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Abstract — Biomonitoring is central to the European Union's Water Framework Directive (WFD) and to
the French water and aquatic environmental law, but most diatom indices do not separate different
anthropogenic impacts. To address this gap, the effect of water chemistry on diatom ecological guilds and
life forms was assessed in order to indicate stream perturbations. Generalised additive models (GAMs) were
built on a large-scale data set of 1571 samples from the French monitoring network. The relationships
between diatom ecological guild and life form metrics were investigated by Principal components analysis
and the results predicted by GAMs. The models characterised eight chemical parameters that modified
adaptive strategies (ecological guilds) and growth morphology (life forms). Total phosphorus, conductivity,
nitrate and pH are the main influencing factors, followed by temperature, dissolved oxygen and organic
matter. The findings confirm three groups of diatoms with different adaptive strategies: 1 — fast moving
species, 2 — species growing close to the substrate and 3 — species extending to the surface layers of the
biofilm. Thirteen diatom metrics displayed a variety of responses to different ranges of the eight chemical
parameters. These metrics could be used to help to identify and quantify which chemical alterations are
caused by polluted effluents in rivers.
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Résumé — Modélisation des formes de vie et guildes écologiques des diatomées pour la
bioindication en riviéres. La bioindication est centrale dans la directive cadre européenne sur l'eau et
la loi frangaise sur l'eau, mais la plupart des indices diatomiques ne séparent pas les différents impacts
anthropiques. Pour combler ce manque, 1'effet de la physico-chimie de 1'eau sur les guildes écologiques et
formes de vies des diatomées a été étudié pour indiquer des perturbations des cours d'eau. Des modeles
additifs généralisés (GAMs) ont été construits sur un jeu de données de 1571 échantillons des réseaux de
suivi des cours d'eau frangais. Les relations entre les métriques de guildes écologiques et formes de vie des
diatomées ont été étudiées par une ACP et les résultats prédits par des GAMs. Les modeles ont caractérisé
huit paramétres physico-chimiques qui modifient les stratégies adaptatives (guildes écologiques) et
morphologies de croissance (formes de vie). Le phosphore total, la conductivité, les nitrates et le pH sont les
facteurs les plus influents, suivis par la température, I'oxygene dissous et la matiere organique. Les résultats
confirment trois groupes de diatomées avec des stratégies adaptatives différentes : 1 — les espéces se
déplagant rapidement, 2 — les especes proches du substrat et 3 — les especes s'étendant vers la surface du
biofilm. Quatorze métriques diatomiques ont montré une variété de réponses a différentes gammes de
valeurs des huit parameétres physico-chimiques. Ces métriques pourraient étre utilisées pour aider a identifier
et quantifier quelles altérations chimiques sont causées par les rejets polluants dans les rivieres.
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1 Introduction

Numerous anthropogenic impacts, such as industrialisation,
intensive agriculture and urbanisation are causing chemical and
hydro-morphological alterations to aquatic environments
(Allan, 2004; Bader and Baccini, 1993). These impairments
affect biofilm functions, such as primary production, trophic
interactions, stabilisation of sediments, and regulation of nutrient
cycling (Poulickova et al., 2008) and can be monitored by using
the indicator value of microalgae. Studying the mechanisms
linking biofilms to their environment provides an opportunity to
better understand the impact of human activities on freshwater
ecosystems and implement more appropriate protective and
restorative programs. Biomonitoring is an essential part of
environmental impact assessment because it provides a
diagnosis of aquatic ecosystems based on the characteristics
of their biota. It assesses not only chemical concentrations, but
also effective human impacts on the biosphere, because
organisms and communities respond distinctly to different
chemical and physical changes, integrating multiple alterations
on both spatial and temporal scales (Rimet, 2012; Reyjol et al.,
2013; Stevenson, 2014). In Europe, biomonitoring has devel-
oped quickly as a result of the WFD (2000), which requires the
evaluation of the quality status of water bodies based on their
chemical and biological statuses. The WFD asks every member
state to develop bioindicators for each Biological Quality
Element: phytoplankton; macrophytes and phytobenthos;
macroalgae and angiosperms; benthic invertebrates; and fish.
While the WFD focuses on large-scale ecological status
definition, the French water and aquatic environments law
(LEMA, 2006) defines a number of human activities as subject to
environmental impact assessment, requiring finer investigation
of anthropogenic mechanisms of disruption.

The great majority of European diatom indices that are
routinely used for river quality assessment are based on
specific pollution sensitivity (Rimet, 2012), and on the formula
of Zelinka and Marvan (1961). In France, diatom bio-
indication tools were standardised more than ten years ago
(AFNOR, 2003, 2004, 2007), the two main indices being the
Diatom Biological Index (DBI, Coste et al., 2009) and the
Specific Polluosensitivity Index (SPI, CEMAGREF, 1982).
They are designed to assess both nutrient and organic matter
levels in rivers (Lange-Bertalot, 1979), but they cannot
discriminate between these sources of pollution. Neither were
these indices designed to detect any other type of water
impairment (e.g., deoxygenation, acidification, water warming
or alteration of conductivity).

