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ARTICLE INFO ABSTRACT
Editor: Fernando Pacheco Las Tablas de Daimiel National Park (TDNP, Iberian Peninsula) is a semi-arid wetland of international signifi-
cance for waterfowl and serves as a migratory route for various bird species. However, TDNP presents strong

Keywords: anthropization and fluctuating water levels, making it a highly fragile ecosystem. Water physico-chemical pa-
Eutrophication rameters and microbial diversity of the three domains (Bacteria-Archaea- Eukarya) were analysed in Zone A and

Microbial diversity
Hydromicrobiological approach
Shallow wetland

Zone B of the wetland (a total of eight stations) during spring and summer, aiming to determine how seasonal
changes influence the water quality, trophic status and ultimately, the microbial community composition.
Additionally, Photosynthetically Active Radiation (PAR) was used to determine the trophic status instead of
transparency using Secchi disk, setting the threshold to 20-40 pmol/sm? for benthic vegetation growth. In
spring, both zones of the wetland were considered eutrophic, and physico-chemical parameters as well as mi-
crobial diversity were similar to other wetlands, with most abundant bacteria affiliated to Actinobacteriota,
Cyanobacteria, Bacteroidota, Gammaproteobacteria and Verrumicrobiota. Methane-related taxa like Meth-
anosarcinales and photosynthetic Chlorophyta were respectively the most representative archaeal and eukaryotic
groups. In summer, phytoplankton bloom led by an unclassified Cyanobacteria and mainly alga Hydrodictyon was
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observed in Zone A, resulting in an increase of turbidity, pH, phosphorus, nitrogen, chlorophyll-a and phyco-
cyanin indicating the change to hypertrophic state. Microbial community composition was geographical and
seasonal shaped within the wetland as response to changes in trophic status. Archaeal diversity decreases and
methane-related species increase due to sediment disturbance driven by fish activity, wind, and substantial water
depth reduction. Zone B in summer suffers less seasonal changes, maintaining the eutrophic state and still
detecting macrophyte growth in some stations.

This study provides a new understanding of the interdomain microbial adaptation following the ecological
evolution of the wetland, which is crucial to knowing these systems that are ecological niches with high envi-

ronmental value.

1. Introduction

Las Tablas de Daimiel National Park (TDNP) is one of the largest
semi-arid wetlands in the Mediterranean area as well as a UNESCO
Biosphere Reserve since 1980, among several other protection forms
(Aguilera et al., 2013). Wetlands are among the ecosystems with the
highest biodiversity and biological activity (Dudgeon et al., 2006).
These ecosystems are considered to be important carbon sinks and they
have a marked influence on climate change (Ward and Tockner, 2001).
They also provide a number of local services, including maintaining
water quality and supply, regulating atmospheric gases, sustaining
unique indigenous biota, and providing cultural, recreational and
educational resources, increasing the biodiversity of the whole region
(Clarkson et al., 2013; Dise, 2009). However, wetlands are normally
worldwide threatened by unsustainable water use, draining of wetlands,
discharge of waste or contaminated water, excessive loading of nutri-
ents, and/or pressure due to tourism infrastructure. These situations
cause harmful effects like alteration in their hydrogeological charac-
teristics, local extinction of fauna, and destruction of vegetation (van
Asselen et al., 2013; Bravo-Martin et al., 2019; Davidson, 2014). To date,
about 50 % of the world's original wetland area has been lost, reaching
up to >90 % in some European countries (Davidson, 2014).

The TDNP wetland is also grappling with habitat loss, primarily
influenced by factors such as global climate change and a strong
anthropization. It exhibits pronounced year-on-year fluctuations in its
water level, displaying a high degree of water turbidity. Its characteristic
benthic vegetation, Chara spp., is almost absent, accompanied by an
increase in the population of invasive fish species and a significant
reduction of Anatidae bird population. These combined changes are
leading to a euthrophication of the TDNP (Santofimia et al., 2021).

Eutrophication, a key indicator of aquatic ecosystem degradation, is
often assessed through water column parameters (Carlson, 1977; OECD,
1982). This process not only affects water quality but also influences the
microbial community in wetlands, with potential consequences for
biogeochemical processes (Wang et al., 2022). Characterized by
increased nutrients (nitrogen and phosphorus), eutrophication can lead
to cyanobacteria proliferation and algal blooms, altering the biogeo-
chemical cycling within the wetland (Li et al., 2020a, 2020b; Sanchez-
Carrillo et al., 2014). Furthermore, altered nutrient levels and envi-
ronmental conditions may foster the rise of specific functional micro-
organisms involved in both the occurrence and degradation of algal
blooms, thereby influencing the distribution of microbial communities
(Xie et al., 2020). Hence, the microbial response could be used as an
evaluation index for eutrophication (Wang et al., 2022).

Recent studies reveal that the response of microbial communities to
environmental changes occurs in a spatially and temporally dynamic
manner. However, the majority of these works only present the micro-
bial diversity of one or two domains, lacking a comprehensive and ac-
curate representation of the entire microbial community (Chao et al.,
2021; Wang et al., 2022). The present study focuses on a fragile semiarid
wetland in the Mediterranean region, investigating how alterations in
abiotic/biotic water parameters drive changes in trophic state and
subsequently impact the distribution, abundance and composition of
microbiological communities of the three domains (Bacteria-Archaea-

Eukarya) within the ecosystem. Thus, our research provides a novel
comprehension of interdomain microbial adaptation in response to the
ecological evolution of wetlands, offering critical insights into these
ecosystems as ecological niches of significant environmental
importance.

2. Materials and methods

2.1. Site description

TDNP is located in central Spain (Fig. 1). The wetland is found at the
confluence of two rivers, the Guadiana and the Cigiiela, in a wide
floodplain that constitutes the natural discharge area of the 15,000 km?
West La Mancha aquifer, an aquatic ecosystem that serves as an
outstanding reservoir for flora and fauna (Moreno and Jiménez, 2013).
The brackish water from the Cigiiela tributary converges with fresh-
water from the Guadiana River, and the West La Mancha aquifer
discharges.

