
is surrounded by natural and forest land uses. Its water quality has always been good-very good.
Nonetheless, urban spills are found in summers (Confederacién Hidrografica del Ebro et al. 2007).

The main defining attribute is the soil composition. All sites of this ecotype are on the Iberian ridge.

The water composition was characterized by relatively low conductivity (& 506.8 uS/cm, 272.3 — 658
uS/cm), nitrate and phosphate concentration levels were erratic, mostly low, with a peak in the years
2008 — 2009. The water temperature is moderate (& 11.3 °C, 2.4 — 16.8 °C). The most crucial
difference is the concentration of Silica (& 6.787 mg/1, 5.9 — 8.53 mg/]) and a tendency to alkalinity
(2 pH=8.4,7.05-8.7).

Ecotype 112 — Mediterranean calcareous mountain rivers (site 0038)

The Najerilla river ends in the Guatizalema river, a tributary to the Ebro. The lower catchment is
warm and wide, and its main land use are viticulture and irrigated land. Its sediment is mostly
calcareous and porous. The catchment is 1,107 km? wide and has an average flow of 13.7 m?3/s. It
has two main alterations given by hydroelectric plants that vary its hydrology (Confederacién
Hidrografica del Ebro et al. 2007).
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Its waters are very carbonated, with sulphate peaks due to gypsum in the substrate (@ 81.3 mg/I,
22.2-129 mg/1). Main conductivity ranges mainly between 200 and 400 pS/cm and can go up to
700 pS/cm, with an increase between 2007 and 2013. Nitrate concentration can reach up to 18 mg/1.
Industrial point pollution has been recorded, and thus the protocol for dangerous substances has

been activated (European Parliament and Council of the European Union 2001, 20006).

Ecotype 115 — Continental and Mediterranean slightly mineralized river axes (site 0101)

Aragdn is a main tributary of the left catchment side of the Ebro. The transversal profile is open and
less sloped. It has a catchment size of 2,171 km? upstream, and an optimum ecological flow of 4,520
m3/s. Its quality is good, even though the conductivity tends to increase, due to flow reduction (271
— 361 uS/cm). 28 % of the hydrologic regime are modified due to hydroelectric plants. Nutrient
values are below 2 mg/1, no phosphate concentrations were registered, chemical oxygen demand and

dissolved oxygen were maintained through time (Confederacién Hidrografica del Ebro et al. 2008).

Ecotype 116 — Continental and Mediterranean mineralized axes (site 0009)

Jalén is a main tributary to the Ebro river on the left side. The slope is reduced and characterized by
gypsum sediments. It has an actual flow of 386 hm?3/year, when it should be 396 hm?/year to maintain
ecological function. It can have point pollution due to small townships (under 2,000 inhabitants),
diffuse pollution because of dryland agriculture, water extraction and morphological alterations.
(Confederacién Hidrografica del Ebro et al. 2007). Conductivity was relatively high (927 — 1869
uS/cm), as are nutrient concentrations (nitrate <2 mg/l, phosphate 0.09 mg/l, nitrites and
ammonium were also found), and temperature (4.3 — 19.9 °C) (Confederacién Hidrografica del Ebro

2015).

Ecotype 117- Main axes in Mediterranean environments (site 0512)

The lower Ebro has a catchment of 3,800 km? with an average flow of 215 hm3/year. The site located
in Xerta is characterized by its high regulation and depletion. This is due to its use as main water
supply for the municipality of Tarragona, bringing water to at least 453,000 inhabitants (Prats et al.
2011). Its riverbed consists of vegetation of holm oak groves (Quercus ilex 1.) and scrubland, with
some vineyards. This site is located at the main river axis after polluting urbanizations. Thus, water

quality is not more than mediocre — good.

This river type has just theoretical reference sites, necessary to establish reference diatom
communities for the European Ecological Quality Ratio (EQR). Due to being on the main axes of
such a populated river, it is highly altered. It is chemically influenced by industry, by a high input of
mercury. It may be affected by several industrial spills both in Flix — Ascé , located upstream of the

site. A flow volume of 5.4 hm?/s is diverted to a concession to produce 18,000 kW of electricity
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(Prats et al. 2011). It has relatively high conductivity (360 — 1,709 uS/cm), relatively high phosphate
concentration (0.05 — 0.51 mg/1) and nitrate levels (1 — 27.83 mg/I) and high temperature (17.6, 7.9
—26.7 °C).

Ecotype 126 — Rivers of wet calcareous mountains (site 0022)

Valira is a 44 km long Andorran tributary to the Segre sub-basin of the Ebro. It is characterized by
granodiorites and metamorphic sediment formations in a sloped terrain with meadows and conifers
as main coverage, followed by low crops. Although this site is found at a high altitude, the physico-
chemical composition is defined as bad. A part of the Flow is used for a hydroelectric power. It is
located after a wastewater treatment plant (WWTP) and thus, the concentrations of phosphates (0.34
mg/1) are high and dissolved oxygen (6.5 mg/]) is relatively low. Nitrates were relatively high (1.3 —
12.7 mg/1), ammonium was present (0.1 — 2.7 mg/1) and chemical oxygen demand (1.1 — 2 mg/1) and
nitrite (0.01 — 0.36 mg/I)are also present (Confederacion Hidrografica del Ebro et al. 2008).

Ecotype 127- High mountain rivers (Reference site 1448)

The Veral River has its headwaters in the Aragonese Pyreneces and has a 47 km long calcareous
catchment. The average river flow is of 1.9 m3/s with a quite undulating pattern (Balcells 1984). The
land uses are mainly meadows and natural beech (Fagus) woods. The woods reduce probability of
point pollution and reduce runoff. Water quality is thus good to very good. Nutrient concentrations

were merely traces, see AnnexTable 2 (Confederacion del Ebro 2015).

3.2.2 The Liobregat river basin

The Llobregat River (Chapter 6, Section 1, Figure 7) is a 165 km long river placed in a 4,948 km?
wide catchment with mixed substrate (Sabater et al., 2012). It is a greatly modified catchment (Becker
2014) located in a partially agricultural setting. Many changes were made through the addition of
hydroelectric power plants and 3 dams. The first dam , La Baells, is in the main river axis and two in
the Cardener tributary (Marcé et al. 2012). It is one of the most populated basins of the Catalan river
system, since more than 3 million people occupy it. Most of the demographic density is at the lower

course. There, agricultural and industrial pressures affect the river quality to a high degree.

This Basin suffers both anthropological and natural pressures. Some of the headwater streams, such
as Saldes and Gavarresa, have a naturally high salt concentration created by halite substrate. It can
have up to 20 times the marine salt concentration depending on flow (Badia Guitart 2001; Viladés

Ribera 2013).
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Figure 7 Location of the experimental sites in the Llobregat Basin. 1.- Salada Stream, 2.- Llobregat River

and 3.- Clara Stream.

Rivers of the Catalan catchments have multiple ecoregional divides (Cedex-MMA 2005). The Catalan
Water Agency (ACA) has made previous distributions of the rivers in a repeatable pattern (Ageéncia
Catalana de I’Aigua 2015). The WEFD ecoregional divide of the Spanish North East has 6 river types
(Agencia Catalana de I’Aigua 2015) which are: wet calcareous mountain (126), Mediterranean
calcareous dry mountain (112), Mediterranean mountain rivers with high flow (115), Mediterranean
rivers of variable flow (109), Rivers of the low Mediterranean distribution with karstic influences

(110) and principal Mediterranean river axes (116).

For the experiment, only two of the regions were used, both Mediterranean calcareous mountain
rivers, wet (126) and dry (112). The main characteristic of the first is the relatively low flow (<150
hm3/s). With low silicon petcentage (<10 %), low temperature (<9 °C) and relatively high annual
rainfall (>1000 mm), all of which were determined by the agency (Agencia Catalana de I’Aigua et al.
2005). The second has a low flow (<40 hm3/s). A low silicon percentage (<10 %) and a higher water
temperature (10 — 13 °C). It also has a increased annual rainfall (800 — 1100 mm), as described by

Rovira Fernandez (2008).

3.2.2.1 Diatoms of the Llobregat Basin
Diatom communities differ along this highly impacted river (Sabater et al., 1987). A pristine
headwater stream will present diatoms associated with oligotrophy, for instance, Hannaea arcus

(Ehrenberg) R. M. Patrick, Diatoma mesodon (Ehrenberg) Kitzing, Meridion circulare (Greville) C.
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Agardh and Encyonema ventricosum (C. Agardh) Grunow. Downstream, a more impacted river usually
displays the Navicula Bory sensu stricto complex, Fistulifera saprophila (Lange-Bertalot & Bonik) Lange-

Bertalot as well as representatives from the Nizgschia Hassal complex.

In extremely polluted sites communities predominated by Nifzschia palea (Kitzing) W. Smith,
Nitzschia capitellata Hustedt and Nitzschia inconspicna Grunow were observed. When the alteration came
from an increased salt concentration Nitzschia frustulum (Kitzing) Grunow, Surirella ovata Brebisson
ex Kitzing and Mayamacea atomus (Kitzing) Lange-Bertalot are found. Also, some species of the

Halamphora genus have been identified in these salinized sites.

3.2.2.2 Description of sites
A selection of three sites of the Llobregat River (Chapter 6, section 1, Figure 7) was made to prepare
the experiment. They were intrinsically different to describe the micro-scale in form of microhabitat

effect (Hering et al. 2000).

Clara stream is located on calcareous bioclastic substrate (Figure 8a), in the dry calcareous river type
(12), with some mixture of marls and siltstone in its substrate. It lies on agricultural land with
livestock, and downstream to a small human settlement. Thus, a seasonal increase of nutrients is
repeatedly measured. Water flow can change drastically due to its location downstream of the
Casserres reservoir. Average values of nutrient concentrations found since 2007 by the Agéncia

Catalana de I’Aigua (ACA) were 62.75 mg/I nitrates and 1.57 mg/1 phosphates.

The Llobregat site is in the higher catchments of the river (Figure 8b). It has a high proportion of
woods upstream with only little agricultural activity, and it displays characteristics of median river

sites, such as vegetative cover and riffle-and-pool hydrology (Frissell et al. 1986).

r a) Clara Stream, eutrophic, b) Llobregat River over the léaells dam,

i R e L
Figure 8 Sampling sites of the Llobregat Rive

oligotrophic and c) the halophile Salada Stream. D) example of the experimental setup of unglazed quarry tiles.

Salada stream is hypersaline and has not been included in the river control network (Figure 8c), but
has been studied for research purposes (Sala Prat 2014; Torres Roig 2015). Its waters are naturally

saline due to halite substrate in the headwaters (Rovira Fernandez 2008). It flows into a tributary of
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the Llobregat river, Saldes, and affects its salinity. Its substrate is naturally silty with gravel that is

engulfed in it.

3.2.3 Mediterranean temporary rivers

Temporary rivers (Chapter 6, Section 2, Figure 9) are predominant forms of water bodies in the
Mediterranean basin. The climate, characterized by a dry summer period, increases the possibilities
of desiccation, more so facing global change (Figure 3, Becker 2014). The TRivers LIFE project was
funded, to counteract the lack of legislation, trying to establish how the biomonitoring organisms
react to water shortage and variation of current values. Here, physico-chemical, hydrological and
ecological parameters were sampled simultaneously to observe the parallel developments of them.
Fish, macrophytes, macroinvertebrates and benthic, epilithic diatoms have been the main sampled
organisms. To ensure comparability of results, the sampling methods have been homogenized to
standard river sampling methods established by the WEFD, regardless of connectivity and aquatic

state.
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Figure 9 Distribution of temporary rivers. IRES (Intermittent Rivers and Ephemeral Streams) sampled in 2015 for

diatoms, macroinvertebrates, fish, hydrological and physico-chemical values. Cities displayed in coloured dots.

A further subdivision of temporary tivers can be seen in Chapter 1 (1.3.1.1 Temporaty rivers).
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3.2.3.1 Description of sites
The 24 sites sampled for establishing of ecological characteristics of all the WFD based bioindicators
differed on their characteristics (AnnexTable 3). 11 permanent rivers, 4 intermittent dry patches and
8 intermittent pools were sampled bimonthly up to 5 times in 2015. Permanent rivers stayed either
in the eurheic state or were reduced to oligorheic waterbodies. Intermittent rivers were sampled from
pools as well as streams, following the river sampling methodology of the WED, although a clear

stream flow could be absent.

Rivers were characterized for their state to investigate how diatom life forms were affected by it. The
waterbodies from the Catalan Mediterranean Basins were mostly rivers, streams and ravines. Ebro
river sites were rivers and headwaters. Water bodies of the Jdcar basin were ravines and rivers. Most
ephemeral streams were found in the Catalan basins and could not be sampled. Since the diatom
sampling was part of a holistic sampling effort, extracting macroinvertebrate, fish and macrophyte
samples as well, the lack of water prevented the sampling while using the Water Framework Directive

guidelines.
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Chapter 4
MACRO-SCALE

4. DIATOM COMMUNITIES AT THE EBRO RIVER BASIN

4.1 Introduction

The Water Framework Directive (WFD, European Commission 2000) was started in the year
2000. The freshwater-network of the European Union was meant to be subdivided into similar
patches, thus creating a Europe wide network of comparable riverscapes. These "river ecotypes" were
to be divided by environmental parameters such as substrate composition and/or mineralization of
the water. Ecoregionalization was necessary to adapt several biological indices in different countries
for comparability. Each ecotype was adhered to their respective reference sites, where existing, to fit

the indices and create a comparable ecological quality ratio (EQR).

Diatoms are specific to several physical and chemical traits. Baas Becking claimed that the dispersal
of small organisms, such as diatoms, is cosmopolitan and that it is only filtered by environment (Baas
Becking 1959). This is no longer the admitted thesis, and a distinct biogeographical pattern is
expected, for instance due to endemisms (Kociolek 2017). Nonetheless, the similarity of tolerance
can ease the creation of equivalent communities along similarly composed sites. Many sites, both in
Europe and around the globe, have already been characterized by their diatom flora (Tison et al.
2005, 2004; Pan et al. 2000; Rimet 2009, 2012; Pan et al. 1999; Ortiz-Lerin 2012). The goal here is to
try to identify standard communities at the Ebro river using diatoms sampled yearly. The samples

dated from 2002, the instauration of the control network by the CHE (2000), to the year 2013.

The Ebro river basin, Figure 10, is one of the biggest catchments in Spain. The first regionalizing,
made before the WFD, comprehended a total of six river ecotypes according to macroinvertebrate
family level distribution (Munné and Prat 1999). These are: high mountain zone, wet mountain,
Mediterranean mountain, depression, great rivers and low Ebro river zone. Later, through
standardization of the WFD, an eight ecotype system was set in place (Cedex-MMA 2005; CEDEX
2004; CHE, Confederacién Hidrografica del Ebro, and Nogueras Iso 2006, Table 4). Physico-
chemical characteristics are depicted in the AnnexFigure 1, and are only partly distinct for each
ecotype. Consequently, reference sites were established for each river ecotype. Indicators were then
fitted with these reference sites (Ministerio de Medio Ambiente y Medio Rural y Marino 2008), as

seen in AnnexTable 4.
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Table 4 Ecotype description and number in this chapter.

River ecotypes Description Sampling sites (N)
9 Mineralized rivers from low Mediterranean mountains 6

11 Mediterranean siliceous mountain rivers 5

12 Mediterranean calcareous mountain rivers 10

15 Continental and Mediterranean slightly mineralized axes 11

16 Continental and Mediterranean mineralized axes 2

17 Main axes in Mediterranean environment 3

26 Rivers of wet calcareous mountains 12

27 High mountain rivers 1

Following the example of the French studies (Tison et al. 2004, 2005), we wanted to observe
differences between the official “hydro-ecoregions” and those that could be inferred from diatom
community distribution along the basin, also called “diato-ecoregions” (Rimet 2009). As the original
subdivision of the basin followed geological-physico-chemical parameters, we expected to find
differences in diatom communities. Temperature, altitude and conductivity affect the diatom
communities. Thus, a major subdivision should denote siliceous substrates from calcareous ones.
Catchments should also be separated by altitude. A decrease in altitude is often correlated with an
increase in phosphate and nitrate concentration levels (Viviroli and Weingartner 2004). This affects
trophic levels and determine the abundance of specific diatom taxa (Cabrol et al. 2007; Rimet et al.
2007). Finally, “diato-ecoregions” should be time resilient, although the diatom community dynamics

might impede this.

4.2 Materials and methods

The selection of sampling spots of the Ebro Basin Authorities (Confederaciéon del Ebro 2005)
database was determined by the frequency of diatom samplings. Only sites with at least 7 samplings
(7 years) were used. Another requisite was the existence of at least 3 physico-chemical measures per
year. No missing data were accepted. Applying this method, 50 sites were selected (AnnexTable 4,
Figure 10). In total, 356 benthic diatom inventories were assessed. The sampling and treatment of

diatoms is explained in detail in Chapter 3 (Materials and Methods).

Data were aggregated by location (yearly average) and time. Diatom abundance calculations are also
explained in Chapter 3 (Material and Methods). The least abundant diatoms were strengthened by

the application of the arcsines on the square root of the proportion. Calculations were made using R
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software. Packages like “FactoMineR” (Husson et al. 2015), “vegan” (Oksanen 2013b, 2014, 2012),
“cluster (Maechler et al. 2015), ”pvclust” (Suzuki and Shimodaira 2015), to produce similarity
UPGMA clusters and “CCA” (Gonzalez et al. 2008) were used. Principal component analysis, CCA
and hierarchical clusters (with and without permutations) were calculated using only those parameters

shown by BioEnv analysis to eliminate noise.

Aoy SN o TIPS v g o
| 0 i % *
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@ Bad Quality "
% Good Quality
Mineralized rivers from low mediterranean mountains
— Mediterranean siliceous mountain rivers
Mediterranean calcareous mountain rivers
— Mediterranean axes in low altitudes
— Continental and Mediterranean slightly mineralized axes

— Continental and Mediterranean mineralized axes N

— Main axes in Mediterranean environment

— Coastal Mediterranean rivers 0 50 100 150 200 km
— Rivers of wet calcareous mountains

High mountain rivers
— Unestablished Ecotype

Figure 10 Distribution of the Ebro river basin and location of the sites. Stars mark the eutrophic, circles the oligotrophic
sites. The centre oligotrophic site, marked by a red star, may be to the result of a reduction of phosphate concentration

levels through an extended wastewater treatment plant.

Indicator values or IndVal (Dufréne and Legendre 1997) were also calculated, to “measure the association
of a species to a site group” (De Caceres 2013). The IndVal analysis was made with the “labdsv”” package
(Roberts 2015) and, from the site communities, assigned predominantly indicative diatoms for a
particular cluster. A diatom community distribution analysis was calculated using the “diatSOM”
package (Bottin, Soininen, et al. 2014), employing a distribution algorithm that organizes diatom taxa
due to their associations (self-organizing maps). This package was developed to display the similarity
of diatom communities in France accentuating diatom tolerance and sensitivity to physico-chemical

traits to divide the basins based on diatom taxa (Gosselain et al. 2005; Tison et al. 2005).
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This study also looled into the bioindicators, using IPS, IBD and CEE, further described in Chapter
3 (Materials and Methods). They have been used as an additional tool.

Due to the enormity of the macro-scale database, diatoms that appeared either in less than 5 sampling
sites or with a total proportion of less than 15% of all the samples were summarized into an artificial
category of “other” diatoms. This was done to reduce the background noise of the less numerous

diatoms (Busse et al., 1999).

4.3 Results
4.3.1 Physico-chemical subdivision of river ecotypes

A first approach was a physico-chemical value-based clustering (Figure 11). This clustering showed a
clear subdivision of mountain and lowland rivers. These rivers were not only classified by their
altitude, but also through conductivity and nutrient concentration levels. The 10,000 iteration
UPGMA cluster calculation gave a relatively high bootstrap value for the division (>80 %). But the
values for a subdivision into 4 subclades were even higher. These were identified as pertaining to

siliceous mountains, calcareous mountains, saline lowland and nutrient rich lowland rivers.