Data collected concerning life forms and ecological guilds
can provide useful information about benthic diatoms and
biofilms. An ecological guild is a group of taxa co-existing in
the same environment and exploiting the same resources,
which can display different adaptations to abiotic factors
(DeVito et al., 2004; Fauth et al., 1996). The ecological guilds
of Passy (2007) were developed based on diatoms nutrients
preferenda and their resistance to water turbulence. A
classification of diatoms into different life forms was proposed
by Rimet and Bouchez (2012). Life forms are morphological
traits describing the shapes that diatoms adopt when growing.
The life forms are adaptations to habitat selection, nutrient
capture, sinking rate, attachment and light in periphytic
biofilms (Round et al., 1990). In situ studies (B-Béres et al.,

2014; Stenger-Kovacs et al., 2013) carried out on freshwater
biofilms concluded that diatom life forms and ecological guild
metrics are useful in detecting nutrient and organic matter
enrichment, or pesticide contamination (Rimet and Bouchez,
2011). Several large-scale studies have been carried out using
monitoring network data, which have also highlighted the
potential of these diatom metrics as bioindicators (Berthon
et al., 2011; Marcel et al., 2013).

The objective of this study is to assess whether metrics based
ondiatom ecological guilds and life forms could be used to assess
the impact of chemical and physical water alterations in the
French river monitoring network. Increasing nutrient and
organic matter contamination can modify the relative abundan-
ces of ecological guilds and life forms, as observed by Berthon
etal (2011) in the Rhone river basin. Several authors reported a
reduction in the abundance of the low-profile (LPG) and high
profile guilds (HPG) and colonial life form as well as an
increased abundance of the motile guild (MG) in contaminated
sites (B-Béres et al.,2014;Berthonetal.,2011; Hlibikovaetal.,
2014). Acidic conditions can be favourable to either the high
profile (Gottschalk and Kahlert, 2012) or the low profile (Pound
etal.,2013) guild. Atlow conductivities the high profile guild is
expected to increase, while motile diatoms are expected to
decrease (Stenger-Kovacs et al., 2013). This study proposes the
hypothesis that sites contaminated by inorganic phosphorus
should have lower abundances of low-profile, high-profile, pad,
stalk, arbuscular and all types of colonial diatoms and higher
abundances of motile, mobile, adnate and non-colonial diatoms.
Inorganic nitrogen, organic matter, conductivity, temperature,
pH and dissolved oxygen (DO) are expected to have different
effects on diatom ecological guilds and life forms. The
hypothesis was tested on a large scale data set encompassing
several hundred French river basins, which were monitored for
their ecological quality using diatom samples, and chemical and
physical measurements.

2 Materials and methods
2.1 Study area

Samples were taken from three major hydrographical
basins in France (Fig. 1), the Loire, the Rhone and the Garonne
catchments. Human population density varies in the studied
areas. There are highly populated, cultivated and industrialised
plains and mountain ranges less impacted by human activity.
The Loire basin is mainly impacted by agricultural activities,
with 65% of the catchment occupied by agricultural land, with
mainly cattle, crops and pig farming. The main industries are
meat processing, milk and canning industries. This basin also
has five power stations and seventeen hydroelectric dams.
Other less important pressures on rivers include chemical,
textile and paper industries and viticulture. The Loire basin has
a population of 12.7 million inhabitants and a density ranging
from 40 to 200 inhabitants/km?, with an average of 75
inhabitants/km?. It has four cities of 500000 inhabitants, one
city of one million inhabitants and five littoral touristic areas.
The regions of the Rhone basins incorporated in this study
include 1-an area dominated by forest land, cattle and milk,
automobile and rail industries. This area has 1.2 million
inhabitants and one major city with 250000 inhabitants. 2—A
highly populated area (2 million inhabitants, 110 inhabitants/km?)

Page 2 of 15



R. Marcel et al.: Knowl. Manag. Aquat. Ecosyst. 2017, 418, 1

0 150

300 km

Lo RS
(L U =7
EERICC Lo L

(%
o

h L ,
B e &

Fig. 1. Study area. The 1571 sampling sites are displayed as dots. The three major rivers are displayed as black lines and their hydrographical
basins are delimited by grey lines. Major rivers: Loire (west), Rhone (south-east) and Garonne (south-west).

dominated by viticulture and tourism, with two cities of
300000 inhabitants and one city of 500000 inhabitants. The
area of the Garonne basin incorporated in this study has low
population (350000 inhabitants, 40 inhabitants/km?), with
one major city of 70000 inhabitants and is dominated by
forest land and the touristic and poultry industries.
According to the WFD standards, the ecological statuses of
the water bodies found within the data set are as follows: 71 “bad”
sites, 193 “poor”, 789 “moderate”, 384 “good” and 134 “high”.
The study area covers a wide range of river sizes, with Strahler
ranks from 1 to 8. There are also multiple geologies, including
granitic, basaltic and calcareous subsoils and different top-
ographies, with high mountains, highlands and sandy plains. The
area encompasses various climatic zones (Wasson ef al., 2002).

2.2 Diatom sampling and analysis

Fieldwork was performed between 2009 and 2014 by
Aquabio as part of the national biomonitoring program for rivers.
The sampling sites were not chosen to assess any specific
anthropogenic pressure, they were placed to be representative
and integrate all the pressures of their reaches. The sampling
procedure followed the French standard (AFNOR, 2007). In the
French WFD monitoring program, diatoms are collected once a

year, during the low-flow period (June to September) to
minimize the influence of spates and correspond to the higher
pollutants concentrations. Benthic diatoms were collected from
atleast five stones, from macrophytes or from artificial substrates
found in the lotic parts of the sampling sites. The upper surfaces
of the substrates were scrubbed with a toothbrush to collect the
biofilm formed by diatoms. The samples were fixed in 90%
ethanol or 4% formaldehyde. In the laboratory, the diatom valves
were cleaned using 40% H,0, and HCI. Clean valves were
mounted in resin (Naphrax©). At least 400 valves from each
sample were counted and identified using a light microscope
(1000x magnification) according to European (CEN, 2003) and
French (AFNOR, 2007) standards. The abundances of all
observed taxa were expressed as relative counts. Identifications
were carried out to species and sub-species level using Krammer
and Lange-Bertalot (1986, 1988, 1991a and b) and Hofmann
et al. (2011) floras and additional taxonomical bibliography
(e.g., Lange-Bertalot, 1993, 2001; Lange-Bertalot and Krammer,
2002, 2003; Levkov, 2009; Reichardt, 1999).