Due to the scarcity of water in TDNP several initiatives took place to
modify the wetland, including the construction of two dams to retain
water and maintain a larger extension of flooded surface. One was
placed in the final stretch of the fluvial wetland (Puente Navarro dam)
and another in the intermediate stretch of the Park (Fig. 1). Our study
area is divided in two zones by the Morenillo dam: (1) Zone A, in the
upper part of the dam, and (2) Zone B, in the downer part of the dam.
Additionally, Zone B is also limited by the Puente Navarro dam in its
downstream area (Fig. 1). Representative element photographs of the
TDNP wetland are shown in Fig. 2.

2.2. In situ measurements and physico-chemical sampling collection

In 2018, different sampling sites within the wetland were selected for
in situ physico-chemical measurements and water sampling during
spring in April (1A, 2A, 4A, 7A, 9A, 11A, 12A, 15A, 17A), when the
wetland presented >80 % of flooded surface (1020 ha); and during
summer, in September (18, 4S, 7S, 9S, 12S, 13S, 158, 17S), with a 50 %
of flooded surface (575 ha) and a strong reduction of water depth in
Zone A. Additionally in April, samples were also taken at the two
surface-water inflows of the TDNP, the Cigiiela River (E1) and the
Guadiana River (E2, G3 and G6) (Fig. 1).

Geographic locations (in UTM coordinates) were obtained using a
Garmin GPS model 76S running in differential mode. Depth measure-
ments and vertical profiles of pH, redox potential (ORP), temperature
(T), dissolved oxygen (DO), electric conductivity (EC), turbidity,
chlorophyll-a (Chl-a), and phycocyanin (PC) were performed by using
EXO2 Water Quality Probe (Ysi, USA), and Photosynthetically Active
Radiation (PAR) with a Hydrolab DS5 probe (Hach, USA). Transparency
measurements were carried out by using a 20-cm diameter Secchi disk
(SD). Nutrient concentrations (total N and total P) were measured with a
HACH DR2800 spectrophotometer (Ilowa, USA) using specific analytical
cuvettes (methods LCK 138 for total N and LCK 349 for total P) at the
National Park research facilities. Furthermore, two water samples were
obtained at each sampling site with a Kemmerer stainless steel bottle of
1.2 L. All samples were filtered in situ with 0.45-pm-membrane filters
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Fig. 1. Las Tablas de Daimiel National Park (TDNP) map, including the location of sampling sites.

Fig. 2. Representative photographs of TDNP. a View of the wetland. b Development of characteristic benthic vegetation (Chara spp.) in Zone B and Secchi disk. ¢
Benthic fish populations stirring up the sediment.. d. Specimen of exotic fish dominating the wetland (Cyprinus carpio).
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from Millipore (HAWP04700 Merck-Millipore), stored in 125-mL poly-
ethylene bottles, acidified with HNOs, and stored at 4 °C until further
processing.

Total organic carbon (TOC) was determined by; means of oxidation
by combustion of organic carbon according to method UNE-EN 1484
and detergents via the methyl blue method active substances test
(MBAS) and Shimadzu total organic carbon analyzer (TOC-VCPH). Ions
such as K, Na' Ca®', and Mg®" were determined by flame atomic
emission spectrophotometry (ICP-AES); Cl°, SO%’, NO3 and NO; were
determined by ionic chromatography. HCO3, NH}, and SiO, were
determined by continuous flow auto-analyzer absorption spectropho-
tometry (UV-VIS). Dissolved metals such as Cu, Zn, Se, Cr, Mn, As, Fe, Al,
Co, Ba, Ni, U, V, Mo and Sb were analysed through inductively coupled
plasma mass spectroscopy (ICP-MS).

2.3. Wetland trophic status classification

Trophic state is an important property of aquatic ecosystems as it
reflects the anthropogenic influence on water quality and the ecological
functioning of rivers, lakes and wetlands. This study has used the Or-
ganization for Economic Cooperation and Development method (OECD,
1982) to classify the wetland according to trophic status in five cate-
gories (Table 1Sa). This classification uses chlorophyll-a (Chl-a), total
phosphorus (TP) and transparency (measured using SD) as water quality
parameters.

2.4. Microbiological sample collection, DNA extraction, amplification
and sequencing

For biodiversity characterization, three sampling sites were selected
in Zone A (4, 7, 9) and two in Zone B (12, 15). They were sampled in
April (4A, 7A, 9A, 12A, 15A) and in September (4S, 7S, 9S, 12S, 15S).
Besides, in April three additional sampling sites were selected in the
Guadiana River (E2A, G3A and G6A) (Fig. 1). One litter of water was
filtered in situ with 0.22-ym membrane filters from Millipore
(GTTP02500 Merck-Millipore) and stored at —20 °C until further
processing.

DNA extraction and elution was done according to the manufac-
turer's instructions. At first, filters were cut into small pieces with a
sterile scalpel and introduced into a Lysing Matrix Tube from FastDNA™
SPIN Kit for Soil (MP Biomedicals, LLC). To disrupt cells, three 30s
pulses of the FastPrep-24™ 5G Instrument (MP Biomedicals, LLC) at
speed 4.0 were performed. DNA was quantified using PICOGREEN®.

Extracted DNA was used in a first PCR of 27 cycles with Q5® Hot
Start High-Fidelity DNA Polymerase (New England Biolabs) in the
presence of 100 nM primers for 16S V3-V4 region amplification, CS1
(5’ACACTGACGACATGGTTCTACACCTACG GGNGGCWGCA G-3") and
CS2 (5'- TACG GTAGCAGAGACTTGGTCTGAC TACHVGGGTATCTA AT
CC-3)). Each sample was amplified and, after the first PCR, a second PCR
of 14 cycles was performed with Q5® Hot Start High-Fidelity DNA Po-
lymerase (New England Biolabs) in the presence of 400 nM of primers
(5° AATGATACGGCGACCACCGAGATCTACACTGACGACATGGTTCTAC
A-3' and 5-CAAGCAGAAGACGGCATACGAGAT-[barcode]-TACGG-
TAGCAGAGACT TGGTCT-3') of the Access Array Barcode Library for
[lumina Sequencers (Fluidigm). These final amplicons were validated
and quantified by an Agilent 2100 Bioanalyzer using DNA7500 chips,
and an equimolecular pool of these amplicons was purified by agarose
gel electrophoresis to eliminate primers/dimers. This purified pool was
then titrated by quantitative PCR using the Kapa-SYBR FAST qPCR kit
for LightCycler480 and a reference standard for quantification. Finally,
the pool of amplicons was denatured prior being seeded on a flowcell at
a density of 10 pM, where clusters were formed and sequenced using a
MiSeq Reagent Kit v3 in a 2 x 300 pair-end sequencing run on a MiSeq
sequencer (Parque Cientifico de Madrid, Spain).

