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Abstract The objective of this study was to explore 
the environmental factors having the greatest influence 
on the distribution and abundance of epipelic diatom 
species in different wetlands in southern Spain. 
We previously defined four groups of conductivity 
categories: fresh (< 0.8  mS   cm−1), oligosaline 
(< 8  mS   cm−1), mesosaline (8–30  mS   cm−1) and 

eusaline (> 30  mS   cm−1). A dbRDA analysis 
performed on a subset of 36 of the 53 wetlands, 
using a total of 25 environmental variables, showed 
that five environmental variables (conductivity, pH, 
wetland area, silicates, and total suspended solids) 
were the best explanatory variables for the diatom 
assemblage, with conductivity being the main 
explanatory variable. Nonmetric multidimensional 
scaling (nMDS) analysis performed on the set of 53 
wetlands revealed significant differences in diatom 
composition among the four conductivity groups. The 
key species in the eusaline group were Tryblionella 
pararostrata, Halamphora sp.1 and Cocconeis 
euglypta, whereas in the mesosaline and oligosaline 
group, these were Navicula veneta, Tryblionella 
hungarica and Nitzschia inconspicua. Finally, in the 
fresh group dominated Achnanthidium minutissimum, 
Navicula veneta and Gomphonema exilissimum. This 
study on epipelic diatoms can therefore contribute 
to the knowledge of these organisms in a European 
region with a high diversity of wetland typologies.

Keywords Andalucía · Periphytic · Littoral · Rare 
species · Pond · Lake

Introduction

Aquatic ecosystems are extensively widespread and can 
be found worldwide (Aponte et al., 2010). Among them, 
wetlands (Stenger-Kovács et  al., 2014; Blanco et  al., 
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2020) harbour a significant biodiversity (Nicolet 
et al., 2004; Biggs et al., 2005; Della Bella & Man-
cini, 2009) and provide valuable ecosystem services 
to humans (EPCN, 2008; Wallis et  al., 2011), while 
also serving as indicators of global changes (William-
son et al., 2009; Gottschalk & Kahlert, 2012). How-
ever, anthropogenic pressures such as urbanization 
and agriculture are severely impacting these ecosys-
tems, resulting in a decline in their quality and quan-
tity (Biggs et al., 2005; EPCN, 2008; Arias & Gómez, 
2015). Taxonomic studies have become an important 
focus due to the global biodiversity loss caused by 
the degradation of aquatic ecosystems (Pimm et  al., 
1995). In some cases, such as in saline wetlands, 
even small perturbations can have irreversible conse-
quences (Hammer, 1990). To address this issue, sev-
eral regulations, such as the European Water Frame-
work Directive 2000/60/CE (WFD), the Ramsar list 
(Ramsar Convention Secretariat, 2016), the Habitat 
Directive 97/62/CE, or in Spain the WFD transposi-
tion (RD 817/2015, 2015), have been established. 
These documents aim to regulate the protection and 
restoration of aquatic systems.

In the Iberian Peninsula, especially in the south of 
Spain, studies of lakes, wetlands or reservoirs have been 
relatively numerous in the last 50  years (e.g. Margalef 
et al., 1976; Sánchez-Castillo, 1983, 1986, 1987, 1989; 
Aboal, 1988; Cambra et al., 1989; Carrillo et al., 1990; 
Pérez-Martínez and Sánchez-Castillo, 1990; de la Rosa, 
1992; Comas-González et  al., 2006; Delgado-Molina 
et al., 2009; Fanés-Treviño, 2009). However, studies on 
periphytic microalgae assemblages (e.g. epipelon, epili-
thon, episammon) have been relatively neglected com-
pared to the phytoplankton, despite their important role 
in ecosystem functioning (Field et  al., 1998; Sarthou 
et al., 2005; Armbrust, 2009) and their role as ecological 
indicators (Biggs, 1996; Stevenson, 2014). Among peri-
phytic microalgae, diatoms are recognized as an impor-
tant and diverse algal group (Levkov et  al., 2005). In 
particular, periphytic diatoms, such as the epipelic ones, 
constitute one of the most important groups in terms of 
diversity, biomass, and ecosystem metabolism in aquatic 
habitats (Blanco et al., 2020).

In Spain, several studies have been conducted on 
periphytic diatoms, such as Aboal et  al. (2003) and 
Cantoral-Uriza & Aboal (2008) in saline wetlands, 
as well as Blanco et  al. (2014) in shallow wetlands. 
Additional studies on periphytic diatom communi-
ties have been conducted in Andalucía, South of 

Spain (e.g. Ubierna-León & Sánchez-Castillo, 1992; 
Linares-Cuesta, 2003), and some of them have led 
to the description of new species (Sánchez-Castillo, 
1993; Blanco et  al., 2013, 2019a, b, c; Fernández-
Moreno et  al., 2020, 2022). However, more datasets 
of periphytic diatoms from other wetlands in south-
ern Spain are needed to improve our understanding of 
this group.