2.3 Chemical and physical analyses

Chemical and physical analyses were carried-out at the
diatom sampling sites every month. DO, conductivity (Cond),
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temperature (T) and pH were measured in the field. For
dissolved organic carbon (DOC), nitrite (NO, ™), ammonium
(NH,4™"), nitrate (NO3 "), phosphate (PO437), total phosphorus
(TP) and five-day biological oxygen demand (BODS), water
samples were collected and analysed according to standard
procedures (APHA, 2012) by a laboratory on behalf of the
regional Water Agencies.

2.4 Database construction

Two kinds of data were combined for each site: 1-diatom
abundances; 2—chemical and physical measurements. The
species counts were provided by Aquabio and were used to
calculate the relative abundance of each ecological guild and
life form. As the data came from species counts on cleaned
samples, the ecological guilds and life forms were not
observed in the samples but assigned to species posteriorly,
according to the literature (Round et al., 1990; Passy, 2007,
Rimet and Bouchez, 2012). The chemical and physical data
were provided by the Adour-Garonne, Loire-Bretagne and
Rhone-Méditerranée Water Agencies. The averages of the
chemical measurements were calculated based on the results of
the ninety days preceding each diatom sampling date.

2.5 Diatom metrics

Metrics based on two classifications were tested, one
representing growth morphology (life forms) and a second one
based on adaptive strategies (ecological guilds).

2.5.1 Life forms

Life forms express the diversity of attachment, mobility
and type of colonies with regards to the different diatom
growth forms. The life forms of the few taxa that were not
described by Rimet and Bouchez (2012) were completed
according to Round et al. (1990). All the diatoms were grouped
into eleven life forms (Rimet and Bouchez, 2012):

— Adnate: cells attached to the substrate by the whole valve
area (e.g., Amphora spp., Cocconeis spp.).

— Pedunculate: cells secreting a mucilaginous peduncle from
their apex. “Pedunculate” are divided into:

e Pad: cells producing a short peduncle (e.g., Ulnaria spp.).

o Stalk: cells producing a long peduncle, forming a stalk
(e.g., Achnanthidium spp., Gomphonema spp.).

— Non-colonial: solitary cells.
— Colonial: the different types of colonies can be classified as:

o Filamentous colonies: centric cells juxtaposed by their
valves (e.g., Melosira spp.) or by granules (e.g., Melosira
varians).

¢ Ribbon colonies: pennate cells juxtaposed by their valves
(e.g., Staurosira venter).

o Arbuscular colonies: cells secreting mucilaginous stalks
and forming ramifications diverging from each cell
(e.g., Rhoicosphenia abbreviata).

e Mucous tube colonies: files of cells forming a
mucilaginous tubule inside which they can move (e.g.,
Encyonema spp.).

— Mobile: taxa having the ability to move by means of their
raphe system. The mobile life form differs from the motile
ecological guild: Taxa of the mobile life form are capable

or either slow or fast movement, unlike taxa of the MG,
which are adapted to move rapidly.

2.5.2 Ecological guilds

Ecological guilds reflect the different strategies developed
by diatoms to adapt to abiotic factors. They are based on the
ability of the species to use nutrient resources and tolerate
physical disturbance. The three tested ecological guilds are
based on the ones modified from Passy (2007) and described
by Rimet and Bouchez (2012). The three ecological guilds
were distinguished as follows:

— Low-profile: species growing in nutrient-poor waters and
tolerating physical disturbances, such as those caused by
currents. This group is formed by small species, species
directly attached to the substrate by the whole valve area,
species attached parallel to the substrate by the apex or
attached perpendicularly and slow-moving species. Genera
such as Achnanthes, Achnanthidium, Amphora, Cocconeis,
Cymbella, Opephora and Remeria pertain to this group.

— High-profile: species growing in polluted waters (nutrient
and organic matter-rich) but sensitive to physical distur-
bance: longer erect species, filamentous, “branched”
(arborescent), pedunculate and chain or tube-forming
species. Genera such as Diatoma, Eunotia, Fragilaria,
Gomphoneis, Gomphonema and Ulnaria pertain to this
group. The ability to form colonies enables this guild to
extend to the surface of the biofilm and exploit resources
unavailable to the “low-profile” guild, but makes it more
vulnerable to current turbulence and grazing.

— Motile: species proliferating in nutrient-rich waters,
capable of fast motion and continuously migrating to find
suitable growth conditions. Genera such as Navicula,
Nitzschia, Sellaphora and Surirella pertain to this group.
Passy (2007) showed that these taxa are not resistant to
physical disturbances.

2.6 Selection of metrics and descriptors
and statistical analyses

The statistical method relies on generalised additive
models (GAMs) (Hastie and Tibshirani, 1990) to build a
quantitative multimetric diagnostic method. The interest of
these models is to allow the prediction of a value for an
environmental parameter based on diatom metrics, without
presuming a probability distribution and taking into account
the non-linearity of the relationships between variables.