The MiSeq sequencer is a high-throughput DNA sequencing platform
that plays a crucial role in studying microbial ecology since produces
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highly accurate sequencing data, essential for reliable analysis of mi-
crobial diversity and community structure, offers sufficient read length,
allowing to sequence regions of interest in microbial genomes, such as
the 16S rRNA gene, for taxonomic identification. Additionally, its robust
sequencing chemistry and data quality contribute to the reproducibility
of data, which is crucial for drawing meaningful conclusions and making
valid comparisons between samples (Bradley et al., 2016; Tas, 2011).

2.5. OTUs detection and classification

For OTU (Operational Taxonomic Unit) detection and classification,
sequence processing and analyses were carried out using Mothur
v.1.38.1 (Schloss et al., 2009). Sequences were pre-processed following
the standard operating procedure (MiSeq SOP) (Kozich et al., 2013).
Pre-processed sequences, which were aligned and normalized, were
used to generate an uncorrected pairwise distance matrix, which was
then used to cluster the sequences using the furthest neighbour algo-
rithm and to detect OTUs at a genetic distance of 0.03. OTUs detected at
this distance were classified by comparing a representative sequence
from each cluster against the SILVA-SEED (v138) reference database
(Quast et al., 2013), using The Basic Local Alignment Search Tool
(BLAST) to identify similar sequences (Altschul et al., 1990) and the k-
Nearest Neighbour algorithm to determine the consensus taxonomy
from the 10 most similar sequences in the database. Sequences were
classified following the SILVA-SEED (v138) taxonomy scheme (Yilmaz
et al., 2014) where the Genome Taxonomy Database (GTDB) (Parks
et al., 2019). Chao 1 estimator and Shannon index were calculated to
predict community richness using PAST software 50 (Hammer et al.,
2001).

2.6. Statistical analysis

Principal Component Analyses (PCA) on the relative proportion of
OTUs (at a 0.03 distance) among the samples were obtained. Using the
three components as new variables, hierarchical dendrograms by
Euclidean squared distance method were also calculated (IBM SPSS
Statistics 23 package). Redundancy analysis (RDA) was performed by
CANOCO 4.5 software (Microcomputer Power, Ithaca, NY, USA) (Braak
and Smilauer, 2002). Chao 1 estimator and Shannon diversity index of
the individual domains, as well as the relative percentages of the iden-
tified OTUs (at a distance of 0.03) were utilized as biological datasets. As
environmental variables, pH, ORP, T, DO, EC, turbidity, Chl-a, PC, PAR,
SD, total N and total P were used. Data were transformed using In(x +
0.1) and normalized to zero mean and unit variance. Graphical pre-
sentation was performed using CANODRAW 4.0 software. Although the
RDA was calculated based on the relative percentage of all identified
OTUs, the triplot only displays the OTUs that were detected in a pro-
portion of >3 % at one of the sampling sites.

To elucidate the intricate relationships within microbial commu-
nities across various sampling points, a co-occurred network analysis
was carried out. The network was constructed based on a Bray-Curtis
dissimilarity index set at a threshold of 0.5, capturing the dissimilar-
ities between community compositions. This index effectively repre-
sented the dissimilarity of communities. Additionally, the network
incorporated nodes and edges representing the relative abundances of
OTUs, with a stringent criterion of inclusion — only those OTUs sur-
passing an abundance threshold of 3 % were considered. The resulting
network comprised 42 nodes and 105 edges, yielding an average degree
of 8.2, which provided insights into the connectivity and complexity of
the microbial interactions. Network construction and analysis were
carried out utilizing the NetworkX package in the Python programming
language.

PCA, RDA and networks are extensively employed in environmental
scientific studies due to its capacity to simplify complex datasets into
essential components, facilitating a more profound understanding of
underlying patterns and relationships. These methodologies excels in



E. Santofimia et al.

identifying the most significant sources of variation within datasets,
thereby reducing the dimensionality and highlighting the dominant
factors influencing environmental patterns. This reduction in dimen-
sionality is crucial for simplifying complex environmental systems and
uncovering key drivers of change (Zuur et al., 2007; Faust, 2021).

3. Results
3.1. Surface water contribution and wetland hydrochemistry

During this study, the Guadiana River (E2, G3, G6) and the Cigiiela
River (E1) inflows were active only in April (spring). The Guadiana
River presented higher pH value (8.57) and less EC (1567 pS/cm) than
the Cigiiela River (pH 7.82 and EC 1706 pS/cm, Table 1). However, both
inflows exhibited the same hydrochemistry, i.e. calcium sulphated wa-
ters with bicarbonate as the second dominant anion (Table 2S).

Precisely in spring, the wetland in Zone A presented calcium sulph-
ated water, and in Zone B together with sample 2A calcium-magnesium
sulphated water. Sample 24, influenced by the Cigiiela River (Fig. 1)
showed similar values of chlorine and bicarbonate (Table 2S). In sum-
mer, all samples showed higher mineralization due to the usual evap-
oconcentration process. With respect to trace elements, the obtained
concentrations showed low values (Table 2S).