The original division into two clades relating to highland and lowland waters gave two very distinct
diatom communities, as the IndVal (%) calculation showed (Table 5). In the mountain waters, two
taxa were predominant, Achnanthidium pyrenaicum (Hustedt) Kobayasi (R2=0.991%**) and Gomphonema
intrincatum var. pumila Cleve-Euler (R?=0.809***). With less significance, Encyonopsis microcephala
(Grunow) Krammer (R2=0.683**), Euncyonopsis minuta Krammer & E. Reichardt (R2=0.675%**),
Denticula tennis Kitzing (R2=0.577**), Cocconeis placentula var. psendolineata Geitler (R?=0.568**),
Diatoma tenuis C. Agardh (R?=0.548*) and Gomphonema lateripunctatum E. Reichardt & Labge-Bertalot
(R2=0.548**). The lowland clade was defined by Nitzschia inconspicna Grunow (R2=0.956***), Amphora
pediculus Grunow ex. A. Schmidt (R?=0.906***) and Rboicosphenia abbreviata (C. Agardh) Lange-

Bertalot (R2=0.872***) and many others (for more results, see AnnexTable 5).

The 4-clade subdivision did not have as many indicative species for each of the clusters, and the
IndVal (%) values were therefore reduced. Mountain clade a), with a higher siliceous proportion in
the substrate had a high incidence of Encyonema silesiacum (Bleisch) D. G. Mann (R2=0.647*%*) and
less of Reimeria sinuata (W. Gregory) Kociolek & Stoermer (R?=0.620%), Achnanthidium subatomus
(Hustedt) Lange-Bertalot (R2=0.522*) and Fragilaria rumpens (Kitzing) G. W. F. Carlson (R2=0.5%).
Calcareous mountain clade b) had significant proportions of Encyonopsis microcephala (Grunow)
Krammer (R?=0.702*¥), Diatoma tenuis C. Agardh (R?=0.648%*) and Gomphonema lateripunctatum
Reichardt & Lange-Bertalot R2=0.549%). The combined cluster had a similar proportion of the taxa
observed at the two-clade-mountain-range diatoms. When the waters were characteristic of lowland
pollutant concentrations (saline Lowland a), the diatom communities were composed of Navicula cari

var. recens Lange-Bertalot (R2=0.631%**), Navicula cryptotenelloides Lange-Bertalot (R2=0.625%%),
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Figure 11 UPGMA clustering (10.000 iterations) of the physico-chemical data from the averaged sites of the Ebro river basin, with

subdivision into 2 and 4 clades.

Bacillaria paxillifera (O.F. Miller) T. Marsson (R?=0.577**), Pseudostaurosira brevistriata (Grunow) D. M.
Williams & Rounds (R?=0.577**) and Fragilaria elliptica var. elliptica Schumann(R?=0.5%). Nutrient rich
lowland (b) clade was determined by Achnanthidium euntrophilum (Lange-Bertalot) Lange-Bertalot
(R2=0.606**), Achnanthidium saprophilum (Kobayasi & Mayama) Round & Bukhtiyarova (R?=0.59**),
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Diatoma vulgaris Bory de Saint-Vincent (R2=0.562%), Gomphonema olivacenm (Hornemann) Brébisson
(R2=0.524%) and Cyclotella ocellata Pantocsek (R?=0.509*). Some taxa, such as Navicula cryptotenella
Lange-Bertalot and Cymbella affinis Kitzing were correlated with 3 clades. IN. eryptotenella Lange-
Bertalot was found in calcareous mountain, saline lowland rivers and nutrient high lowland rivers. C.

affinis Kiitzing was found in both mountain clades and the nutrient rich lowland rivers.

Finally, comparing both approaches, the physico-chemical differentiation as measured in a

Permanova calculation, is not significant for the 4-cluster approach (R? =-0.006964 n.s.). The 2-
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Figure 12 PCA analysis with relatively high variance (PCA 1+PCA 2 = 0.5299 %)). Sites and the distribution of physico-
chemical traits. Altitude, SiO2 = siliceous acid, PO4 = phosphate, NO3 = Nitrate, Conductivity, TempH20 = water
temperature, pH, O2 Dis = dissolved oxygen. MS = Silicic mountain, HM = High mountain, MMS = Medium silicic

mountain, LN = nutrientrich lowland, LC = high conductivity lowland, LT = high temperature lowland.

cluster subdivision is correlated and significant (R2 = 0.50411***). The diatom differentiation of both

cluster approaches is significant for both but correlate quite pootly.

When used in a physico-chemical PCA (Figure 12, variability explained = 52.99%), the subdivisions
are reduced into 6 observable groups (AnnexTable 6). High mountain, described by Achnanthidinm
minutissimum (Kitzing) Czarnecki, Encyonopsis microcephala (Grunow) Krammer and Cymbella affinis
Kitzing are correlated to high altitude and high dissolved oxygen. Nitgschia inconspicua Grunow and

Rhoicosphenia abbreviata (C. Agardh) Lange-Bertalot are mostly correlated to lowlands with high
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conductivity and high ammonium levels. Amphora pediculus (Kitzing) Grunow ex A. Schmidt, Cocconeis
eughpta Ehrenberg, Nitzschia dissipata (Kitzing) Rabenhorst and Navicula cryptotenella Lange-Bertalot
defined sites at lower altitudes with high nutrient levels. Sites of high temperature at low altitudes
were defined by Navicula recens (Lange-Bertalot) Lange-Bertalot. Medium sized silica containing
mountains, were identified by Achnanthidium pyrenaicum (Hustedt) Kobayasi, Encyonema minutum (Hilse)
D. G. Mann and Reimeria sinuate (\W. Gregory) Kociolek & Stoermer. Finally, high siliceous substrate
concentration mountain sites were defined by Diatoma mesodon (Ehrenberg) Kutzing, Gomphonema
intrincatum  var. pumila Cleve-BEuler, Gomphonema rhombicum Fricke, Cocconeis placentula var. lineata
(Ehrenberg) van Heurck, Achnanthidium subatomns (Hustedt) Lange-Bertalot and Engyonema silesiacum

(Bleisch) D. G. Mann.

4.3.2 Diatom community clustering vs. official river ecotypes

A preliminary clustering of the diatom Communities was made using Bray-Curtis method and a
flexible approach (3=0.75, Figure 13a). It portrayed a well-defined subdivision into 2 clusters, further
divisible into 4 articulated clusters. Thereafter, a subdivision of the ecological traits for each cluster
was attempted. Only altitude, conductivity, concentrations of phosphate, nitrate and suspended
solids, and water temperature were significant in their differentiation (not shown). The three
bioindicators showed significant differences. In this instance, the highest rating cluster was the cluster
2, dominated by Achnanthidium pyrenaicum (Hustedt) Kobayasi. It also shows the highest distribution

and lowest nutrient, conductivity and temperature values.

Iterative clustering (10,000 iterations) using pvclust in a UPGMA approach (Figure 13b) shows a
clear subdivision into 2 parts. These pertain to river axis/eutrophic environments and relatively
mountainous regions/oligotrophic traits. P-values were very high (0.01-0.04). A two-part subdivision
of the low riparian area shows the best support through diatom index values (not shown). A higher
number of subdivisions could improve extracting both outliers, Urbién in Santa Cruz del Valle (1387)

and Zadorra in Vitoria (0079).

Diatom composition through IndVal showed differences between the two-clustered and the five-
clustered approach. The principal indicative diatoms of the 5 clusters were Planothidium frequentissimum
(Lange-Bertalot) Lange-Bertalot and Nitgschia inconspicua Grunow. They show lower index values than
in the two-clustered approach. Here Amphora pedicnlns (Kitzing) Grunow and _Achnanthidium

minutissimum (Kitzing) Czarnecki displayed significant index values over 60 %.
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Figure 13 Comparison of locations a) Bray-Curtis flexible linkage clustering using $=0.75 (in this case, contrary to the
expected (Legendre and Legendre 2003), a smaller 3 implies a more conserving display of the sampling sites) b) UPGMA
10.000 iterations. Most sites are maintained in the same clusters, only Gallego in Zaragoza (0089) changes into the

eutrophic waters for the Bray Curtis distribution.
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Physico-chemical characterization of two clusters showed a significant difference (AnnexFig. 3).
Parameters such as altitude, conductivity, total phosphate concentration, total nitrate concentration,
suspended solids concentration and water temperature were differential (AnnexFig. 2), as also
observed using ANOVA confirmed by post-Hoc Tukey test. The diatom biologic indices (CEE, IBD
and IPS) differed significantly for each of the clusters (not shown). The graphical representation of
the River Basin (Figure 10) also showed a subdivision of eutrophic and oligotrophic sites. It coincided

mostly with the altitudinal approach.

Table 5 UPGMA clustering with 10.000 iterations of the total clustering of average sites. Division into two clusters of
River Axis (A) and Mountain Rivers (B). In comparison to this, the lack of sites 1387 and 0179 results in a marginally
higher indicator value. We have used the total database, without regard to the average, since we wanted to extrapolate if

the result was applicable to these data.

Omnidia Code  IndVal (%)

Amphora pediculus (Kiitzing) Grunow Ex A. Schmidt APED O1wr*
Nitzschia inconspicua Grunow NINC 48k
Navicula cryptotenella 1 ange-Bertalot NCTE S5y
Achnanthidium minutissimum (Kitzing) Czarnecki ADMI (oo
Achnanthidium pyrenaicum (Hustedt) Kobayasi ADPY 63
Gomphonema intrincatum var. pumila Cleve-Euler GPUM 25k

p-values: 0 ¥ 0.001

The CCA analysis portrayed 71 % of the variance (Figure 14) and showed an indistinct clustering of
the sites of the established river ecotypes. Low laying sites were somewhat dispersed from the central
cluster. Also, diatom communities are compactly adhered. The river ecotypes were mingled with no
clear distinction. Finally, the relative position of each of the sites shows a maximal distance of 427
km with an average of 164 km. The maximal distance is of 347 km in the polluted area. The
mountainous region has distances up to 427 km. A mantle test showed a weak but significant

cotrelation between diatom taxa and distances (R2=0.3625**).
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Figure 14 Canonical Correlation Analysis graph showing the distribution of predominant diatom species listed below and
sampling sites in relation to the physical-chemical and hydromorphological data. This CCA explains the 70.87% of the
variance. Altitude =Altitude, NH4. = ammonium, PO4 = phosphate, NO3 = Nitrate, Conductivity = conductivity.
109= Mineralized rivers from Low Mediterrancan Mountains. 111= Mediterranean siliceous mountain rivers.
112=Mediterranean calcareous mountain rivers. 115= Continental and Mediterranean slightly mineralized axes. 116=
Continental and Mediterranean mineralized axes. 117= Main axes in Meditetranean environment. 126 = Rivers from wet

calcareous mountains.

Using another approach, diatoms abundances were subjected to a self-organizing map (SOM)
algorithm to observe which diatoms had the same distribution along both time and space. The
diatom taxa were first subdivided into 8 groups to compare the results to the official subdivision of
river ecotypes (AnnexFig. 2). Diatom Communities were clustered together using the diatSOM
package. The resulting species maps (Figure 15) presents darker hexagons, where the proportion of
the taxon was highest. If the shade spreads through more hexagons, the diatom taxon was deemed
to be tolerant to different physico-chemical parameters. Thus, in this example (Fig. 15), Achnanthidinm

atomoides Monnier, Lange-Bertalot & Ector (ADAT) had a disjointed distribution.

The physico-chemical data of the 8 diato-ecoregions were portrayed as a boxplot graph (Figure 10).

Here the combination of physico-chemical data was divisible into the following river ecotypes: alpine
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Figure 15 Example of the output of the SOM calculation. Diatoms are distributed along clusters and their dispersion rates.
(Diatom species: ACOP = Awmphora copulata, ADAT = Achnanthidinm atomoides, ADCT = Achnanthidinm catenatum, ADEU =
Acbnanthidinm entrophilum, ADGR = Achnanthidium gracillinmun, ACLY = Achnanthidium linearioides).

(1), altered subalpine (2), circumneutral silicate alpine (3), alkaline silicate alpine (4), alkaline lowland
(5), low nutrient lowland (6), high nutrient lowland (7) and high conductivity lowland rivers (8). The
SOM groups were divided as follows: alpine (1) was indicated by a predominant Achnanthidium
pyrenaicum (Hustedt) Kobayasi. Altered subalpine (2) had the presence of Achnanthidium minutissimum
(Kitzing) Czarnecki, Encyonopsis microcephala (Grunow) Krammer, Encyonopsis minuta Krammer & E.
Reichardt, Cymbella excisa Kuitzing and Gomphonema lateripunctatum Reichardt & Lange-Bertalot.
Gomphonema intricatum var. pumila Cleve-Euler, Achnanthidium subatomus (Hustedt) Lange-Bertalot,
Encyonema silesiacum (Bleisch) D. G. Mann, Reimeria sinuata (Gregory) Kociolek & Stoermer and
Gomphonema Encyonema silesiacum (Bleisch) D. G. Mann, Reimeria sinuwata (Gregory) Kociolek &
Stoermer and Gomphonema rhombicum Fricke defined the circumneutral silicate mountain (3). The
alkaline silicate mountain (4) was defined by Nizzschia fonticola Grunow, Cocconeis lineata Ehrenberg and
Diatoma vulgaris Bory de Saint-Vincent. SOM group 5 (alkaline lowland) was predominated by
Nitzschia dissipata (Kitzing) Rabenhorst and Navicula cryptotenella Lange-Bertalot. Group 6 (low-
nutrient) and 7 (high-nutrient lowland) had only monospecific indicators and were represented by
Cocconeis enghpta Ehrenberg and Amphora pedicnlns (Kitzing) Grunow ex A. Schmidt, respectively.
Finally, the high conductivity lowland river group (8) was represented by Nizgschia inconspicua Grunow,
N. frustulum (Kitzing) Grunow and Navicnla recens (Lange-Bertalot) Lange-Bertalot. A rework was

attempted, in which the indicator values were extracted for each of the SOM clusters, in order to
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ascertain their coefficient value and significance, where IBD had the best distinction of SOM sites

(AnnexFig. 5).
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Figure 16 Physico-chemical distribution of the 8 diato-SOM sites are differential in their means and combinations.
SiO2 = Silica concenttion [mg/1], NH4 = Ammonium concentration [mg/1], PO4 = phosphate concentration [mg/1],

NO3 = Nitrate concentration [mg/1], O2 dis = Dissolved oxygen concentration [mg/1], SS = Suspended solids [mg/1].
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4.3.3 Yearly comparison of diatom communities

The sampling locations were divided by year and clustered together. The calculation of 10,000
iterations the community similarities (UPGMA method) showed variations in the averaged cluster.
The locations did neither adhere nor show a specific temporal clustering. Furthermore, some
locations, such as the Jaléon River in Grisén clustered in duplets. Nonetheless, they showed high
temporal disparities, for instance, communities of 2002 and 2013 clustered together. The total cluster
of the UPGMA, 10,000 iterations similarity calculations of theThe resulting total clustering of sites

was too cluttered to be shown in this chapter. But it may be accessed in the Annex (AnnexFigure 3).
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Figure 17 Comparison of the samples that were obtained each year. The clustering for each sample site is not perfect

-
s

cither for location or time differences. Only the Arga in Funes site (0004) has a better cohesion since the samples are

clustered into one sub-cluster.

However, to represent the total cluster more visibly, only those sites with ten samplings were used
(Figure 17). No pattern is visible since neither years nor locations cluster together. Only the location
of the Arga River in Funes shows some cohesion, although communities of both other sites were
also introduced into the same cluster. Some years show the predominance of specific diatom taxa.
In this instance 2008 had a light majority for Achnanthidium pyrenaicum (Hustedt) Kobayasi and 2013
had a predominance of Cocconeis eughpta Ehrenberg (Table 6). The most differentiated year
community was in 2013. The years are mostly arranged into duplets since 2007-2008 and 2010-2011
cluster together neatly. 2002, 2003, 2005 and 2006 communities had an uneven arrangement, given
that 2002 was nearer to 2005 than to 2003.
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Table 6 Indicator Values (IndVal) comparison based on the UPGMA clustering in 10.000 iterations according to year. No

significantly predominant taxa were found for the years 2002, 2003 and 2011, and are thus not shown in the tablle.

Omnidia Code IndVal (%)  Year
Navicula cryptotenella I.ange-Bertalot NCTE g 2002
Cymbella affinis Kitzing CAFF 8ok 2002
Nitzschia frustulum (Kitzing) Grunow NIFR 7 2002
Cocconeis lineata Ehrenberg CPLI 10%* 2003
Encyonopsis microcephala (Grunow) Krammer ENCM 8* 2007
Cocconeis placentula Ehrenberg CPLA 6* 2007
Achnanthidium pyrenaicum (Hustedt) Kobayasi ADPY 10* 2008
Gomphonema intricatum var. pumila Cleve-Euler GPUM Ok 2008
Nitzschia fonticola (Grunow) Grunow NFON 6* 2008
Encyonopsis minuta Krammer & E. Reichardt ECPM 6* 2012
Cocconeis euglypta Ehrenberg CEUG 2z 2013

p-values: 0 ¥+ 0.001 >+ 0.01 *** 0.05

We observed every year in its total composition (AnnexTable 9), comparing the number of sites as
calculated for BioEnv, wherein. differences in significance are shown. The years were divided into
three groups of four years. The significance in change between subsequent years was ascertained
through an MRM (multiple regression on distance matrices, Table 7) approach. Not all of the years
showed significant differences in total diatom community composition. For instance, 2006 showed

no significance in its arrangement with the years before it.

Table 7 Multiple Regression of distance Bray-Curtis matrices between successive years, according to BioEnv subdivision.

Significance represented with *

Group R? Group 2 R? Group 3 R?
2002-2003 0.243*  0.073*
2003-2005 0.351*%  0.124*
2005-2006 0.069 0.076
2006-2007 0.397%* 0.232%*
2007-2008 0.311* 0.189*
2010-2011 0.229%* 0.173%%*
2011-2012 0.131 0.078
2012-2013 0.332%*% 0.152%%*

p-values: 0 %> 0,001 ** 0.01 ** 0.05 ns (not significant) = “”
46



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

4.3.4 Comparison of all approaches

BioEnv results showed differences between the significances for each different approach, such as
total database, regions, river ecotypes, years and averages. The most representative physico-chemical
data for the clusters ranged from two and four. They entailed altitude, ammonium, conductivity,
phosphate concentration, nitrate concentration, dissolved oxygen concentration, pH, suspended
solids concentration and water temperature (AnnexTable 10 — 14). No phytosociological distribution
in the margalefian sense was observed, as the communities did not match the described
phytosociological nomenclature. A resulting comparison of the distributions of physicochemical,

diatom-based (SOM) and combined distribution as well as the river ecotype division (Figure 18).
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Figure 18 Comparison of physicochemical (Type), diatom-based (SOM) and combined (New Ecotype) distribution of

New Ecotype O 112 2

diatom communities compared to the official river Ecotype (Ecotype).

The significance of indicator values (IndVal%) of the clustering divisions of the hierarchical cluster
diatom-community-subdivision was relatively high (AnnexTable 10), higher than the official division
of reference and impacted sites (AnnexTable 10 — 14). A clear prevalence of the non-official
community establishment methods is found both in the hierarchical clustering as in the sites, even
more so, when comparing the resulting communities from the subdivision methods and their
physico-chemical traits correlations (AnnexTable 10). Here, hierarchical clustering has higher

significances than the SOM clustering, but that the official river ecotypes are not correlated equally.
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Results of the Canonical Correspondence Analysis (CCA, Figure 14) show, that the sampling
locations are aggregated, except for those with significant differences in diatom community structure.
Site 0179 was represented by Sellaphora seminnlum D. G. Mann. Site 1387 had a predominant Encyonerma
silesiacum (Bleisch in Rabh.) D. G. Mann. Both are well differentiated from the other locations.
Physico-chemical parameters were also significantly differential. The best subdivision according to
indicator values corresponds with the physico-chemical, 2-cluster classification (AnnexTable 5). All
found distributions are highly significant. Most are in the range of p <0.001, with percentages ranging
between 56 % and 99.1 %. Even using the comparison of every sample/year, the indicative diatoms
get to an unequalled 65 % (IndVal %) in the cluster articulated into two groups. They maintain their
significance. The division by year gives no clear indicator values. All are distributed below 15 %. The
SOM distribution has indication values up to 81 % and strong significance values (AnnexTable 7).
The Ebro official river ecotypes were limited descriptors. Only five of the eight river ecotypes were
explained significantly by a indicative diatom, with a maximal 35.76 % effectiveness as indicator

(AnnexTable 8).