Principal components analysis (PCA) of diatom abundance
data after Hellinger transformation (Legendre and Gallagher,
2001) was used to summarise the metric distributions. The
first five principal components (PC) were kept and identified
as explaining significant proportions of the variance in the
metrics data under the broken-stick distribution (Jackson,
1993). Thereafter, GAMs were used (Hastie and Tibshirani,
1990) to separate and quantify the influence of chemical and
physical parameters on the distribution of the metrics. For each
PC of the PCA, a GAM was built with the metrics scores on the
PC considered as the response variable and the chemical and
physical parameters as the predictors. PCA and GAM
operations were performed on R2.11.0 statistical software
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Table 1. Summary of the data set (n=1571) for the eight tested chemical and physical parameters: conductivity (Cond), pH, temperature (T),
dissolved oxygen (DO), total phosphorus (TP), nitrate (NO5 ™), dissolved organic carbon (DOC), five-day biological oxygen demand (BODS).

Parameter Mean (95% confidence interval) Median Minimum Maximum
Cond (uScm ™) 388 (12) 360 22 2364

pH 7.7 (0.02) 7.7 5.8 9.6

T (°C) 15.7 (0.14) 15.6 5.0 26.9

DO (mgL™h 9.077 (0.072) 9.200 1.600 15.320
TP (mgL ™Y 0.132 (0.008) 0.090 0.005 3.525
NO;~ (mgL™") 13.474 (0.630) 8.733 0.100 88.800
DOC (mgL™h 5.165 (0.170) 4.567 0.500 39.333
BODS5 (mg LY 1.882 (0.060) 1.733 0.500 14.500

(R Development Core Team, 2013) using the vegan v2.0-8
package (Oksanen et al., 2015) and the mgcv v1.7-24 package
(Wood, 2008, 2011), respectively.

In the first step, PCA, GAMs and automated model
selection by “dredge” (Wood and Wood, 2015) were used to
select the most efficient diatom metrics and chemical and
physical descriptors. Thirteen metrics were selected as adding
substantial information and there were eight statistically
significant descriptors. In a second step, PCA, GAMs and
automated model selection by “dredge” were used with the
selected metrics and descriptors to model the biofilm
responses. In the PCA of this second step, for each PC, the
diatom metrics having a loading which absolute value is
superior to 0.4 were considered as conclusive and compared to
the GAM results. In each GAM with scores on one PC as
response variable, the contribution — s() — to the model and
the standard error of the contribution — se.s() — were extracted
for all 1571 samples. For a given descriptor, a sample is
considered as non-significant if its contribution is not
statistically significantly different from the intercept, namely
if [se.sQ| > [sO)-

3 Results

A total of 1424 taxa from 1571 samples are recorded in the
data set. Diatoms were sampled form natural hard substrates
(stones, gravels, pebbles or rocks) in 97.5% of the sites, from
macrophytes in 1.5% of the sites and from artificial substrates
in 1% of the sites. On average, the dominant ecological guild
was the low profile guild (44.6%), followed by the motile
(39.6%) and high profile (11.7%) guilds. The mean relative
abundances of the life forms were distributed as follows: non-
colonial (87.8%), mobile (86.8%), adnate (25.4%), stalk
(23.8%), colonial (12.0%), pad (5.7%), ribbon colony (4.4%),
arbuscular colony (4.2%), filamentous colony (1.8%) and
mucous tubule colony (1.0%).

The mean values, 95% confidence intervals and the
median, minimum and maximum values of the eight selected
chemical and physical parameters are shown in Table 1.

The plots of the life forms and ecological guilds along the
environmental gradients are presented in Appendices 1 and 2.
Table 2 presents the characteristics of the five axes of the PCA,
the parameters of the GAMs predicting each PCA axis and the
statistics and ranking of the significant descriptors of each
GAM.

3.1 PCA results

Eighty-three percent of the variance is explained by the
first five axes of the PCA on the diatom metrics data (Tab. 2).
In Figure 2 the first axis (PC1) reveals an opposition between
the sessile diatoms from the upper layers of the biofilm
(Colonial, Ribbon, HPG, Pad) and the vagile ones (Mobile),
the former having negative loadings and the latter having
positive ones. PC2 shows an opposition between vagile
diatoms (MG) and diatoms from the lower layers of the biofilm
(LPG), the former having negative loadings and the latter
having positive ones. PC3 corresponds to the diatoms forming
arbuscular colonies, PC4 to an opposition between the lower
(Adnate) and upper (Stalk) layers of the biofilm and PCS5 to the
diatoms forming mucous tubes and filamentous colonies.

3.2 GAMs results

Figure 3 presents the results of the each of the five GAMs,
predicting the scores of each of the respective axis of the PCA
(PC1 to PC5).

3.2.1 GAM on the first axis (PC1)

The results of Figures 2 and 3 are complementary and
permit to deduce the range of values of each chemical and
physical parameter which is favourable or disfavourable to
each diatom ecological guild or life form. This chapter details
how the results were deduced for the parameters and diatom
metrics of the first axis of the PCA, while Tables 3-5 give the
results for all the axis of the PCA.

In Figure 3, for PC1, s(TP) denotes the contribution of
the samples to the model, with regard to their TP
concentrations. Samples with positive s(TP) contribute to
the prediction of positive scores on PC1 (Fig. 2). Therefore,
the higher the s(TP) (Fig. 3), the more the samples TP
concentrations contribute to the prediction of high relative
abundances of the life forms and guilds with positive
loadings on PC1 (Mobile and Non-colonial, Fig. 2).
Alongside this observation, in Figure 3, samples with
positive s(TP) have the highest TP concentrations (0.095 to
0.753mgL~"). It is thus possible to conclude that Mobile
and Non-colonial diatoms are favoured by high TP levels.
Figure 3 shows that the Mobile and Non-colonial metrics are
also favoured by higher Cond (216 to 782 nScm™'), NO;~
(8.0 to 50mgL™") and pH (7.7 to 13.1).
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Table 2. Summary of the GAMs fitted to the diatom principal component (PC) scores. Descriptors significantly explaining variance are
presented in descending order of their contribution to the GAMs and represented as follows: *p-value <0.05; ***p-value <0.001.
DESCRIPTORS: total phosphorus (TP), conductivity (Cond), nitrate (NO3 ™), pH, temperature (T), dissolved oxygen (DO), dissolved organic
carbon (DOC), five-day biological oxygen demand (BODS). COLUMN LABELS: proportion of variance (%; variance explained by the PCA
axis), deviance explained (%; deviance is a measure of residual variation around the GAMs analogous to the sum of squares in linear regression),
AICC (Akaike Information Criterion), LogLik (log-likelihood), df (degrees of freedom).