Many studies indicate that conductivity is one 
of the main predictors associated with changes in 
the diatom assemblage composition (Potapova & 
Charles, 2003; Bere & Tundisi, 2011a, b; Mangadze 
et al., 2017; Stenger-Kovács et al., 2018; Rodríguez-
Alcalá et  al., 2020). This is because conductivity 
makes a significant contribution to the total variation 
of diatom data (Reed, 1998). For example, high 
conductivity values can be toxic for many species 
with less tolerance because of the reduction in the 
growth rates (Stenger-Kovács et al., 2023).

The main goal of the present study was to examine 
the composition of epipelic diatom assemblages from 
two datasets of wetlands in Andalucía (southern 
Spain) and their relationship with environmental 
variables. First, we analysed the epipelic diatom 
assemblages of a subset of 36 wetlands to explore 
their relationship with a set of 25 physicochemical 
and physiographical variables. Once the main 
predictor among these variables was determined, 
this was used to explain the distribution patterns in a 
second subset of 53 wetlands. Our specific objectives 
were (1) to establish the environmental parameters 
that have the greatest influence on the distribution and 
abundance of epipelic diatom species in the wetlands 
of Andalucía, (2) to describe the most characteristic 
species of epipelic diatoms based on the main 
explicative variable found in the previous objective.

Material and methods

Study area

Our study area is the region of Andalucía in southern 
Spain, which is influenced by oceanic, continental, 
and Mediterranean climates (Fig.  1). Within the 
Andalusian region there are more than 200 wetlands, 
many of them considered important feeding and 
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nesting refuges for birds and having different levels of 
government protection (Montes et al., 2002).

Two subsets of wetlands were analysed in this study. 
First, a phycological survey was performed in 36 wet-
lands with the aim to relate diatom data to a previously 
published set of 25 environmental variables (Supple-
mentary information Table S1). Second, a phycological 
survey was performed in 17 additional wetlands resulting 
in a total of 53 systems analysed during spring and sum-
mer between the years 2004 and 2007. Wetlands were 
in mid- to high mountain regions (1400–3000 m a.s.l.), 
endorheic areas (150–458 m a.s.l) or coastal regions (0 m 
a.s.l.) (Fig. 1).

The studied sites were subdivided into four 
conductivity groups (Supplementary information 
Table  S2) based on the classification by Cowardin 
et al. (1979), which is one of the most used classifica-
tions for aquatic ecosystems worldwide (Ollis et  al., 
2015). Thus, we defined the groups as follow: fresh 
(< 0.8 mS  cm−1), oligosaline (0.8–8 mS  cm−1), meso-
saline (8–30 mS  cm−1), and eusaline (> 30 mS  cm−1).

Water sampling and analysis

A dataset of 25 physical and chemical (Supplementary 
information S1) and basin variables from the first set 
of 36 wetlands was obtained from the Andalusian 
Environment Agency (Junta de Andalucía. Physical 

and chemical analyses 2002–2007). This dataset 
includes measurements (with an average of seven 
measurements) for each variable and each study site, 
taken at different times of the year between 2002 
and 2007 (Table  1 and Supplementary information 
Table S1).

In the group of 53 sites, electric conductivity (EC) 
was measured in  situ once in each of the wetlands 
during spring and early summer from 2004 to 2007 
(Supplementary information Table  S2) using a 
multiparameter set (pH/Cond 340i Portable Multi-
Parameter, WTW model) (Table 1).

Diatom sampling, analysis, and identification

Epipelon samples were collected from the littoral 
zone (< 10  cm depth) of each of the 53 wetlands. 
Three to five transects of 3  m in length were 
used along the shoreline. Samples were obtained 
by suction through a one-metre-long glass tube 
following standard methods (Round, 1953; Polge 
et  al., 2010). All transect samples from each 
sampling site were combined to create a single 
sample per wetland. In the laboratory, each one of 
the epipelon sample per wetland was extended in a 
120  mm Petri dish. After an hour, the supernatant 
was removed with a pipette, and the remaining 
material was covered with 7–8 coverslips per 

Fig. 1  Geographical location of the study area. On the left, 
a map of Spain highlighting the Andalusian region; on the 
right, the Andalusian region displaying the 53 sampling sites. 