As respect to the physico-chemical parameters, the wetland pre-
sented a circumneutral pH, showing homogeneous values in Zone B (pH
7.80) and heterogeneous values in Zone A (range 7.99-8.37 in spring,
and 8.31-8.80 in summer). EC reflects the different degrees of miner-
alization of the two main contributions of water to the wetland, set at
2600 pS/cm in the area of influence of the Cigiiela River (sample 2A)
and ~1,800 pS/cm in the area of the Guadiana River (samples 1A, 4A,
7A, 9A). The vertical distribution of the physico-chemical parameters
has a general tendency not to show important differences with depth (e.
g. pH, T, EC, Chl-a), although there are some parameters that present
changes. The redox potential showed a negative gradient with depth,
reaching negative values in the wetland bottom, especially in summer.
This indicates an anoxic medium. DO showed values slightly sub-
saturated or with daily variations of the sub/over-saturation cycle in
relation to the photosynthetic activity of phytoplankton.

Turbidity has always been present throughout the wetland, generally
higher in Zone A (values between 11 and 14 NTU in spring, and 88-105

Table 1
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NTU in summer), than in Zone B (2-4 NTU in spring, and 3-10 NTU in
summer). Turbidity, Chl-a and PC average values in summer are higher
than in spring in both zones (Table 1).

Regarding nutrients, water samples from the wetland presented TN
and TP contents ranging between 2.16 and 13.40 mg/L and 0.01-0.18
mg/L, respectively (Table 1), showing a strong increase of both nutrients
in summer, especially in Zone A.

TN measured in the Cigiiela River was low (1.68 mg/L), and TP was
high (0.70 mg/L) when compared to the values obtained of the Guadi-
ana River (0.04 mg/L TP and 4.81 mg/L TN) (Table 1).

3.2. Wetland trophic state

Criteria for trophic status classification using chlorophyll-a (Chl-a),
total phosphorus (TP) and transparency, using Secchi disk (SD), as water
quality parameters (OECD, 1982) are given in Table 1Sa. Concerning the
SD values, these data cannot be directly applied in our case study, due to
the shallow nature of the wetland, with maximum depths of two meters
(Table 1), leading to an error in classification. Therefore, in addition to
the OECD classification standards, we here considered the measurement
of light penetration at the wetland bottom as a valuable parameter to
evaluate the trophic state of shallow-water wetlands, instead of trans-
parency with SD. This evaluation aims to ascertain the minimum levels
of Photosynthetically Active Radiation (PAR) reaching the bottom of the
wetland, at which benthic vegetation grow (Fig. 2b).

The PAR threshold for benthic vegetation growth in the TNDP
wetland was determined by choosing the lowest PAR values observed
during summer at sampling sites with charophytes (12S and 15S), with a
designated range of 20-40 pmol/sm? (Table 1). Hence, under the stan-
dards chosen to be used in our study case, Zone A of the wetland was
considered eutrophic in spring and hypereutrophic in summer, while
Zone B was considered eutrophic in both seasons (Table 1Sb).

3.3. Sequencing analysis and estimated richness

The collection of amplicons was sequenced, and the number of reads
is summarized in Table 3S. A total of ~4.5 x 10° sequences — both16S
rRNA and 18S rRNA genes — were obtained across all samples, about
146,000 per sample on average. The analysis of the read length distri-
butions indicated a modal distribution between 442 and 444 nucleotides

Field parameters and nutrients of inputs and sampling sites in the wetland measured during spring (April-18) and summer (September-18). M Depth: Maximum depth.
SD: Secchi disk. *: Not analysed. Values of field parameters are the mean of the water column. ORP values are the mean of the water column, removing values from the

wetland bottom.

Sample M Depth T DO EC pH ORP Turb PC Chl-a total N total P SD PAR (M Depth)
m °C mg/L uS/cm mV NTUs ug/L ug/L mg/L mg/L cm umol/sm? %
April-18 Inflows El * 20.2 9.16 1,706 7.82 215 13 0.18 3.85 1.68 0.67 * * *
E2 * 17.6 8.57 1,567 8.57 61 17 0.38 6.45 4.81 0.04 * *
G3 1.29 17.2 6.30 1,370 7.28 204 32 0.24 4.14 8.70 0.04 44 97 *
G6 * 23.0 8.64 1,330 7.85 167 4 0.13 4.40 8.21 0.03 * * *
1A 1.23 15.4 8.26 1,774 8.22 124 14 1.07 13.34 3.92 0.08 53 16 0.40
2A 0.73 15.1 7.74 2,617 7.99 107 11 1.53 17.06 2.73 0.08 52 53 1.73
Zone A 4A 1.04 15.4 8.64 1,851 8.30 96 12 1.40 15.97 2.43 0.06 56 5 0.08
7A 2.00 15.5 8.23 1,871 8.37 144 13 1.40 17.71 2.16 0.05 61 2 0.05
9A 1.20 15.3 8.20 1,910 8.32 160 11 1.51 17.46 2.28 0.05 76 33 1.02
11A 1.92 17.1 9.28 2,531 7.82 105 4 0.73 13.12 2.78 0.06 132 19 0.41
Zone B 12A 1.42 16.9 9.57 2,756 7.89 98 3 0.54 12.44 2.56 0.04 142 200 4.48
15A 1.55 17.0 8.76 2,806 7.79 103 2 0.57 9.78 2.49 0.04 155 272 6.39
17A 1.80 16.9 8.97 2,839 7.85 140 2 0.47 11.88 2.80 0.04 148 45 1.16
1S 0.89 22.9 5.43 3,047 8.32 149 105 19.73 31.92 10.40 0.17 11 15 0.36
Zone A 4S 0.51 23.2 5.44 3,103 8.30 167 97 19.52 31.27 13.40 0.18 12 0.07
78 1.83 22.9 5.28 3,100 8.30 43 88 19.37 34.34 10.20 0.16 10 0 0
9s 0.44 24.9 5.18 3,094 8.82 89 88 18.08 32.07 10.20 0.18 11 0 0
September-18
128 1.81 24.2 6.62 3,454 7.95 131 10 2.15 23.40 3.30 0.07 56 42 1.05
Zone B 138 1.94 24.2 6.42 3,479 7.88 153 7 1.84 21.82 4.22 0.06 65 19 0.51
158 1.48 26.4 7.26 3,463 7.66 184 3 0.77 15.51 2.70 0.05 85 22 0.71
178 2.40 26.2 7.56 3,462 7.81 200 3 0.58 13.55 5.07 0.05 101 56 1.43
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(nt). After quality control checks, chimera sequence removal and con-
trols sequences subtraction, a total of ~1.9 x 10° sequences remained,
corresponding around 102,000 per sample to Bacteria, 76,000 to
Eukarya, and 700 to Archaea. The number of OTUs detected at a dis-
tance of 0.03, was ca. 500 per sample in Bacteria, 90 in Eukarya, and 13
in Archaea, with a total of 6944 of OTUs detected. Nevertheless, Chaol
estimations suggest that we were able to identify from 78 to 100 % of the
total OTU population. In general, samples taken during spring showed
higher number of OTUs than the summer ones (~25 % less in Bacteria
and Eukarya, and 60 % less in Archaea). Shannon diversity index was
higher for Bacteria and Eukarya (3.7 and 2.7, respectively) than in case
of Archaea (1.8).

