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Abstract

Diatoms are important organisms in aquatic ecosystems due to their position as primary producers and, therefore, analyzing
their communities provides relevant information on ecosystem functioning. Diatoms have been historically identified based
on morphological traits, which is time-consuming and require well-trained specialists. Nevertheless, DNA barcoding approach
offers an alternative to overcome some limitations of the morphological approach. Unfortunately, however, only a few studies
have compared beta diversity patterns for both DNA barcoding and morphological approaches. Here, we derive a new take
on this issue and assess the ecological mechanisms underlying spatial variation in epiphytic diatom metacommunities using a
comprehensive dataset from 22 Mediterranean ponds at different taxonomic resolutions. Our results suggest a relatively poor
correspondence in the compositional variation between morphology–based and molecular–based approaches. We speculate that
the incompleteness of the reference database and the bioinformatics processing are the biases most likely related to the molecular
approach whereas the limited counting effort and the presence of cryptic species are presumably the major biases related to
morphological approach. On the other hand, we found that both approaches were strongly related to the environmental template,
suggesting that epiphytic diatom communities were mainly controlled by species sorting at regional extents. Overall, this work
suggests that both molecular and morphological approaches provide complementary information on diatom metacommunity
organization and emphasizes the importance of DNA barcoding to addressing empirical research questions of community ecology
in freshwaters.

Introduction

Diatoms are photoautotrophic unicellular organisms present in almost every freshwater habitat (Zimmer-
mann, Glöckner, Jahn, Enke, & Gemeinholzer, 2015). They are one of the main components in the nitrogen,
phosphorus, silicon and carbon biochemical cycles, being responsible of at least the 25% of the global carbon
dioxide fixation and the 20% of the global net primary production (Wilhelm et al., 2006; Zimmermann, Jahn,
& Gemeinholzer, 2011; Zimmermann et al., 2015). In addition, benthic diatoms are very important ecological
indicators as they are highly sensitive to environmental conditions and have relatively short generation times
(Vasiljević et al., 2014; Visco, Apothéloz-Perret-Gentil, Cordonier, Esling, Pillet, & Pawlowski, 2015; Round,
Crawford, & Mann, 1990). Consequently, analyzing their communities is important to provide an overview
of water quality and allow the detection of environmental changes in freshwater assemblages (Kermarrec et
al., 2014).

Researches efforts have historically been focused on understanding how ecological communities are assembled
in space and time and how they vary at local scale (Bishop, Robertson, van Rensburg, & Parr, 2015; Leibold

1



P
os

te
d

on
A

u
th

or
ea

17
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

03
77

21
.1

04
90

38
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

et al., 2004). In this vein, the metacommunity concept, first defined by Leibold et al. (2004) as “a set of local
communities linked by dispersal of multiple potentially interacting species”, offers the possibility to examine
the complex ecological mechanisms, since it takes into account the regional-scale processes in addition to
local ones (Leibold et al., 2004). From the very beginning (Brown, Sokol, Skelton, & Tornwall, 2016), four
not mutually exclusive paradigms -patch dynamics, species sorting, mass effect and neutral perspective- ha-
ve been associated with metacommunity organization. Each of the four paradigms is characterized by the
amount of weight they place on a combination of regional and local processes, disturbance, and the degree
to which species are equivalent in their functional biology (Brown et al., 2016). More specifically, in neutral
perspective, speciation, extinction, migration and immigration processes participate structuring ecological
communities, while in patch dynamics there is a colonization-competition trade off. In species sorting per-
spective, environmental filtering and biotic interactions filter the occurrence of the species, whereas in mass
effect paradigm, high rates of dispersal in addition to environmental factors are taking into account (Heino
et al., 2015; Göthe, Angeler, Gottschalk, Löfgren, & Sandin, 2013). Taking in consideration a metacom-
munity perspective, the β-diversity concept (i.e. variation in community composition and structure among
sites in a geographical area) is essential to understand ecosystem functioning, since it provides important
information about the patterns of diversity and processes that modify the ecosystems (Bonecker et al., 2013;
Florencio, Dı́az-Paniagua, Gómez-Rodŕıguez, & Serrano, 2014). As a consequence, several studies examining
diatoms β-diversity at various spatial scales (Green et al, 2004; Smucker & Vis, 2011; Leboucher et al., 2019;
Rodŕıguez-Alcalá et al., 2019) have reported that spatial structure is responsible of a significant proportion
of the community variance, which suggest that diatoms lack strict ubiquitous dispersal and thereby exhibit
clear biogeographical patterns (Soininen, 2007).

