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• The effects of livestock on diatom were 
studied in six mountain mires using 
fences.

• High mountain mires host a high di
versity of diatoms.

• High livestock pressure leads to 
compositional changes in diatom 
communities.

• Diatoms showed resilience to livestock 
pressure but were influenced by pH.

• pH is the most important variable 
structuring these communities.
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A B S T R A C T

High mountain mires are affected by anthropogenic activities such as livestock, which have changed land use, 
fragmented habitats, and affected the structure and functioning of aquatic communities such as diatoms. Diatoms 
in mires exhibit high diversity, with a significant proportion of rare and threatened species, making them 
vulnerable to livestock pressure. Despite their common use as indicators of ecological status, little is known about 
how overgrazing and trampling affect diatom communities. To assess the impact of livestock pressure, we 
conducted experiments in six high-mountain mires in the Pyrenees, where livestock exclusion fences were 
installed. We identified a total of 370 species belonging to 60 genera, with a maximum diversity per site of 77 
species. The variables most influencing diatom composition were pH, elevation, Bryophyta cover, water cover, 
livestock pressure, and mire area. Our results indicated an impact on diatom composition at the two locations 
with higher livestock pressure; however, we observed no effects on species richness or the Shannon index, 
suggesting that diatom communities are resistant to livestock pressure. The pH was the most important envi
ronmental variable for diatom community composition, demonstrating a positive relationship with diatom 
richness. Livestock pressure in high mountain mires causes habitat fragmentation and increased dry density of 
the soil, making diatom communities more vulnerable to environmental changes. However, these communities 
exhibit notable resistance to significant pressure, with pH emerging as the most critical factor influencing their 
structure. Our study showed that high livestock pressure affects diatom communities in mires. Considering that a 
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high percentage of diatom species are red-listed as vulnerable or endangered, it is important to protect mires to 
avoid loss of diversity.

1. Introduction

Mires are permanently wet environments with slow decomposition 
of organic matter, low oxygen, low nutrient availability, and low tem
perature (Batzer et al., 2016; Rydin et al., 2013). In mountainous areas, 
mires often exhibit irregular shapes and rugged landscapes, forming 
small fragmented patches that resemble terrestrial islands (Ninot et al., 
2017; Pérez-Haase et al., 2010). These environments feature variable 
water availability, pH (Poulícková et al., 2004), and vegetation coverage 
(Amigo et al., 2017; Ninot et al., 2017; Rydin et al., 2013). Due to these 
characteristics, mires provide diverse habitats and support a high level 
of biodiversity, including photosynthetic organisms (Batzer et al., 2016; 
Jiménez-Alfaro et al., 2012; Pérez-Haase and Ninot, 2017; Quiroga 
et al., 2022; Tsuraya et al., 2023).

Mires are sensitive habitats that are vulnerable to both natural and 
anthropogenic disturbances. Direct anthropogenic interventions, such as 
drainage for agricultural purposes, peat extraction, forestry activities, 
livestock grazing, and tourism, impact these ecosystems (Bergamini 
et al., 2009; Cambra, 2015; Joosten, 2003; Ramchunder et al., 2012). 
Additionally, grazing pressure, livestock trampling, and changes in land 
use can alter the pH, conductivity, and nutrient levels of mire vegetation 
(Cabezas et al., 2015; Wahren et al., 2001). These alterations affect the 
diversity and community structure of various organisms, including 
vascular plants and bryophytes (Boch et al., 2018; Grillo and Venora, 
2011), macroinvertebrates (Herbst et al., 2012) and phytobenthic 
communities (Cid-Rodríguez et al., 2024; Niedermayr and Schagerl, 
2010).

Diatoms, unicellular siliceous algae, are highly responsive to envi
ronmental changes and are commonly used as indicators for assessing 
water quality and ecological status (Cid-Rodríguez et al., 2024; Rimet, 
2012; Smol and Stoermer, 2010). Their performance can be influenced 
by various environmental factors, such as light intensity, humidity, pH, 
electrical conductivity, dissolved oxygen levels, and nutrient concen
trations (Delgado et al., 2012; Hargan et al., 2015; Soininen, 2007; 
Soininen and Teittinen, 2019). Among these factors, pH has emerged as 
one of the major drivers of the diatom community composition in mires 
(Cantonati et al., 2011; Poulíčková et al., 2013; Stanković et al., 2022).