PCA axes Proportion of variance

Deviance explained

AICC LogLik df Descriptors

PC1 31.4 242

PC2 24.6 27.1

PC3 11.1 29.2

PC4 9.8 17.9

PC5 6.2 114

TP***
Cond***
NO, ~#k*
pH”;**
TP***
Cond***
T***
pH#**
DO***
TP***
pH*#*
T**
DOC**
NO, ~#k
T*#;*
BODS5**
Cond™***
TP***
pH*#
BOD5***

6403 —3174 273

5972 —2952 32.7

4655 —2303 23.6

4702 —2326 24.6

4111 —2023 31.9

The Colonial, Ribbon, HPG and Pad diatoms have negative
loadings on PC1 (Fig. 2), and their relative abundances are
therefore higher in samples with negative s(TP) (namely,
negative contributions to the model). Figure 3 shows that the
samples with negative s(TP), s(Cond), s(NO3; ) and s(pH)
correspond to the lowest values of TP (0.005 to 0.083 mg Lfl),
Cond (22 to 185 wScm™"), NO;~ (0.1 to 6.6 mgL™") and pH
(5.8 to 7.7), respectively.

4 Discussion

The present study is based on a higher number of samples
and higher catchment area than other comparable studies (B-
Béres et al., 2014; Berthon et al., 2011; Hlubikova et al.,
2014; Marcel et al., 2013; Stenger-Kovics et al., 2013).
Berthon et al. (2011) defined six diatom metrics as indicators
for two parameters (saprobity and trophic status) in one river
basin. This study increases the number of metrics to thirteen
and the number of environmental parameters to eight. It also
covers a wider area, with three river basins including all the
French diatom-ecoregions (Tison et al., 2007). It permitted as
well to highlight the relationships between different chemical
and physical parameters and diatom metrics. Tables 3-5 show
that the chemical and physical parameters structuring the
diatom ecological guilds and life forms are, in order of
decreasing importance: TP, Cond, NO5; ™, pH, T, DO, DOC and
BODS5. GAMs appear to be a powerful method for use in
environmental studies, as illustrated by Alric et al. (2013),

Berthon et al. (2014) and Zarauz et al. (2008). But the
prediction of precise values for environmental parameters was
not possible, because factors such as light, grazing, current
velocity, spates, depth, geology, substrate, humic substances or
metals were not taken into account. However this study shows
a predictable behaviour of diatom ecological guilds and life
forms and the models were able to sort the studied parameters
that have the strongest effects, identify those having non-linear
correlations with the diatom metrics and establish ranges of
responses for each parameter (Tabs. 4 and 5). Those ranges
represent response thresholds between which the diatom
metrics respond and are predicted by the GAM. It also means
that outside these ranges, any further modification of the water
properties towards extreme values no longer modified the
biofilm structure and the metrics. Therefore, the tested diatom
metrics and GAMs could bring quantitative information to
environmental managers in a diagnostic method.

The results of this study can be applied to compare sites
with the same geology and morphology, particularly for
environmental impact assessment of wastewater treatment
plants and sewage, industrial or agricultural effluents in ariver.
These impact assessments are designed to exclude the impact
of any other factor than the studied perturbation. The sampling
sites are located upstream and downstream of the perturbation
and are distant enough to allow water mixing, but not
excessively distant to avoid any change in river type, geology
of morphology. In such cases the diatom communities are
impacted by chemical changes and the results of the present
study can be applied. The analysis of diatom ecological guilds
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Fig. 2. Metric loadings on the five axes (PC1 to PC5) of the PCA. The black bars represent metrics whose loadings are considered to be
conclusive for their PC. The three ecological guilds are named as follows: HPG: high profile guild; LPG: low profile guild; MG: motile guild.

and life forms is complementary of the use of other diagnostic
methods, indices or chemical analysis. The DBI or SPI can
provide information about the general state of the diatom
community and a study of the ecological guilds and life forms
can make diagnosis more specific by identifying if a disruption
of TP, conductivity, nitrate, pH, temperature, DO or organic
matters is implicated. The ecological guilds and life forms
permit to determine if the implicated parameter values are
increasing or decreasing and to estimate in which range of
values each parameter is increasing or decreasing. For
instance, a significant increase in the abundance of the
colonial, ribbon colonies, high profile and pad diatoms
indicates an increased TP (Tab. 3) and suggests that TP
varies between 0.005 and 0.083 mg L' (Tab. 4). Besides, a
chemical and physical analysis can detect an alteration of TP,
conductivity, nitrate, pH, temperature, DO or organic matters
at a given time, and a study of the diatom ecological guilds and
life forms can confirm or reject if this alteration has been
durable over the course of the ninety proceeding days.