Morphological identification of diatoms species is subjected to a bottleneck since the number of expert ta-
xonomists is decreasing whereas the number of identified taxa is increasing rapidly (Pečnikar and Buzan,
2013). Traditional taxonomic identification relies in morphological traits and light or electron microscopy, so
is time-consuming and demands specialized knowledge (Blanco, 2020). In addition, the presence of cryptic
species and phenotypic plasticity found in some species may hinder classical species identification (Hadi et
al., 2016). In this vein, several studies have recently revealed the presence of hidden diversity on diatoms
(Trobajo et al., 2010; Rovira, Trobajo, Sato, Ibáñez, & Mann, 2015), suggesting that its diversity has like
been underestimated (Mann & Vanormelingen, 2013). As a consequence, exclusive reliance on morpholo-
gical traits may lead to ambiguous identification of taxa (Zimmermann et al., 2011; Kowalska, Pniewski,
& Lata la, 2019). To overcome the biases related with morphological identifications, alternative techniques
such as DNA barcoding have been developed in recent years. The term DNA barcoding was first used by
Arnot, Roper, & Bayoumi (1993) to refer the possibility of differentiate stocks and lineages of Plasmodium
falciparum based on targeting tandem repeats of circumsporozoite gene. DNA barcoding relies in a short
DNA fragment, which is sequenced and compared with a reference library, allowing the identification of all
taxa independently of its life stage (Zimmermann et al., 2015; Rimet, Vasselon, Keszte, & Bouchez, 2018;
Hebert, Cywinska, Ball, & deWaard, 2003). In addition, DNA metabarcoding combine DNA barcoding
methods with high-throughput techniques (HTS) allowing the sequencing of millions of DNA fragments
from many samples simultaneously (Rivera et al., 2017). Metabarcoding has been applied regularly to in-
ventory taxonomic diversity of freshwater diatoms since the pioneering study of Kermarrec et al. (2013).
Since then, several studies have highlighted the usefulness of metabarcoding approach in combination with
morphological methods for diatom biomonitoring (Mora et al., 2019; Zimmermann et al., 2015). However,
the incompleteness of reference database still remains as one of the main biases constraining the accuracy of
molecular-based inventories.

Here, we used a comprehensive dataset of 22 ponds located in a Mediterranean landscape to (i) assess if
morphological and metabarcoding approaches could be comparable methods in β-diversity studies of benthic
diatoms, and (ii) test whether environmental filtering and dispersal limitation, predictably assemble diatom
communities. Importantly, we also assessed the influence of taxonomic resolution (genera and species level)
on the observed community-level patterns and processes. We focused our study exclusively on incidence
values, avoiding the use of abundance values in order to prevent the biases related with the copy number
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variation of the marker gene per cell (Vasselon, Domaizon, Rimet, Kahlert, & Bouchez, 2017). Following
recent works (Rimet et al., 2018; Medlin, 2018; Kowalska et al., 2019), we hypothesized that morphological
methods based on light microscopy and metabarcoding approach provide similar results when it comes to the
β-diversity patterns of diatom metacommunities (Hyphothesis 1 ). On the other hand, we expected to find
a relationship between environmental template and compositional variation, since freshwater diatoms have
usually been found to be strongly related to environmental dissimilarity at regional extents (Hyphotesis 2
; Declerk, Coronel, Legendre, & Brendonck, 2011).

Materials and methods

Study area

The present study was performed on 22 permanent and temporary ponds located in a lowland area (900
m. a. s. l.) area (ca. 230 km2) in the northwest part of Spain (Figure 1). The study sites were
characterized by a marked variability in environmental conditions, such us morphometry, nutrient content
and mineralization (Table 1). The predominant land uses in the study area are arable land and pasture.
The climate is Mediterranean dry moderate with mean temperatures in summer and winter of 18 °C and
3.2 °C, respectively, and a mean precipitation in summer and winter of 84.5 mm and 173 mm, respectively
(1976-2015; data provided by the Spanish Met Agency-AEMET; http://www.aemet.es). The majority of
ponds are shallow (0.2-1.5 m), are fed by groundwater and rainfall, and they experience a high reduction in
water volume during summer.

Diatom sampling

Samples of benthic biofilms were collected in the shoreline of 22 ponds in June 2018. Epiphytic diatom samples
were collected from submerged stems of Schoenoplectus lacustris following the methodology proposed by
Blanco, Ector, & Bécares, (2004). A scheme of the diatom sampling procedure and the subsequent processes
is provided onFigure 2. A total of 10-12 stems were cut 10 cm below the water surface. Stems were placed in
a plastic bottle with 500 ml of distilled water and shaken for 2 minutes to dislodge attached diatoms following
previous studies (Zimba and Hopson, 1997; Riato, Leira, Della Bella, & Oberholster, 2018; Borrego-Ramos,
Olenici, & Blanco, 2019). The suspension was split in two samples. One of them was fixed with 4% v/v
formaldehyde and used for morphological identification, and the other one fixed with 70% v/v ethanol and
used for molecular identification. All samples were transferred to the laboratory in a cool box. Samples for
molecular identification were kept at -20 °C until DNA extraction.

Morphological analysis

Diatom frustules were cleaned with 30% v/v hydrogen peroxide and hydrochloric acid following standard
methods (European Standard EN 13946 2003). Permanent slides were mounted using Naphrax (refractive
index of 1.74). At least 400 frustules were identified and counted in each sample under light microscopy using
an Olympus BX60 microscope, according to Krammer & Lange-Bertalot, 1986a; Krammer & Lange-Bertalot,
1986b, Kramer & Lange-Bertalot, 1991a; Kramer & Lange-Bertalot, 1991b and Lange-Bertalot et al., 2017.