(a)
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3.4. Taxonomic composition and diversity of the bacterial community

A total of ~1.2 x 10° sequences were clustered and classified into
5635 target Bacteria OTUs (Table 3S). The lowest number of target reads
and OTUs were recorded for all sites in summer (~88,000 sequences and
381 OTUs on average). In contrast, in spring, the average number of
reads and OTUs were higher in all sampling sites (~112,000 sequences
and 561 bacterial OTUs), except for site 7A, which showed the lowest
values (~56,000 sequences). The highest number of bacterial OTUs
were found in the Guadiana River sampling sites (G3A and G6A) as well
as in the entrance of the park (E2A) with 654 OTUs on average. The
bacterial community diversity showed a similar pattern in both sam-
pling seasons, with the highest Shannon diversity recorded in the
Guadiana River samples (G3A = 4.84 and G6A = 4.26).
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Fig. 3. Relative abundance of bacterial OTUs. a Histogram showing relative abundance of major bacterial phyla-class level per sampling site and sampling date. b
Principal Component Analyses (PCA) on the relative proportion of bacterial phyla-class level. Ellipses represent the different populations detected in terms of
phylogenetic community composition and relative abundance. ¢ Venn diagram at distance of 0.03 of the shared OTUs among sampling zones and sampling date.
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Altogether, 41 bacterial phyla/classes were detected (Fig. 3a). The
most abundant bacteria were affiliated with the Actinobacteriota (being
up to 44 % in E2A), Cyanobacteria (~20 % in all sampling sites except
E2A, G3A and G6A), Alphaproteobacteria, Bacteroidota and Gammap-
roteobacteria (~15 % in most sampling sites), and Verrucomicrobiota
(~10 % in most sampling sites). These groups represented 80 %-90 % of
the total bacterial microbial community. Additionally, clear differences
in the bacterial seasonal distribution were found in all samples, being
more evident in Zone A than in Zone B. Actinobacteriota and
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Gammaproteobacteria were highly reduced in summer (from ~22 %
and ~13 % respectively in spring to <3 % in summer for sampling sites
4,7 and 9). Alphaproteobacteria and Verrucomicrobiota increased their
percentages in summer, i.e. ~ 10 % for both phyla in spring and ~22 %
in summer from sampling sites inside the park. Verrucomicrobiota did
not increase their percentages in samples 12S and 15S (Fig. 3a and
Fig. 1S).

With the PCA on the relative proportion of bacterial OTUs (at a 0.03
distance), 93 % of the total variance was explained. This analysis
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showed a bacterial composition with a clear geographical and seasonal
distribution, grouping into four different clusters: (i) samples from
Guadiana River (G3A and G6A), (ii) samples from Zone A collected in
spring (4A, 9A, 7A) as well as the nearby entrance sample (E2A), (iii)
samples taken in Zone A during summer (4S, 9S, 7S), and (iv) samples
from Zone B (12A, 15S) (Fig. 3b). The bacterial community shared only
34.4 % of the target bacterial OTUs between samples, showing a high
contribution (14 %) of unique OTUs in Zone A samples collected in
spring (Fig. 3¢).

Science of the Total Environment 924 (2024) 171626
3.5. Taxonomic composition and diversity of the archaeal community

Regarding the archaeal community, a total of ~8 x 10 sequences
were clustered and classified into only 157 target Archaea OTUs
(Table 3S). In this case, the lowest number of target reads and OTUs
were also found for all sites in summer (~600 sequences and 10 OTUs on
average), when compared to spring samples (~800 sequences and 15
OTUs). The archaeal community diversity also showed a similar pattern
in both sampling seasons, with the lowest Shannon diversity recorded in
the Zone B samples (12S = 1.34 and 15S = 1.2). Furthermore, 17 genera
were detected (Fig. 4a).
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Principal Component Analyses (PCA) on the relative proportion of eukaryotic phyla-class level. Ellipses represent the different populations detected in terms of
phylogenetic community composition and relative abundance. ¢ Venn diagram at distance of 0.03 of the shared OTUs among sampling zones and sampling date.
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The most abundant groups were Methanobacterium, Crenarchaeota
and Methanosarcinales (including Methanosarcina), comprising up to 50
% of the total number of archaeal sequences. Around 70 % of all
archaeal sequences were affiliated to taxa related to methane meta-
bolism. Clear seasonal differences were also found in samples 4, 7, 9 and
15. Methanobacterium and related uncultured Methanobacteriaceae
increased in summer (from ~14 % to 2 % in spring respectively, up to
50 % and 15 % respectively in summer). Besides, Crenarchaeota were
highly represented in the entrance and in Guadiana River samples (E2A,
G3A, G6A), being ~30 % of the total sequences (Fig. 4a and Fig. 1S).

PCA on the relative proportion of archaeal OTUs (at a 0.03 distance)
explained 82 % of the total variance. In general, archaeal community
showed also a clear geographical and seasonal distribution, grouping in
three main clusters (Fig. 4b): (i) samples from the Guadiana River (G3A)
and E2A, (ii) samples from Zone A collected in spring (4A, 7A, 9A) and
summer (4S, 7S, 9S, 15S), and (iii) samples taken in Zone B during
summer (12S, 15S). The archaeal community shared 40 % of the target
OTUs between all samples, showing the higher contribution (13 %) of
unique OTUs in Zone B samples collected in spring (Fig. 4c).