Wetlands were classified based on their conductivity level: 
eusaline (black circles), mesosaline (grey circles), oligosaline 
(grey crosses) and fresh (white circles)
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sample. Petri dishes were then placed under a 
zenithal light for at least 12  h to allow diatoms 
to adhere to the coverslips through phototactic 
movement. Once diatoms were attached to the 
coverslips, they were then transferred to plastic 
bottles and preserved with formaldehyde (4%). 
Afterwards, samples were washed and oxidized 
in glass tubes with 30% w/w hydrogen peroxide 
to remove organic matter. Calcium carbonate 
inclusions were removed by adding a few drops of 
1N hydrochloric acid. Samples were then washed 
with distilled water four times by centrifugation 
(3000  rpm, 5  min), and the supernatant was 
removed, leaving a clean pellet. Permanent slides 
were mounted with a synthetic resin (Naphrax®) 
with a high refractive index (1.74). Diatom 
counting was performed using a light microscope 
(LM—Leica DMI3000 B light) equipped with 

phase contrast and a 1000× oil immersion objective 
with a numerical aperture of 1.32. At least 300 
valves per sample were counted following Battarbee 
(1986) and Soeprobowati (2016). The diatom floras 
used for identification was extensive, reflecting the 
high diversity of the studied wetlands. It included 
freshwater inland floras such as Krammer and 
Lange-Bertalot (1986, 1988, 1991a; b), Lange-
Bertalot (2000–2002; 2001, 2017) and Levkov 
(2009). Additional regional floras, including those 
from East Africa (Gasse, 1986), saline wetlands in 
Canada (Cumming et  al., 1995), marine habitats 
such as documented by Witkowski et  al. (2000), 
mountain wetlands in Sierra Nevada as studied by 
Linares-Cuesta (2003), estuarine waters (Ribeiro, 
2010) and ephemeral freshwater pools in Sardinia 
(Lange-Bertalot et al., 2003), were also utilized.

Table 1  Conductivity 
values in the set of the 
53 wetlands (on-site 
measurements in this study) 
and physical, chemical, and 
geographical parameters 
in the subset of the 36 
wetlands obtained from the 
Andalusian environmental 
agency dataset (except 
latitude and longitude)

Variables Mean Std. Dev Minimum Maximum

Set of 53 samples
Conductivity (mS  cm−1) 12.7 21.4 0.009 84
Set of 36 variables
pH 8.1 0.5 6.3 8.7
Alkalinity (meq  l−1) 3.3 3.4 0.3 18.8
Conductivity (mS  cm−1) 16.8 21.9 0.1 76.4
TP (mg  l−1) 1.2 1.7 0.0 7.5
TN (mg  l−1) 6.8 6.2 0.5 23.8
PO4

3− (mg  l−1) 0.4 0.9 0.0 4.1
DIN (dissolved inorganic nitrogen) (mg  l−1) 3.0 4.5 0.1 21.5
O2 (mg  l−1) 8.9 1.8 3.6 12.4
Ca+ (mg  l−1) 508.6 582.0 5.0 2739.9
Mg+ (mg  l−1) 709.8 1133.4 1.7 4474.4
K+ (mg  l−1) 55.7 115.1 0.1 673.6
Na+ (mg  l−1) 4591.1 8388.3 0.9 37,414.8
HCO3

− (mg  l−1) 155.3 135.0 4.6 574.5
CO3− (mg  l−1) 16.7 29.0 0.0 174.4
Cl− (mg  l−1) 8183.3 14,438.6 0.2 60,335.7
SO4

2− (mg  l−1) 1985.4 2466.2 2.5 12,990.3
Silicates  (SiO2) (mg  l−1) 5.4 5.7 0.7 24.0
SS (suspended solids)(mg  l−1) 97.6 97.5 4.0 450.2
TSS (total suspended solids) (mg  l−1) 18,316.3 26,597.0 57.0 99,452.0
Chlorophyll-a (mg  m−3) 36.3 56.0 0.3 255.9
Salinity (g  l−1) 16.0 27.2 0.0 114.6
Pond area (ha) 47.2 113.5 0.2 668.4
Elevation (m) 388.1 634.5 0.0 3050.0
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Data analyses

PRIMER7 v.7 software (Clarke & Gorley, 2015) with 
the PERMANOVA + add-on package (Anderson 
et al., 2008) and R 4.2.0 (R Foundation for Statistical 
Computing) were used for statistical ordination and 
multivariate analyses. Vegan MuMIn (Bartoń, 2014; 
Oksanen et  al., 2015) packages of R 4.2.0 were 
used for ordination and model selection analyses, 
respectively.

The ordination and model selection analysis 
included all diatom taxa found in at least two wetlands 
with a relative abundance of ≥ 1% or taxa found in 
any wetland with a relative abundance of 10%.