Molecular analysis

DNA extraction and PCR amplification

All samples were centrifuged at 11,000 xg for 30 minutes to harvest diatom cells. Then, supernatant was
discarded and pellet was resuspended in 200 μL of nuclease-free water. DNA was isolated using the Power Soil
DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, California, US) following the manufacturer instructions
and its concentration was measured with Nanodrop 1000 (NanoDrop Technologies, Wilmington, Delaware,
US). A 312 bp fragment of rbc L gene (ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit)
was amplified by PCR using an equimolar mix of degenerate primers with overhang adapters for Illumina
sequencing (Table 2) (Rivera et al., 2017). For all samples, we performed six PCR reactions on 50 μL
of reaction mixture containing 10-20 ng/μL of extracted DNA, 2 U of Platinum II Taq Hot-Start DNA
Polymerase (Invitrogen, Grand Island, New York, US), 10 μL of 5X Platinum II PCR Buffer, 0.5 μM of
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each primer, 5 μL of dNTP mix (2mM each), 10 μL of Platinum GC Enhancer and 9.6 μL of nuclease-free
water. PCR conditions included an initial denaturalization step at 94 °C for 4 min followed by 40 cycles of
denaturalization at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 68 °C for 30 s, and a final
extension step at 68 °C for 10 min. PCR products were visualized with ultraviolet light in a 1.5% agarose
gel stained with ethidium bromide. Bands targeting the rbc L barcode gene were excised off from agarose
gel and then DNA extracted with Clean-Easy Agarose Purification Kit (Canvax Biotech, Córdoba, Spain)
following the manufacturer instructions, except for elution volume, which was 15 μL.

Library preparation and sequencing

rbc L libraries preparation and sequencing were carried out by Sistemas Genómicos S. L. (Paterna, Valencia,
Spain). Purified DNA from the six PCR replicates was pooled in one sample and then quantified with Qubit
3.0 (Invitrogen, Life Technologies, Grand Island, New York, US). 5 ng of pooled PCR products from each
sample were subjected to indexing PCR on 50 μL of reaction mixture containing KAPA HiFi Hot Start
DNA Polymerase (Kapa Biosystems, Wilmington, Delaware, US) and a specific primers combination to
enable multiplexing of all PCR products in the same sequencing run. PCR products were purified with
Agencourt AMPure XP beads (Beckman-Coulter, Brea, California, US). Then, quality and quantity of
purified amplicons was assessed using a 4200 TapeStation (Agilent Technologies, Santa Clara, California,
US) with a High Sensitivity D1000 ScreenTape. Finally, rbc L libraries were pooled and paired-end sequenced
(2x250 bp) on MiSeq 2500 instrument (Illumina, San Diego, California, US) using a Micro MiSeq Reagent
Kit v2.

HTS data processing

The sequencing process provided 22 demultiplexed raw fastq files. For each file, the quality of raw data
was assessed using FastQC tools (Andrews, 2010). Each set of paired ends reads were merged into a single
sequence using the VSEARCH software (Rognes, Flouri, Nichols, Quince, & Mahé, 2016). The minimum
length of the overlap region between the reads was at least 36 bp, and the overlap region should not include
more than 3 mismatches and 5 ambiguous bases. Next, primers were trimmed off using the trim oligos.pl
software (Sáenz de Miera; not published). Then, poor quality sequencing reads were filtered out according
to the following parameters: minimum length = 251 bp, maximum length = 272 bp and Phred quality
score = 35 using VSEARCH (Rognes et al., 2016). Next, the identical sequences were dereplicated to obtain
Independent Sequence Units (ISUs). Finally, the UCHIME algorithm of VSEARCH (Rognes et al., 2016)
was used to remove chimeric sequences.

Phylogenetic analysis

Near-identical sequences were clustered in order to generate Operational Taxonomic Units (OTUs) using the
CLUSTER command of VSEARCH (Rognes et al., 2016) with an identity cut-off of 97%. Then, OTUs with
only single read (singletons) were removed. Taxonomy was assigned to OTU list using the R-Syst::diatom v7.1
reference database (Rimet et al., 2016) and the BLASTn algorithm (Altschul et al., 1997) with a minimum
identity value of 85%. Next, those DNA sequences that did not belong to diatom phylum (Bacillariophyta)
were filtered out. All remaining OTU sequences were scanned by EMBOSS Getorf for Open Reading Frames
(ORFs) with more than 251 bp (Rice, Longden, & Bleasby, 2000). Then, read values of resulting OTUs were
normalized among samples to the most abundant value (82,446 reads). Finally, OTUs with a normalized
read value less than 0.005 % were filtered out according with Bokulich et al. (2013).

For the purpose of obtain an overview of the taxonomic assigned OTUs we computed two phylogenetic
trees. In order to save computational time, we build a reference phylogenetic tree using the 708 reference
sequences that matched with our OTU inventory. In addition, we computed another phylogenetic tree using
the same reference sequences and the 3138 taxonomy-assigned OTU sequences. We use MAFFT v7 program
(Katoh and Standley, 2013) with the default settings to align all DNA sequences. The Maximum Likelihood
(ML) phylogenies were constructed using the tool RAxML (Randomized Accelerated Maximum Likelihood)
implemented on the CIPRES Portal (Miller, Pfeiffer, & Schwartz, 2010) using the GTRCATI (Generalized
Time Reversible Model + optimization of substitution rates + optimization of site-specific evolutionary rates)
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as model of evolution and 1000 replicates for the bootstrap analysis. Phylogenetic trees were visualized with
FigTree v1.4.3 (Rambaut, 2016).