We also compared a subdivision of diatom communities in river ecotypes, physico-chemical traits
and diato-ecotypes using a Spearman Rank Correlation of the communities compared to physico-
chemical composition (AnnexTable 10). As expected, the physico-chemical distribution was the one
that had more significant correlations of all of the approaches. The SOM distribution had a little less

significant. The official river ecotypes did not show these correlations.

Finally, the comparison of all classifications (AnnexFig. 9, AnnexTable 11) showed that the physico-
chemical and SOM distribution coincided partially, as high mountain clusters from the physico-
chemical approach coincided with the altered subalpine rivers of the SOM distribution. A final

comparison map is given in AnnexFigure 6.

4.4 Discussion
4.4.1 Physico-chemical subdivision of river ecotypes

Our first approach had been the physico-chemical characterization to find an alternative Ebro
subdivision (Munné and Prat 1999). Diatom taxa filtering has been most linked repeatedly to
conductivity and nutrient concentration, as well as temperature (Rott et al. 1998). The two-cluster
division provided a clear differentiation of these parameters. Even the 4-cluster subdivision can be
related to a gradient of these traits. When divided into 4 clusters, the diatom associations point to a

clear subdivision of mountain rivers through their substrate composition.

The comparison of both subdivisions points to a more correct 2-cluster division. Physico-chemical
and diatom correlation values and Permanova test results showed more significance when divided
only into mountain and lowland sites. These results are somewhat surprising, since conductivity and

nutrients are usually main drivers of diatom selection (Lange-Bertalot 1979a). But some tolerant
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diatoms, such as Cymbella affinis Kitzing, cannot delimit physico-chemical traits satisfactorily
(Potapova 2011). Physico-chemical distribution, therefore, was not concise enough to reduce the

diatom communities.

4.4.2 Diatom community clustering vs. official river ecotypes

The Baas Becking (1959) hypothesis stated that “everything is everywhere, but the environment
selects”, at least for the smaller organisms. This has been slowly debunked for diatoms through the
application of phylogenetic tools (Kociolek 2017). However, a biogeographical specificity inside a
river basin still stands to reason (Williams 1995, 2009). Worldwide it has been repeatedly tried to
establish the "diato-ecoregions" described by Tison et al. (2004, 2005), adapting the diatom
community occurrence to a more or less similar physico-chemical environmental factors. This also
was the basic reason for creating river ecotypes for the implementation of the European Water
Framework Directive (WEFD, European Commission 2000). Ortiz (2012) also provided a diatom
community distribution inside the Ebro Basin, based on the samplings of 2005-2006. In this work
we added the temporal scope and found similarities, such as the division of mountain and lowland
rivers, with the addition of rarefied sites that have not been looked at in the former study. On the
other hand, our results portray a spatial distribution, but only conditionally. The diatom communities
have a too substantial temporal variation (Lavoie et al. 2008; Townsend et al. 1997; Singh et al. 2004).
This signifies that a relative plasticity of diatom populations would be determinant in diatom
distribution. This would in itself describe the diatom response to a physico-chemical change (Leira
et al. 2009; Elias et al. 2012; Meador and Goldstein 2003). To reduce the noise given by the temporal
variation and to stress spatial differences in our calculations were made on the average of seven to

ten years of sampling as suggested by Kelly et al. (2009).

Obur first approach using the flexible UPGMA was already clustered at $=0.75. This might be related
to the fact that all the sampling locations were part of a linked river basin. Tornés et al. (2012) used
a =-0.25 to reduce effect of space, counteracting the influence of unlinked sampling sites from
different catchments. Since the results in our study showed that the spatial bias was not high and
pertained to the same basin, the iterative clustering chosen was based on UPGMA, since it had better

resolution in IndVal values.

Diatom communities for each of the clustering methods varied slightly in their composition
(AnnexFig 4), as did the clustering of the locations. Nevertheless, the predominant diatoms were
sustained along the clusters. This is shown by the results of the IndVal analyses (AnnexTable 5). The
division used in that table, between the _Achnanthidium pyrenaicum (Hustedt) Kobayasi [D1] and
Achnanthidium minutissimum (Kitzing) Czarnecki [D2] clades gave differences in conductivity and
altitude affinity, as well as pH and average temperature (Jittner et al. 2011; Potapova et al. 2007).
Differences in ammonium concentration and conductivity produced changes in predominant

diatoms: Nitgschia inconspicna Grunow [B2], found with a higher saline content, (Trobajo et al. 2013;
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Busse et al., 1999), was differentiated from Navicula cryptotenella Lange-Bertalot [B1], a eutraphentic
species, (Rott et al. 1998; Winter and Duthie 2000b; Bere and Tundisi 2011; Bolla et al. 2010). Both
[A] and [C] were based on outliers and thus not looked into further (not shown). These were the
River Zadorra in Vitoria and the Urbién in Santa Cruz del Valle. Both sites have characteristic flora
through their physico-chemical characteristics. The first site had an important influx of phosphate

and ammonium concentration. The latter site had a particularly low pH and water flow.

The 10,000 times iterated clustering UPGMA method showed a subdivision of the Ebro Basin into
mountainous and non-mountainous rivers (or mountain rivers and axis rivers). The former had a
lower pollutant incidence and any anthropogenic pollution substance including nutrients, straight
polluting effluents, dangerous substances, etc., were reduced (Viviroli and Weingartner 2004; Allan
2004). The pollution was linked to human population density in urban and agricultural areas and was
dispersed at the lower heights (Rimet 2009; Allan et al. 1997). This was also confirmed by the former
clustering approach, as the significance of chemical and bioindicative values were also high. On the
other hand, the outliers of Zadorra in Vitoria and Urbién in Santa Cruz del Valle showed inherently
different diatom compositions. These could be due to the location. Zadorra, located after a big city,
produced an increment in priority substances. Organochlorides and heavy metals are known to affect
diatom communities (Wetzel et al. 2013; Blanco and Bécares 2010; De Jonge et al. 2008), more so
due to the low water flow in this site. Urbién had a particularly low pH compared to other sites of

even its own official ecotype. This might be related to the low alkalinity measured in this site.

Alkalinity is a very important factor for diatom distribution (Leira and Sabater 2005), affecting the
community structure. The spatial dispersion (Figure 10) showed that the subdivision per altitude to
be correct for the most part. Mountain rivers have been shown to have characteristic community
structures (Rimet et al. 2007). Since the catchment width impedes bigger human settlements,
anthropogenic impacts are reduced leaving next to pristine river conditions. The only differential site
of the lower river was in the Gallego river and may be due to a wastewater treatment plant (WWTP)
put into use in 2009 (Instituto Aragonés de Estadistica et al. 2016). Here the elimination of nutrients
favoured the appearance of oligotrophy-tolerant communities. The other outlier found at the Cinca
River is more difficult to explain. The WWTP of Monzén officially only gets secondary treatment,
but a nitrogen reduction tertiary tank may be active since 2006 (Instituto Aragonés de Estadistica et
al. 2016). Furthermore, the Sosa tributary that crosses the city and flows into the Cinca before the

sampling site usually dries up in summer, reducing its polluting effect.

The SOM distribution was a useful tool to classify diatoms. It also displayed a differentiation of the
physico-chemical characterization of the environment. Through this method, even though 8 groups
were imposed to assimilate the official river ecotypes, 6 clear groups emerged. The diatom taxa in

and of themselves displayed clear attachments to differential physico-chemical and local parameters.
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These groups could be characterized as medium and high siliceous mountains, calcareous mountains,

nutrient-rich lowland rivers, conductivity rich lowland rivers and high temperature lowland rivers.

The species found at each group were aggregated by their tolerances. High mountain rivers were
characterized by mostly oligo- to eutraphentic species. The predominant diatom was the
cosmopolitan and colonizing Achnanthidinm minntissimum (Kitzing) Czarnecki, known to produce
massive blooms in mountain river ranges (Hofmann et al. 2011). Halophile taxa had relatively high
correlation with group 1 of the SOM distribution. The nutrient rich lowland rivers had relatively high

proportions of eurytrophic and eu- to polytrophic condition tolerant diatoms.

Comparing the three approaches, the hierarchical clustering, Bray Curtis B-clustering and SOM
clustering, we need to point out that they give different insights. Clustering algorithms find the
similarities in composition and diverge slowly, after comparing the sites or samples for the set
interactions. In contrast, diatSOM package requires stipulating how many clusters to force, and
distributes diatom communities along a self-imposed grid. The advantage of the SOM calculation is
the possibility of comparing directly with already existing subdivisions. It helps to characterize diatom
communities, thus, underlining the physico-chemical composition. It also provides a highly visual
output, which permits a clearer understanding of the communities. The drawback is, that the output
relates clearly either to the sites, or the diatoms. The double output (AnnexFig. 2), such as the
distribution of both diatom communities and cluster is possible but falls into the same drawbacks of
the clustering methods (lack of clarity). Clusters are may be better at obtaining a more realistic
distribution, since it relates to similarity/distance. But the output gets confusing for big databases,

such as the complete site-year-database.

4.4.3 Yearly comparison of datom communities

The certainty and noise reduction is lost using the interannual comparison approach for diatom
community comparison (Kelly et al. 2009), which is averaging the annual diatom samplings.
Therefore, the communities in the cluster were clattered and non-descript. Temporal variation is
nonetheless important, since the definition of diatom bioindication depends on diatom plasticity to
changing water conditions. These changes are time dependant (Elias et al. 2012; Huang et al. 2012).
A major drawback is the uniqueness of the diatom community at any given time (Crossetti, Stenger-
Kovacs, and Padisak 2013; Vanormelingen et al. 2008; Bayona et al. 2014), which reduces the

sampling to a “community snapshot” (Bottin et al. 2014).

Another drawback is the fact that the resulting cluster is nested (AnnexFig. 4). Hence, a subdivision
into clear sub-clusters is nearly impossible. Nevertheless, a subdivision into mountainous and axis
region can be observed, but some locations such as the River Jalén in Grisén or the Najerilla in
Torremontalbo are dispersed along the whole cluster. The special characteristics were due to the high

salinity, N/P-ratio and relatively high ammonium concentration of the first site. The second site had
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a very high dissolved oxygen concentration, as well as big peaks of suspended solids concentration.
This translates to a change in diatom predominance. Hence, the bioindicator values range from

mediocre to high quality.

Differentiating locations with 10 samplings has shown that the locality-cohesion was not definite.
These sites did show extreme ranges of bioindicator values (from bad to good). The one with the
lowest range (good to mediocre water quality) showed more cohesion, since the diatom Communities
were more homogenous. Those sites with similar values tended to cluster together. As expected, the
diatom indicators corresponded to some extend with community structure (Cook 1976; Kelly et al.

2008).

The IndVal % results (Table 6) show that there is no clear indicative species for the years. Navicula
cryptotenella Lange-Bertalot dominated in 2002, Engyonopsis microcephala (Grunow) Krammer and
Achnanthidium pyrenaicum (Hustedt) Kobayasi in 2007 and 2008 and finally Encyonopsis minuta Krammer
& E. Reichardt in 2012. The predominant taxa of the Cocconeis placentula Ehrenberg complex have not
been considered, since they pertain mostly to epiphytic species (Romero and Jahn 2013) that only
colonize the epilithic substrates secondarily. The results of these predominant diatoms showed an
increase in water quality. Species found since 2007 have been described as oligotraphentic. The first
four years had a higher proportion of river axis sites. These were abandoned after time and the last

years had a mostly (two thirds) mountainous sampling.

The Multiple Regression Matrices (MRM) study (Table 7) showed significant community changes for
each site over time. Therefore, a three-year group approach with different location number was
performed. Some years did not show significant differences in diatom communities. This may be
related to the physico-chemical stagnancy of some sites. Neither sampling periods 2005 — 2006 nor
2011 — 2012 showed significant differences. This may be related to the disparate diatom communities

(“outlaying locations”) found in both 2006 and 2012.

4.4.4 Comparison of all approaches

Neither BioEnv calculation showed that a maximum of 9 physico-chemical and geospatial data were
not adding noise, thus 7 axes were explaining the diatom communities. The most common predictor
was altitude, the only geo-spatial data used. This can be explained by the main division into mountain
and axis rivers, which is apparent in average sites subdivision and reference site partition. This
parameter is linked, to a lesser extent, also to water temperature. Most important descriptors in other
studies (Soininen 2007) have been conductivity, pH, total phosphorous concentration and altitude.
These parameters differed in this study. Diatoms at the Ebro sites did not show a preference for pH
or phosphate concentration levels. These sites usually have a higher pH (above 8.15) and lower
phosphate concentration values (below 0.08 mg/l). The only absent river ecotype was the high

mountain ecotype, since the sites had been sampled less than 7 times. Conductivity was not uniformly

52



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

essential, as it was normally over 400 uS/s (Penalta-Rodriguez and Lopez-Rodriguez 2007; Hlubikova
et al. 2014). Since the high mountain ecotype had the lowest conductivity, its absence increased the

mean conductivity to 629.8 uS/cm.

The Canonical Correspondance Analysis (CCA) explains a substantial amount of variance, of the
order of 70.25 % (AnnexFig. 5). As expected, conductivity and altitude were juxtaposed (Cantonati
et al. 2012). No clear subdivision of the sampling sites appeared at the yearly approach of the CCA,
thus not shown. A yearly average approach is pointless, because of the lack of variation produced by

the reduction would decrease the explained variability to random levels.

A yearly subdivision into sites is not workable. Thus, the cluster subdivision seems to be the better
approach. A subdivision into 2, 4, 5 and 6 groups produced a gradual reduction of the diatom
predominance (not shown). Using the successive cluster partitions an important change appeared.
The specificity decreased with every added subdivision. The mean site clusters increased the
percentage of maximum variance per site, therefore being more specific but decreasing the

significance of each of the describing diatoms.

The most striking difference of diatom communities in mountains versus the axis is in physico-
chemical composition of the rivers and has been stated. Previous studies provided that river ecotypes
should always prevail to further knowledge of diatom adherence (Rimet et al. 2007). The typology of
rivers could also be prevalent as a non-negligible source of diatom community variability (Goma et
al. 2005). This was not particularly observed with our data. Altitude prevailed over substrate type.
The only observed variability being the one of the silicate substrate which was represented by 5 sites.
Ecotype 111 or the not observed 127, did not have enough viable samplings (AnnexTable 9). The
calcareous river ecotypes described for 112 and 126 represent most of calcareous river beds.
Otherwise, most substrates presented a mixed nature (Bejarano et al. 2010). This explains why a
subdivision of further river ecotypes is not observable in our data. No diatom communities were
found to adhere to the “margalefian” division of phytosociology (Margalef and Cambra, n.d,;
Margalef 1954).

The yearly comparison had such little diatom predominance was expected, since diatoms would
change according to environmental characteristics, which change constantly and not necessarily
similarly along the sampling sites. Sites do not show any predominance, maybe because most diatom
species are relatively ubiquitous, therefore reducing the influence in one site to a relatively low
percentage. River ecotypes performed better than expected, since their maximal prevalence was 36 %.
Significances were maintained. Since river ecotypes were represented unbalanced, ecotypes with few
sites portrayed higher percentage of diatom predominance (see AnnexTable 8). Therefore, river

ecotype subdivision is therefore not deemed to be a good indicator of diatom dispersal.
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Finally, the subdivision by diatom communities gave the clearest result. It described both,
predominant diatoms and physico-chemical differentiation, at a significant level. A subdivided
approach may have different advantages. If physico-chemical or diatom based, the significances vary
along a two-fold gradient. The more clades are present, the less significance in diatom predominance
and the lower the proportion are. Our final advice would be the use of the SOM and physico-chemical

clustering since it reduces the effect of the outsiders in composition.
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Chapter 5
MESO-SCALE

5. LAND USE EFFECT ON DIATOM COMMUNITIES

5.1 Introduction

Diatoms are single-celled aquatic organisms which propagate rapidly. This enables them to respond
quickly to any physico-chemical changes in water ecosystems (Lange-Bertalot 1979a; Mayama 1994;
Prygiel and Coste 1993). This feature makes diatoms useful water bioindicators and several diatom
indices have been created to monitor water quality (Prygiel and Coste 1993; Prygiel et al. 20006;
Gudmundsdottir et al. 2013; Watanabe et al. 1988). These indices are based on the tolerance of
different diatom taxa to varying trophic level and saprobic water pollution. Thus, the Water
Framework Directive (WFD, European Commission 2000) utilises benthic, epilithic diatoms in the

annual protocols of phytobenthic river-water surveillance.

Different types of land use in a river basin can have a direct or indirect impact on the physico-
chemical characteristics of the water in the basin, especially on nutrients and other dissolved
substances. For instance, water runoff can cause an increase in suspended sediment and can be
reduced by the uptake of nutrients by flora (Pfister et al. 2004). Land Use can change the chemical
and physical characteristics of a river and thus affect benthic diatoms (Allan 2004; Dauer et al. 2000).
This connection was studied by Biggs (1995), who reported a correlation between periphyton
abundance, land use and geology. Moreover, Jittner et al. (1996), related land use in Nepal with

diatom communities.

The Segre river basin is located in northeast Spain and is a tributary to the River Ebro. Several
geological substrates and climates, which range from alpine to Mediterranean, are found in this basin.
A diatom control network was established in the river in 2002 by the Ebro Water Agency
(Confederacion Hidrografica del Ebro, CHE). In tributaries in the studied basin, the climate is mostly
dry in summer, which affects the water cycle and may cause a temporary absence of streams (KKennard
et al. 2010; Lake 2011, 2003). Regarding river catchment distribution, around the headwaters, natural
areas such as meadows and woods tend to be dominant (Goma et al. 2005; Rimet et al. 2007). In
contrast, lower river stretches are mostly surrounded by agricultural land and large urban areas
(Barcel6 et al. 2011; Batalla and Vericat 2011; Romani et al. 2011). The main objective of this study
1s: Can we expect each type of land use to generate a characteristic diatom community? Our goal was
to study how land use can impact the epilithic diatom communities in Mediterranean rivers, and

variations in these communities over time.
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5.2 Materials and methods

A total of 61 samples of benthic diatoms were collected at 16 sites in the Segre river basin
(Figure 19a). Orthophotographs were accessed via the Catalan National Atlas ICGC 2015) to classify
the different land uses (Figure 19Fehler! Verweisquelle konnte nicht gefunden werden.b), taking
up to 5 km upstream of each site into account, as we had showed to be reasonable in a previous
occasion (Burfeid Castellanos and Cambra 2016). This was performed on a regional scale, since
nutrient, sediment and physico-chemical traits are not just local (Allan et al. 1997). Land use was

subdivided into 6 identifiable types (Table 8):

Table 8 Land use types and description

Land use Code Description

Agricultural AGRI Clear agropecuary use

Dry land DRLD No identifiable vegetation

Pasture and meadow MEAD Low vegetal cover

Utrban and industrial use URBN Anthropic uses such as urban and industrial cover.
Resetvoirs WATE Water surface (including river width and reservoirs)
Woodlands WOOD Forestall coverage

These recognizable land use classes were polygonised using the QGIS Nodebo 2.16 software (QGIS
Development Team 2009). We used an Image] plug-in, “RGB measurement” (Abramoff, Magalhies,
and Ram 2004) to render the polygons (Fig. 19bFehler! Verweisquelle konnte nicht gefunden

werden.) in order to obtain a percentage of the total land use coverage. A database containing the

O Acr N
@ WOOD/MEADOW
. AGRI/WOOD/MEADOW A
Mineralized rivers from low Mediterranean mountains
Mediterranean calcareous mountain rivers
— Continental and Mediterranean slightly mineralized axes 0 10 20 30 40km
— Rivers of wet calcareous mountains [ — ]

Hinh Manintain Rivere

Figure 19 Distribution of the sampling locations (a) and polygonization of the orthophotographs for different kinds of

land use (b). (Credits: Confederacién Hidrografica del Ebro, Institut Cartografic de la Generalitat de Catalunya).
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proportional land cover, physico-chemical values and diatom species was created. This was later

subdivided into each of the land uses.