Statistical analysis for the subset of 36 wetlands 
and 25 environmental variables

For multivariate analysis, the percentage species 
values were log (x + 1) transformed to stabilize their 
variances. The dataset for the 25 environmental 
variables used in this work for the subset of 36 
wetlands, had 900 values with 13 missing values 
distributed among seven variables. To estimate the 
missing values, the regression imputation method 
was employed. This method involves estimating 
the missing values based on their close relationship 
with other variables by regression analysis. Before 
conducting the analyses, all environmental variables 
were tested for skewness. If needed, variables were 
log (x + 1) transformed (Legendre & Birks, 2012). To 
ensure comparability, potential explanatory variables 
for diatom assemblages were standardized using 
a relative-scale transformation (yʹ = yi/ymax). This 
transformation was necessary because variables were 
expressed in different units (Legendre & Birks, 2012).

Prior to multivariate ordination analysis, the 
diatom taxa underwent detrended correspondence 
analysis (DCA) to determine the gradient length 
along the DCA axis. The results (gradient length 
axis 1 > 4 standard deviation units) indicated that 
Euclidean distance was not appropriate for ordination 
methods.

To explore relationships between diatom 
assemblages and the environmental variables, 
automatic stepwise models for dbRDA (with 
forward- and backward selection) were built, 
selecting those that best described the species 
distribution. Akaike’s information criterion (AIC) 

(Akaike, 1973, 1974) was used to extract the 
environmental variables that significantly increased 
the amount of explained variation of diatom 
assemblages, thereby optimizing the global AIC. 
This analysis was performed on 16 variables after 
using the “vifstep” function of the usdm R package 
to remove variables with high multicollinearity 
(Variance Inflation Factors, VIFs > 5). Monte Carlo 
permutation tests (999 unrestricted permutations) 
were then used to establish the significance of 
each variable and the percentage of the variance 
explained, with a significance level set at 
P < 0.05. Significant environmental variables were 
incorporated into the final model and subjected to 
dbRDA once again.

To summarize changes in diatom community 
composition across different study sites, detrended 
correspondence analysis (DCA) was used. The 
length of the first DCA axis served as a measure 
of beta diversity, reflecting the heterogeneity of 
species composition among wetlands. DCA axis 
1 site scores were correlated and regressed with 
the environmental variables to explore the factors 
influencing species turnover across wetlands. 
Therefore, a generalized linear model was 
performed with the 16 environmental variables, 
using forward and backward stepwise selection 
model based on Akaike information criterion (AIC).

Statistical analysis for the set of 53 wetlands 
and conductivity variable

Similarity among diatom assemblages was 
analysed using a nonmetric multidimensional 
scaling ordination (nMDS) analysis. A Bray–Curtis 
similarity matrix was constructed with a log 
(x + 1) transformed data (Legendre & Birks, 2012) 
and considering the four conductivity groups as 
defined above. To evaluate whether there were 
significant differences in assemblage composition 
among conductivity groups, analysis of similarity 
(ANOSIM, Clarke, 1993) was used. Finally, a 
SIMPER analysis (SIMilarity PERcentage; cut-
off 90%) was performed to assess the degree of 
similarity between the diatom assemblages among 
conductivity groups.
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Results

Physical and chemical basin features of the set of 36 
wetlands

Average electrical conductivity values range from 
fresh to eusaline conditions. (0.1–76.4  mS   cm−1) 
(Table 1). Most of the wetlands in this study exhibited 
chloride-dominated anions, while sulphate and 
carbonate were less abundant. Additionally, there 
was a tendency towards  [Na+] dominance rather than 
 [Ca2+]. The wide range in some variables (e.g.  Cl−, 
 SO4

2−,  Na+, TSS-total suspended solids, elevation) 
reflects the diversity of wetlands, which have different 
ecological status, altitude, or geology. The remaining 
variables analysed (alkalinity, total phosphorous, 
total nitrogen, pH,  PO4

3−, DIN—dissolved inorganic 
nitrogen,  O2,  HCO3−,  CO3−, silicates, chlorophyll-a 
or salinity) showed a lower data dispersion.

Physical and chemical basin features of the set of 53 
wetlands

The main variable measured in  situ was electric 
conductivity, ranging from fresh to eusaline 
conditions (0.009–84  mS   cm−1) (Table  1). The 
average conductivity value was 12.7 mS  cm−1, which 
was consistent with the average values observed in the 
set of 36 wetlands based on data from the Andalusian 
Environment Agency. Geographical variables, such as 
wetland area and elevation, exhibited high variability 
in both sets of wetland data in Andalucía.