3.6. Taxonomic composition and diversity of the eukaryotic community

Regarding the eukaryotic community, a total of ~1 x 10° sequences
were clustered and classified into 1152 target Eukarya OTUs (Table 3S).
The lowest number of reads and OTUs were again found in summer for
most of the sampling sites (~5 x 10% sequences and 80 OTUs on
average) when compared to spring (~9 x 10* sequences and 109 OTUs).
In this case, the eukaryotic community showed higher diversity in spring
(averaged H = 3) than in summer (averaged H = 2.3), with the lowest
Shannon index recorded in Zone A for summer samples.

Most of the Eukarya were distributed among the phyla/class Chlor-
ophyta (32 % of the total eukaryotic sequences), Cryptomonadales (18 %),
Ciliophora (16 %), Stramenopiles, Bacillariophyta and Pyrenomonadales (22
%), which made up >90 % of the total Eukarya within each sampling site
(Fig. 5a). Chlorophyta was the most relative abundant group in most of the
sampling sites, except for 12S, 15A and E2A where Cryptomonadales were
predominant. Within Chlorophyta, the genus Hydrodyction represented
>30 % of the total reads in whole the zone. Other Chlorophyta highly
represented were Scenedesmaceae (13 % of the Viridiplantae sequences),
Spaeropleales (11 %) and the genus Oocystis (9 %) (Fig. 1S).

Within the Cryptomonadales, the genera Cryptomonas, Teleaux and
Hanusia were the most abundant, being up to 40 % of the Cryptomona-
dales sequences. Ciliates were also frequently found in all samples,
except in the case of Zone A sampling sites in summer (4S, 7S and 9S). In
this case, Halteria and species belonging to the Intramacronucleata sub-
phylum were the most abundant taxa, representing up to 50 % of the
total Alveolate sequences.

Finally, Bacillariophyta species were mainly found in all sampling
sites in spring. Navicula and Skeletonema were the most abundant
genera, representing >50 % of the total Bacillariophyta sequences. In this
case, PCA explained 86 % of the total variance (Fig. 5b) and it showed
also a clear geographical and seasonal distribution, grouping in four
different clusters, as well as in the case of prokaryotes, although with
minor differences: (i) the inflow samples collected in spring (E2A, G3A,
G6A), (ii) samples from Zone A collected in spring (4A, 7A, 9A), (iii)
samples taken in Zone A during summer (4S, 7S, 9S), and (iv) samples
collected in Zone B during summer (12S, 15S). The eukaryotic com-
munity shared ~60 % of the target OTUs between all samples, showing
the highest contribution (~7 %) of unique OTUs in Zone A samples
collected in spring (Fig. 5c).

3.7. Correlation between microbial community composition and
environmental parameters

Redundancy analyses (RDA) of 16S/18S rRNA gene amplicons data
sets were applied to correlate the measured environmental parameters
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and microbial community structure and were illustrated in triplots,
where taxa names are represented in blue and physico-chemical pa-
rameters in black (Fig. 6). The eigenvalues for each axis generated by
RDA indicate how much of the variation seen in species data can be
explained by that canonical axis. In this case, 80 % of the correlation
between OTUs, sampling sites and environmental data was explained by
two axes (56.9 % axis 1, 80.1 % axis 2). The significance test of the first
canonical axis yielded a p value <0.05.

Axis 1 (vertical axis) showed positive correlations across numerous
environmental indicators, i.e. Total N, PC, Chl-a, EC, T, pH, and
turbidity. Conversely, it exhibited negative correlation to ORP, SD, DO,
and Bacteria and Eukarya Shannon indexes (red and green arrows,
respectively). Sampling sites 4S, 7S and 9S clustered together and were
positively correlated to a high number of environmental parameters, as
well as to Terrimicrobiaceae (Fuku), Rhizobiales (A0839), Chthonio-
bacteraceae and Cyanobacteria, and to Hydrodictyon, Tetrachlorella,
Chlorella and Spharo Eukarya linages, but negatively correlated to rest of
Bacteria and Eukarya. By contrast, no archaeal lineage is clearly asso-
ciated with this cluster and conditions. 12S and 15S samples were most
clearly discriminated by Axis 2 (horizontal axis). Both correlated posi-
tively to EC and T and negatively to Archaea Shannon index. These
samples are correlated clearly to Tolypothrix and Bacteroidetes bacteria
and Cryptomonadaceae Eukarya linage (Fig. 6).

Samples from spring resulted in a positive correlation between them
and ORP, SD, DO concentration and Bacteria and Eukarya Shannon in-
dexes, some bacterial lineages such as Limnobacter and Cyanobium, some
eukaryotic lineages such as Oocystis and Navicula, and most methano-
genic archaea. It is interesting to note that spring samples are grouped
together, but also separated by zones.

3.8. Microbial network in sampling sites

Within the resulting network, nodes representing the sampling sites
are displayed in 4 clusters (Fig. 7): (i) 4A, 7A, 9A 15A and E2A central
cluster, which presents high numbers of connections to taxonomic
nodes; (ii) G3A and G6A Guadiana River cluster; (iii) 4S, 7S and 9S
cluster; and (iv) 12S and 15S cluster. Some nodes classified as Bacteria
and Eukarya lineage are cluster-specific. Thus, Microbacteriaceae, Toly-
pothix, Hanusia and Sphaeropleales are only connected to 12S and 158
cluster; Limnohabitans, hgcl_clade, Navicula and Cryptomonas are con-
nected to central cluster; and Bacillariophyta, Intramacronucleata and
Pseudictyospharium are exclusively connected to the Guadiana River
cluster. Nodes classified as Cyanobacteria, Scendemaceae and Hydro-
dictyon appear only in 4S, 7S and 9S cluster.