Physico-chemical parameters that affect diatoms most, such as nutritional values (phosphate, nitrate
and ammonium concentration), conductivity, suspended solids concentration and temperature were
extracted from the Ebro river Authorities website (Confederacién Hidrografica del Ebro 2015).
Henceforth, concentration will be implied in the use of concentration of phosphate, nitrate,

ammonium, suspended solids and dissolved oxygen.

For the statistical analysis R 3.3.1. was the software used (R Development Core Team 2008). Noise
reduction was performed by using average community, chemistry and land use changes (Kelly et al.
1998). To observe changes in time, the datasets were compared using ANOVA and Spearman’s ()
correlations. Clustering of sites and land cover was analyzed using the R-package “pvclust” (Suzuki
and Shimodaira 2015), principal component analysis (PCA) and canonical correspondence analysis
(CCA) related physico-chemical composition to the diatom community using package “vegan”
(Oksanen 2014). IndVal % indicator species analysis was performed using the “indicspecies” package

(De Caceres 2013) to observe specificity of diatom taxa relating to land use.

In order to observe changes over time, we used Structural Equation Models both on the whole dataset
(n=061), as well as for subsets containing samples from 2002-2007 (n=26) and 2008-2013 (n=35)
using the “lavaan” package (Rosseel 2012). After clustering the physico-chemical parameters, the sites
studied were aggregated according to land use (Figure 24). Complete database analysis showed good

adherence of site over time.
Hypothesis:

AGRICULTURAL WATER BODIES

Point
pollution

Figure 20 Hypothesis of the Structural Equation Modeling of land use, physico-chemical data and diatom (diversity and
bioindicative) indices. All land uses would be connected to diatom indices, not shown for clarity. Unobserved parameters
that may condition diatoms were added: runoff, grazing and point pollution. NH4* = ammonium, Cond = Conductivity,

PO4* = phosphates, NO3* = nitrate, Ozdis = dissolved oxygen, SS = suspended solids, TH20 = water temperature. H’ =

Shannon diversity index, S = Species richness, IPS = Polluosensitivity index, IBD = Biological diatom index.
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We based this work on the assumption that land use percentages affect the physico-chemical
composition of the river. To do this, we used the parameters established previously to postulate
hypothetical links between the parameters. The totality of the land uses, physico-chemical parameters
and the Shannon (H’) index (Shannon 1948; Shannon and Weaver 1964), Simpson (D) index
(Simpson 1949), diatom Richness (S) and diatom biomonitoring index values of IPS and IBD were
considered. Based on bibliography a hypothetical network of land use, physico-chemical and diatom

parameters was established (Figure 20).

5.3 Results

5.3.1 Land use and physico-chemical traits

Land use could roughly be divided into "anthropic" and "natural". Woodlands and agticultural land
at each site had inverse proportions (Figure 21), while meadows were not necessarily linked to
agricultural use. Urban land uses were mostly found together with high agricultural use. The main
differences for land use typse related to runoff and pollution. Dams and high water type proportions

were found randomly at lower altitudes.
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Figure 21 Proportion of different land uses at each site (see Table 8)

The Principal Component Analysis (PCA) of the sites explained 67.7 % of variance on the first two
axes of the differentiation of diatom communities in relation to land uses (AnnexFigure 22). The sites
were clearly subdivided into two groups: 1) the first axis was related to the natural-anthropogenic

sites (50.8 % of the variance); and 2) the second axis represented water types (16.9 % of the variance).
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On the natural-anthropogenic gradient, agriculture, meadow and wood were the main drivers.
Dryland and urban uses were associated with agriculture. The water-type axis displayed a gradient of

diatom types due to the addition of planktonic and motile taxa.

The Canonical Correspondence Analysis (CCA) of physico-chemical parameters of water and land
use explained 69.9 % of the variance (Figure 23). The first axis explained 68% of the variance and
was related to conductivity, nitrates, and (weakly) temperature. The sites were also cleatly divided
according to their predominant land use. Sites with predominant agricultural use were mostly
clustered. In contrast, those sites with similar proportions of anthropogenic and natural uses were
highly differentiated, and had an intermediate physico-chemical composition. Natural land uses were
also clustered together with physico-chemical parameters: Meadow presented lower temperature and

suspended solid concentrations, while woodlands had low nutrient inputs.
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Figure 22 Canonical correspondence analysis (CCA) of physico-chemical parameters and land use. The principal axes
represent altitude reduction (x) and nutrient increase (y). Points are sites describing the predominant land uses, as shown
in the legend: Agri = agricultural land, Mead = meadow, Wood = woodland. Axes: PO4 = phosphate, NO3 = nitrate,

NH4 = ammonium, Temp.H20 = water temperature, Cond = Conductivity, SS = suspended solids.

The ANOVA-test showed that conductivity, nitrate concentration and water temperature were
significantly different between clusters. Most parameters, except ammonium and dissolved oxygen,

were significantly correlated with the predominant land uses: agricultural land, meadows and
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woodlands. Moreover, the natural habitats were strongly correlated with a low nitrate concentration
(MEAD: ¢ = -0.772%%%, WOOD: o = -0.723***) and temperature (MEAD: p = -0.664***, WOOD:
o = -0.639*%%). However, only the wood land use was negatively correlated with conductivity
(Spearman p = -0.751%%*), Other land uses were inversely correlated positively to each of these
parameters. For instance, agricultural land correlated with conductivity (o = 0.806***), nitrate levels
(o = 0.772%%*) and temperature (o = 0.724**%). Dry land, urban land and reservoirs also increased in
conductivity, nitrate and temperature. Their significance and correlation was lower, but they showed
the same detrimental effect on water quality. Conductivity, in turn, increased (DRLD: o = 0.333%;
URBN: o = 0.628*%*f; WATE: o = 0.314%). Nutrients (DRLD: o = 0.279%; URBN: o = 0.618***;
WATE: o = -0.321*) and temperature (DRLD: o = 0.348*; URBN: o = 0.395; WATE: o = 0.293%*)

were also correlated.

5.3.2 Land use, diatom communities and diversity

We identified a total of 177 diatom taxa. The predominant taxa were: Cocconeis placentula var. englypta
(Ehrenberg) Grunow, Achnanthidium pyrenaicum (Hustedt) H. Kobayasi, Amphora pedicnlns (Kitzing)
Grunow ex A. Schmidt, Achnanthidium minutissimum (Kitzing) Czarnecki and Navicula cryptotenella

Lange-Bertalot.

After clustering the physico-chemical parameters, the sites studied were aggregated according to land
use (Figure 24). An analysis of the complete database showed that the sites were adherent through

time.

The Spearman Rank correlation was performed on IPS, IBD, and the diversity indices such as
Shannon and Species richness, as well as diatom proportion relative to physico-chemical composition
of the site (AnnexTable 15). IBD was the index with highest correlation values and significance (o =
0.08%F* — -0.7988***). Diatom species richness also was significant, even though the values were

lower (o = 0.03%%% — 0.46%%F),
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Figure 23 Site distribution, land use and community composition of the clusters of 10,000-iteration hierarchical clustering of the physico-

chemical data (UPGMA, average linkage). A is predominantly meadows at low altitude; B is mostly agricultural land; and C is mixed natural

uses (meadow and woodland).
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The IndVal % analysis classified the indicative diatoms for each cluster as river land use (Table 9).
The predominantly agricultural group (A) comprised taxa tolerant to environmental conditions such
as Planothidinm rostratum (ODstrup) Lange-Bertalot, Navicula antonii Lange-Bertalot and Staurosirella
pinnata (Ehrenberg) Williams & Round. In contrast, the Mead — Wood sites (B) had sensitive diatoms
such as Cocconeis psendolineata (Geitler) Lange-Bertalot, Diatoma ehrenbergii Kitzing and Gomphonema
tergestinum (Grunow) Schmidt. The woodland-agriculture-mead group (C) was characterized by usually
planktonic species like Cyclotella ocellata Pantocsek, Nitzschia paleacea (Grunow) Grunow, Cyclostephanos
dubius (Hustedt) Round and Stephanodiscus hantzschii Grunow. Clusters also shared some identifying
diatoms: the A and C groups coincided in high frequencies of the tolerant diatoms Awmphora pediculus
(Kitzing) Grunow ex A. Schmidt, Navicula reichardtiana Lange-Bertalot and Navicula capitatoradiata
Germain. All diatoms shared between clusters B and C were sensitive to pollution, for example,
Achnanthidinm pyrenaicum (Hustedt) Kobayasi, Encyonema minutum (Hilse) D. G. Mann and Encyonema
silesiacum (Bleisch) D. G. Mann.

Table 9 Indicative value analysis of the pvclust clusters. Predominant diatom taxa correlate to land use clusters. A = Agri,
B = Mead + Wood, C = Agri + Mead + Wood. Significance of type-describing species calculated through Monte Catlo
permutation test with 999 permutations (p<<0.001). Average and maximal IndVal proportions are also given. Maximal

indicator values are shown in bold. Taxon verification using DiatomBase (KKociolek et al. 2015)

Omnidia Cluster R? Significance
Code class
Planothidium rostratum (Ostrup) Lange- | PROS A 0.796 ok
Bertalot
Navicula antonii Iange-Bertalot NANT A 0.682 *
Staurosirella pinnata (Ehrenberg) Williams & | SPIN A 0.647 *
Round
Pseudostaurosira  brevistriata  (Grunow) | PSBR A 0.632 *
Williams & Round
Navicula Ianceolata Ehrenberg NLAN A 0.601 w
Navicula cryptotenelloides Lange-Bertalot NCTO A 0.595 *
Kolbesia gessneri (Hustedt) Aboal KGES A 0.548 W
Reimeria uniseriata Sala, Guerrero & Ferrario | RUNI A 0.584 *
Ellerbeckia arenaria (Moore Ex Ralfs) | EARE A 0.516 w
Crawford
Cocconeis pseudolineata (Geitler) Lange- | CPPL B 0.820 ok
Bertalot
Diatoma ehrenbergii Kiitzing DEHR B 0.69 i
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Gomphonema tergestinum (Grunow) Fricke
Cyclotella ocellata Pantocsek

Nitzschia paleacea (Grunow) Grunow
Cyclostephanos dubium (Hustedt) Round
Stephanodiscus hantzschii Grunow

Amphora pediculus (Kitzing) Grunow Ex
Schmidt

Navicula reichardtiana l.ange-Bertalot
Navicula capitatoradiata Germain

Rhoicosphenia abbreviata (Agardh) Lange-
Bertalot

Sellaphora atomoides(Grunow) Wetzel &
Ector

Gomphonema minutum (Agardh) Agardh

Craticula subminuscula (Manguin) Wetzel &
Ector

Fistulifera saprophila (Lange-Bertalot &
Bonik) Lange-Bertalot

Navicula cryptocephala var. veneta (Kiitzing)
Rabenhorst

Nitzschia amphibia Grunow
Cyclotella cyclopuncta Hakansson & Carter

Amphora copulata (Kitzing) Schoemann &
Archibald
Achnanthidium  pyrenaicum  (Hustedt)
Kobayasi

Encyonema minutum (Hilse) Mann
Encyonema silesiacum (Bleisch) Mann

Reimeria  sinuata(Gregory) Kociolek &
Stoermer

Fragilaria capucina var. vaucheriae (Kiitzing)
Lange-Bertalot

Hannaea arcus (Ehrenberg) Patrick
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Gomphonema pumilum (Grunow) Reichardt | GPUM B+C 0.803 o
& Lange-Bertalot

Fragilaria  capucina  subsp. rumpens | FCRU B+C 0.648 *
(Kitzing) Lange-Bertalot

“Achnanthidium atomus (Hustedt) Monnier, | ADAT B+C 0.596 w
Lange-Bertalot & Ector®

Gomphoneis minuta (Stone) Kociolek & | GSMI B+C 0.596 *
Stoermer

p-values: 0 ¥+ 0.001 >+ 0.01 *** 0.05

The CCA of the diatom communities explained only 9.9 % of the variance: 7.2% on the first axis
and 2.7% on the second (Figure 25). Eigenvalues for the first four axes were 0.51221, 0.19409,
0.17312 and 0.0991 respectively. Agriculture, meadows and woodlands were the main drivers for this
distribution. Dry land and urban land use had less impact and were strongly associated with
agricultural land. Since urban land was not significant in the p permutation, it is not depicted in the
resulting graph. The juxtaposition of anthropogenic and natural land uses remained. Here, values for
both, meadows and woodlands, were inversely proportional to those of agricultural use. There was a

good subdivision of site clusters, as bootstrap factors were over 90%.

Species CCA
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5 +  Agri-Mead-Wood
o <>
®  Agri-Wood-Mead
o~ 4 MEAD < Mead
o W Mead-Wood
<
Wood
80 <><> ) oo
z Po c @ * Wood-Mead
@ =] o] =
=g Sk ¥ o8 o
o
= AGRI ERE =
Q 008 ° = v
Q OOO o
=5 WOOoD
=}
+ ]
oy WATE
DRLD "
=
T 4
I I I I I
4 -2 0 2 4 6
CCA(7.213%)

Figure 24 Canonical correspondence analysis (CCA), describing the expected distribution of species at the different

sites according to predominant land use: Agri=Agricultural land, Mead = meadow, Wood = woodland. . Total variance

explained is 9.9%.
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The distribution of diatom communities according to land use composition, as calculated by the

IndVal analysis and remaining analyses is summarized in Figure 20.

(@)
@ WOOD/MEADOW
© AGRI/WOOD/MEADOW
109
— 111
112
— 114
—— 115
— 116
— 117
— 118
— 126
127
—0

Figure 25 Distribution of the majority diatom communities. ACRI = agricultural cover, MEAD/WOOD = meadow and
wood equistasis, AGRI/MEAD/WOOD = agricultural, meadow and wood covers in relative equity. River Ecotypes: 109
= Mineralized tivers from low mediterranean mountains, 111 = Mediterranean siliceous mountain rivers, 112 =
Mediterranean calcateous mountain rivers, 114 = Mediterranean axes on low altitudes, 115 = Continental and
mediterranean slightly mineralized axes, 116 = Continental and mediterranean mineralized axes, 117 = Main axes in
mediterranean environment, 118 = Coastal Mediterranean rivers, 126 = Rivers of wet calcareous mountains, 127 = High

mountain rivers, 0 = river ecotype undetermined.

5.3.3 Land uses and diatom indices

Diversity and species richness parameters of the A and C cluster had similar medians (Figure 27a).
Group B was not significantly differentiated, but always had a lower value than the other clusters,
while increasing the IPS, IBD and CEE biomonitoring values. The Simpson diversity index showed
the highest variability, followed by species richness. Only agricultural land and woodlands were
correlated with diversity indices. Diatom species richness decreased in woodlands (r = -0.611%*/ o =
-0.526%). Agricultural land use led toe increased diatom diversity index values (r = 0.49832*) and
richness (r = 0.6087*/ o = 0.627*). Meadows did not show a significant cortelation with any of the

diversity indices.
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Figure 26 Comparison of diversity index (Shannon and Simpson) and species richness values as well as trophic diatom

indices (IPS, IBD and CEE) for each cluster.

Trophic diatom indices were differential and were mostly related on the proportion of agricultural
land (Figure 27b). Hence, the most differential was the B cluster (Mead — Wood). The increase of
natural land use cover in the C cluster did markedly increase the index values (IBD and CEE) in
respect to the A cluster, except for the IPS. Agricultural land proportion decreased index values. The
most significant differentiation was found in the IBD trophic index. Neither Pearson calculation of
correlation between land use and trophic index was significant for all of the types (Table 10).
Nonetheless, water quality seemed to increase with natural uses, as seen through the positive

correlation, and decreased significantly for the anthropic uses.

Table 10 Pearson correlations (r) of land use and the trophic diatom indices IPS, IBD and CEE. Maximal value marked
in bold.

AGRI MEAD URBN WOOD
IPS -0.785%** 0.722** -0.586%* 0.711**
IBD -0.920%%* 0.807%** -0.570%* 0.882%**
CEE -0.830%** 0.751** -0.577* 0.778**x*

p-values: -0 *F* 0,001 *** 0.01 * 0.05 .
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5.3.4 Mixed approach: Structural Equation Modelling of land use, physico-chemical parameters
and diatom indices grouped by communities and years
When observing the whole dataset (61 sites, Figure 28), the 2 was of 297.166, with 117 degrees of
freedom and highly significant (p < 0.0001). The model was not saturated, and the baseline model
showed increased values of the y? statistic, the comparative fit index was 0.784. The only latent
variables not significant were waterbodies (standardized Estimate (stdE) = 0.161, p = 0.210),
dissolved oxygen (stdE = - 0.128, p = 0.338) and pH (stdE = 0.246, p = 0.093). The correlations of
physico-chemical parameters on land use were significant but low (stdE = 0.953, p = 0.002), while
diversity was not significantly correlated to neither land use (stdE = 0.542, p = 0.357), nor physico-
chemical values (stdE = -0.183, p = 0.752). Bioindicative values were not significant either for land
use (stdE = 0.281, p = 0.742) or compositional parameters (stdE = -1.127, p = 0.196). The only
significant covariance was found between phosphate concentration levels and IPS values. Land use
had the highest variance estimate (stdE = 1) and was significant, while the two dependent parameters
(physico-chemical and trophic indices) were not (stdE fq = 0.093, p = 0.175; bioindicator indices =
0.253, p = 0.129). On the other hand, diversity indices had significant and high-ranking values (stdE
=0.862, p = 0.003). The resulting modification of the original hypothesis shown in Figure 28 showed
that conductivity, nitrate and suspended solids concentrations were the most affecting parameters. It

also underlined the weak correlation of land use with each of the parameters, and the negative

Figure 27 Corrected network of structural equation modelling with covariances and variances of each of the parameters
studied. Agr = Agricultural, DrI. = Dry Land, Mea = Meadow, Urb = Urban, Wat = Waterbodies, Woo = Wood,. Lu
= land use, Fq = physico-chemical parameters, di = diversity indices, ind = trophic diatom indices, Amm = ammonium,
Con = conductivity, Pho = phosphate, Nit = Nitrate, pH, SuS = Suspended Solids, Twa = water Temperature, Sha =
Shannon Diversity (H’) index, Ric = Species Richness (S), IPS = Indice de Polluo-Sensibilité Spécifique, IBD = Indice

Biologique des diatomées.
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correlation of physico-chemical composition with both, diatom biodiversity index values and trophic

index values.

To test, whether the passing of time, and thus modification in use, varied the networks, we divided
our samplings into 2 groups of 5 years [timeframe 2)2002 — 2007 and timeframe b)2008 — 2013]. The
maximum likelihood algorithm needed 411 iterations to converge. In this case, %2 increased to a total
609,946 (317,760 for timeframe a) and 334,897 for timeframe b), respectively], with 240 degrees of
freedom and a significant difference between the two groups. Networks changed in each period
(Figure 29). The second period adhered less to the baseline model than the first, which was related
to the general disconnection of the physico-chemical parameters (not shown). The most linked
covariances regarded phosphate concentration and species richness (StdE = 2.621%*) for both
periods, and for the first stage conductivity with both diatom indices (IPS StdE = 4.938 *** and IBD
StdE = 1.141%*), whilst for the second period conductivity correlated strongest with nitrates
concentration and IPS for the second length of time (StdE = 7.137 ***). The regressions in the period
of 2002-2007 were significant for land use and diversity values (StdE = 0.298*), physicochemical and
diversity values (StdE = -18.35%) and physico-chemical and trophic index values (StdE = -11.841%).
All regressions between land use, physico-chemical parameters, diversity measures and indicator
values were insignificant for the 2008-2013 samples, apart from physico-chemical parameters and
land use (StdE = 0.844**), as well as diversity values and land use (StdE = 1.618%). The most
important parameters were conductivity, nitrate and suspended solid concentration values for

timelapse a), and nitrate concentration for timelapse b).