Many mountainous regions support extensive summer cattle and 
horse grazing, often without herder supervision (Cid-Rodríguez et al., 
2024; McDougall, 2007; Navarro et al., 2023). This unregulated grazing 
can severely impact mires, i.e., overgrazing by livestock reduces plant 
biomasses, and causes soil erosion, while trampling increases compac
tion (Grillo and Venora, 2011; Joosten et al., 2012). These disturbances 
can potentially harm microscopic communities, such as diatoms which 
are essential for ecosystem functioning. Diatoms in mires exhibit high 
species diversity, many of them rare and threatened (Cantonati and 
Lange-Bertalot, 2011; Mutinová et al., 2016). Consequently, their di
versity may be negatively affected by livestock pressure.

There is an increasing interest in investigating the effect of changes 
in livestock regime on diatom communities in mires (Cid Rodriguez 
et al., 2022; Rossi et al., 2024), however, the primary drivers behind 
these changes remain unclear. We hypothesized that overgrazing and 
trampling livestock would decrease the diversity of diatom commu
nities, due to habitat alterations. Additionally, we explored changes in 
physicochemical parameters affecting diatom community composition 
in six high mountain mires where fences excluded livestock.

2. Methodology

2.1. Field experiment

The study was conducted in six heavily pastured mires in the Central 
Pyrenees, where we installed livestock exclusion fences in 2018 (Fig. 1, 
Fig. S1). The mires exhibit diverse geological and environmental char
acteristics. All sites are currently subject to overgrazing and livestock 
presence, resulting in soil disturbance due to trampling. This area is 
characterized by presenting mostly bovine livestock pressure (>80 %), 
followed by equine and ovine (Pérez-Haase et al., 2019). These fences 
were deployed to exclude livestock grazing and trampling from a spe
cific area in the mire to assess the effect of land use change on soil and 
communities. The area of the fences varies between mires (Table 1). We 
sampled these locations three years later in the summer of 2021 (Fig. 1).

2.2. Environmental variables and livestock intensity characterization

Environmental variables such as pH and conductivity were measured 
superficially using a portable pH meter (WTW ProfiLine pH 3310) and 
conductivity meter (WTW ProfiLine Cond 3310). Each mire comprised a 
non-grazed and an overgrazed area. Eight plots (50 × 50 cm, 0.25 m2) 
were established in each mire, four in non-grazed and four in overgrazed 
areas. Each plot was divided into 16 smaller squares of 12.5 × 12.5 cm. 
Five measurements of the environmental variables and calculated the 
average per plot. These measurements covered the four corners and one 
square in the center (see Fig. S1C). The average pH and conductivity 
values from each plot used were reported. We estimated the elevation 
and the area of each mire. We calculated the mire area by delineating 
each mire using infrared orthophotos from the Cartographic and 
Geological Institute of Catalonia with VISSIR 3.35 (http://srv.icgc.cat 
/vissir3/), accessed September 2023 (Table 1). Finally, the Growing 
Degree Day value (GDD) for each site was estimated using the Pyrenean 
Digital Climatic Atlas with a 30 m resolution (Batalla et al., 2018). 

GDD =
∑

((
(Tmax + Tmin)

2

)

− Tbase
)

*N 

where Tmax is the day's maximum temperature, Tmin is the day's min
imum temperature, Tbase is equal to zero, and N is the number of days/ 
month.

The vegetation in the study was typical of mountain fens, chiefly 
dominated by sedges (Carex spp.), on the herbaceous layer and peat 
mosses (Sphagnum spp.), or Bryophyta (Campylium stellatum (Hedw.) 
Lange & C.E.O.Jensen (1906), Palustriella spp., etc.) on the moss layer. 
We calculated a heterogeneity index to account for this environmental 
and vegetation variability. To estimate the heterogeneity, we used plots 
measuring 50 × 50 cm and defined five conditions based on the 
coverage percentage of five elements: water above the soil surface, 
muddy soil, Sphagnum mosses, Bryophyta, and sedges. We quantified the 
concentration of inorganic nitrogen (NH4

+ and NO3
− + NO2

− ) with 
FUTURA Automated Continuous Flow Analyzer in groundwater by 
measuring it in each mire, including both non-grazed (n = 4) and 
overgrazed areas (n = 4).