Molecular and morphological data comparison

With the aim of visualizing the taxonomic correspondence provided by morphological and molecular data
at genus and species levels, we built Venn diagrams using the interactive tool Venny v.2.1 (Oliveros, 2015).

Statistical analyses

Non–metric multidimensional scaling (nMDS) using the Jaccard coefficient was conducted on both morpho-
logical and molecular diatom data sets (here, we ran separate analyses based on species– and genus–level
resolution data). We used the R package vegan (Oksanen et al., 2019) to compute the Jaccard dissimilarity
matrix and run the nMDS routines. Since the Jaccard index is sensitive to sample size, and since metabarco-
ding data often produce samples of heterogeneous sizes (Ohlmann et al., 2018), we partitioned the Jaccard
dissimilarity matrix into its true turnover component (Baselga, 2010) with the package betapart (Baselga et
al., 2018). For the sake of comparison, we also ran these and the following analyses using the spatial turnover
component of β-diversity.

In order to explore the overall degree of correspondence between the ordinal results obtained for morphological
and molecular data sets, Procrustean rotation analysis and the subsequent PROcrustean randomization
TEST (PROTEST) were applied (Gower, 1971, Jackson, 1995). PROTEST generates from a permutation–
based procedure a correlation–like statistic referred to as “correlation in a symmetric Procrustean rotation”
or m1−2 and a p value that measures the significance of the concordance established by the Procrustean
superimposition approach (Jackson, 1995). In addition, we related the direction of the movement between
the base and the end of the procrustean arrow and the length of these arrows to the distribution of the
morphology– and molecular–based diatom assemblages to identify the taxa that contributed most to the
dissimilarity between ordinations (Garćıa-Girón, Fernández-Aláez, Fernández-Aláez, & Luis, 2018a; Garćıa-
Girón, Fernández-Aláez, & Fernández-Aláez, 2018b).

Each of the resulting dissimilarity matrices (i.e. based on species– and genus–level resolution data sepa-
rately, and considering the Jaccard coefficient and its true turnover component) was used in a number of
statistical tests. First, we used the BIOENV analysis (Clarke and Ainsworth, 1993) to produce “the best”
environmental distance matrix and identify associations between environmental features and community
composition. In brief, this method is based on standardized environmental variables and tests all combinati-
ons of environmental features, providing information as to which combination shows the strongest correlation
between compositional variation and environmental distance matrix. Next, we ran a number of Mantel tests
and partial Mantel tests (Mantel, 1967; Legendre and Legendre, 2012) to examine the relationships between
community dissimilarities and environmental or spatial distances, i.e. we tested for distance decay in commu-
nity similarity along environmental or spatial gradients. The matrices of spatial distances contained pairwise
geographical distances calculated from latitude and longitude, whereas “the best” subset of standardized
environmental variables from the BIOENV were used to compute the environmental matrices based on the
Euclidean distances between study sites. Mantel tests and BIOENV analysis were based on Spearman’s rank
correlation coefficient and 999 permutations for obtaining values.

We used Mantel correlograms (Oden and Sokal, 1986) to test if pairwise dissimilarities were spatially auto-
correlated within each distance class. The distance classes were determined by Sturge’s rule (Legendre and
Legendre, 2012) and values were based on 199 permutation with Holm correction for multiple testing (Holm,
1979).

Finally, we ran distance–based redundancy analysis (db–RDA) on each community dissimilarity matrix to
examine community–environment relationships in more detail (Legendre and Anderson, 1999). This method
builds on redundancy analysis, but can be based on any dissimilarity or distance matrix (Legendre and
Legendre, 2012). To retain comparability among BIOENV, Mantel tests and db–RDA, we used the environ-
mental variables selected by the BIOENV routine as the predictor variables in the db–RDAs. Using db–RDA,
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we tested for the amount of variation explained (R2), overall significance of the ordination solutions, and the
marginal significance of each environmental variable included in the model.

All analyses were performed in R version 3.6.0 (R Development Core Team 2018).

Results

Morphological analysis

We identified by light microscopy a total of 40 genera and 98 species across all study samples. The number
of species and genera per sample ranged between 5-21 and 4-17 respectively, with an average of 14 and 10
respectively. Moreover, 5 species were identified in most samples -Achnanthidium minutissimum (Kützing)
Czarnecki, Eunotia bilunaris (Ehrenberg) Schaarschmidt, Fragilaria tenera (W.Smith) Lange-Bertalot, Ul-
naria acus (Kützing) Aboal, andGomphonema exilissimum (Grun.) Lange-Bertalot & Reichardt-.