RN

2002-2007 2008-2013

Figure 28 Comparison of the results for the a) 2002-2007 (n=206) and b) 2008-2013 (n=35) year period, changes in

importance and connections, can be seen. Compare Fig. 28.
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Finally, diatom communities were divided into cluster A) mostly agricultural use, cluster B) mostly a
combination of meadow and wood cover. Cluster C), which comprised the sites with near to equal
sizes of agricultural use, meadows and woodland, did not comprise enough sites to permit the SEM
calculation. Thus, a comparison of the three clusters was not reasonable. The results of the two
groupings a) and b) are shown in Figure 30, where the agricultural cover is mostly related to nitrate

concentration and mead-wood mostly to conductivity and suspended solids concentration.

Agricultural cover Mead-Wood cover

-
-

Figure 29 Comparison of diatom communities of cluster A) mostly agricultural land (n=28) and cluster B) mostly a
combination of meadows and wood (n=25). Community c) (a combination of Agricultural, meadow and wood cover) was

not a big enough group to obtain results (n=8). Compare fig. 28.

5.4 Discussion
5.4.1 Land use and physico-chemical traits

Land use distribution was closely linked to physico-chemical parameters in the Segre river basin.
Other studies already correlated land use to changes in water characteristics (Allan 2004; Allan et al.
1997). In our investigation, the sites studied showed differences in the proportions of natural and

anthropogenic land use, mostly due to a large altitudinal range.

Each land use category has characteristic effects on water traits. Particularly, anthropogenic land uses
increase effluents and runoff. As a whole, agricultural and urban use affect nitrogen levels (Meador
and Goldstein 2003). Altitude and temperature are also known to correlate to land use. For instance,
higher basin altitude leads to more extensive agriculture and urban colonization in the lowlands (Allan
2004); while low levels of mountain agriculture can contribute to reforestation (MacDonald et al.

2000), thus creating an altitudinal gradient. Due to the annual nature of the sampling, it was not
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possible to pinpoint the seasonal pollution and runoff peaks expected from agricultural land use
(Stevenson et al. 2009). The degree of these two alterations also depends on the crop, since timing,
yield and type of fertilizer vary. The lack of plant cover (dry land in our study) increases erosion, but
is not necessatily correlated to pollution(Oudin et al. 2008; Sajikumar and Remya 2015).Such sites are
too few to have much influence on water composition and diatom community, since they only
covered a maximum of 7.4 % of the upstream area: even less than the urban land. Both urban and
industrial uses tend to increase runoff, and have also been reported to increase organic matter
concentration and dangerous substance pollution (Blanck et al. 2003; Huang et al. 2012; Ramos et al.
1999). This correlates with the occurrence of saprophytic tolerant diatoms and an increase in
pollution-tolerant diatoms, such as Planothidium rostratum (Ostrup) Lange-Bertalot and Navicula antonii
Lange-Bertalot, which cause lower diatom index values. Reservoirs may reduce pollutant
concentrations through sediment deposition (Morris and Fan 1988). This was not observed in our
results, since the Spearman correlation of nutrient concentrations after waterbodies to diatom indices
did not alter significantly. Large catchments and reservoirs can increase the incidence of planktonic

diatoms in the downstream river (Rimet and Bouchez 2012), which was observed here.

Natural land uses present different characteristics. For instance, meadows often suffer continuous
nutrient pollution due to cattle grazing and may present temporal or spatial point pollution, which
we could not observe at the Segre river basin, due to the yeatly sampling efforts, where meadows
displayed the highest IPS values. Woods tend to decrease erosion and runoff (Angradi et al
2009),while they may increase organic matter concentration and trophic input slightly through fallen
leaf degradation. This was observed in our IPS values, since suspended solids concentration increased
in predominantly wooded areas. Anthropogenic modifications of the soil tend to increase runoff

(Pfister et al. 2004) compared to natural land uses.

Thus, CCA of the land uses and diatom communities mostly described the effects of runoff. Pollution
was not represented comparably, since dry land clustered together with anthropogenic uses. Natural
land uses clustered together due to the sediment retention caused by vegetation (Fan et al. 2010).
These land cover types are usually associated with higher altitudes like alpine meadows, for instance.
In such sites, waterbodies were sparse, but they affected lower-lying sites to a greater degree. Our
results showed that in most cases, the high proportion of agriculture affects diatom communities

strongly.

5.4.2 Land use and diatom communities and diversity

Most of the predominant diatom taxa were cosmopolitan. Navicula antonii Lange-Bertalot, Navicula
reichardtiana Lange-Bertalot and Navicula cryptocephala Kitzing are common small naviculoids found in
eutrophic waters, although they are sensitive to organic pollution (Hofmann et al. 2011). Navicula

lanceolata Ehrenberg is also deemed to be one of the most common nutrient and organic pollution-
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tolerant diatoms in Europe (Hofmann, Werum, and Lange-Bertalot 2011). Achnanthidium pyrenaicun
(Hustedt) Kobayasi is abundant in oligotrophic, fast-flowing streams (Juttner et al. 2011). Awmphora
pedicutus (Kiitzing) Grunow, found in both agricultural and diverse land uses, is tolerant to trophic
pollution. It is one of the most ubiquitous taxa of the genus (Lee and Round 1989; Bey and Ector

2013).

The IndVal results showed important indicator values, surpassing 50%. The A cluster was
characterized by trophic-tolerant diatoms: Planothidium rostratum (Ostrup) Lange-Bertalot, Navicula
antonii Lange-Bertalot, Staurosirella pinnata (Ehrenberg) D.M. Williams & Round and Pseudostaurosira
brevistriata (Grunow) D. M. Williams & Round are also tolerant to salinity (Bey and Ector 2013). This
group was affected by extensive agricultural land use and the resulting nutrient increase (Kock-
Schulmeyer et al. 2011; Romani et al. 2011). Low altitude is linked to greater agricultural exploitation
of the land (Allan 2004). In cluster A, agricultural use covered between 50 % and 89 % of the total
area. Thus, the presence of diatoms that tolerate mesotrophic and polytrophic conditions was

observed, as expected (Winter and Duthie 2000a).

The B cluster had a diatom community that mostly does not tolerate organic pollution - though in
some cases, such as Coconeis psendolineata (Geitler) Lange-Bertalot, they are oligo- to eutraphentic.
Both Diatoma ebrenbergii Kitzing and Gomphonema tergestinum (Grunow) Fricke only tolerate up to
mesotrophic nutrient conditions (Bey and Ector 2013). This group was found in water associated

predominantly with woodland and meadows, and displayed the highest values of the diatom indices.

The third cluster (C) was located at medium altitudes, characterized by both natural and agricultural
land uses, and with an increased area covered by water, for instance due to reservoirs. We expected
a slightly altered community dominated by planktonic taxa. For the most part, this is the case. Cyclotella
ocellata Pantocsek, Cyclostephanos dubins (Hustedt) Round and Swphanodiscus hantzschii Grunow are
centric diatoms and thus considered planktonic (Kociolek et al. 2015a). The diatom indices changed

according to the proportion of agricultural use.

The A and C groups shared Amphora pediculns (Kiitzing) Grunow, Navienla reichardtiana Lange-Bertalot
and Navicula cryptocephala Kitzing, among other taxa. These taxa tolerate degrees of up to
mesosaprobic with high content of dissolved organic matter, they tolerate high nutrient
concentrations and can also be tolerant to high salinity. The sites corresponding to both groups (A

and C) include important agricultural areas which could be the origin of the pollution.

The B and C group sites had a high proportion of natural land uses. The three most indicative taxa,
Achnanthidium pyrenaicum (Hustedt) Kobayasi, Encyonema silesiacum (Bleisch) D. G. Mann and Encyonema
minutum (Hilse) D. G. Mann are found at oligotrophic sites (Juttner et al. 2011; Bey and Ector 2013).

The other taxa were either alpine or subalpine (Hofmann et al. 2011). This distribution of taxa

76



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

coincided with the sites. This leads to the conclusion that, the community of diatoms corresponded

to relatively unaltered sites.

Diversity indices in diatom communities are linked to nutrients (Marcel et al. 2013). Thus, no clear
distinction was expected between sites with predominantly anthropogenic land uses. This was

confirmed by the land cover correlation.

Diatom indices display an anthropic gradient. They are therefore expected to correlate to land use
(Teittinen et al. 2015; Lainé et al. 2014). All the indices correlated to some land uses, but not all the
land uses corresponded to significant variation in the indices. Agriculture and woodland had
important and opposing correlations to altitude. Woodland is usually linked to headwaters and
oligotrophy (Hlubikova et al. 2014), as it was in our study. The lack or imbalance of nutrients reduces
diversity indices (Watanabe et al. 1988), and thus the B group displayed the least Shannon and
Simpson diversity. Algal richness is not linked to land use or water quality (Cuffney et al. 1997), as

was observed in our results.

5.4.3 Mixed approach: Structural Equation Modelling of land use, physico-chemical parameters
and diatom indices grouped by communities and years
Structural Equation Modelling is a science that has been increasingly used in ecology (Riseng et al.
2004; Passy et al. 2016; Stomp et al. 2011). The complex relationships between different levels of
organization in an ecosystem can be described by simple statistical methods such as correlations
(Spearman or Pearson) or regressions only limitedly (Grace 2008). Thus, a combination of all can

help to form a better idea of all the relationship between all of the parameters.

Given the division of possible problems of the SEM calculation, such as the classification of “1)
errors of model specification, 2) problematic data, 3) errors of analysis, and 4) errors of
interpretation” (Grace 2008), one could argue that the parameters diversity and indicator values were
too sparsely sampled (only 2 of the 5-20 recommended observations). We consider that both of the
diatom indices were important, since they are similar enough to give an equivalent result (both based
on the same formula (Zelinka and Marvan 1961), but with differences in their index values and
degrees of completeness (Coste 1982; Prygiel et al. 2002; Prygiel et al. 20006). Other indices had also
been tried but were considered to be too inadequate (e.g. CEE Descy and Coste 1990). The Shannon
diversity index was selected for its universal use in all ecological studies. Species richness is a
parameter that can be related to multiple water traits, depending on whether the environment is

restrictive or nutrient full (Passy 2012).

The main result showed that parameters usually considered as important, such as conductivity, nitrate
concentration and suspended solids concentration were the most describing (Rott et al. 1998; Kolada
et al. 2016). Nutrients, such as nitrate, are fundamental in the function of diatoms, can filter specific

taxa and affect trophic indices. Conductivity is an important filter of diatom species, since the osmotic
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pressure is difficult to withstand without functional or behavioural adaptations. Suspended solids
concentration, a parameter that can also reflect flow velocity and heterotrophic biotic behaviour in

the ecosystem, affects photosynthetic potential of the diatoms.

Other studies, such as macroinvertebrate limnology, also established nutrient networks and
affectations on the community (Mcgoff et al. 2013; Waite et al. 2010). Diatom communities have
been studied mostly regarding phytoplankton (Arhonditsis et al. 2007; Stomp et al. 2011).
Phytobenthos studies are scarce (Passy 2012).

Division in periods of time showed that there were differences along time. Maybe a finer model, or
a bigger database, could increase the scope, making it possible to study yearly changes (Grace 2008;
Maloney and Weller 2011). But we have considered that a) Year-to-year changes in land cover were
not important enough to present clear affectation of physico-chemical parameters over the
fundamental variability, b) Our experimental setup did not permit the observation of yearly changes
both in diatom community and land use. What we have been able to see, is that the weight of physico-
chemical parameters changed, leaving suspended solids concentration outside of the importance
range. This could be linked to the fact that most of the sites visited in the second period were located
at Mediterranean axes that should not present high proportions of tree coverage on the flow (Scanlan

et al. 2015).

Finally, community descriptions reiterated a fault in our data, since too few sites were found for the
middling river sites (Agri-Mead-Wood coverage), that affected the possibility of making a SEM study
of this community. As expected, the mostly agricultural cover increased the importance of nitrate
concentration, since here high influxes were found due to fertilisers. Suspended solids were also
expected (Meador and Goldstein 2003). The mead-wood mix increases the effect of land use on itself,
sharpens the negative effect of physico-chemical parameters on both diversity and bio-indicators and

again accentuates conductivity, as well as nitrates and suspended solids concentrations.

This study has tried to show the importance that land use has on diatom communities, diversity and
indicator values. Our data have shown that an increase in agricultural land affects nitrate levels that

in turn decrease both diversity and biotic indices.
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Chapter 6
MICRO-SCALE

A L 6.1 FUNCTIONAL GROUPS AND LIFE FORMS OF A4
- DIATOMS EXPERIMENT (MICRO-SCALE 1) '

6.1.1 Introduction

As we stated,correct identification of benthic diatom species is difficult, especially if small diatom
identification is dependent of light microscopy (Morales et al. 2001). It also requires strong
identification skills. Thus, other methods, such as genetic marker metabarcoding (Zimmermann et
al. 2011), and other,reference-based generic and species composition similarity index such as the
Diatom Modelling Affinity (DMA) index (Passy and Bode 2004) have been developed. But another
method that has been increasingly studied for its simplicity is the division of diatoms into the
observable life forms and ecological guilds (Pandey, Sharma, et al. 2018; Law et al. 2014; Dunck et al.
2016; Berthon et al. 2011; Rimet and Bouchez 2012; Marcel et al.2013).

Table 11 Ecological guilds after Passy (2007). Orange squares represent layers of periphton, blue square represents water.

Ecological guilds Definition Graphic Representation

High profile guild | Protruding diatoms which are exposed to

(HPG) withstand mechanical stress. Better nutrient
access.

Low profile guild Diatoms attached closely to the substrate,

LPG) exposed to less mechanical stress. Reduced

nutrient access.

Motile guild (MG) | Actively moving diatoms. (signalized by arrows).

Planktonic  guild | Free floating diatoms that settle on the benthos

@®G) after dying.

Ecological guilds, also referred to as functional groups (Table 11), were developed by Passy (2007a,
2007b) and are determined by the extension from the substrate and dimension of profile or motility
of the diatoms or diatom colonies. The ecological guilds are explained in more detail in Table 11.

Life-forms, as described by Rimet and Bouchez (2012), are based on the communal and individual
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attachments of valves. The division of these life-forms, explained in chapter 6.1.2 and Table 12, was

slightly altered by Riato et al (2017).

Table 12 Subdivision of life forms and a graphic representation for better understanding. Modified from Riato’s at al.
2017 life forms based on Rimet and Bouchez (2012). More information about the life forms and the taxa that conform

them in AnnexTable 1.

Life Forms Definition Graphic Representation
Mobile Slow or rapid movement within the water
columa. M ————
Pioneer First colonizers after disturbance, -

strategy diatoms.

Adnate Attached to substrate by their valve face.

Pedunculate Attached to substrate through variable
quantities of mucilage (pad, stalk,

arbuscular colony).

Pole attachment / Colonies attached at the poles. Includes

Rosette colony rosette, stellate and zig-zag forms.

Valve attachment / Colonies attached at the wvalve faces.

Ribbon colony Includes ribbon and filament forms.

Mucous tubule Diatoms inside a mucilage tube within 6 @ @

which they can move.

Even though the application of life forms and ecological guilds have been both tested and improved
(Riato et al. 2017; B-Béres et al. 2017), their physico-chemical characterization is relatively scarce
(Marcel et al., 2017). Other functional groups have been also used and studied in the US (Hausmann
etal. 2016). In the present study we compare the Riato-Rimet life forms and B-Béres-Passy ecological

guild sizes and investigate how they react to the physico-chemical parameters.

Diatom life forms and ecological guilds have been observed to change depending on physico-
chemical characteristics of the water. Until now, ecological guilds and life-forms had not been
characterized according to the nutritional concentrations and conductive levels river of the rivers they

inhabit. In the face of a globally changing environment, increased salinization and overall reduction
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of water quality have been predicted (Orlob et al. 1983). Accordingly, a characterization of these
changes by functional groups and life forms could help to create early warning systems without
requiring deeper taxonomical knowledge. To do so, we tried to identify which functional group,
complete life form and ecological guild (Riato et al. 2017) or sized ecological guilds (B-Béres et al.

2017) would be best representing the physico-chemical changes.

6.1.2 Materials and methods

The Llobregat Basin is located at the north eastern part of the Iberian Peninsula in Catalonia and the
river discharges into the Mediterranean sea. It has an area of influence of 4,948 km? and an
approximate length of 170 km (Sabater and Borrego 2015). It is a highly altered basin, since more
than 3 million people live in its catchment (Aguilera et al. 2015). However, alterations do not only
originate from anthropic activity. This basin has also halite substrates that can increase the salinity of
the river up to 20 times marine conductivity (Badia Guitart 2001). Up to 24 % of the basin are used
for agricultural activities, which are responsible for a great proportion of the nutrient concentration

(Aguilera et al. 2015).

Ricra Clara (eutraphentic)

Oooao
dupupn]
00 @

FRiera Salada (salinity) Llobregat (oligotraphentic)

Figure 30 Experimental layout and example of unglazed tiles on glazed tiles.

We wanted to prepare a colonizing experiment to investigate which diatom life forms and ecological
guilds occupy which rivers. To prepare the experiment, we installed artificial sample substrate of
unglazed quarry tiles of 20 cm? of surface area into the river. 9 tiles were mounted on top of a bigger,
glazed tile to reduce risk of extrusion (Figure 31). As a control, unattached tiles were added, also to
prevent potential vandalism. The artificial substrates were submerged in August 2016 into three rivers
of the Llobregat basin. These sites had differing physico-chemical characteristics (Table 13). The
Clara stream was located downriver of agricultural land use and had low conductivity and high
nutrient concentrations. The Llobregat river was close to headwaters and had low conductivity and
nutrient input. Salada stream also was close to headwaters and, thus, had low nutrient levels. But
contrasting Llobregat river, the main characteristic of this site its brackish nature, caused by to halite
rich substrates (Torres Roig 2015).
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The tiles were immersed for a little bit more than three weeks before being exchanged (Figure 31).
Three of the smaller unglazed tiles were then labelled and transferred to each of the other two sites
and left to be colonized by diatoms (2) After one month, the tiles were extracted, and diatoms were
sampled by scrubbing the unglazed tiles with toothbrushes. Each of the labelled samples were pooled
at each site according to treatment. At each step of the experiment, also natural substrates (stones)
were sampled, a total of 15. Physico-chemical data were measured in situ (Table 13). Diatoms were

examined in vivo to ascertain the predominant life form of the most abundant diatoms.

Table 13 Average values of physico-chemical data (£ 1.0 standard deviation) for each site. The data were
obtained at the sample sites and from the official register of biomonitoring sites of the Llobregat river taken by

the ACA (Agencia Catalana de I’Aigua (ACA) 2014)

Clara Llobregat Salada
(eutrophic)  (oligotrophic) (brackish)
Altitude (m.a.s.l.) 476.30 697.50 1111.70
Alkalinity (mg/1) 306.03 233.88 113.33
(* 18.72) (% 85.73) (* 11.55)
Conductivity (uS/cm) 749.71 452.75 11756.67
(* 287.74) (x 100.47) (£ 6656.85)
Hardness (ppm) 411.31 240.00 1000.00
(% 260.53) (* 110.23)
Nitrates (mg/1) 13.94 1.50 0.00
(% 6.50) (% 3.00)
Phosphates (mg/1) 4.05 0.25 N. A
(* 1.57) (* 0.35)
Salinity (mg/1) 300.67 260.00 7534.67
(% 27.15) (% 30.05) ( 4268.35)
Temperature (°C) 22.33 19.00 17.83
(* 3.33) (% 2.00) (* 3.33)

Diatoms were divided into either life forms (Rimet and Bouchez, 2012) or ecological guilds (Passy,
2007a). Ecological guilds have a more ecological foundation, since they relate to the location inside

the periphyton (6.1.1 Introduction, Table 11-12).