We quantified the livestock pressure intensity global in each mire by 
evaluating the trampling intensity, the herbivory intensity, and the 
number of livestock feces. We used 50 random plots (50 × 50 cm) 
outside the fence (overgrazed area) and calculated the average per
centage of each category. The trampling intensity considered four levels: 
no trampled, compacted (soil trampled with vegetation cover), moder
ately trampled (deep hoof prints resulting in bare soil), and severely 
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trampled (pitted soils with discontinuous vegetation cover). The degree 
of herbivory considered four levels: The first one without herbivory, the 
second one presented <10 % of the leaves consumed by livestock; the 
third one presents between 10 and 50 % of the vegetation consumed; 
and the fourth with >50 % of the vegetation consumed by the livestock. 
Finally, the four levels for the number of feces were: no feces (0), 1–2 
feces, 3–5 feces, and >5 feces.

2.3. Diatom sampling, processing, and taxonomic identification

In each mire, we collected four samples from non-grazed and four 
from overgrazed areas to cover the heterogeneity of the diatom com
munity (Fig. S1). In each collected sample, we used a plot (50 × 50 cm) 
to select five points (subsamples), ensuring comprehensive coverage of 
the potential diatom community's heterogeneity. We combined the 
subsamples in 50 mL flasks and preserved them in formalin (Fig. S1C). 
To characterize diatom community composition, we treated samples 
with 33 % w/v hydrogen peroxide heated to 100 ◦C for 24 h to remove 
the organic matter. We washed the suspension of clean frustule with 
distilled water and then mounted it on permanent microscope slides 
using Naphrax®. We identified and enumerated under a POLYVAR mi
croscope with differential interference contrast, counting 500 valves per 
sample. The relative abundance of the diatom community was calcu
lated for subsequence analyses. We followed the taxonomic identifica
tion of diatoms guidelines from monographs of Krammer, 2000a, 2000b; 
Lange-Bertalot, 2001, 2000; Lange-Bertalot et al., 2017, 2011.

2.4. Statistical analyses

First, we evaluated significant differences in the Richness and 
Shannon diversity index between non-grazed and overgrazed areas. We 

performed a one-way ANOVA when the assumptions of normality and 
homoscedasticity were fulfilled, otherwise, we conducted a Kruskal- 
Wallis test.

Second, we calculated the Bray-Curtis dissimilarity matrix using 
square root-transformed relative abundances. To evaluate the compo
sition differences between non-grazed and overgrazed areas in each 
mire, we performed a PERMANOVA test. We then conducted Distance- 
based Redundancy Analyses (dbRDA) with a forward selection of vari
ables on the diatom abundance dissimilarity matrix to elucidate the 
relationship between environmental variables and diatom community 
composition. To run this analysis, we included elevation, mire area, 
cover percentage of environmental heterogeneity, herbivory, trampling, 
and amount of feces as environmental variables. Subsequently, we took 
the selected variables to linear and polynomial regression analyses to 
assess the relationships between Richness, Shannon diversity, and the 
significant environmental variables identified in the dbRDA. The best 
model was selected according to the Akaike information criterion (AIC). 
To assess the effect of pH on diatom communities, a Mantel test was 

Fig. 1. Geographical location of the studied mires. Points correspond to the mires sampled in the Catalan Pyrenees in the summer of 2021.

Table 1 
Descriptive information by each sampled site: geographical coordinates, eleva
tion meters above the sea level (m.a.s.l.), and mire areas. The area of the fence 
represents the non-grazed area.

Mires Coordinates Elevation (m. 
a.s.l.)