The diatom metrics that are most abundant at low TP levels
correspond to small, fast-growing diatoms (low profile; Tab. 3)
that can rapidly develop on bare substrates in nutrient-poor
environments (Hoagland et al., 1982; Sabater, 2000; Rimet et al.,
2009). They are followed by filamentous algae and colonial,
mucous tubule, filamentous, ribbon colonies, high profile and
pad diatoms, which also appear to prefer phosphorus-poor
streams. These latter life forms grow in the upper layer of the

biofilm to avoid the decreasing nutrient gradient of the biofilm
and to access nutrients from the water column and light
(Steinman et al., 1989). Arburscular colonies, motile, mobile and
non-colonial diatoms thrive at high phosphorus concentrations.
They share the characteristic of synthesising extracellular
enzymes that give them the ability to consume macromolecules
(Pringle, 1990). Species forming arbuscular colonies store the
enzymes in their stalk, which plays the role of a nutrient pump
(Ellwood and Whitton, 2007). It has also been observed that
motile diatoms are on average larger than low profile species and
their elongated shape gives them a higher surface/volume ratio
and thus more ion and nutrient uptake sites (Egge, 1998). They
are also capable of rapid displacement and are adapted to their
environment by having the ability to migrate within the biofilm
from resource-depleted to richer areas (Johnson et al., 1997).
Nitrate has a similar effect to TP on selection between
vagile diatoms (mobile) and sessile diatoms from the surface
layers of the biofilm (colonial, high profile, pad and ribbon
colonies; Tab. 3). However, NO3;~ did not show the impact
found for TP on 1 — the dichotomy between vagile diatoms and
diatoms growing close to the substrate and 2 — the relative
abundances of arbuscular, filamentous and mucous tubule
colonies. Similarly, inorganic nitrogen plays a role in the
opposition between adnate and stalked diatoms, whereas TP
does not. The adnate life form encompasses the mobile and
most of the low-profile diatoms. They are fast-growing species
which could be favoured at high levels of nitrate because of
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Fig. 3. GAMs results. All graphs have in the x-axis the 1571 samples, in ascending order of their values for the involved descriptor. For each
PCA axis (PC1 to PCS), the upper lines of the graphs present in the y-axis the contribution — s() — of the descriptors used in the GAM with scores
on this PC as response variable. The grey zones represent non-significant samples (i.e. not statistically significantly different from the intercept)
and the black zones represent significant samples. Descriptors are presented in descending order (from left to right) of their contribution to the
GAMs. For each PC, the lower lines of the graphs present in the y-axis the values taken by the corresponding descriptor (lower graph units: TP in
mg L' Tin°C; NO;™ in mg L~ cond in mS cm™!; BOD5 in mg L ' DO in mg L' DOC in mg Lfl). DESCRIPTORS: total phosphorus
(TP), conductivity (cond), nitrate (NO3 ™), pH, temperature (T), dissolved oxygen (DO), dissolved organic carbon (DOC), five-day biological

oxygen demand (BODS).

nutrient stimulation but are less competitive in dense mature
biofilms (Stevenson et al., 1991). Stalked diatoms appear to
have an advantage when NO3;~ levels are low, meanwhile
adnate diatoms could profit from decreased competition from
stalked diatoms when NO; ™~ levels are high.

Conductivity appears to influence the differences in
abundance between sessile diatoms from the surface layers
(colonial, ribbon, high profile, pad), which are more abundant at
low electrolyte content, and vagile diatoms (motile) that favour
high conductivities (Tab. 3). The selection between vagile
(motile, being more abundant at intermediate electrolyte
contents) and “low-rise” metrics (low profile, being more
abundant at low electrolyte contents) also seems to be driven by
conductivity. Low conductivity values are generally naturally
occurring, whereas higher conductivities can be either natural or
due to human impact. These results are consistent with the
Stenger-Kovacs et al's (2013) study, which reports low
abundances of the high profile guild at high conductivities

and an increase of motile diatoms at high chloride levels. Among
the different ions, chloride is an important parameter, as it can
inhibit photosynthesis (Dionisio-Sese and Miyachi, 1992) and
growth (Videau et al., 1980) in a number of diatoms.

Acidic pH was associated with higher abundances of vagile
diatoms (motile) and sessile diatoms from the surface layers
(colonial, ribbon, high profile, pad; Tab. 3). Neutral pH favoured
arbuscular, filamentous and mucous tubule colonies, while
alkaline pH increased the abundance of “low-rise” diatoms
(non-colonial, mobile and low profile). The growth and
competitive abilities of diatoms are influenced by pH through
its control over nutrient availability, metal solubility and
enzymatic activity (Battarbee et al.,2001). This was illustrated in
our results by a decrease in the arbuscular diatoms. The stalks of
the latter contain phosphatase (Ellwood and Whitton, 2007), the
activity of which is controlled by pH. The dominance of high-
profile, more edible, diatoms in acidic conditions could be a
result of a top-down effect caused by decreased grazing pressure
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Table 3. Summary table of the GAM results, showing the influence of the chemical and physical parameters on diatom metrics. The
relationships were coded as follows: “+” positive relationship; “— negative relationship; “mid” metric favoured by medium-range values of the
parameter. The metrics were ordered according to the absolute values of their loading on the PCA axes. Chemical and physical parameters are
presented in descending order of their contribution to the GAM. PARAMETERS: total phosphorus (TP), conductivity (Cond), nitrate (NO3 ™),
pH, temperature (T), dissolved oxygen (DO), dissolved organic carbon (DOC), five-day biological oxygen demand (BODS).