By contrast, most of the nodes classified as Archaea present con-
nections to different clusters. For example, Methanobacterium is con-
nected to all clusters except for the Guadiana River cluster.
Methanosarcinales and Bathyarchaeia nodes are connecting central
cluster and 4S, 7S and 9S cluster. Methanosarcina and Methanoregula
nodes also connect three clusters except for 4S, 7S and 9S cluster. It is
interesting to note that neither Bacteria nor Archaea domains are spe-
cific of the Guadiana River cluster. The central cluster (spring samples
and input sample) has the highest number of connected and shared
nodes.

4. Discussion

4.1. Seasonal environmental and microbiological characteristics of the
TDNP wetland

TDNP wetland experiences pronounced seasonal fluctuations, influ-
enced by its location in an arid climate with warm to hot temperatures
and irregular to scarce rainfall. Additionally, the wetland's reduced
depth and the anthropic actions further heighten its sensitivity to these
seasonal changes (Ortiz-Jiménez et al., 2006). As a result, TDNP wetland
becomes susceptible to eutrophication, and standard physico-chemical
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Fig. 6. Redundancy correspondence analysis (RDA) triplot. 89.6 % of the correlation between relative abundance of OTUs, samples sites and environmental data was
explained by two axes. Biological variables were compound by Shannon indexes; Environmental variable were represented by conductivity (EC), temperature (T),
chlorophyll-a (Chl-a), total nitrogen (Total N), phycocyanin (PC), turbidity, pH, oxygen concentration (DO), Secchi disk (Secchi D), and redox potential (ORP).

values of T, EC, pH and nutrient availability characteristic of semi-arid
aquatic systems are affected. Moreover, the effects of these seasonal
changes differ between zones A and B, with a stronger impact on Zone A
due to its shallower depth, the absence of benthic vegetation (Chara
spp.), and the presence of fish that stir up the sediment, affecting the
water column (Fig. 2d).

During spring (April), when water levels are high owing to inflows
from the Cigiiela and Guadiana rivers, both wetland zones can be
characterized as eutrophic (Table 1Sb), presenting certain transparency
in the water column that allows light to reach the bottom of the wetland
(Table 1). Macrophytes were identified around sampling sites (15A),
where PAR values (up to 272 pmol/sm?) were measured (Fig. 2b).
Previous studies (Schwarz and Hawes, 1997; Vieira and Necchi, 2003;
Wang et al., 2015) present a wide range of PAR values in which mac-
rophytes can develop.

Regarding hydrochemical characterization, the Cigiiela River con-
tributes brackish waters with elevated mineralization levels, originated
from the watershed's evaporitic materials (EC 1706 pS/cm; Table 1), and
enriched in Na?*, K*, Mg2+, S03~, and Cl~ (Table 2S). The blending of
these brackish waters with lower mineralization and sulphate levels
from the Guadiana River defines the uniqueness of this wetland (Berzas
et al., 2000).

In summer (September), the inactivation of the inflows, the irregular
to absence rainfall, the water level reductions (especially in Zone A), the
high temperatures, and the evaporation-induced evapoconcentration,
lead to the disruption of the wetland's water quality. This is translated in
an increase of dissolved solids (>EC) and substantial changes in physico-
chemical parameters, i.e. lower transparency (SD) and higher turbidity,
Chl-a, PC, and nutrients (TP and TN) (Table 1). The alterations in Zone A
during the summer are more pronounced, elevating the trophic status to
hypertrophic, while Zone B remains eutrophic (Table 1Sb), with some
areas even experiencing macrophyte growth (Fig. 2b), where PAR values
were up to 56 pmol/sm2. Moreover, considering that eutrophic waters
are typically deemed of poor quality and the presence of macrophytes is
indicative of good water quality (Maggioni et al., 2009), the occurrence
of macrophytes in semi-arid shallow-water wetlands could be consid-
ered as an additional parameter for assessing their trophic status.
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The microbial diversity detected in the TDNP wetland is similar to
other wetlands (Lliros et al., 2014; Newton et al., 2011; Wang et al.,
2022). The most abundant microorganisms were bacteria — a total of
~1.2 x 10° sequences, followed by Eukarya with ~1 x 10° — affiliated
to Actinobacteriota, Cyanobacteria, Bacteroidota, Alphaproteobacteria,
Gammaproteobacteria and Verrucomicrobiota. These groups repre-
sented ~90 % of the total bacterial microbial community. Most of the
Eukarya were distributed among the phyla/class Chlorophyta (32 % of
the total eukaryotic sequences), Cryptomonadales (18 %), Ciliophora (16
%), Stramenopiles, Bacillariophyta and Pyrenomonadales (22 %). Con-
cerning Archaea, around 70 % of the sequences were affiliated to species
related to methane metabolism, mainly Methanobacterium sp., and
within Methanosarcinales order (Figs. 3-5).

In general, samples taken during spring showed higher number of
OTUs than the summer ones (~25 % less in Bacteria and Eukarya, and
60 % in Archaea) (Table 3S). This indicates that microbial community
diversity tended to be higher in waters with lesser eutrophication, as
also reported by Feng et al. (2019), and Wang et al. (2022, 2023).

4.2. Impacts of hypereutrophication and phytoplankton bloom in the
microbial community

A strong water level reduction is an important driving factor of
phytoplankton dynamics, suggesting that it alters the light and mixing
regime, and increases nutrient concentrations and phytoplankton
biomass favouring phytoplankton blooms (Costa, 2016). In summer, a
green superficial layer was observed in Zone A accompanied by an in-
crease in turbidity (80-120 NTU), nutrients (up to 13.40 mg/L TN and
0.18 mg/L TP) and high concentrations of Chl-a (up to 40 pg/L) and PC
(~20 pg/L), indicating a shift in the trophic status from eutrophic to
hypereutrophic (Table 1Sb). Chl-a and PC values indicate the develop-
ment of a phytoplankton bloom, since these parameters can be used as a
proxy for biomass of algae and cyanobacteria, respectively (Rousso
et al., 2021). The rise of PC coincides with the increase of Tolypothrix
(nitrogen-fixing filamentous cyanobacteria) and unclassified Cyano-
bacteria, displacing Cyanobium (nitrogen non-fixing unicellular cyano-
bacteria; Fig. 1S, Figs. 6 and 7). Likewise, the strong increase in Chl-a
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Fig. 7. Microbial correlation network. Bacterial, archaeal and eukaryotic OTUs with relative abundance >3 % in any of the samples were assigned to the genus level
and represented as nodes in the network. Correlation network between the different sampling sites. The network was calculated with Bray-Curtis dissimilarity (BC)
bounded between 0 and 1. The knowledge network was calculated by setting BC to 0.5 and 42 nodes and 106 edges with a mean degree of 8.2 were obtained.