Diatom composition

The diatom dataset from the 53 wetlands included 
366 diatom taxa, 76 of them with more than 10% of 
abundance in at least one system, and 80 different 
genera (Supplementary information Table S3).

The diatom community found was largely 
dominated by several genera, with Navicula (17.0% 
of all counted valves), Nitzschia (14.6%), Tryblionella 
(9.9%), Halamphora (6.3%), Gomphonema (4.5%), 
Achnanthidium (4.5%), Amphora (3.7%), Cocconeis 
(3.6%), Staurosirella (2.2%), Planothidium (2.2%), 
Anomoeoneis (2%) and Staurosira (1.1%) collectively 
accounting for over 70% of the entire diatom 
community (Table  2). In terms of species richness, 
the genera Nitzschia (51 taxa), Navicula (40 taxa), 

and Pinnularia (28 taxa) exhibited the highest values. 
When considering the different conductivity ranges 
in this study, the fresh group (with 14 wetlands) was 
dominated by the genera Navicula (14 taxa), Nitzschia 
(26 taxa), Pinnularia (23 taxa) and Stauroneis (9 
taxa). The oligosaline group (with 20 wetlands) was 
dominated by Navicula (15 taxa), Nitzschia (28 taxa), 
Fragilaria and Tryblionella (both 8 taxa). Meanwhile, 
in the mesosaline and eusaline group (with 8 and 
10 wetlands, respectively), the main genera were 
Navicula (13 and 16 taxa, respectively), Nitzschia 
(both 16 taxa) and Halamphora (7 and 6 taxa, 
respectively).

Influence of environmental variables on diatom 
community variation in the subset of 36 wetlands

Nine of the original 25 environmental variables 
were excluded from the analyses by applying 
the “vifstep” function (VIF > 5). These excluded 
variables exhibited high correlation coefficients 
with other variables. Therefore, ordination analyses 
were performed with 16 environmental variables: 
wetland area, altitude, longitude, latitude, pH, 
alkalinity, conductivity, dissolved oxygen, sulphates, 
phosphates, total phosphorous (TP), dissolved 
inorganic nitrogen (DIN), total nitrogen (TN), 
silicates, suspended solids, and chlorophyll-a.

Automatic stepwise analyses for dbRDA 
identified five environmental variables that 
significantly explained the variation in diatom 
data: conductivity, pH, wetland area, silicates, and 
TSS-total suspended solids (Table 2). Conductivity 

Table 2  Summary of results from the distance-based 
redundancy analysis (dbRDA) with diatom assemblages as 
the response variable and selected environmental variables as 
explanatory variables

The dbRDA model accounted for 22.8% of the variation in 
diatom data. The statistical values of the dbRDA model were 
as follows: R2 = 22.8, F = 1.76, P value = 0.001
Significance levels: **0.001 < P < 0.01; *0.01 < P < 0.05

Variables P value

Conductivity 0.006**
pH 0.014*
Wetland area 0.015*
Silicates 0.020*
Total suspended solids 0.027*
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emerged as the best explanatory variable for the 
diatom assemblages across the study sites in 
the dbRDA model (Table  2). The dbRDA axes 
separated study sites with low electric conductivity 
levels towards their negative side, while eusaline 
wetlands were located towards the positive side 
(Fig.  2). Meso- and oligosaline wetlands were 
mainly located in the positive zone of axis 1 
(characterized by high silicate levels and pH values) 
and the negative zone of axis 2 (associated with 
low TSS values). Furthermore, the dbRDA axes 
revealed that high conductivity wetlands tended to 
be larger (Fig. 2).

DCA axis 1 sample scores track the main diatom 
assemblage changes. We used the difference in 
standard deviation units (SD units) between two 
wetlands as a measure of beta diversity. Generalized 
model selection analyses were conducted to explore 
explanatory variables for species turnover among 
wetlands. The results revealed that conductivity 
was the main predictor variable for diatom species 
turnover for the set of 36 wetlands. Additionally, 

pH and total suspended solids were also found to be 
significant predictor variables (Table 3).