HTS data and phylogenetic analysis

The Illumina Miseq sequencing run generated a total number of 4,150,073 reads for all samples. After applied
quality filters, dereplication and chimera removal processes we obtained 2,595,039 DNA sequences. The
clustering process of sequences at 97% identity level resulted in a total of 15,234 OTUs for all samples. After
removing singletons, OTUs with nonsense codons and not belonging to Bacillariophyta phylum we obtained
7834 OTUs. Finally, after removing OTUs with a normalized read value less than 0,005% we obtained 4707
OTUs. The number of OTUs per sample ranged between 390 and 980, with an average of 634 OTUs per
sample. Taxonomic assignation of OTUs was positive for 3138 OTUs, which were assigned to 219 species
and 90 genera. The number of genera and species per sample ranged between 31-56 and 58-107 respectively,
with an average of 42 and 80 respectively. Twenty-two taxa were present in all molecular-analyzed samples,
of which three species (Ulnaria acus ,Eunotia bilunaris and Achnanthidium minutissimum ) and two genera
(Gomphonema sp. and Fragilaria sp.) were also present in the most morphologically-analyzed samples. A
total of 1569 OTUs could not be assigned to R-Syst::diatom reference database and remained unclassified.

According to our phylogeny constructed with 708 reference sequences, we observed several sequences not
placed correctly. This result was more noticeable in the phylogeny constructed with the same reference
sequences and 3138 taxonomy-assigned OTUs, where some reference sequences were placed out of their
corresponding taxonomy-assigned OTUs. Accession to rbcL sequences alignments and phylogenetic trees is
detailed at Data accessibility section.

Patters and processes in the metacommunity structuring of benthic diatoms

The morphological analysis recovered 40 genera, in contrast to the 90 genera recovered with metabarcoding.
We found 98 species based on morphological identification and 219 species based on metabarcoding. The
comparison between morphological and molecular inventories through Venn diagrams showed considerable
differences between both methods at genus and species level. We found 10 genera detected only by light
microscopy (of which 8 of them had reference sequences in the database), 60 genera detected only by me-
tabarcoding and 30 genera (30%) detected by both methods (Figure 3 a). At species level, we found 55
species detected only by light microscopy (of which 27 of them had reference sequences in the database), 176
species detected only by metabarcoding and 43 species (15.7%) detected by both methods (Figure 3 b).

Stress values in nMDS ordinations for morphological (species–level nMDS =0.22, genus–level nMDS =0.23)
and molecular (species–level nMDS =0.24, genus–level nMDS =0.22) data suggested a reasonable fit (Clarke,
1993). The Procrustes rotation analysis using nMDS scores(Figure 4) showed that most of the study sites
displayed a relatively low degree of similarity, indicating a poor correspondence in the compositional variation
between morphology–and molecular–based metacommunities (here, PROTEST for species–level resolution
data,m1−2=0.29 and p=0.33; and PROTEST for genus–level resolution data, m1−2 =0.30 and a p=0.28).
The relatively high procrustean residuals (red arrows in Figure 4 ) re–emphasised this mismatch between
the ordinal results of the test datasets at different taxonomic resolutions. Importantly, the direction of the
movement and the length of the arrows in the procrustean plots were associated with the distribution of both
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morphology– and molecular–based assemblages. In this vein, the low correspondence found for both species–
and genus–level data was partially caused by e.g. Navicula soehrensis , Cyclostephanos invisitatus , Cymbella
subhelvetica , Navicula notha , Tabellaria fenestrata ,Luticola goeppertiana and Amphora indistincta , which
were present exclusively in the morphology–based samples. Moreover, molecular–based assemblages included
a number of taxa that were absent in morphological identifications such as, Nitzschia fruticosa ,Eunotia arcus
, Attheya septentrionalis , Haslea pseudostrearia , Lucanicum sp ., Leptocylindrus sp . andPseudictyota sp.

Species–level data based on morphological identifications showed the strongest environment relationship
(p[?]0.01) of all different study approaches, and the BIOENV routine selected conductivity, fluorides, total
phosphorus (TP) and total suspended solids (TSS) for the best environmental distance matrix. Ammonium
and TSS related to species–level data based on DNA metabarcoding of the entire assemblage, whereas fluo-
rides and TSS structured the genus–level data based on morphological and molecular approaches, respectively
(Table 3) . According to the non–ranked Mantel tests and partial non–ranked Mantel tests, correlations
between dissimilarity and distance matrices showed that only environmental distances were significantly
correlated with biological –Jaccard– dissimilarities, whereas geographical distances were never significantly
correlated with compositional variation in diatom metacommunities (Table 3) . Distance–based redundancy
analysis (db–RDA) showed that half of the environmental variables selected by BIOENV were significantly
related to variation in community composition, but that only a rather small amount of compositional vari-
ation (in terms of adjusted R2values; here,R2<0.3) could be explained by these environmental variables
(Table 4) . Of the four dissimilarity matrices subjected to db–RDAs, species–level data based on morpho-
logical identifications were best explained by the environmental variables and the genus–level data based on
DNA metabarcoding the worst.

We used Mantel correlograms to examine if there was significant spatial autocorrelation at any distance class.
In this regard, we detected only very weak, but no significant spatial autocorrelation for morphological and
molecular data at different taxonomic resolutions (Figure 5) . Perhaps more importantly, re–running the
analyses with the spatial turnover component of the Jaccard index did not alter our main results

(Supplemental Information Appendix S1; Figure S1 and S2 and Table S1 and S2).

Discussion

Diatoms are important organisms to understand aquatic ecosystem functioning since they play an important
position as producers (Rimet et al., 2018). Unfortunately, our knowledge of diatom biodiversity is still
limited given the great number of estimated extant species (Mann and Vanormelingen, 2013). However, DNA
metabarcoding provides a powerful tool to examine unknown diatom diversity and expand our knowledge
about their distribution patterns.