Area 
(m2)

Fence area 
(m2)

Latitude Longitude

Boet 42.618218 1.389382 1858 2928.69 883
Montroig 42.710535 1.209886 2010 2275.41 724
Pallerols 42.411081 1.237643 1669 6074.72 665
Bedet 42.478983 1.332213 1628 6113.28 758
Burg 42.500693 1.317491 2005 6471.51 842
Parros 42.752186 0.976974 1770 1524.56 520
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performed between Bray-Curtis dissimilarity and pH.
All the statistical analyses were performed using the R program 

(v4.2.3) using the libraries vegan (Oksanen et al., 2022), dplyr 
(Wickham et al., 2023), and microbiome (Leo and Sudarshan, 2012).

3. Results

3.1. Environmental variability

The coverage of sedges, Bryophyta, muddy soil, Sphagnum mosses, 
and water varied among localities (Fig. S2, Fig. S3, Kruskal-Wallis, p <
0.05). Bedet exhibited the highest water coverage. Parros, Bedet, Pal
lerols, and Burg, showed a greater percentage of sedges. Boet had a 
higher Sphagnum cover and Montroig presented a higher percentage of 
Bryophyta and sedges. The only difference found between non-grazed 
and overgrazed areas was the mud cover percentage (Two-way 
ANOVA, p = 0.005, Table S2). For the other cover types, significant 
differences were found between mires and overgrazed areas except for 
the water cover percentage (Two-way ANOVA, p < 0.05 Table S2).

Studied mires displayed high variability in pH, ranging from 4.2 to 
7.9 (Fig. 2A). Three mires were characterized as acidic: Boet, Montroig, 
and Pallerols (Fig. 2A), while Bedet, Burg, and Parros are calcareous 
mires. Specifically, Boet presented a significantly lower pH than all the 
other locations (ANOVA, p < 0.001). We also observed significant dif
ferences between Montroig and Pallerols compared to the other four 
mires (ANOVA, p < 0.001). Moreover, we found significant differences 
in pH comparing overgrazed from non-grazed areas in Boet and Pallerols 
(Kruskal-Wallis, p < 0.001), with lower pH on non-grazed areas, i.e. 
areas excluded from livestock pressure. We recorded the lowest con
ductivity in Pallerols (154.0 0 ± 63.77 μS/cm) and the highest in Boet 
(432.50 ± 345.11 μS/cm; Fig. 2B). We found significantly lower con
ductivity values in non-grazed than overgrazed areas (one-way ANOVA, 

p < 0.001) across most mires, except for Montroig and Burg (Fig. 2B). 
Additionally, ammonium concentrations varied several orders of 
magnitude between sampling sites. However, we detected no significant 
differences resulting from the exclusion treatment (Fig. 2C). Finally, we 
found groundwater nitrate and nitrite concentrations to be below the 
detection level (<0.378 mg/L), and therefore, we excluded these from 
further analysis.

Sampled data revealed a widespread impact of livestock pressure 
(Fig. 2D). We observed the highest percentages of severely trampled 
areas at the Montroig and Parros mires, while the Burg and Bedet 
exhibited the highest percentage of soil compaction and high herbivory 
pressure. Despite the evident effects of livestock farming, we found 
livestock feces were not abundant across the sites (Fig. 2D).

3.2. Diversity and composition of diatoms inside and outside the fence

We identified a total of 370 different species belonging to 60 genera 
across the studied sites (Table 2, Table S1). Only 17 species contributed 
>1 % of the total relative abundance (Fig. 5B), while 353 were <1 %, of 
which 70 species were extremely rare, being found in one plot. The most 
abundant species was Achnanthidium minutissimum (Kütz.) Czarnecki 
1994 comprises 17.44 ± 15.48 % of the total individuals. This was fol
lowed by Staurosira construens var. venter (Ehrenb.) P.B. Hamilton 1992 
(6.83 ± 11.76 %), Eolimna minima (Grunow) Lange-Bertalot 1998 (4.00 
± 5.26 %), and Kobayasiella micropunctata (H.Germain) Lange-Bertalot 
1999 (2.87 ± 7.79 %, Table 2).