Fig. 2  dbRDA community 
composition biplot 
for epipelic diatom 
species abundance in 
36 wetlands. Arrows 
represent constraining 
variables. EC—electric 
conductivity, TSS—total 
suspended solids. Wetlands 
plotted according to their 
conductivity classification
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Table 3  Summary of generalized linear stepwise model with 
forward and backward selection for the 36 wetlands using 
DCA axis 1 site scores of the diatom relative abundance as the 
response variable

The predictor variables shown in Table  1 were included in 
the analysis and only selected predictor variables are shown. 
Significance levels: ***P < 0.001; **0.001 < P < 0.01; and 
0.05 < P < 0.1

Estimate Std. error t value P value

Intercept 11.195 3.697 3.028 0.004**
Conductivity 1.997 0.322 6.192 7.12e−7***
pH − 13.241 3.878 − 3.41 0.002**
Total Suspended 

solids
1.593 0.493 3.2290 0.003**

Silicates − 0.757 0.402 − 1.880 0.069
Null deviance: 30.287 on 35 df, Residual deviance: 8.685 on 

31 df
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Influence of conductivity on diatom community 
variation in the set of 53 wetlands

The nMDS indicated significant differences in diatom 
composition among the four conductivity groups 
(ANOSIM, R = 0.334; P = 0.0001). Eusaline samples 
were plotted to the left of the axis 1, while oligosaline 
and fresh samples were plotted to the right (Fig.  3), 
showing a decreasing conductivity gradient along the 
first axis. Significant differences were found among 
all groups except between mesosaline and oligosaline 
(Table 4).

Regarding the four conductivity classes, the fresh 
group had the most heterogeneous species com-
position. Thus, cluster comprises 15 wetlands, but 
taxonomic similarity was only 9.98%. Twenty-eight 
species contributed to 90% of this similarity, particu-
larly Achnanthidium minutissimum, Navicula veneta 
and Gomphonema exilissimum (Table  5). The oli-
gosaline group included 20 wetlands with a species 
similarity of 18.57%. In this group, 19 species con-
tributed to 90% of the diatom assemblage similarity, 
including Navicula veneta, Tryblionella hungarica, 
Nitzschia inconspicua and T. piculatea. Mesosaline 
group included eight wetlands and shows the high-
est taxonomic similarity with 24.47%. In this group, 
ten species contributed to 90% of this similarity, 
namely Navicula veneta, Tryblionella hungarica and 
Nitzschia inconspicua. Finally, in the eusaline group, 
the species similarity among the ten wetlands was 

15.68%. Twelve species contributed to 90% of the 
similarity in diatom assemblage, with taxa such as 
Tryblionella pararostrata, Halamphora sp., Cocco-
neis euglypta and Navicula salinicola (Table 5).

Discussion

This study assesses the contribution of environmental 
factors to the compositional variation of epipelic 
diatom communities in different wetlands of southern 
Spain. The results of the dbRDA in the subset of 
36 wetlands indicated, from a set of 25 parameters, 
that conductivity is the main explanatory variable 
of the diatom assemblages in Andalusian wetlands. 
Moreover, species turnover in these wetlands is 
mainly explained by the variations in conductivity, 
this being revealed as an important factor driving 
variation in diatoms communities as reported by 
different studies in both lotic and lentic systems 
(Reed, 1998; Potapova & Charles, 2003; Bere & 
Tundisi, 2011a, b; Mangadze et al., 2017), including 
some studies in epipelic communities such as in 
Stenger-Kovács et al. (2014, 2018).

Electric conductivity is associated with ionic 
concentration, but differences in ionic composition 
can also determine species associations in ecosystems 
(Cumming et al., 1995; Saros & Fritz, 2000; Bere & 
Tundisi, 2009). Potapova & Charles (2003) reported 
that the prevalence of the chloride anion  (Cl−) is more 

Fig. 3  Nonmetric 
multidimensional scaling 
(nMDS) performed on the 
diatom community plotted 
with the conductivity 
groups. Bray–Curtis 
distance, stress 0.24
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common in high than in low salinity ecosystems. 
This also happens in our study sites, particularly in 
groups with high conductivity levels (mesosaline 
and eusaline). There are also wetlands where the 
dominant anion is  SO4

− (such as Laguna Honda and 
Archidona). According to Potapova & Charles (2003) 
and Urrea & Sabater (2009), the dominance of this 
anion influences diatom assemblages, with certain 
species (Ctenophora pulchella or Navicymbula 
pusilla) preferentially inhabiting fresh and mesosaline 
wetlands, respectively.

High ionic concentration, dominated by either 
 Cl− or  SO4

2−, causes osmotic pressure that limits 
diatom growth (Cleave et  al., 1981). This factor 
determines the structure and composition of diatom 
communities in wetlands with high conductivity 
values. ANOSIM results showed that the resulting 
conductivity groups differed also in species 
composition, especially when comparing fresh and 
oligosaline with eusaline. However, these differences 
do not occur between mesosaline and oligosaline.