The sites were compared using Permanova analysis, to determine the significance of the differences
of functional group and life form composition in each site. Indicator values of each life form were
also measured. A multivariant analysis was performed using non-metric dimensional scaling (NMDS)
to establish the relationship between functional groups, life forms and physicochemical composition.

Finally, correlations between physicochemical composition and life forms were assessed by Spearman
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correlation permutation tests. Environmental traits were fitted using the R “envfit” package.
Similarity matrices used were Kulczinsky’s distance, that establishes the proportion of forms found
in a total database respective to the rest of subgroups (Oksanen 2013a) and Manhattan distance, used
while properly standardized to study the absolute distance between two datasets (life forms vs.

physico-chemical data).

6.1.3 Results

A total of 202 diatom taxa were identified. The oligotrophic Llobregat site had a richness of 50 to 77
species, the eutrophic Clara habitat contained 59 to 74 taxa and the brackish Salada site exposed the
lowest richness, ranging from 15 to 58 taxa. The most abundant taxon for the oligotrophic site was
Achnanthidium pyrenaicum (Hustedt) Kobayasi for the first two sampling times, being subsequently
substituted by Amphora pedicnins (Kitzing) Grunow ex A. Schmidt. In the eutrophic site, Craticula
subminusenla Manguin) Wetzel & Ector and Nifgschia palea (Kitzing) W. Schmidt were the
predominant species. The brackish site was represented by Diatoma tennis C. Agardh in the first two
samples, which later were mostly substituted by Achnanthidinm cf. neomicrocephalum Lange-Bertalot &
Staab. Only the sample taken from the substrate initially colonized by eutraphentic diatoms were later

overgrown by Achnanthes thermalis at the brackish site.
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Figure 31 Comparison of the Riato life forms and their relationships throughout time. Brackish = orange dot, eutrophic
to brackish (EH) = brown triangle, eutrophic to oligotrophic (EO) = green square, eutrophic (Eu) = turquoise cross,
brackish to oligotrophic (HO) = blue square, oligotrophic to brackish (OH) = purple star, oligotrophic (Oligo) = not

present.
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The most abundant life forms were pedunculated forms (average abundance (aa) = 47 %), motile
guild (aa = 37 %) and adnate diatoms (aa = 14 %). The least frequent were planktonic, pole attached
colonies and valve attached forms. As for the ecological guilds, the most abundant were the smallest
low profile diatoms (aa = 33 %), and motile guild of size 2 (aa = 12 %) and size 3 (aa = 11 %).
Ecological guilds had lower frequencies than life forms. The planktonic forms were rarest, except for
size 4; size 5 was completely absent. The low profile guild was both more frequent and abundant

than the high profile guild.
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Figure 32Compatison of the Ecological guilds without size division (Riato et al, 2017). Brackish = orange dot, Eutrophic
to brackish (EH) = pink triangle, Eutrophic to oligotrophic (EO) = green square, Eutrophic (Eu) = turquoise cross,
Brackish to oligotrophic (HO) = blue square, Oligotrophic to brackish (OH) = purple star, Oligotrophic (Oligo) = no

point.

Diatom life forms (Figure 32) did not portray similar proportions through time alongexperimental
settings. Mobile diatoms, motile guild and planktonic species were mostly found at the eutrophic site.
The oligotrophic site had mostly adnate, mucous tubule, valve attachment, high and low profile guild
taxa. Finally, the brackish life forms were mostly pioneers, pedunculated and pole attached. From the
Riato et al. (2017) ecological guilds (Figure 33), only the high profile guild did have similar patterns,
being lowest at each second sample and displayed similar distributions of the eutrophic and

oligotrophic sites.

Diatom life forms and ecological guilds were also differential in their relationship with physico-
chemical values. The community dissimilarity of the life forms (LF) and ecological guilds (EG) were
described best by Kulczynski index, and Manhattan dissimilarities, respectively. Most
multidimensional scaling exercises showed that variance was better explained by life forms (Table

14).

Table 14 Comparison of variance explained by life forms and ecological guilds in diverse multivariate analyses against

physico-chemical composition.

PCA CA CCA
Life Forms 0.8622 0.80378 0.7585
Ecological Guilds 0.7765 0.62726 0.51032
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Figure 33 Comparison of ecological guild sizes proportions (%) after B-Béres. The tendencies inside each ecological guild
are different depending on the diatom sizes. Ordenate groups: HP = High Profile guild, LP = Low Profile guild, M =
Motile guild, P = Planktonic guild. Biovolume size distribution: 5 um3< 1 < 199 pm3< 2 <399 pm3< 3 <699 pm3< 4 <
1499 pm3< 5, Brackish = orange dot, Eutrophic to brackish (EH) = brown triangle, Eutrophic to oligotrophic (EO) =
green square, Eutrophic (Eu)=turqoise cross, Brackish to oligotrophic (HO) = blue square, Oligotrophic to brackish
(OH) = putple star, Oligotrophic (Oligo) = no point.

When comparing to the B-Béres ecological guild size subdivisions (Figure 34), the percentage of
functional groups was higher in general. As expected, each ecological guild size was differently
affected by each water site. Smaller motile diatoms were found mostly under eutrophic conditions.
Low profile was mostly found in the oligotrophic and brackish sites. In contrast, high profile guild
thrived mostly under oligotrophic conditions and only the relatively big high profile diatoms were

found at the eutrophic site. Planktonic forms were all also found in the Clara stream.
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Only pedunculated forms and the low profile guild diatoms from the Riato approach were positively
and significantly correlated under the Spearman method to the IPS diatom index (Ped p = 0.51%,
LPG o = 0.8%%F), for the B-Béres approach only the size 2 high profile guild (HP2 p = 0.51*) was
positively correlated to the index. Motile guild and plankton were significantly negatively correlated
to IPS (MG p = -0.6%, P p = -0.53*). Only medium motile, size 1 and size 3 planktonic taxa were
significantly correlated to IPS (M3 p = -0.44%, P1 o = -0.61*, P3 o = -0.57%). The original distribution
of life forms is displayed in Figure 35.

O Eutrophy
@ Oligotrophy
@ Brackish
~— Masses aigua Llobre
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Figure 34 Summary figure of Riato Life forms at each site

The non-metric dimensional scaling of life forms and ecological guilds showed different powers in
differentiating sites (Figure 36). When fitting the environmental traits, the results showed that the life
form division of diatom taxa had higher and more significant correlations with environmental
conditions. For instance, altitude (12 = 0.8488%*), NO; (r2 = 0.8616**) and conductivity (12 =
0.8364***), the highest correlated physico-chemical parameters for life forms, were lower for

ecological guild sizes: altitude (r2 = 0.7272%**), NO; (r2 = 0.6546**), conductivity (12= 0.8151%**),
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Table 15 Diatom functional groups and life forms that act as indicator forms of each site.

Functional Groups INDVAL [%)] Significance
Pole attachment 0.879 R
Pedunculate 0.681 okx
Brackish
Pioneer 0.649 3
Low profile, size 1 0.671 Hork
Planktonic 0.861 o
Motile Guild 0.655 *
Planktonic, size 4 0.908 oK
Planktonic, size 1 0.879 *
Eutrophic Planktonic, size 3 0.816 *
High Profile Guild, Size 4 0.786 *
Motile Guild, size 2 0.751 ok
Motile Guild, size 1 0.727 ok
Motile Guild, size 3 0.677 o
Valve attachment 0.770 *
Adnate 0.706 o
High Profile Guild 0.668 ok
Low Profile Guild 0.625 &
Oligotrophic High Profile Guild, size 2 0.828 ok
High Profile Guild, size 4 0.826 o
Motile Guild, size 4 0.778 ok
Low Profile Guild, size 5 0.766 *
Low Profile Guild, size 2 0.750 *

p-values: 0 ¥+ 0.001 >+ 0.01 *** 0.05

The IndVal analysis confirmed the suitability of the Riato approach (Table 15, Figure 36a). Brackish
waters were defined by pole attached diatoms, pedunculate and pioneering taxa. The eutrophic site
had mostly planktonic and motile guild taxa. The oligotrophic site, on the other hand, had taxa
attached by the valve, adnate diatoms and both high and low profile guild representatives. The B-
Beres approach clearly differentiated the nutrient gradient. Nonetheless, it was not significant for a
brackish distribution of ecological guild sizes, only affecting for the low profile small diatoms (as

Achnanthes Bory and Achnanthidinm Kitzing representatives). The eutrophic Clara stream was defined
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by medium sized planktonic and small motile taxa. The oligotrophic Llobregat headwaters were

NMDS 2

2 nMDS
LE
o |
[Ts}
o
Dol
o
o
Alkalinity
pa
Clj Altitude
2 * Brack
T * Eu
Dligo
l l l l l l
1.0 05 00 05 1.0 15
b) nMDS
]
o NOZ TEE
Hardness
.
.
o™
o
L]
N .
0 ]
% g — . & & Altitude
Z
.
o™
(= Alkalinity
N
S
* Brack
* Eu
Oligo
I I I I I I I
06 04 02 0.0 02 04 06
MNMNS A

Figure 35 Compatrison of non-metric multidimensional scaling (NMDS) of a) life forms and b) subdivided ecological
guilds.Hardness, Cond = conductivity, TDS = Total dissolved solids, Altitude, Alkalinity and NO3 = nitrate (NO3).

Brack = brackish, Salada stream, Eu = eutrophic, Clara stream, Oligo = oligotrophic, Llobregat headwaters.
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represented by high profile guild, medium to large motile guild and large low profile guild diatoms.

We not only compared sites, but also investigated ifchanges, tile colonization or resilience of original
diatoms when being translocated could affect similarities. This was assessed by a Permanova analysis.
Only the sites parameter was significant for both approaches (R? (life form) = 0.72943%%*,
R? (ecological guild) = 0.6775***). The ecological guild was also significant for resilient diatom guilds
(R? (ecological guild) = 0.1225%).

Spearman correlation rank calculations were made to correlate functional groups and life forms with
physico-chemical parameters at the studied sites (Table 16). Nitrate concentration and conductivity
were both the most significantly correlated parameters. The correlation matrix was difficult to
interpret, since each life form or ecological guild reacted differently to each physico-chemical
stimulus. The ecological guild seemed to have more significant relationships, although, in proportion,

more life forms had significant correlations.

Table 16 Spearman correlation permutation test relating physico-chemical data to functional traits and ecological guilds
(sensu Riato et al 2017). Significance of type-describing species calculated through Monte Carlo permutation test with 999
permutations (p<<0.001). Average and maximal IndVal proportions are also described. The life forms and ecological guilds

that are missing had no significant correlations to physico-chemical traits. Bold describes significant correlations.

Life form / Altitude SS NOs3 Hardness  Alkalinity ~ Conductivity pH
Ecological (m.a.s.l.) (mg/1) (mg/1) (PPM) (PPM) (uS/cm)
guild
Pioneer 0.5867* 0.0073 -0.6944** 0.1877 -0.3460 0.0073 0.028
Adnate -0.4255 -0.817%%* -0.0772 -0.6588** 0.5072 -0.8173%*x -0.32
Pedunculate | 0.8396%**  0.5734*  -0.6944** 0.4312 -0.6566%* 0.5734% 0.19
Pole att. 0.9324%**  0.6121*  -0.6950**  0.6374* 0.6907%* 0.6121* 0.022
Valve att. -0.6326*  -0.87*** 0.0772 -0.7826%*  0.7687***  _0.8737*%*%  .0.54*
HPG -0.1898 -0.6553**%  -0.3472 -0.6508** 0.3480 -0.6553** -0.36
LPG 0.4945 -0.0892  -0.6944** 0.0120 -0.3735 -0.0892 -0.082
MG -0.7246%%  -0.4004 0.6944%* -0.3075 0.4581 -0.4004 -0.011
PLANKT -0.6295* -0.1062 0.7171%* -0.1567 0.5259% -0.1062 0.55

p-values: 0 % 0.001 ** 0.01 *** 0.05 ns (not significant) = “”

Ecological guild sizes varied along the sites and differential physico-chemical composition (Table 17).

In average, correlation values were reduced in the size-divided approach, but increased for individual
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subgroups, such as HP5 and TDS (p = 0.9%**). Some ecological guild sizes were either not present,

or not significant for any of the measured physicochemical values, and thus are not shown.

Table 17 Spearman correlation permutation test relating physico-chemical data to ecological guild sizes (sensu B-Béres et
al. 2017). Results without significant correlations to physico-chemcial data are not shown. HP = high profile guild,
LP = low profile guild, M = motile guild, P = planktonic guild, the following number gives the size class:: 5 um3< 1 <
199 um3< 2 <399 um3< 3 <699 pm3< 4 < 1499 pm3< 5.

Altitude TDS NOs Hardness  Alkalinity =~ Conductivity pH

HP2 -0.0690 -0.5988%  -0.4629 -0.5989%  0.1848 -0.5988% -0.328
HP3 0.6441%* 0.5552* -0.4629 0.2396 -0.6920%*%  0.5552* -0.397
HP4 -0.7213%x* -0.4259 0.5286* -0.5977*%  0.5388% -0.4259 0.224
HP5 -0.6233* -0.9%*x 0.0 -0.818***  (,8050%**  -0.9024%*** -0.7%*
LP1 0.7936*** 0.2894 -0.6944%*  (.4552 -0.6154% 0.2894 0.343
LP2 -0.3048 -0.5497*%  -0.1929 -0.6548%*  0.4168 -0.5497% -0.6*
LP3 -0.5153% -0.5783*%  0.1571 -0.7116**  0.3904 -0.5783* -0.180
LP4 0.5759* 0.6024* -0.2033 0.5387* -0.5678* 0.6024* 0.451
LP5 0.3946 -0.81%%*  _(0.1557 0.6970%*  0.4960 -0.8063*** -0.409
M1 -0.794%%* -0.4314 0.6944**  -0.4352 0.5701* -0.4314 -0.175
M2 -0.794%%* -0.4459 0.6944**  -0.4512 0.5210% -0.4459 -0.084
M3 -0.3220 0.1201 0.6172% 0.1557 -0.0865 0.1201 0.425
M4 -0.6267* -0.95%%* (0 -0.822%*%x  (,7677%**  -0.9532%%* -0.63%
M5 -0.6752%* -0.6686*%*  0.2710 -0.7293%*  (.5623% -0.6686%%* -0.381
P1 -0.2602 0.3532 0.6430* 0.1807 0.0632 0.3532 0.326
P3 -0.5832* -0.0431 0.7825***  (.0742 0.3489 -0.0431 0.044
P4 -0.861%** -0.4140 0.754%x*  _(.4249 0.7845%%*  -0.4140 -0.366

p-values: 0 ¥+ 0,001 *** 0.01 * 0.05 ns =“”

6.1.4 Discussion

Diatom species richness depends mostly on the accessibility of nutrients and the absence of biotic

and pollution stresses (Biggs and Smith 2002; Teittinen et al. 2015). Given the relatively low number
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of samples, the high taxon richness of the entire experiment might be a result of the diversity of
physico-chemical parameters and biotic stresses, which should generate unique diatom communities
(Virtanen and Soininen 2016; Géthe et al. 2013). The low richness at the brackish site can be related
to the high salinity, that can select some diatoms because of the osmotic stress (Cohen 2010). Also,
high current and low nutrient concentration could affect this site, increasing stresses and additionally
reducing the diatom taxa that are able to colonize the substrates. We expected the oligotrophic site
to have less richness than we observed, since nutrient stress could favour a low diversity through
massive colonization by one or two taxa (Leira et al. 2009) by favouring them whilst impeding other
taxa. The decrease of species richness at the eutrophic Clara stream at the third sampling could be
the result of a flooding event originating from the Casserres reservoir located upstream. This
hypothesis also is supported by the fact that the artificial substrates had disappeared at the third
sampling and the increased presence of Procambarus clarkii Girard, because this species is known to

increase in shallow waters with low flow velocities (Klose and Cooper 2012; Kerby et al. 2005).

Verification of the main form of the predominant diatoms was a prerequisite for differentiating the
life forms (Berthon et al. 2011). This was particularly important for the modified form of Diatoma
tenuis C. Agardh that was found in the brackish Salada stream. Since this site was located at the highest
site-elevation with fastest current, the planktonic forms would have been dragged downstream (Lange
et al. 20106). This shows the importance of a preliminary observation of the untreated diatoms to

assess the life forms of the predominant taxa, to establish a “expert criterion” as it was already

demanded by Berthon et al. (2011).

The predominant life forms, motile, pedunculated and adnate, were mostly shared with the wetland-
based Riato et al. study (2017). Only the adnate life form was anecdotal at the original study, which
could be due to the fact that the samples were taken from different substrates and under different
hydrologic regimes. When observing the ecological guild sizes, our results contradict the observations
of B-Béres et al. (2017), since in our study the motile forms are usually more predominant than the
small low profile guilds. It could have an effect of the relative altitude of the sampled sites. Since B-
Béres presented a quite complete appraisal of more than 700 sites in Hungary, the more diverse

database could add valuable information of lower laying and differently impacted sites.

Dissimilarity matrices showed high differences between the two functional group approaches. Life
forms were explained by Kulczinsky’s distance, comparing subsets and ecological guilds had
Manhattan distance depends on the absolute distance between ecological guilds vs. physico-chemical
data. The better explanation of physico-chemical variance by the life forms dataset indicates a better

description of sites, at least in the frame of this study.

Using the Riato approach, mobile diatoms predominated, since at least minimal motility either within

the water column or upon the substrate was found in most diatom taxa. Since motility is an all-

96



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

encompassing term (Tang et al. 2000), it did not show a significant Spearman correlation to any of
the physico-chemical parameters. Neither did mucilage tubule dwelling diatoms, nor those pertaining

to small high profile guild or planktonic guild in its second smallest form.

The pioneering diatoms showed increased abundance not only in the oligotrophic site (Llobregat),
but also at the brackish site (Salada stream). Oligotraphentic pioneering diatoms were represented by
the increase of Achnanthidium minntissimum (Kitzing) Czarnecki through time. This species is the
paradigm of colonizing diatoms (Rimet et al. 2009; Hofmann et al. 2011). On the other hand, the
brackish site can have a high proportion of pioneers, because of its challenging environment.
Changing salinity and conductivity can influence diatom survival (Snoeijs 1994; Porter-Goff, Frost,

and Xenopoulos 2013), thus favouring pioneering diatoms.

Considering the life forms, adnate forms were mostly found in oligotrophic sites, which coincides
with oligo-mesotraphentic diatoms such as the Cocconeis placentula Ehrenberg group (Romero and Jahn
2013), being the predominant diatoms. These were negatively correlated with conductivity and
hardness. The pedunculated forms showed the highest correlation of life forms with diatom indices
and were mostly in the Achnanthidinm Kitzing, Cymbella Agardh and Gomphonema Ehrenberg genera.
These taxa have mostly a positive correlation with altitude and correlate negatively with both nitrate
concentration and alkalinity. They were found mostly in the eutrophic site, followed by the

oligotraphentic habitat, which may be a result of elevated phosphate concentration levels.

The pole attached diatoms were mostly found at the brackish sites, though a declining gradient was
present through time. These diatoms, predominated by Diatoma tenuis C. Agardh, attached to the
substrate either by mucilage or through spines. Their abundance correlated positively to altitude,
conductivity and negatively to nitrate concentration. The attachment by mucilage observed in this
habitat can be related to the combined effects of high conductivity and low nutrient concentration,
which has shown to increase mucilage production (Najdek et al. 2005). Valve attached forms were
predominantly Melosira varians C. Agardh and Staurosirella pinnata (Ehrenberg) Williams & Round.
Abundance of these diatoms correlated negatively with conductivity and positively with alkalinity,
and were usually found in lower and partially degraded habitats (Morales 2010; Potapova 2009).
Diatom colonies in mucilage tubes, most predominantly in the Engyonema Kitzing genus, were not
correlated to any physico-chemical traits. This could be due to the very physico-chemically diverse
habitats of these taxa. Berkeleya rutilans (Trentepohl ex. Roth) Grunow, for instance, is a very halophile
diatom, while the Engyonema genus is mostly related to the meso- to oligotrophic river sites (Bey and

Ector 2013).