We observed great variability in local diversity within the diatom 
communities, with Richness and Shannon's diversity presenting similar 
trends (Fig. 3). Pallerols displayed the lowest and highest species rich
ness per plot, ranging from 5 to 77 species (Fig. 3A). Boet had on average 
the lowest number of species richness per plot at 35.63 ± 5.76 species. 
However, we found no significant differences in species richness 

Fig. 2. Environmental characteristics of the study area: pH (A), conductivity (B), NH4
+ concentration (C), and the percentage of livestock pressure (D) on sampled 

mires. * significant differences between treatments. *significant differences between treatments.
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between non-grazed and overgrazed areas at any site (Fig. 3A). Similar 
to species richness, Palleros had the lowest Shannon index as well as the 
greatest variability (Fig. 3B). In contrast, Boet showed the lowest 
average Shannon index, but this did not significantly differ from the 
other mires. Noticeably, Bedet presented significant differences in the 
Shannon index between overgrazing and non-grazed areas, with higher 
values recorded in the non-grazed area (one-way ANOVA, p < 0.01).

According to the dbRDA analysis, we identified three distinct groups 
of diatom composition (Fig. 4). We identified significant differences 
between non-grazed and overgrazed areas in Montroig, along with a 

trend in Pallerols (PERMANOVA, p = 0.030 and p = 0.050 respectively). 
These two mires presented a greater dispersion in species composition.

3.3. Effect of environmental variables on diatom communities

The first two axes of the dbRDA explained 70 % of diatom compo
sitional changes. The first axis (dbRDA1) was primarily influenced by 
pH, accounting for 53.8 % of the variation (Fig. 4). The second axis 
(dbRDA2) explained 16.2 % of the variability and aligned with varia
tions in livestock pressure (herbivory), conductivity, water coverage, 
and Bryophyta coverage. The dbRDA analysis clustered the sites into 
three groups: the first group comprised only Boet plots and was associ
ated with the lowest pH values. The second group included Montroig 
and Pallerols, which presented high herbivory levels, and a high per
centage of Bryophyta coverage. The third group, consisting of Bedet, 
Burg, and Parros, correlated with feces abundance, larger mires, higher 
water coverage, and higher pH (Fig. 4).

We found that communities clustered into three groups based on 
different pH values. The first cluster, comprised of the Boet, was char
acterized by a higher relative abundance of Psammothidium subatomoides 
(Hustedt) Bukhtiyarova & Round 1996, Pinnularia rupestris Hantzsch 
1861, and Eunotia faba (Ehrenberg) Grunow 1881. The second group, 
including Pallerols and Montroig, showed moderate differences in 
composition and was mainly represented by S. construens var. venter, 
Chamaepinnularia mediocris (Krasske) Lange-Bertalot 1996, and 
K. micropunctata. The last cluster was characterized by E. minima and 
A. minutissimum species. Likewise, the dominance pattern of diatom 
species changed with the pH (Fig. 5). The Mantel test showed that pH 
affects diatom community structure (r = 0.73, p < 0.001). Furthermore, 
diatom species richness has a significant and positive relationship with 
increasing pH (R2 = 0.238, p-value = 0.003; Fig. 5C), whereas the 
Shannon diversity index did not show a relationship with pH.

4. Discussion

We hypothesized that livestock activity would impact diatom com
munities due to strong environmental modifications such as soil 
compaction, vegetation changes, and increased nutrient levels from 
urine and feces. Surprisingly, our results suggest that high levels of 
livestock pressure affect the composition of diatom communities in 
mires, but do not significantly impact species richness. We also found 
that pH influences diatom species composition and richness, as 
demonstrated by the wide pH gradient present at the studied mires.

4.1. Diatom of high mountain mires are resistant to livestock pressure

Mires are described as geographically isolated (Ninot et al., 2017). 
This characterization suggests that these ecosystems may be sensitive to 
nutrient inputs from livestock feces and urine, as noted in another study 
(Cid-Rodríguez et al., 2024). However, our findings indicate that live
stock did not significantly contribute to groundwater nitrogen levels in 
the studied Pyrenean mires. We found that the presence of livestock did 
not cause changes in pH at most locations; however, we observed an 
impact on the conductivity measurement (Fig. 2). These results suggest 
that, despite the widespread livestock pressure found, such as trampling, 
compaction, and herbivory, diatom communities were only perturbed in 
mires with the highest levels of livestock pressure.