Wetlands belonging to the fresh group include 
siliceous and calcareous mountain wetlands, 

located at high altitude (Supplementary information 
Table  S2) and mostly small. As previously 
mentioned, there were no significant taxonomic 
differences between the oligosaline and mesosaline 
wetlands located < 800  m  a.s.l. Some of these 
ecosystems are located near the marine littoral and, 
according to CMA (2005), many of them receive 
wastewater inputs, being surrounded by farmland 
and thus disturbed by human activities including 
horse and cattle breeding. As a result, nutrient inputs 
from fertilizers can reach these wetlands, leading 
in a decrease in salt concentration. Stenger-Kovács 
et  al. (2023) suggest that the degradation of these 
ecosystems will lead to a reduction in the number 
of species adapted to high salinity, resulting in an 
altered representation of the original status of saline 
wetlands. The eusaline wetlands are also surrounded 
by cultivated areas, thus intensifying the influence of 
conductivity over organisms respect to natural areas 
(Stewart et  al., 2000; Carrino-Kyker & Swanson, 
2007).

Although our results demonstrate shifts in epipelic 
taxa and the presence of rare and presumably new 

Table 4  Analysis of similarity (ANOSIM) and the three diatom species contributing the most (Contr. %) to the average dissimilarity 
(AD %) among conductivity groups

Significant differences found by ANOSIM are highlighted in bold. The number of taxa responsible for the SIMPER average 
dissimilarity is also indicated

ANOSIM SIMPER

R P AD (%) Nº taxa Taxa (contribution %)

Oligosaline versus fresh 0.284 0.001 89.9 67 Navicula veneta (4.4)
Achnanthidium minutissimum (3.0)
Tryblionella hungarica (2.8)

Oligosaline versus Eusaline 0.655 0.0001 94.1 61 Navicula veneta (5.9)
Tryblionella pararostrata (5.7)
Halamphora sp. (4.5)

Oligosaline versus Mesosaline − 0.004 0.616 79.7 57 Navicula veneta (6.3)
Nitzschia inconspicua (4.7)
Tryblionella hungarica (4.0)

Fresh versus Eusaline 0.476 0.0002 96.8 63 Tryblionella pararostrata (5.9)
Halamphora sp. (4.5)
Achnanthidium minutissimum (3.8)

Fresh versus Mesosaline 0.230 0.013 91.4 66 Navicula veneta (7.4)
Nitzschia inconspicua (4.0)
Tryblionella hungarica (3.9)

Eusaline versus Mesosaline 0.277 0.009 90.9 44 Navicula veneta (9.3)
Tryblionella pararostrata (5.9)
Halamphora sp. (4.8)
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species along different gradient of conductivity, 
the knowledge about the taxa needs improvement. 
There is a lack of knowledge on the identity of 
several species, especially those characteristics of 
the eusaline group such as Halamphora sp1, cf. 
Entomoneis sp. or cf. Caloneis sp.

Achnanthidium minutissimum and Gomphonema 
exilissimum, were two of the most common 
species within the fresh group. Other species are 
regarded as rare or uncommon, such as Stauroneis 

cf. arctorussica, as well as endemic species (e.g. 
Hantzschia gadorensis S. Blanco, Pinnularia 
baetica Fernández-Moreno & Sánchez-Castillo). It 
is noteworthy that, according to SIMPER analysis, 
taxonomic similarity within the fresh group does not 
reach 10% but shows the highest number of species 
contributing to this similarity. This is because the 
fresh group exhibits a high degree of heterogeneity 
among wetlands, many of which are located in 
isolated mountainous areas and thus harbouring 

Table 5  Average contribution (%) of the taxa mainly responsible for intra-conductivity group similarities

Code Species Salinity groups

Fresh (9.98%) Oligosaline 
(18.57%)

Mesosaline 
(24.47%)

Eusaline 
(15.68%)

ADMI Achnanthidium minutissimum (Kütz.) Czarnecki 20.11 5.56
NVEN Navicula veneta Kützing 10.05 33.1 37.93
GEXL Gomphonema exilissimum (Grunow) Lange-Bertalot & E.Reichardt in 

Lange-Bertalot & Metzeltin
7.10

NASP Navicula sp. 5.22
HVEN Halamphora veneta (Kützing) Levkov 4.10 2.13
NTRV Navicula trivialis Lange-Bertalot 4.00
SVEN Staurosira venter (Ehrenberg) Cleve & J.D.Möller 3.90
CAMB Craticula ambigua (Ehrenberg) D.G. Mann 3.12
SPIN Staurosirella pinnata (Ehr.) Williams & Round 2.70
GPAR Gomphonema parvulum (Kützing) Kützing 2.29
SARC Stauroneis cf. arctorussica Van de Vijver & Lange-Bert. in Van de 