The ecological guilds from the Riato approach differed from the size mediated B-Béres approach.
For instance, the medium sized high profile guild diatoms (HP3) displayed distributions along the

physico-chemical spectrum which were juxtaposed to that of the other high profile guilds. Since the
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Gomphonema species, like Gomphonema parvulum t. saprophilum Lange-Bertalot & Reichardt, G. minutum
Fusey, G. parvulum (Kutzing) Kitzing, G. parvulum var. exilissima Grunow in Van Heurck ,which were
the most abundant for this subgroup because they are mostly tolerant to nutrient variation (Krammer
and Lange-Bertalot 1986; Abarca et al. 2014). The low profile guild exhibited a similar pattern. Here
only one size fraction(LP2) was sensitive to all pollution. LP3 was tolerant to nutrient variations, as
most of the taxa found in this group had wide tolerance ranges (order ¢ymbellales such as Cymbella excisa
Ktzing, Encyonopsis microcephala (Grunow) Krammer, Rboicosphenia abbreviata (C. Agardh) Lange-
Bertalot, and some more). Size fractions LP1 and LP4 were tolerant to hardness and conductivity,
and comprised taxa as Achnanthidium thermale Rabenhorst, highly correlated to salinity (Hindakova
2009), as well as Amphora montana Krasske (Stepanek and Kociolek, 2011). Both motile guild and
planktonic forms correlated similarly with physico-chemical traits. Some size fractions diverged
minimally, such as M3 (a wide range of nutrient tolerant Navicula Bory de Saint-Vincent s.l) and P1

(highly tolerant small Cyclotella (Kitzing) Brébisson taxa), but the main distribution was similar.

To sum up, the brackish waters were characterized by pole attached and pedunculate forms, followed
by small low profile dwellers. The eutrophic site had mostly planktonic and motile forms, in all shapes
and forms. The oligotrophic site can be described by how valves attached to substrate and to each
other and adnate forms, as well as by specimens belonging to the high profile guild. Comparing both
approaches, ecological guilds and life forms reacted differently to either physico-chemical or

locational differences.
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6.2 DIATOM LIFE FORMS IN TEMPORARY RIVERS . ||
(MICRO-SCALE II) =

6.2.1 Introduction

Current prediction models on global climate change (EEA 2012, see Figure 3 in 1.3.3) predict an
increase in temporary rivers, which are characterized by a total or partial loss of surface water
(Stubbington et al. 2017), particularly in the already affected Mediterranean climate (Garcia Vera et
al. 2005). Several studies have been made to characterize temporary water bodies, e. g. lakes: (Leira
and Cantonati 2008), rivers: (Hughes et al. 2009), depressional wetlands (Riato et al. 2017).
Nevertheless, the European legislature has yet to regulate these potential affectors of the Water
Framework Directive (European Commission 2000). To remedy this, the LIFE TRivers project was
launched (LIFE13 ENV/ES000341) to create a multidisciplinary tool for temporary river

management inside the WED.

This project resulted in toolboxes for the division of river regimes into perennial rivers, intermittent
pools and intermittently dry catchments (Gallart et al. 2012, 2016). Also, the sampled water regimes
were characterized by their aquatic states: hyperrheic, eurheic, oligorheic, arheic, hyporheic and
edaphic (more information given in Chapter 1.3.3.3). Even though most rivers had a periodical or
temporary variability, some water bodies maintained one aquatic state. This can potentially complicate

the biologic/ecological part of the water quality monitoring.

As we showed in preceding chapters, benthic diatoms are one of the priority biomonitoring
organisms of connected riparian systems. Due to their fast generation time through asexual
reproduction, their reactivity is high. Thus, diatom communities should be able to reflect the loss of

connectivity produced by river intermittency.

As discussed in chapter 6.1, the division of diatoms into functional groups and life forms (Margalef
1978; Berthon et al. 2011; Rimet and Bouchez 2011; Dunck et al. 2016; Marcel et al. 2017; Pandey et
al. 2018; Law et al. 2014; Riato et al. 2017; B-Béres et al. 2017, 2014, 2016, Passy 2007b, 2007a), can
potentially increase ecological information and might also reduce need for taxonomic investigation
Life forms have been used to characterize temporary waters before (Riato et al. 2017), thus a similar
methodology has been followed to increase comparability. Here we investigated life forms (Chapter
6.1.2, Table 12) in a modified form of the Rimet and Bouchez (2012) database, and used ecological
guilds (Chapter 6.1.2, Table 11) not subdivided by size.
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6.2.2 Materials and Methods

Diatom samples were taken from 24 sites of the eastern Spanish basins flowing into the
Mediterranean Sea (Figure 9, see Chapter 3.3.3). These sites were visited up to five times in 2015.
The temporary rivers have been characterized according to their aquatic state (Gallart et al. 2012).
The sampled rivers were divided into aquatic states (AnnexTable 16) and water regimes (AnnexTable

17).

Diatom life forms and ecological guilds were obtained using the Passy (2007) and Rimet and Bouchez
(2012) subdivision and modified into fewer categories, as used in Riato et al. (2017), see AnnexTable
1. For instance, arbuscular, pad and stalk forms were joined into the pedunculate category, while
ribbon and rosette described those colonial associations that were attached similarly (either by valve

face or poles).

Life forms were subjected to non-metric multidimensional scaling (NMDS) and ANOSIM
calculations to establish the differentiation of aquatic states, river types or both. Spearman's rank

correlation coefficients and distribution of life form percentages were also calculated.

6.2.3 Results

A total of 408 taxa was identified, 90 % to species level and below. The 22 visited arheic river sites
displayed 250 taxa, eurheic (35) had 304 taxa, the hyporheic river had only 55 taxa, and oligorheic
sites (56) had 354 identified taxa.

The highest abundances of life forms was given by the mobile forms (97.54%), Rosette life forms
(65.12 %) and the motile guild (68.32 %). Achnanthidium minutissimum (Kitzing) Czarnecki and
Achnanthidinm pyrenaicnm (Hustedt) Kobayashi contributed 26.5 % and 9.26 % of the mobile diatoms
respectively. The rosette colony life forms was formed by 80 % of U/naria (Kitzing) Compere, 12 %
Meridion circutare (Greville) C. Agardh and 5 % Diatoma moniliformis (Kitzing) D. M. Williams. The
motile guild was composed by 14.10 % of Nitzschia frustulum (Kitzing) Grunow and 6 % of Epithenzia

sorex Kitzing.

The spatial distribution of the sites, based on the diatom life forms against the physico-chemical data,
were displayed as three NMDS graphs (Figure 37a — c). These showed the relative inadequacy of
aquatic states as differentiation factors. In comparison, there seems to be a slight improvement on
the differentiation of the three river types. Given the high proportion of perennial and intermittent
pool water, the directionality was observable even though a high clustering was still present.
ANOSIM showed no significant differences between aquatic states, while both river types and an

amalgamation of both had little significance (River type: R= 0.05671*, combination: R=0.07697%).

102



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

a nMDS

* Hypo
Oligo
¢ Oligo 2

00 02 04 086

NMDS 2

-04
1

-1.0 -0.5 0.0 0.5 1.0

NMDS 1

b nmD$S

00 02 04 06
se 0
0TOo

NMDS 2

-04

-1.0 -0.5 0.0 0.5 1.0

NMDS 1

NMDS 2
00 02 04 086

-04

T | 1 1 1
-1.0 -0.5 0.0 0.5 1.0

NMDS 1

Figure 36 Comparison of aquatic states (a), river types (b) and both combined (c) as differentiators of the sites. No great

differentiation powers are observed.
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No clear tendencies are observable for each of the life forms (AnnexFig 6 — 7). Since we investigated
a total of 24 sites, we subdivided them according to basin authorities for better clarity. A strong
variability of the abundance of some life forms, such as rosette colonies, impeded a closer
differentiation of the results. Finally, river types marked a clear affectation of those sites afflicted by

intermittent dry spells. The resulting life forms reacted differently to other river types.

Life forms were highly correlated with physico-chemical characteristics of the river, following the
environmental fitting algorithm results. Most significant were conductivity (R? = 0.5461%**),
carbonate (R2= 0.4103***), chlorine (R2 = 0.5218***) and sodium concentration (R2= 0.6027***).
Least significant were temperature (R?2= 0.0556%), pH (R?= 0.0875**) and nitrate concentration (R?
= 0.1420**). The differentiation was measured using ANOSIM of life forms against aquatic state and
did not show significant differences. But river type was significant (R = 0.2076**), as well as the

addition of both river type and aquatic state (R = 0.1957**).

Intermittently dry streams were correlated with the motile guild (62.4 %**), intermittent pools had
both high profile and planktonic guilds (71.8 %* and 69.2 %0**, respectively). Finally, perennial lotic
systems were indicated by valve attached colonies and low profile guild (80.9 %**, 68.6 %0*).
Furthermore, river types were at least partially describable by their physico-chemical parameters.
Indication value calculations showed that the concentration of sodium (81 %***), chloride,
potassium, sulphite, nitrate, magnesium, calcium,TOC/NPOC, conductivity, hardness, temperature,
alkalinity and pH (59 %***) were significantly indicative of intermittent pools, while discharge (76 %

*) was indicative of perennial streams.

P IP ID |

©

1

. Sl s
g

Figure 37 Comparison of diatom life form composition of different river regimes according to their IndVal values. P

(perennial rivers): ribbon colonies, low profile guild. IP (intermittent pools): planktonic, high profile guild. ID (intermittently

dry): motile guild.
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The rosette colonies were positively correlated with oxygen dissolution percentages (Table 18). But
negative correlations dominate. Sodium concentration and Total Organic Carbon were the
parameters with highest negative correlation. All saline parameters showed negative effects on rosette
colonies and even pH had a negative effect. Pioneer diatoms are also negatively correlated with saline
parameters. The less correlated diatom life form was mobile forms which were only related to
dissolved oxygen. The only significant correlation with discharge was of the low-profile guild.

Asummary of the results that can be consulted in Figure 38.

6.2.4 Discussion

One could argue that the sampling method was inadequate, since it is only useful for flowing waters
(Kelly et al. 1998). The problem lies with those rivers that do not have a consistent flow, or only exist
through groundwater addition when arheic or hyporheic. In our study, for instance, the San Miguel
River only was found in its arheic form. If a subterranean water exchange takes place, these rivers
should reflect the physico-chemical state of the basin. Thus, we judge the use of benthic diatoms to
be justified. For future studies, however, we encourage an adaptation. Planktonic or epiphytic diatoms
could be used for arheic and, to some extent, oligorheic conditions. When the river is mostly edaphic,
further thought should be given to the significance of the study. New developments on edaphic
diatom sampling described by Antonelli et al (2017) would argue for the sampling of the soil as a

diagnostic tool for basin quality.

The taxonomy found in the temporary rivers was quite diverse. The most diverse genus was Nitgschia
Hassal (54 species), which is usually related to altered habitats and mostly eutraphentic. The second
was Navienla Bory, with 36 species, also mostly eutraphentic. The third was the first usually
oligotraphentic genus, Gomphonema Ehrenberg, 31 species. Even though these genera were the most
diverse, Achnanthidinm Kitzing was the most abundant. It also comprises the flagship cosmopolitan
and pioneer species (Hofmann et al. 2011). Achnanthidium minutissimum (Kitzing) Czarnecki, was in a

94% of the total and predominant in 10% of them.

The current taxonomic biomonitoring technique, identifying diatoms under the optical microscope,
has some disadvantages due to possible misidentification, for instance of small taxa (Morales 2001;
Blanco et al. 2004). The identification effort can be reduced by using the functional group and life
form investigation which is based on the genus level (Rimet and Bouchez 2012). Thus, more and
more efforts have been invested into the study of these functional groups and life forms, be it the
ecological guilds (B-Béres et al. 2017) or a combination with life forms (Riato et al. 2017). Though
some authors have pointed out the potential loss of information working at the genus level (Passy
2007b; Lange et al. 2011), the life form approach in this case explained variability better than the
species-based methods. Riato and collaborators had similar results that they justified with the

homogeneity of their predominant taxa, pertaining to the same genus. In our case, even though the
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predominant taxa are more diverse, the main life forms are shared and relate to physico-chemical
parameters. The IndVal calculations (Legendre and Legendre 2003) showed that mostly the ecological
guilds (Passy 2007a) were descriptive of the river types.

Mobile taxa, i.e. those which can move along each axis, were negatively correlated to oxygen levels.
Since this life form is mostly related to lentic environments, it was found preferentially in arheic river
sites. Pioneers, such as the predominant A. minutissimum (Kitzing) Czarnecki, were negatively
correlated to each saline parameter, ions and pH, but reacted positively to a sodium increase. This
particular species has been linked to lakes and rivers with circumneutral to alkaline and sodium rich

waters (Van Dam et al. 1994; Andrén and Jarlman 2008).

Life forms did also differentiate physico-chemical parameters. The abundance of diatoms living
within mucilage tubes declined in the presence of alkalinity, potassium and sodium concentration
increase, which is understandable since these chemicals have been used in laboratory conditions to

eliminate extracellular polysaccharides (Bahulikar and Kroth 2008).

Rosette forms, or colonies attached by valve pole, were negatively correlated to all ions, pH and
salinity markers. Only the oxygen percentage positively correlates with this life form, which shows

that these diatoms are mostly found in flowing rivers (Rimet and Bouchez 2012).

Ribbon colonies were unspecific in their relationship to the physico-chemical characteristics, except
for a negative correlation to calcium. This suggests the need of further subdividing this group, since
the use of life forms should rely on their descriptiveness. Further efforts should be made in this
instance. Ribbon colonies were also descriptive of the perennial river types, which varied in their
composition, thus explaining the lack of clear physico-chemical correlations, and indicating the need

of permanent flow for the formation of this form.

Pedunculate diatoms were more significant in defining their sites. These diatoms were positively
correlated with the saline ions (chlorine, sodium and potassium) and total organic carbon and non-
putgeable organic carbon (TOC/NPOC), while being negatively correlated to oxygen percentage.
This could be pointing to their predominance in (relatively) disconnected aquatic states, from

oligorheic down to arheic conditions.

Adnate diatoms correlated negatively to increased salinity and ion concentrations, as well as to pH
and TOC/NPOC. One example for this group is Coconeis Ehrenberg, which is known to be an

indicator of good water quality and only partially tolerant to salinity (Bey and Ector 2013).

The ecological guilds were more definitive than life forms, since each of them was related to at least
three physico-chemical traits. This is why some studies are addressing to fine tuning this

categorization as a biomonitoring tool (B-Béres et al. 2017). The Rimet and Bouchez inclusion of the
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planktonic guild has been shown to be a clearer divisor of physico-chemical traits than the Passy

provision (Riato et al. 2017). Thus, it was used in this work.

The high-profile guild was defined by its protruding stature which increases sensitivity against high
water current and provides a supposed tolerance to nutrients (Passy 2007a). Our data showed positive
correlation to oxygen dissolution and negative to the other factors, including nitrate concentration.
That this guild provided an indicator value for intermittent pools was not surprising, since the

reduction of flow would facilitate the growth of high colonies.

The low-profile guild is determined by the low laying diatom forms and can overcome mechanical
strain from the current flow, which was also observed here through the positive correlation with the
discharge volume. This guild is usually found at headwater locations, and thus can be related to good
or high quality waters (Passy 2007a). In this case, the physico-chemical data correlated negatively to
TOC and positively dissolved oxygen concentration increase. The results do not point cleatly to a
nutrient state. The low-profile guild was also related to perennial streams, which also shows no clear

relationship with nutrient content.

Motile guild diatoms are capable of autonomous movement and thus can relocate to other
microhabitats to improve their conditions (Passy 2007a). These diatoms are usually linked to main
rivers or lowland streams, and thus are tolerant to anthropogenic impacts. It is not surprising to find
this guild to be positively correlated to each parameter, except for oxygen dissolution. This can again
point to a tendency to be found in intermittently dry streams, where oxygen levels may be reduced

through increased incidence of heterotrophs.

Finally, the planktonic guild was added by Rimet and Bouchez and later confirmed (B-Béres et al.
2017). It is based on that diatoms found on benthic substrate, where these species usually are of
planktonic origin and sediment after dying. This guild may not necessarily be linked to any nutrient
proportion. As expected, the planktonic forms were correlated with intermittent pools, which is due

to the change in hydrological regime.
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| 6.3 DIATOM SIZES AND ECOLOGICAL o
GRADIENTS (MICRO-SCALE I1I) :

6.3.1 Introduction

Bioindication depends on taxonomy (Lange-Bertalot 1979a, 1979b; Kobayasi and Mayama 1989).
Each taxon, as described by taxonomists and biomonitoring agencies, may be found in different
locations with similar physico-chemical traits and is characterized by its specific frustule morphology
and dimensions. These encompass a broad range of sizes for each taxon, as described by taxonomists
(for instance Drefller et al. 2015; Jahn et al. 2009; Williams 1985). But this variability has not yet been
satisfactorily explored in an environmental context. Taxa (Juttner et al. 2011) and diatom
communities (Snoeijs et al. 2002) are important but have scarcely been studied in this context. Some
allometric approaches have been made (Tomas 1979), but these examples are rare and negligible. A
more systematic approach to observe the allometric effect on the whole community is still a necessary

step to take, which we started in this work.

Size variability is one of the main mechanisms for organisms to react to their environment. Diatoms
have been used for environmental biomonitoring of soil (Antonelli et al. 2017) and freshwater
systems (Lange-Bertalot 1979b). But a methodical approach to using size and allometry parameters
for this purpose has not been attempted until now, probably due to the expenditure required. By
automatization of microscopy and diatom measurement software (e. g. SHERPA, Kloster et al. 2017),
an efficient tool of diatom community characterization has been developed, which we utilized for
this study, Others methods addressing this have been also developed by Stela Ballester (2016) and
Bueno et al. (2017). We wanted to take advantage of this and our large diatom sample bank to see
how the different diatom parameters link to physico-chemical characteristics of the rivers they

inhabit.

Based on the differenced of diatom sampling sites regarding environmental traits, geographic distance

and quality of substrates, we posit that:

1. Diatom valve area should be differential for each site (Finkel et al. 2007).

2. Diatom sutface to volume ratio (S/V henceforth) should be highest for oligotrophic and lowest
for eutrophic sites. S/V should be increased for nutrient absorption when these are limiting
(Roselli and Basset 2015).

3. Diatom width (diameter along the transapical axis) should be maintained more or less due to
its clonal maintenance (Cox et al. 2012; Mann 1984).

4. Surface and volume can also be influenced by nuttient variation. Limitation of either nitrogen

or phosphotus in the Redfield ratio (16:1) can affect them (Litchman et al. 2008).
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6.3.2 Materials and methods

The Ebro river basin is located on the northeast of the Iberian Peninsula. Eight sampling sites
(AnnexTable 16) were selected randomly from the 459 sample sites of the Ebro river bioindication
network (Confederacién del Ebro 2015). The requisite was a minimum of three samples being
available, and for the sites to be mostly differential in their characterization as per their subtypes
(Munné and Prat 2004). Two samples were obtained from the main river, two in direct tributaries,
and the remaining from sub-tributaries (Figure 39). The diatom samples were selected mostly from
each Water Framework Directive subdivision, see AnnexTable 16, River types (Cedex-MMA 2005;
Confederacion del Ebro 1998, 20006).

: e

- c,512
4
O Ebro in Miranda Mineralized rivers from low mediterranean mountains
@ Jalén in Huérmeda — Mediterranean siliceous mountain rivers
@ Valira in Anserall Mediterranean calcareous mountain rivers
O Najerilla in Torremontalbo — Mediterranean axes in low altitudes
© Aragon in Yesa — Continental and Mediterranean slightly mineralized axes
O Ebro in Xerta — Continental and Mediterranean mineralized axes N
@ Najerilla in Vilavelayo — Main axes in Mediterranean environment
@ Veral in Zuriza — Coastal Mediterranean rivers
— Rivers of wet calcareous mountains 0 50 100 150 200 km

High mountain rivers
— Unestablished Ecotype

Figure 38 Distribution of the diatom sampling sites. Modified from: Ministerio de Agricultura y Pesca, Alimentacién y Medio

Ambiente.