Trampling has been found to significantly disturb the structure of the 
diatom community by altering the morphology of the mire, which 
promotes bare soil and increases soil drying, directly affecting them 
(Cid-Rodríguez et al., 2024; Hargan et al., 2015). Grazing also affects 
species composition, resulting in distinct community structures between 
sites with high livestock impact and those with lower impact (Cid- 
Rodríguez et al., 2024; Rossi et al., 2024). In our study, we observed 
significant differences in diatom community composition due to live
stock in Montroig and Pallerols, both with a high livestock impact 

Table 2 
The most abundant species of diatoms found in the sampled mires (only those 
with >1 % relative abundances) (mean ± standard deviation). Percentage of the 
total individuals.

Species Relative 
abundance

Achnanthidium minutissimum (Kütz.) Czarnecki 1994 17.44 ± 15.48
Staurosira construens var. venter (Ehrenb.) P.B. Hamilton 1992 6.83 ± 11.76
Eolimna minima (Grunow) Lange-Bertalot 1998 4.00 ± 5.26
Kobayasiella micropunctata (H.Germain) Lange-Bertalot 1999 2.87 ± 7.79
Psammothidium subatomoides (Hustedt) Bukhtiyarova & Round 

1996
2.83 ± 7.13

Pinnularia rupestris Hantzsch 1861 2.58 ± 8.46
Chamaepinnularia mediocris (Krasske) Lange-Bertalot 1996 2.57 ± 11.85
Eunotia faba (Ehrenberg) Grunow 1881 2.36 ± 6.25
Gomphonema parvulum (Kützing) Kützing 1849 2.24 ± 4.01
Caloneis tenuis (W.Gregory) Krammer 1985 2.23 ± 5.82
Navicula exilis Kützing 1844 2.20 ± 3.37
Gomphonema gracilis Ehrenberg 1838 1.65 ± 4.37
Odonthidium mesodon (Ehrenberg) Kützing 1849 1.62 ± 5.80
Staurosira confusa E.A.Morales 2005 1.61 ± 3.35
Aulacoseira tenella (Nygaard) Simonsen 1979 1.35 ± 4.16
Nitzschia acidoclinata Lange-Bertalot 1976 1.32 ± 1.87
Eunotia subarcuatoides Alles, Nörpel & Lange-Bertalot 1991 1.22 ± 3.21

Fig. 3. Species richness (A) and Shannon index (B) of the sampled plots in non- 
grazed and overgrazed areas for each mire. * significant differences be
tween treatments.
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Fig. 4. Distance-based redundant analysis (dbRDA) of the diatom community with the environmental variables measured. The environmental variables selected 
through forward selection include the Bryophyta and water cover percentage, livestock pressure (measured by herbivory and feces greater than five), pH, con
ductivity, elevation and mire areas. Arrows represent environmental variables. In circle non-grazed and triangle overgrazed areas.

Fig. 5. A) pH gradient along the sampling plots, sorted from the lowest to highest pH. B) Representation of the relative contribution of the most abundant species 
(>1 % of the total relative abundances across sites) sorted from the lowest to highest pH. C) Polynomial regression of species richness with pH, y = − 33.125x2 

+

32.617x + 50.617, R2 = 0.238, p-value = 0.003.
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(Fig. 4). Strong selection for species was associated with habitat trophic 
state, with mires-specific differences (Fig. S4). Species in overgrazed 
areas have been associated with meso-eutraphentic environments, such 
as the S. construens var. venter. In the case of non-grazed areas oligo
traphentic and mesotraphentic species were found (Cantonati et al., 
2011; Van Dam et al., 1994), i.e., C. mediocris and Odonthidium mesodon 
(Ehrenberg) Kützing 1849 (Fig. S4). Diatom species that can live in 
disturbed mires will have adaptations that help them to survive desic
cation periods promoted by the trampling effect, for example, mucilage 
production to maintain moisture, migration to moist refugia, or forma
tion of resistant cells (McKew et al., 2011; Quevedo-Ortiz et al., 2024).