Contrary to our expectations (Hyphothesis 1 ), we observed a relatively poor correspondence between
both morphology-based and molecular-based approaches. We found, however, that both methods provided
similar information when it comes to the underlying processes determining geographical variation in diatom
communities, thereby supporting our second hypothesis (Hypothesis 2 ). There are several potential
explanations for the relatively low congruence found between the two approaches:

1. Choice of DNA marker. The rbc L gene is a common marker used for metabarcoding and phylogenetic
studies (Keck, Vasselon, Rimet, Bouchez, & Kahlert, 2018). This gene coding for a protein, so alignment
is simple, insertions or deletions are extremely rare and compared with ribosomal or mitochondrial
markers, the likelihood of amplifying non-specific products is reduced (Soltis and Soltis, 1998; Evans,
Wortle, & Mann, 2007). Moreover, the rbc L gene seems to separate taxa better than 18S rDNA
gene at species level (Kermarrec et al., 2014). However, rbc L marker gene does not work for species
lacking a functional plastid (obligatory heterotrophs) such asNitzschia alba (Kowalska et al., 2019).
In addition, the short length 312-bp rbc L barcode gene is readily PCR amplifiable, which makes the
analysis easier. However, the using of a short sequence (<500 bp) for barcoding may constrain the
taxonomic and phylogenetic assignment, as the information content in the sequence is limited (Medlin,
2018; Tedersoo, Tooming-Klunderud & Anslan, 2018). In this regard, Keck et al. (2018) compared
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the placement accuracy of the 312-bp gene fragment with the full-length of the rbc L gene in their
phylogeny, and observed that approximately the 45% of the species were placed exactly at full-length
gene. Similarly, our phylogeny constructed with 708 reference sequences and 3138 taxonomy-assigned
OTUs shown that several reference sequences were placed far of their corresponding taxonomy-assigned
OTUs. The correct placement of sequences on a phylogeny depends on several factors as the choice
of marker gene, the length of amplicons and the presence of closely related taxa in the reference
phylogeny (Keck et al. (2018). Tedersoo et al. (2018) have highlighted the importance of length
sequence in metabarcoding, emphasizing that longer amplicons increase the accuracy of identification
at the species level. We speculate that using a combination of two or more DNA barcode regions or
others marker genes (e. g. Second Internal Transcriber Spacer) could be more suitable for unambiguous
species identification, especially to distinguish closely related species (Moniz and Kaczmarska, 2009).

2. The PCR reaction used to amplify the barcode region can be inhibited by contaminants and pro-
duce chimeric DNA molecules (Hugerth and Andersson, 2017). Moreover, several organisms may be
underestimated if their DNA template does not hybridize with the designed primers.

3. On the other hand, the completeness of the reference database is a key factor that strongly limits the
taxonomy assignment of OTUs. In this vein, a large number of diatom taxa morphologically identified
(31 species and 8 genera) could not be detected by metabarcoding approach due to the lack of reference
sequences in the R-Syst::diatom database. Thus, some species detected only by light microscopy (e.
g.Cocconeis euglypta, C. pediculus, Stauroneis producta and S. gracilis) differed from those detected by
metabarcoding approach (C. cupulifera, C. mascarenica, S. anceps and S. gracilior ). Following Jahn,
Zetzsche, Reinhardt, & Gemeinholzer (2007), we further hypothesize that taxa with sequences absent in
the reference database could be compensated by taxa of the same genus that have sequences available
in the reference database or by a taxon not expected in the studied ponds. This hypothesis could
explain the relatively minor discrepancies observed between both inventories at genus level resolution.

4. The bioinformatics processing might have also played an important role in the discrepancies observed
between morphological and molecular inventories. Typically, DNA sequences obtained in a high-
throughput sequencing run are filtered and clustered, based on a distance matrix at a specified thresh-
old, into Operational Taxonomic Units (OTUs) to reduce the PCR and sequencing errors and the
polymorphism present in the barcode region (Chen, Zhang, Cheng, Zhang, & Zhao, 2013). The clus-
tering process is mainly affected by the clustering method and the threshold value used for sequence
similarity (Chen et al., 2013). Often, sequences are clustered at 97% similarity, however different taxa
could have less distance between their barcodes (Hugerth and Andersson, 2017). By contrast, using
of high sequence similarity threshold value increase the number of unclassified OTUs and the PCR
and sequencing errors (Tapolczai et al., 2018). Nevertheless, a common identity threshold for assigns
taxonomy to all diatom taxa does not appear exist yet due to the heterogenous evolution rate of therbc
L gene and the speciation process (Kermarrec et al., 2014). In addition, relation between OTUs and
biological species is not straightforward (Ryberg, 2015; Balint et al., 2016).