PCA axes Diatom metrics TP Cond

NO;~

pH T DO DOC BOD5

Colonial - -

Ribbon - -
High profile - -
Pad
Non-colonial
Mobile

PCl1

+ 4

PC2 Low profile

Motile

3+ o+ 4!

id

+

PC3
pPC4

Arbuscular

Stalk
Adnate

+

PC5 Filament -

Mucous tubule -

++

+ o+

+ |
+

mid
mid

++ +

Table 4. Ranges of TP, Cond, NO; ™ and pH to which diatom metrics
respond. The relationships were coded as follows: “,/” range of the
parameter having a positive effect on the diatom metrics; “\,” range
of the parameter having a negative effect on the diatom metrics. The
metrics were ordered according to the absolute values of their loading
on the PCA axes. Chemical and physical parameters are presented in
descending order of their contribution to the GAM. PARAMETERS:
total phosphorus (TP), conductivity (Cond), nitrate (NO5 ™), pH.

Table 5. Ranges of T, DO, DOC and BODS to which diatom metrics
respond. The relationships were coded as follows: “,/” range of the
parameter having a positive effect on the diatom metrics; “\,” range
of the parameter having a negative effect on the diatom metrics. The
metrics were ordered according to the absolute values of their loading
on the PCA axes. Chemical and physical parameters are presented in
descending order of their contribution to the GAM. PARAMETERS:
temperature (7), dissolved oxygen (DO), dissolved organic carbon
(DOCQ), five-day biological oxygen demand (BODS).

PCA| ) TP Cond NOs -
axes Diatom metrics (mg L—l) (1S cm—l) (mg Lfl) p PCA . . T DO DOC BODS
Colonial axes Diatom metrics (°C) (mgL?) | (mgL!) (mgL?)
Ribbon 700.005-0.083 22185 | 0.1-6.6 5877
High profile | A| 50157 5693
PCI |pag N 0.095-0.753 | 216-782  8.0-50 | 7.7-13.1 Low profile —
a - N[ 158269 9.6-15.3
—colonial | 0.095-0.753  216-782 = 8.0-50 | 7.7-13.1
Non-colonial 7| ‘ A 158269 9.6-153
Mobile N| 0.005-0.083  22-185 | 0.1-6.6 | 5.8-7.7 Motile —
s N| 5.0-157 5693
7| 0.005-0.091 | 3801052 7.7-8.8 A 129-16.6 43-112
Low profile | PC3 |Arbuscular  —
e N8| 0.100-0.940  100-360 5.8-7.6 N| 17.7-269 0.5-3.7
A| 0.100-0.940  100-360 58-7.6 Stalk 7| 5.0-157 0.5-1.3
Motile 75 V| 16.0-26.9 1.6-4.7
N| 0.005-0.091 - 7.7-8.8 PC4 —
380-1052 Adnat 2| 16.0-26.9 1.6-4.7
2| 0.083-0.790 7.5-8.2 nate ol 50 _
PC3 | Arbuscular M 8| 5.0-15.7 0.5-1.3
§| 0.005-0.077 5.8-7.4 2.7-42
2 0.1-10.2 _ 2 5886 1.9-145
Stalk — PCS Filament ]
N 11.8-88 Mucous tubule
PC4 > —_— 05-23 0519
Adnate 2 11.8-88 15.9-20.5
N 0.1-10.2
2| 0.005-0.127 73-7.8
PC5 Filament —]
Mucous tubule W | 0.161-1.375 5.8-7.0
8.0-9.6
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from acid sensitive macroinvertebrates (crustaceans, molluscs,
leaches and insects) (Planas, 1996). Conductivity and pH vary
according to different geological substrates but are also modified
by numerous human impacts. These parameters are probably
inter-correlated in this study, with similar effect on ecological
guilds and life forms. Planas (1996) reports an increased
competition by bacteria at pH close to seven, with a decreased
nutrient availability for diatoms. The results of the present study
confirm this hypothesis and show higher abundances of upper
storey diatoms (colonial, high profile, pad, and ribbon,
arbuscular, filamentous and mucous tubule colonies), which
are able to avoid the competition by bacteria in the biofilm and
access nutrients from the water column. Similarly, motile
diatoms are also more abundant at pH close to seven, due to their
fast motion and continuous migration to find suitable growth
conditions and avoid the competition by bacteria. On the
contrary low-rise slow moving diatoms (low profile, non-
colonial and mobile) are put at a disadvantage by the competition
by bacteria at pH close to seven.

The metrics found in cold waters correspond to diatoms
from both the lower (low profile) and the upper layers
(arbuscular and stalk), whereas higher temperatures favoured
adnate and fast moving (motile) diatoms (Tab. 3). These high
temperatures can coincide with down-stream larger rivers,
lower flow speeds, anthropic impacts and warm effluents rich
in nutrients and organic matter. Our results show that the MG
has a positive response to both temperature and TP and that the
adnate life form is favoured by warm water with high NO;™
and BODS5 values. Regarding stalked and arbuscular life
forms, which grow in the upper layers on the biofilm, their
decrease at higher temperatures could be due to increased
activity of predators and increased grazing pressures found
in warm waters (Steinman, 1996).

BODS5 and DOC are parameters that evaluate the organic
matter content of waters. Although they appear to have a lower
impact on biofilm architecture than nutrients and conductivity,
five ecological guilds and life forms (filamentous, mucous
tubule, adnate, arbuscular and stalked) were significantly
affected by organic matter (Tab. 3). It has a positive effect on
filamentous and mucous tubule colonies, adnates and
arbuscular diatoms and a negative effect on stalked diatoms.
These disparities might be linked to the different degrees of
tolerance of diatoms to organic matter, with regards to their
ability to withstand anoxia and switch between autotrophic and
heterotrophic metabolism (Van Dam et al., 1994). Van Dam
et al. (1994) defined nitrogen-autotrophic taxa which only
tolerate low concentrations of organically bound nitrogen. The
GAM results are corroborated by the observation that nitrogen-
autotrophic taxa represent the majority (70%) of the stalked
life form. The resistance of filamentous colonies, adnate and
arbuscular diatoms to higher levels of organic matter is
coherent with Van Dam et al. (1994) and also with Larras et al.
(2012), who report a higher resistance of these metrics to
organic matter and herbicides. However, the abundance of
mucous tubule colonies increased with BODS and DOC in our
study, while most of them are classified as nitrogen-
autotrophic by Van Dam et al. (1994).