We encountered a high diversity of species in the mires, which 
exceeded that found in other freshwater systems, such as rivers and 
lakes, where communities are typically dominated by few species (Gomà 
et al., 2005; Wang et al., 2017). This richness can result from the pro
nounced environmental heterogeneity that promotes the formation of 
microhabitats, isolated mires, and dispersal limitation due to the species 
colonization capacity (Quevedo-Ortiz et al., 2024). The excess nutrients 
provided by livestock can dilute in the large water bodies of these en
vironments, and vegetation can rapidly absorb them (Williams et al., 
1999). Consequently, our study indicates that local environmental var
iables, rather than livestock farming, primarily influence the species 
composition of diatoms.

The high species richness of mires includes rare and endangered 
species. In our study, 45 % of the identified species were classified as 
vulnerable or endangered on the Red List (Cantonati et al., 2022) 
(Table S3). In line with this, other studies have reported that many 
species inhabiting mires are vulnerable or endangered on the Red List 
(Cantonati et al., 2022; Cid Rodriguez et al., 2022; Rossi et al., 2024). 
This highlights the need for a more accurate assessment of diatom 
endemism and vulnerable species, particularly in high-mountain mires, 
where these species are concentrated (Cantonati et al., 2022).

4.2. pH is the main driver of diatom compositional changes

In this study, we show that pH primarily affects the diatom com
munity. Locations with low pH exhibit communities with low richness 
compared to others (Cambra, 2015; Poulícková et al., 2004). In contrast, 
communities with higher pH variation, ranging from acidic to neutral, 
display greater variability. Our data suggests that pH acts as an envi
ronmental filter. Localities with high environmental variability harbor 
more dissimilar communities, whereas those with lower pH values 
showed less dissimilarity (Fig. 4). These results highlight that pH in
fluences both diatom species richness and composition in mires 
(Fig. 5C), with pH 5.5 identified as critical for diatoms (Fig. 5), leading 
to shifts in community structure (Hargan et al., 2015). A decrease in pH 
negatively impacts diatom richness, favoring acidophilic species 
(Cambra, 2015) or those resistant to pH variation (Cantonati and Lange- 
Bertalot, 2011). We observe the effect on diatom communities primarily 
when the pH range is wide (Poulícková et al., 2004) as habitats with 
narrower and more uniform ranges give rise to other environmental 
factors that may also be important for diatoms (Borics et al., 2003).

Diatom species composition and dominance changed along the pH 
gradient forming three distinct clusters (Fig. 4, Fig. 5). A group of 
acidobiontic and acidophilous species (pH 4.6 ± 0.5), a group of acid
ophilous and circumneutral characterized for inhabiting in a broader 
range of pH (6.0 ± 0.7), and an alkalibiontic cluster (7.4 ± 0.3). The first 
group represented members of the Eunotia, a genus described to thrive in 
acidic conditions (Battarbee et al., 2001; Cantonati et al., 2011; Ortiz- 
Lerín and Cambra, 2007; Poulícková et al., 2004), with E. faba and 
E. subarcuatoides Alles, Nörpel & Lange-Bertalot 1991 being the most 
abundant species in Boet mire (Fig. 5B). The second group was repre
sented by S. construens var. venter, C. mediocris, and K. micropunctata 
(Fig. 4). For example, S. construens var. venter has been described to be 
pH tolerance, commonly found in stagnant waters (Hargan et al., 2015), 
although in this study its maximum abundance is around pH 6.5. Finally, 

the alkalibiontic group was mainly represented by A. minutissimum 
(Fig. 4), which was the most common and abundant species across a 
broad pH range with its maximum performance in neutral pHs (Fig. 5). 
This contrasts with other studies where A. minutissimum is considered to 
be indifferent to pH changes (Cantonati and Lange-Bertalot, 2011).

5. Conclusions

Overgrazing in high mountain mires generates compositional 
changes in diatom communities. This pressure leads to changes in 
vegetation cover and increased dry density, making diatom commu
nities more susceptible to environmental changes. However, despite 
significant livestock pressure, the diatom communities have consider
able resilience to intensive livestock activities, influenced by local var
iables such as pH. The pH is the most important variable that structures 
diatom communities.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178983.
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