Interestingly, we observed the presence of some marine species in our molecular inventory, e.g. Thalassiosira
profunda andThalassiosira mediterranea (Percopo, Siano, Cerino, Sarno, & Zinigone, 2011; Hasle 1990). The
sequences assigned to such species were placed far of their respective reference sequences in our phylogeny,
which could reflect an inaccurate taxonomic assignment. However, the taxonomic assignment at genus level of
such sequences could be correct since thalassiosiroids feature prominently in freshwater ecosystems, rivaling
their freshwater diversity with the marine ones (Alverson, 2014). On the other side, microscopy method has a
lower capacity to detect rare species than metabarcoding (Rimet et al., 2018), whereas that molecular-based
approach allows detecting all species that could be detected by this method, covering the full range of species
richness. However, we hypothesize that using a higher similarity threshold value for taxonomic assignment
or using simultaneously other marker genes could be more suitable to assign unequivocally taxonomy to such
DNA sequences.

1. On the other hand, several species (cryptic) may be morphologically identical but have genetic dif-
ferences (Zimmermann et al., 2015). Several molecular studies (Mann and Vanormelingen, 2013; An,
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Choi, Lee, Lee, & Noh, 2018) have suggested that diatom biodiversity has been underestimated. For
example, in our study we identified morphologically only 12 infrageneric taxa belonging toNitzschia
genus, whereas by metabarcoding approach were detected 24 taxa. This fact could be related with
the cryptic diversity observed within the morphologically identifiedNitzschia palea species complex
(Trobajo et al., 2010). Likewise, genetically distinct entities have been observed within morphologi-
cally identified species in Cyclotell a,Eunotia , Gomphonema , Hantzschia , Navicula ,Pinnularia and
Sellaphora (Rovira et al., 2015). On the other side, the intraspecific and intragenomic polymorphism
present in the barcode region can overestimate the species richness, since members of a single taxon
possess several genotypes at the barcode region and may clustered into different OTUs (Mora et al.,
2019). In addition, individuals of the same species from different geographic populations may possess
different barcode sequences (Medlin, 2018).

2. Other factors, as the presence of extracellular DNA, can affect the composition of molecular inventories.
Thus, extracellular DNA from diatom species may be detected in a sample even if their cells are not
physically present, adding extra taxa to the molecular inventory (Kermarrec et al., 2014; Rimet et al.,
2018). Moreover, our morphological identifications were based on the observation of live material only.
Thereby, some taxa founded in our molecular inventories (e.g. Attheya septentrionalis) may hardly be
identified by microscopic methods since they are weakly silicified (Stachura-Suchoples, Enke, Schlie,
Schaub, Karsten & Jahn, 2015). Finally, the high number of synonyms present on diatoms taxonomy
may hinder the comparison of morphological and molecular inventories (Hillebrand, Watermann, Karez
& Berninger, 2001).

In spite of all biases inherent to both morphological and metabarcoding methods, compositional variation
of diatom communities was positively correlated with the environmental template, thereby emphasizing
that diatom communities were mainly controlled by niche-based mechanisms (e.g. species sorting) and con-
firming our second hypothesis (Hypothesis 2 ). Similar results have been reported by other studies on
diatom communities (Verleyen et al., 2009; Gothe et al., 2013; Jamoneau, Passy, Soininem, Leboucher, &
Tison-Rosebery, 2017), in which the environmental factors dominated the spatial and biological processes on
structuring benthic algal communities. Moreover, in our study similar environmental variables (e.g. total
suspended solids) were correlated in both inventories with diatom composition variation, which could be re-
lated with the same sampled substrate (S. lacustris ), since diatom species may exhibit a tight environmental
tolerance and strong preferences for particular substrata (Soininen, 2007; Cantonati & Spitale, 2009). Host
macrophytes are important elements supplying nutrients to epiphytic diatoms, especially in oligotrophic and
mesotrophic waters (Letakova, Frankova, & Pouličková, 2018). In our study, morphological and molecular
inventories were related with nutrients (e.g. total phosphorus and ammonium), which is expectable since
nutrients (particularly phosphorus) are important for diatoms primary productivity and growth (Pan, Ste-
venson, Hill, Herlihy, & Collins, 1996). Ammonia influence importantly the diatom composition and may be
a limiting nutrient in primary productivity (Natarajan, 1970). Similarly, fluoride can improve or inhibit the
growth of diatoms depending of its concentration, exposure time and diatom species (Camargo, 2003). Mo-
reover, conductivity was related with morphological inventory at species level resolution, which is foreseeable
since diatoms are very sensitive to ionic content and composition, and consequently, they are often used to
monitor conductivity fluctuations (Potapova and Charles, 2003). Finally, both morphological and molecular
inventories were related with total suspended solids variable, which may influence diatom assemblages by
processes as light decreasing, nutrient adsorption and algae aggregation (Hoshikawa et al., 2019).

Microorganisms, and particularly diatoms, have historically been considered to be ubiquitously distribu-
ted due their small size and huge population densities, and their communities mainly controlled by local
environmental factors (Soininen, 2007; Hillebrand et al., 2001). Nevertheless, this distribution pattern has
been challenged by several studies (Heino et al., 2010; Soininen, 2007; Blanco, Olenici, & Ortega, 2020),
suggesting that variation in community structure cannot be explained by environmental factors alone, and
thereby questioning the strict ubiquitous dispersal of diatom communities. We found no significant correla-
tion between compositional variation of diatom assemblages and spatial distance, which may be explained
by the relatively small extent of our study area. The effect of spatial distance may be more important at
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large spatial extents, while environmental factors may be more important at reduced extents (Alahuhta &
Heino, 2013; Declerk et al., 2011). However, in stochastic and highly heterogeneous systems as temporary
ponds, environmental control may not necessarily be strong (Heino et al., 2015). Hence, other factors not
assessed in our study, such as biotic interactions, may also be important to structure diatom communities
(Göthe et al., 2013). Nevertheless, we are confident that we included an environmental template frequently
known to influence the composition of diatom communities (Pan et al., 1996; Potapova and Charles, 2003).
Moreover, the environmental template we included varied extensively across ponds, thereby leading potential
for species sorting.