Although competition processes are present inside a guild
at the species level (McCormick, 1996), Passy and Larson
(2011) proposed a succession model of “neutral coexistence”
and observed that the diatom guilds neither suppress, nor

facilitate each other. At the ecological guild level, adaptation
to the environment appears to be a stronger driving factor for
diatom communities than competition (Larson and Passy,
2012). We can therefore think that the responses of our metrics
are not related to inter-guild competition but are due to
environmental changes. Several environmental parameters are
known to impact ecological guilds and life forms. For instance,
high light exposure causes the formation of complex biofilms
with multiple layers and enhances the competitive advantage
of the MG in nutrient consumption (Lange ef al., 2011).
Diatom communities also change with geology and river
typology (Rimet, 2009; Tison et al., 2005), current velocity
(Steinman and Mclntire, 1986), predation (Feminella and
Hawkins, 1995; Steinman, 1996), depth (Cantonati et al.,
2009), type of substrate (Cazaubon et al., 1995; Eminson and
Moss, 1980; Torrisi et al., 2006), hydrology (Falasco et al.,
2016) and according to the presence of humic substances or
metals (Morin et al., 2008). The high profile guild, by virtue of
its position in contact with the water column, is probably the
ecological guild under the influence of the greatest number of
factors, including light (Lange et al., 2011), current intensity
(Passy, 2007; Stenger-Kovacs et al., 2013), predation (Stein-
man, 1996) and exposure to herbicides (Larras et al., 2014;
Marcel et al., 2013; Rimet and Bouchez, 2011).

In this study, higher abundances of the high profile guild
were found at low nutrient levels, confirming the findings of
Hldabikova et al. (2014) in a land use study, Rimet et al. (2009)
in a site study, and Rimet and Bouchez (2011) in mesocosms.
The low profile and MGs displayed relationships with nutrients
and organic matter similar to those found by B-Béres et al.
(2014), Passy (2007) and Stenger-Kovdcs et al. (2013). These
authors show a decrease of the LPG and an increase of the MG
when nutrient and organic matter contaminations increase.
However, they also report that the high profile guild is
favoured by nutrient enrichment, which was not the case in this
study. The results of the present study corroborate the findings
of Berthon et al. (2011) for the three ecological guilds and the
colonial and stalk life forms, the only difference being that a
positive impact of organic matter on the mucous tubule
colonies was determined in the present study.

5 Conclusions

This study demonstrates the structuring effect of chemical
and physical conditions of streams on periphytic biofilms.
Consequently, human activities impairing water physico-
chemistry also alter the microalgae community framework.
The parameter with the greatest effect is TP, followed by
conductivity, nitrate and pH. Organic matter enrichment also
modified biofilms structure, but to a lesser extent than the above-
mentioned parameters. The ecological guilds and life forms
selected by water physico-chemistry are the ones corresponding
to the three ecological guilds of Passy (2007), thus confirming
the important adaptive strategies adopted by different diatoms:
1—continuously moving species, 2—species growing close to the
substrate and 3—species growing in the upper layers.

The GAMs allowed the establishment of a list of thirteen
diatom metrics and found a variety of responses to eight chemical
and physical parameters. The results showed that not all
responses were linear, and that some of them display response
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thresholds. This shows that diatom life forms and ecological
guilds could be successful metrics for a water contamination
diagnostic method. Berthon et al. (2011) showed that each metric
can be as efficient as traditional indices (DBI and SPI) at
indicating trophic and organic matter levels. A diagnostic method
combining our eight diatom metrics would make the most of the
ecological guild and life form classifications, and by itself allow
the identification of different types of water contamination and
the deduction of ranges of values for environmental parameters.

Impaired steams are often under multiple stresses (European
Commission, 2003) and diatom metrics such as life-forms and
ecological guilds are known to be strongly correlated with
nutrient and organic matter concentrations (e.g., Passy, 2007;
Berthon et al., 2011) but also with parameters that were not
assessed in this study, such as river size and geology (e.g., Biggs
and Gerbeaux, 1993; Cattaneo ef al., 1997; Passy, 2007; Song,
2007). An approach based on ecological guilds and life forms is
suitable to disentangle the interactions of multiple stressors and
understand how nutrients, water flow and substrates shape
diatom communities (Lange et al., 2015). The results of this
study could help industrials and environmental managers to
identify and quantify which specific chemical and physical
alterations are caused by a polluted effluent in a river. Future
research should focus on reference sites with low human impact
and include measures of river hydromorphology to strengthen
the ability of the model to predict alterations, especially of pH,
temperature and conductivity.
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Appendix 1

Plots of the diatoms metrics along the environmental gradients. The diatom metrics are relative abundances of the diatoms
ecological guilds and life forms, in %. Environmental gradients: total phosphorus (TP, in mg L™"); conductivity (Cond, in
wS ecm™'); nitrate (NO5 ™, in mg LY; pH.
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Appendix 2

Plots of the diatoms metrics along the environmental gradients. The diatom metrics are relative abundances of the diatoms
ecological guilds and life forms, in %. Environmental gradients: temperature (T, in °C); dissolved oxygen (DO, in mg L™");
dissolved organic carbon (DOC, in mg L™ "); five-day biological oxygen demand (BODS5, in mg L ™).
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