Vijver et al
2.28

THUN Tryblionella hungarica (Grunow) D.G. Mann 11.12 15.18 3.19
NINC Nitzschia inconspicua Grunow 8.98 14.89
TAPI Tryblionella apiculata Gregory 4.56
ACOP Amphora copulata (Kützing) Schoeman & Archibald 4.56
NPAL Nitzschia palea (Kützing) W. Smith 4.02
NISO Nitzschia solita Hustedt 2.85
NCRY Navicula cryptocephala Kutzing 2.2
GYS1 Gyrosigma sp.1 2.75
SEPU Seminavis pusilla (Grunow) E. J. Cox and G. Reid 2.69 4.05
HPER Halamphora cf. pertusa Stepanek & Kociolek 2.63 4.99
TRPA Tryblionella pararostrata (Lange-Bertalot) Clavero & Hernández-

Mariné in Clavero
2.46 28.4

HAS1 Halamphora sp.1 20.42
CEUG Cocconeis euglypta Ehrenberg 8.64
NSLC Navicula salinicola Hustedt 8.24
NELE Nitzschia elegantula Grunow in Van Heurck 3.71
NMDG Navicula microdigitoradiata Lange-Bertalot 2.49
NMPA Navicula maiorpargemina D. Fernández-Moreno, P. Sánchez-Castillo, 

C. Delgado, S.F.P. Almeida
2.42
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specialist species with narrow niche breadths (Blanco 
et al., 2020).

The oligo and mesosaline groups exhibit 
similar species composition, with Navicula veneta, 
Tryblionella hungarica and Nitzschia inconspicua 
being the main contributors to the group similarity 
in both groups, according to SIMPER analysis. 
However, the mesosaline category contains 
more halophilous species, such as Tryblionella 
pararostrata, Halamphora cf. pertusa, and Seminavis 
pusilla, albeit with a low relative abundance. The 
dominance of Navicula veneta, a species known 
for its tolerance to nutrient-rich environments 
(Hausmann et  al., 2016; Lange-Bertalot, 2001) 
and salinity (Pienitz et  al., 1995; Frost et  al., 2023), 
suggests that disturbances are affecting oligo and 
mesosaline wetlands. Navicula veneta is present in 
a broad range of conductivity levels in our wetlands 
(0.87–17.3  mS   cm−1), with maximum abundance 
at conductivities of 9.28  mS   cm−1 (Laguna de las 
Marismillas). Actually, this species occurs in a total 
of 35 locations (out of a total of 53 wetlands) in all 
conductivity groups (Supplementary Information 
Table  S3), with relative abundances > 10% in 
17 wetlands belonging to the fresh, oligosaline, 
and mesosaline groups. Variations in diatom 
communities along gradients of ionic concentration 
and composition may also be influenced by nutrient 
availability (Mangadze et  al., 2017). Additionally, 
nutrient inputs may expand the upper end of a taxon’s 
salinity tolerance range (Saros & Fritz, 2000). For 
example, Cirić et  al. (2021) found that freshwater 
diatoms were dominant in saline wetlands highly 
degraded by nutrient pollution. This fact may explain 
the high presence of N. veneta in polluted wetlands 
across a wide range of conductivities.

The major contributors to the eusaline group were 
Halamphora sp. 1 and T. pararostrata, in addition 
to Halamphora cf. pertusa and Navicula salinicola, 
which are known to inhabit hypersaline environments 
(Reed, 1998; Clavero, 2009; Stepaneck & Kocioleck, 
2015). In this group, uncommon species were found, 
including those mentioned above, as well as recently 
described species such as Navicula maiorpargemina. 
This may be attributed to the limited number of 
species that can survive under such salinity stress 
conditions (Stenger-Kovács et  al., 2023), rather 
than the geographic isolation characterizing these 
high mountain locations. Noteworthy, N. veneta 

is almost absent in this group, unlike in the oligo 
and mesosaline systems. It is possible that the 
high conductivity of these wetlands is toxic to this 
species, preventing it from reaching high abundances. 
However, further studies are needed to determine its 
maximum tolerance range.

This study demonstrates that conductivity has 
a significant impact on the composition of diatom 
epipelic communities in Andalusian wetlands. The 
results highlight the high species diversity present 
in these wetlands and confirm the presence of key 
species that are dependent on the conductivity 
gradient. Even within the same conductivity group, 
we found a high level of dissimilarity in taxonomic 
composition. This can be attributed to various factors, 
including the type of ionic composition, wetland 
elevation, the influence of livestock, wastewater 
discharge, and the strong agriculture development in 
the surrounding areas. Therefore, to ensure proper 
wetland management and conservation in Andalucía, 
it is essential to have a comprehensive understanding 
of the diatom species present in these ecosystems and 
to assess the level of wetland degradation. This will 
enable us to take appropriate action towards better 
management and conservation of these ecosystems.
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