In summary, our study showed that both molecular and morphological methods were influenced by several
biases inherent in its own methodology. The main biases related to molecular approach were probably the
incompleteness of the reference database and the bioinformatics processing, which highlight the need of ex-
pand the reference database to include all genotypes of occurring taxa and the need of reach a consensus
about the bioinformatics processing in order to favor the comparison between studies. In addition, establis-
hing robust species identification thresholds and using a combination of two or more DNA barcode regions
could be suitable for unambiguous species identification, especially in those cases where a single marker
gene shows low variability. On the other side, the limited counting effort of morphological approach and
the presence of cryptic species were presumably the main biases related with the morphological approach.
Our results showed that both approaches were related with the environmental template, suggesting that
Mediterranean epiphytic diatom communities are mainly controlled by niche-based mechanisms at regional
extents. However, we have not found a significant correlation between compositional variation of diatom
assemblages and spatial distance, probably explained by the regional spatial extent studied. In conclusion,
our work shows that both molecular and morphological approaches provide complementary information on
each other and highlighted the importance of metabarcoding approach to infer the composition of epiphytic
diatom assemblages, especially when completeness of the reference databases improves and bioinformatics
biases are overcome.
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Figure 1. Location of the sampling area (black area in the map of Spain) and location of the 22 ponds 
within the sampling area.  
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Figure 2. Graphical scheme of the diatom sampling procedure and the workflow illustrating the 
morphological and molecular methods used in this paper.  
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Figure 3. Venn diagrams showing the number of species (a) and genera (b) represented in the reference 
database (pink), detected by morphological approach (green) and by metabarcoding method (blue). 
Values in percentage are represented in brackets. 
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Figure 4. Procrustean superimposition plots generated from the ordinal results of morphology– and 
molecular–based nMDS for (a) species– and (b) genus–level data. Analyses were run for each approach 
based on the Jaccard coefficient. Blue circles represent scores from molecular–based samples and the 
end of the arrows the morphology–based assemblages. The distance between the two is the Procrustean 
residual. Samples with residual values greater than ca. the 50th percentile are marked with red arrows. (c, 
d, e, f) nMDS plots of epiphytic diatom compositional variation for (c, e) morphology– and (d, f) 
molecular–based data at different taxonomic resolutions (here, (c, d) species– and (e, f) genus–level 
resolutions). Inset are only the taxa with the highest axes (nMDS 1, nMDS 2) scores (here, score values 
greater than ca. the 90th percentile). Ampind, Amphora indistincta; Asteri, Asterionella; Attsep, Attheya 
septentrionalis; Berkhya, Berkeleya hyalina; Cocped, Cocconeis pediculus; Cyclosinv, Cyclostephanos 
invisitatus; Cymbonavi, Cymbopleura naviculiformis; Cymbop, Cymbopleura; Cymbsubh, Cymbella 
subhelvetica; Diad, Diadesmis Diatom, Diatoma; Euarc, Eunotia arcus; Eucocc, Eucocconeis; Frarad, 
Fragilaria radians; Gompgra, Gomphonema gracile; Gompmin, Gomphonema minusculum; Gompoli, 
Gomphonella olivacea; Gyro, Gyrosigma Halsub, Halamphora subtropica;  Haspse, Haslea pseudostrearia; 
Hyalod, Hyalodiscus; Lemhung, Lemnicola hungarica; Lemn, Lemnicola; Leptoc, Leptocylindrus; Lucan, 
Lucanicum; Lutgoe, Luticola goeppertiana; Navant, Navicula antonii; Navcap, Navicula capitatoradiata; 
Navnoth, Navicula nota; Navsoeh, Navicula soehrensis; Navven, Navicula veneta; Nitamp, Nitzschia 
amphibia; Nitfrus, Nitzschia fruticosa; Nitinc, Nitzschia inconspicua; Nitsup, Nitzschia supralitorea; Pinacr, 
Pinnularia acrosphaeria; Pinmar, Pinnularia marchica; Plvic, Planothidium victori; Psamthi, 
Psammothidium; Pseudi, Pseudictyota; Rhizos, Rhizosolenia; Roundi, Roundia; Sellaph, Sellaphora; 
Stapho, Stauroneis phoenicenteron; Surfeb, Surirella febigeri; Tabefen, Tabellaria fenestrata; Thprof, 
Thalassiosira profunda. 
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Figure 5. Mantel correlograms showing the spatial structures in community differences between sites. No 
significant spatial autocorrelation was found after Holm correction for multiple testing. Separate 
correlograms were drawn for (a, c) morphology– and (b, d) molecular–based data sets at different 
taxonomic resolutions (here, (a, b) species– and (c, d) genus–level resolutions). 
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