Slides of 48 samples from 8 sites from the Ebro river basin were scanned by a Metafer 4 system
attached to a Zeiss Axio M2 Imager (AnnexFig. 7). Depending on diatom density, a slide area

represented by a total of 2,500-4,000 pictures was imaged at 63x magnification.

Diatoms were selected from these images using the SHERPA software (Kloster et al. 2014), a diatom
form recognizing and measuring software (AnnexFig. 8-9). To exclude debris, a preselection of results

was done using area and perimeter minima of 14 um? and 21.6 um respectively. These had been

112



Ecological factors and diatom diversity at Rivers of the Iberian Mediterranean River Basins: Macro-scale, Meso-scale and Micro-scale

established during a first run selection of smallest diatoms. The diatoms were identified both in valvar

and pleural disposition, where possible.

SHERPA’s output was the automatic measurement of, amongst other values, valve area, perimeter,
apical length and transapical width, which are basic features for taxonomic identification. The success
rate of SHERPA correctly identifying an object as diatom valve depended on the existence of the
blueprint of the valve form (AppendixFig. 10). For not yet recognizable diatom geometties, such as
the “2 cylinder and elliptic prism” form of Encyonopsis Krammer (Sun and Liu 2003), new blueprints
were developed. Some diatoms did not adhere to the forms, for example because of a teratology. In
those cases, the form could be drawn manually. Diatoms were identified (following methodologies
of Chapter 3) and annotated using software developed by Kloster (unpublished), called SHERPA-
ANT. Redundant results were removed using an R-Script created by Kloster (Kloster et al. 2017).

The resulting imaged inventories comprised 290 — 800 diatoms.

Since diatom frustules separate in preparation, a direct volume calculation and 3D measurement is
not feasible. Thus, the mean diatom pervalvar breadth of identifiable pleural (girdle-view) images was
used to calculate the frustular dimensions for each taxon following preceding studies (Snoeijs et al.
2002). From there, diatom taxa were divided into sizes according to formulae proposed by Hillebrand
et al (1999) and amended by Sun and Liu (2003). Diatoms were defined as elliptic prisms, prism
parallelograms, cymbelloid and gomphonemoid cells. Each category had its own formula to estimate
frustule sutface, volume and, from there, S/V, which was supposed to explain ecological relationships
the best. Each size was assigned to its quartiles within the size range to be able to observe changes in

multivariate analysis (AnnexTable 17).

The measurements obtained by SHERPA were compared to the physico-chemical characteristics of
the sampling sites, as available from the Ebro Basin website (Confederacién del Ebro 2015) for the
sampling year. The physico-chemical traits selected were those usually correlated to diatom size, as
for instance water temperature, nutrient concentrations (phosphate, total phosphorus, nitrate, total
nitrogen, N:P ratio, silicon dioxide/tetroxide, and N:P:Si ratio), conductivity, pH and suspended solid
concentration. We also included other factors that could hypothetically influence size, such as

dissolved oxygen concentration and water flow (AnnexTable 18).

The statistical analyses were performed using R software 3.4.3 (R Development Core Team 2008,
2016) and RStudio 1.1.414 (RStudio Team 2015) . Global comparisons of samples were made using
AMOVA (“ade4” package) on log-normal distributions and violin plots (Wickham 2009), as well as
mean and confidence interval plots (Warnes et al. 2015, 2016). All measurements were correlated to
physico-chemical parameters using Spearman rank correlation. Length and width for each site and
year were regressed using general linear models. The relation of size distribution to environmental

factors was studied using canonical correspondence (CCA) analysis (Oksanen 2013a).
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6.3.3 Results

p-values: 0 ¥ 0.001 ** 0.01 * 0.05 ns = “”

A total of 324 diatom taxa were identified, including a 25% of occurred only once. The smallest
valve areas pertained to Fistulifera saprophila (Lange-Bertalot & Bonik) Lange-Bertalot, the largest
cells were Amphora ovalis (Kiitzing) Kiitzing. The shortest cells (apical axis) belonged to Cyclotella
atomus var. gracilis Genkal & Kiss, the longest to Tabularia fasciculata (C. Agardh) D. M. Williams &
Round. Regarding the transapical width, the smallest cells pertained to F. saprophila, while the largest
were the centric Actinocyclus normannii (Gregory ex. Gréve) Hustedt. The frustule’s S/V ratio was
smallest for Nitzschia intermedia Hantzsch ex Cleve & Grunow, the biggest for Encyonema minutum
(Hilse) D. G. Mann. The most abundant diatom taxa comprised Cocconeis enghpta Ehrenberg,
Achnanthidinm pyrenaicum (Hustedt) Kobayasi, Navicula crjptotenella Lange-Bertalot, Achnanthidium

Table 19 Spearman correlation of geometric valve features and physico-chemical data. “Morphometric” data (Area,
Length, Width, L/W) was extracted from a 22.872 images database. “Ecological” data (Sutface, Volume, S/V ratio)

was extracted from 10.642 images.

Area Length  Width L/W Surface Volume S/V

Ratio

Ammonium (mg/1) 0.076*++  0.006 0.11%%*%  _0.06%** | 0.0099  -0.04%F*  0.048%+*

Conductivity (us/cm) 0.19%%F  0.096%F*  0.23%*¥*  _(. 14x%k | 0. (.088%*F  -0.31%**

Phosphate (mg/1) 0.11%+ 0.011 0.16%** -0 2%*k* | O]k (.039%%k  -0.3kF*
Phosphorus (mg/1) 0.12%%F  0.054%F*  0.14%*¥*  _0.09*+F | 0.024* 0.09F%x  -0.3%**
Nitrate (mg/1) 0.17%%6  0.003%F*  0.27%¥* -0, 3%*k* | 0400 (. 12%F  -0.4%F*

Dissolved Oxygen (mg/l) | -0.04%5  0.018%  -0.04%6 (1% | (1306 0 15%k% (95
pH 0.04%K% 003100 01206 0.15%%% | 0.019. 0.7k 0.20%%*
Water Temperature (°C) | 0.24%%% 02000 01900 0013, | 0.073%  0.16%0F  -0.3%%*

Flow (m3/s) 0.064%%%  0.064%%%  0.041%5%  0,028%% | 0.10%%%  (.055%%F  (,049%5+
Suspended Solids (mg/l) | 0085 -0.05%%% 0,065 00580 | 0.10%  0.021% 0,04
Total Nitrogen (mg/I) | -0.0084  0.0068  -0.04%k  0.042%k% | 0.079%F -0.034%% 0.28%%*
N:P Ratio 5%k (R0 L02%k% (10RRk | 0 15%kk  (057RRE (30

Silicon Dioxide (mg/I) | 0.088%% -0.00059 0.1G¥  -0.2%k* | (]3%kk  (27R6k 0, T1k**

IPS -0.3%k*Ek (. 22%0F  Q.2%%k (.01 0.05%#k 0.1k 0.38***

minutissimum (Kitzing) Czarnecki, Cocconeis lineata Ehrenberg. Also A. minutissimum and N. cryptotenella

Lange-Bertalot appeared to be frequent and found in each site.

The bulk of diatom measurements were dependent on the sampling site, AMOVA highly significant

on the site (R2 = 0.41615%*), but not so on sampling time (R2 = 0.01701 n.s.). Effect of vatiations
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on the spatial as well as on the temporal scale was significant (R2 = 0.13546*). The only
morphometric features having significant Spearman and environmental fitting correlations to each
physico-chemical parameter were valve width and S/V ratio (Table 18, Table 19). Valve area was
positively correlated with water temperature and conductivity, length weakly with water
temperature. Width correlated positively with nitrate concentration and conductivity and L/W
negatively with nitrate, phosphate and silicate concentrations. The Redfield N:P:Si ratio was not
always maintained. Surface correlated positively with the N:P ratio and Volume with silicate
concentration. The strongest significant ecological parameter was silicate concentration in
correlation to S/V ratio (o = -0.71 *¥¥). Both width and S/V ratio have been selected to closely

observe them in their environment, along its time series (see below).

Depending on the imaging plane, depicting either the valvar oder the pleural view and consequent
lack of frustule measurements, diatom and physico-chemical data were divided into “morphometric”
or direct (n = 22.877) measurements and “ecological” data where not the valve faces, but the pervalve
axis was measured because they were oriented in pleural view. (n = 10.642). A multiple linear
regression scenario of the measurements with highest correlation values (Width, L/W, S/V)
presented low outcomes for their R2 fit values (W = 0.09249%%* L/W = 0.07545%%* §/V =
0.1887+%). All physico-chemical parameters were significant for the calculation of S/V. Not so for
width (neither phosphate nor nitrate concentrations) or L/ W ratio (neither phosphate concentration,

nor flow).

6.3.3.1 Width distribution

The distribution of valve width for each site, regardless of the sampling period, is displayed in Figure
40. Sites with higher IPS index values (oligotrophic) comprised narrower valves than those with lower
index values. The widest cells were found at the most polluted main river sites. Meanwhile, the
narrowest range was found at the dry calcareous mountain (E0101 and E1448). The saline site had
peaks at two differen sizes. A linear regression of the length-width relationship of each site showed
linear correlation without significance. This was probably because of the log-normality not being
continuously maintained, since residuals were neither homoscedastic nor unbiased. The same
happened for a selection of size comparison of Achnanthidium minutissimmum (Kitzing) Czarnecki, it

maintained the same bias and heteroscedasticity, undoing its log-normality (AnnexFig 20-22).
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Width

E0001 E0009 E0022 E0038 E0101 E0512 E1178 E1448
Location

Figure 39 Violin plots of the valve width for each location. Oligotrophic comprise more narrow valves, with distributions

being strongly skewed towards higher values.

For some differential sites, valve width means showed similar patterns through time (Figure 41,
compared simultaneously in AnnexFig. 23). Diatoms from the Ebro river (in Miranda de Ebro E0001
and Xerta E0512) had comparable tendencies over time. Although these were lagging one year in the
upper river (E0001), with the mean width value shifting within a = 1.5 um range. In the Aragén river,
which is an Ebro tributary, (Aragén in Yesa E0101 and Veral in Zuriza E1448), the mean width value
range differed only by 1 — 1.2 pm, and the distribution since 2007 showed similar trends, only softened
in the high mountain site. Both sites found in calcareous substrate (Valira in Anserall E0022 and
Najerilla in Torremontalbo E0038), were also similar from 2007 on. Our results showed that higher
altitude produced higher variation in diatom width (+ 2 um in E0022 instead of * 1.5 pm in E0038).

The effect of altitude is proportional, so narrower cells are found at higher altitude.
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Figure 40 Comparison of the diatom width means and confidence intervals for each site. There is a pattern present for

diatoms found in the same basin-sub basin (E0001 — E0512 and E0101 — E1448). Also, diatoms of similar substrate

(E0022 — E0038). Some samples are significantly differentiated inside of the site.
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When comparing these similar sites further, those located at the river axis were related to mediocre
water quality (IPS: 5.3 — 14.5). The unconnected calcareous sites (E0022 and E0038) had mostly good
(IPS: 9.5 — 18.3) and the higher sections (E0101 and E1448) had very good water quality values (IPS:
16.3 — 18.7). Thus, there seems to be a link between water quality and width size range. Moreover,
with lower quality, the mean width range was higher (i.e. from 3-4 um for good water quality to * 2.5

um the lower water quality gets.
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Figure 41 Canonical correspondence analysis comparing quartiles of diatom width and with their distribution along the
physico-chemical axes. 10.48 % of the variance is explained. Quartiles of width: (Log (x+1) values): Q1 = 0.024 —0.5929,
Q2 = 0.5929 - 0.6907, Q3 = 0.6907 — 0.8655, Q4 = 0.8655 — 1.4781. NH4 = Ammonium, Cond =
Conductivity, NO3 = Nitrate, PO4 = Phosphate, TN = Total Nitrate, TP = Total Phosphorus, O2 =

dissolved oxygen, pH, TH20 = water temperature.

The canonical correspondence analysis (CCA, Figure 42) explained only 10.48% of the variance
(eigenvalues axis 1 = 1.392 X 1073, axis 2 = 1,77 X 10-). Narrower diatoms seemed to converge with
higher dissolved oxygen. On the other hand, wider diatoms were found with high nutrient

concentrations, salinity and water temperature.

The mean widths of the predominant diatom taxa reacted differently. Within the taxonomically
established width range, the individual transapical width range was variable. When investigated
separately, Achnanthidium minutissimum (Kitzing) Czarnecki sensu lato, the most abundant and frequent
taxon, did reflect the similar distribution of the width averages as seen in figure 41 (not shown).

Other, less frequent taxa had different width distributions for each sampling site. The similarly
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frequent but less abundant Navicula cryptotenella Lange-Bertalot did not show a similar the same width

variation over time.

6.3.3.2 S/V distribution

S/V ratio of diatoms exhibited no clear pattern (Figure 43). The range was highest in the high

mountain sites (calcareous and mixed). The siliceous mountain site (E1178) had a smaller range of

S/V ratios. The saline site (E0009) had not a continuous distribution, but clearly distinct focal peaks.
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Figure 42 Violin plots depicting the S/V ratio of the diatoms at each site. More pronounced peaks of S/V values are

found at the altered sites.

The comparison of the total S/V means (Figure 44) showed that different sites reacted differently

over time. Nevertheless, two pairs of sites exposed similar patterns. The distribution for the two high
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Figure 43 Comparison of the diatom S/V means and confidence intervals for each site.
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water quality sites (E0101 and E1448) were similar, as well as for the good quality sites (E0022 and

E0038). For the other sites, no pattern is discernible.

The S/V ratio value range at each site was very variable and seems not to be related to altitude or water
characteristics. In the similarly shaped mean plots, the ratio ranges on a lower level than for the lower
altitude. The lowest laying sites, at the Ebro main river (EO001 and E0512), had no longer a clear

connection and similarity.

In the canonical correspondence analysis of the S/V ratio (Figutre 44 45), eigenvalues were small, thus
explained little of the 14.503 % of variance (ev1=0.0010739 and ev2=0.0000213). The lowest quartile
was highly correlated with nutrients, conductivity and water temperature, whilst the highest gartile
was positively correlated with pH. Neither ammonium nor dissolved oxygen concentration appeared

to affect the S/V ratio significantly.
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Figure 44 Canonical correlation Analysis showing the S/V ratio quartiles relating to the physico-chemical characteristics.
Display of quartile distribution. (Variance explained = 14.503%). Quartiles of S/V: (Log (x+1) values):
Q1 =08348 —0.9963, Q2 = 0.9963 — 1.0389, Q3 = 1.0389 — 1.0774, Q4 = 1.0774 — 1.4032.

6.3.4 Discussion

Many diatom metrics have been explored in previous studies. Finkel’s lab preferred the valve area as
a more comparable parameter (Finkel et al. 2009), since in biomonitoring one usually finds and
identifies diatoms oriented in a position where the valve area can be measured directly. Diatom length
(apical axis) has also been used (Pandey and Bergey 2016; Pandey et al. 2018). But length seems to be
affected by heavy metals, due to their physiological effects. As far as we know, neither perimeter nor
width have been linked to physico-chemical parameters of the water prior to this studt. Perimeter has

only been measured in centric diatoms, to count striaec/10 um (DreBler and Hibener 2006).
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Biovolume is by far the most assessed parameter, due to its established relationship with external
parameters. But no unified approach has been reached yet. For general plankton, a distance-matrices-
from-images approach was tried (Moberg and Sosik 2012), but was not applicable for our data.
Neither was the use of biomass values through cell density (Litchman et al. 2008). A manual approach
for measuring mean girdle breadth (pleural view) was assessed by Snoeijs and collaborators (2002).
We found this to be the best approach for our calculations. The total frustule surface has mostly been
considered in addition to volume, in order to calculate the S/V ratio, usually linked to external

changes (Snoeijs et al. 2002; Roselli and Basset 2015; Nielsen and Sand-Jensen 1990; Law et al. 2014).

We selected valve width and surface-to-volume ratio due to the significance of their Spearman
correlation values. Width is a morphological parameter that has been widely overlooked. This could
be due to the expected clonal maintenance of width of a particular culture (Cox et al. 2012; Mann
1984). But, owing to the sexual reproduction mechanism of pennate diatoms, width may be variable
in the production of the initial cell in a low nutrient environment through the establishment of the
virgae, extrusions from the raphe, and the later formations of valves during mitosis (Round et al.
1990). Because “transapical ribs appear on both the primary central band and secondary arms, and cross extensions
Join to form the sieve plate areas.” (Chiappino and Volcani 1977), width could be more variable than
expected when the medium is fluctuant. Thus, the medium could determine the maximal and/or
minimal valve width for the whole community. We hypothesize that this might be related with the

N:P:Si ratio of the sites. This could explain why similar rivers had parallel distributions.

The apparent delay between the mean width distribution in both the main river sites (Ebro at Miranda
de Ebro and in Xerta) brings up new questions upon the cause of this trend. The site closer to
headwaters is the one where signals lag those of the downstream site. Neither taxon composition nor
width distribution were identical. The mean valve width varied by £ 1.5 um for both sites, but was
higher at the lesser altitude site. The other pairs of sites exhibiting similar patterns were synchronous
from the year 2007 onwards. Our data do not suggest any physico-chemical parameter driving this
pattern. Silicate dioxide concentration might influence the valve width, but we have not enough

measurements of them to establish them as the main driver.

The mechanism of valve formation in raphid diatoms starts with building the raphe canal. After that
the virgae or transapical elements develop (Round et al. 1990). Since silicic acid transfer at low
Si(OH)4 levels is mediated by active silicon transporters (SiTs) that depend on ATP (Thamatrakoln
and Hildebrand 2008; Volcani 1978), low nutrient sites without much silicic acid concentration, e.g.
Veral in Zuriza (1448) and Aragén in Yesa (0101), could affect valve formation. Another study states
that all diatom silicate metabolisms seem to be regulated by purine monomers like e.g. ATP and GTP
(Aline et al. 1984). One of the sites, Najerilla in Villavelayo (E1178), was on a silicate mountain. As
Round et al (1990) stated: “In waters enriched by run-off from silica-rich sites or on sediments, there is a continual

supply of silicic acid and the succession of species must be caused by factors other than limitation by silicate (see also
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Admiraal 1984)”. For the location stated above, these factors could be the variability in other nutrients,
like the limiting phosphorus. We find it also necessary to state that the N:P:Si ratio was very erratic
whenever we were able to calculate it, where often the necessary silicon dioxide measurements lacked.
But, whenever measured, silicon dioxide consistently surpassed the Redfield ratio (N:P:Si, 16:1:20).
This can be important for the future, since the Redfield ratio is probably going to be affected by the

vatiation of anthropogenic nutrient input (Garnier et al. 2010).

It is necessary to repeat that most of our findings are based on whole community data. Diatoms are
selected by external factors and have characteristic morphology traits. But, specific taxa reflect the
communal response, such as_Achnanthidium minutissimum (Kitzing) Czarnecki. This diatom, as well as
being part of a big and poortly understood diatom complex (Potapova and Hamilton 2007; Wojtal et
al. 2011), is characterized by its colonizing attitude (Rimet et al. 2009). This type of diatoms is a good
colonizor owing to the increase of sexual and asexual reproduction. C (colonizing) strategy for fitness
could be the driver for a similar reaction of species valve width as for the whole community (Law et
al. 2014). Thus, we can observe how natural selection affects this diatom taxon as well as

communities.

What about S/V distribution? Silicon oxide was inversely cortrelated with the S/V ratio. It was the
most important water characteristic as far as diatom measurements were concerned. S/V ratio was
highest in the most oligotrophic sites, including those having high conductivity values. This may
reflect the need of a higher surface-to-volume ratio to increase the surface for capturing important
nutrients (Marcel et al. 2017). Our surface and volume data are somewhat artificial, since they are
estimated using the species’ average cell pervalvar axis. Nevertheless, we consider them a good

approximation to the actual values.

S/V ratio has long been established to be highly related to nutrients. Comparisons of diatom cell
volumes in marine or freshwater environments showed that nitrogen limitation in the former drives
increase in volumes. Smaller cells are found for limitatio