values coincides with the clear bloom of chlorophytes, especially
Hydrodictyon, although an increase of other taxa of this phylum (Sce-
nedesmaceae, Spharopleales, Tetrachlorella and Chlorella) was also
observed (Fig. 1S and Fig. 6). Hydrodictyon algae are therefore the
principal responsible of the bloom.

The Hydrodictyon bloom (organic suspended solids) coupled with the
shift from non-nitrogen fixing to nitrogen-fixing cyanobacteria (Fig. 6)
caused the rise in turbidity and nutrients (TP and TN). This led to a drop
in values of light penetration (0-15 pmol/sm?) impacting water trans-
parency and hindering charophyte growth. Thus, primary production
cannot exist in depth, promoting the lack of DO in the water column
(Table 1) (Tas, 2011), enhanced by consumption of oxygen and the
degradation of organic matter (Xiaoran et al., 2013). These changes
explain the significant negative correlation between the samples of Zone
A with eukaryotic community diversity (and abundance) and DO
observed in the RDA plot (Fig. 6). Furthermore, there is a positive cor-
relation between pH and eukaryotic photosynthetic bloom-related taxa,
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as an increase of pH is more conducive to increase plankton reproduc-
tion (Li et al., 2022; Wang et al., 2016).

A change in heterotrophic microbial populations is also detected as a
consequence of the algal bloom, like the displacement of Actino-
bacteriota. This phylum, typically serving as a microbial indicator for
healthy wetlands with low nutrient and pollution levels (Newton et al.,
2011; Urakawa and Bernhard, 2017), has been noted to experience a
decrease in abundance in eutrophicated wetlands (Wang et al., 2023).
Opposite is the case for Verrucomicrobiota, whose representatives
(Chthoniobacteriales and FukuN18) are clearly increased in summer
(Fig. 3). Verrucomicrobiota has been previously detected in TDNP by
D'Auria et al. (2010) who reported the ability of some species to ferment
a variety of sugars (aerobic or facultative chemoheterotrophs), which
explain their increase with higher values of turbidity, TN, TP and TOC
(Table 1 and Table 2S). Additionally, keystone taxa of Chthoniobacter-
ales (Verrucomicrobiota), Bacteroidota or Rhizobiales are known to
adapt to environments of high organic complexity.
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The increase in nitrogen deposition, linked to an increase of phyto-
plankton biomass (Duce et al., 2008), generates a loss of biodiversity
(Bobbink et al., 2010) and higher susceptibility to stress factors in
communities (Pardo et al., 2011). Our results support the loss of biodi-
versity since samples taken in spring have higher number of OTUs and
Shannon index than in summer for Bacteria, Archaea and Eukarya. In
Zone A, protists practically disappear at the time of the Hydrodictyon
bloom, and Shannon index decreases more (from 3.2 to 2) than the other
two domains (Table 3S). In the case of Archaea, the number of OTUs and
diversity indexes were in general very low, which indicates the reduced
role in the wetland waters, in line with other wetlands studies (Horton
et al., 2019). Most of the archaea detected were classified as methano-
genic, organisms commonly found in freshwater sediments and wetlands
(Horton et al., 2019; Li et al., 2020a, 2020b). The increase in summer of
methanogens (mainly Methanobacteriales) corresponds with an in-
crease in turbidity (inorganic suspended solids), organic matter and a
strong drop of DO, addressing a disturbance and movement of the sed-
iments into the water column, favoured by fish activity (Fig. 2c) and
wind associated to the reduction of the water depth (de Carvalho et al.,
2017; Laguna et al., 2016).

An algal bloom like the one observed in TDNP entails a general loss
in population and biodiversity of Bacteria, Eukarya and Archaea. In
spring, a healthy wetland system in an environment dominated by a
diversity of producers and decomposers; in summer with the algal
bloom, to one that basically consists on primary producers and with very
low microbial diversity. Moreover, microbial community of the wetland
clearly differs from the communities in the inflows (Figs. 3-5), sup-
porting a specific adaptation to this niche (Fig. 7).

5. Conclusions

TDNP semi-arid wetland undergoes strong season variations
affecting its physico-chemical parameters, mainly due to its geograph-
ical situation, shallow water depth and anthropic actions.

Microbial community composition shows a clear geographical and
seasonal distribution within the wetland as response to changes in the
trophic status of the wetland, regulating the inter-domain microbial
adaptation. During the spring, when the wetland exhibits optimal water
quality (eutrophic), all samples of the wetland, including the entrance to
the Guadiana River, display a similar microbial composition, resembling
that of other freshwater wetlands. Conversely, samples obtained from
the Guadiana River at its source and an intermediate point reveal dif-
ferences, highlighting a distinctly diverse microbiology.

During the summer, the hypereutrophic zone shows significant al-
terations in both biotic and abiotic parameters of the wetland water.
These changes create favourable conditions for the proliferation of algal
bloom. The fluctuation of nutrient imbalances, especially concerning
nitrogen sources, is the determining variable of planktonic network
complexity and influences the diverse functions of keystone taxa. This
results in a shift in the microbial community composition and a reduc-
tion in microbial abundance. Although eutrophic zone suffers minor
variations in the water physical-chemical parameters, it also generates a
response in microbial composition.

We propose to assess the photosynthetically active radiation (PAR)
reaching the bottom of the wetland as an environmental parameter to
determine water quality and therefore the trophic status of semi-arid
shallow-water wetlands like TNDP.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171626.
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