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Abstract: Saline lakes are subject to numerous environmental impacts related to human activities,
changing the chemical and biological natural conditions of the ecosystem. Sustainable development
depends on the conservation of such delicate saline ecosystems, which may hold distinctive
biodiversity. Pollution is one of the major threats to surface water bodies, for example by increasing
nutrient contents and organic pollutants, including endocrine disrupting chemicals. Microbially
mediated redox processes exert a fundamental control on nutrient turnover and contaminant removal.
This study examines the influence of land use on the distribution of endocrine disrupting chemicals
as well as on the microbial community composition in lacustrine sediments from Pétrola saline
Lake (SE Spain). The lake is impacted by anthropogenic activities (agriculture, farming, mining and
urban wastewater spills). Applying chemical and molecular tools (sequencing of 16S rRNA gene)
showed a clear influence of land use on the chemistry and bacterial abundance of the lake sediments.
The sampling points closer to wastewater outflows and mining ponds (2635, 2643 and 2650) showed
fewer numbers and types of endocrine disrupting chemicals as well as a smaller number of families
in the microbial community. These findings improve our understanding of how land use affects both
water chemistry and the abundance of organisms responsible for biogeochemical cycles.

Keywords: Hypersaline lake; endocrine disruptors; GC-MSD; 16 rRNA gene; Sediment microbiota;
Bacterial bioremediation

1. Introduction

The Sustainable Development Goals established by the United Nations (UN) encourage the
international community to safeguard ecosystems by 2030 due to their close relation with the
conservation of biodiversity and water resources, and human health [1]. In agreement with these
goals, the European Water Framework Directive (WFD) and the European Green Deal communication
require European Union member states to reach good environmental status of their aquatic ecosystems.
One of the major risks for water bodies and ecosystem sustainability involve emerging pollutants [2,3].
Facing this challenge calls for evaluating the distribution and fate of pollutants as well as the bacterial
community structure (composition). In the case of wetlands, the attenuation capacity of pollutants
is linked to the bacterial communities at the sediment–water interface [4–7]. Therefore, the relative
abundance and distribution of bacteria can be an indicator for the attenuation potential of pollutants
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linked to biogeochemical turnover. Moreover, bacterial distribution can be also affected by land
use in the catchment areas of water bodies. In this study, we evaluated the distribution of bacterial
communities and endocrine disruptors by analysing lacustrine sediments and water samples.

Pétrola wetland (SE Spain, Figure 1) is a hypersaline playa lake type encompassing a saline
complex formed by 12 shallow lakes covering an area of approximately 25 km2. This is one of the
most important saline wetlands in the region of Castilla-La Mancha and is an important hotspot
of biodiversity. It has therefore been given protection status in the form of several regulations:
“Sites of Community Importance” EU 1997, “Natural Reserve” Junta de Castilla-La Mancha Regional
Government (DOCM 26/2003), and Special Protection Area (Code: ES0000153 Steppe area of eastern
Albacete). In addition to the botanical, faunal and hydrological characteristics of the area, the lake
serves as a refuge for migratory birds; it sustains an important population of flamingos and hosts
remarkable endangered species such as the white-headed duck (Oxyura leucocephala). The lake exhibits
a marked water level fluctuation due to the semiarid climate of the region, which leads to an imbalance
between water inputs and outputs. The hydroperiod is characterized by a temporarily flooded period
during the wet season. Irrigation return flows and direct spills of urban wastewaters to the lake have
changed the hydroperiod, and during relatively wet years, the lake no longer becomes completely
dry. The area has been subjected to previous geochemical studies on the potential nitrate attenuation
capacity [8,9]. The anthropogenic impact involves organic pollutants such as endocrine disrupting
chemicals (EDCs). EDCs—defined as exogenous substances or mixtures that possess properties that
might lead to endocrine disruption in living organisms or their progeny or (sub) populations [10]—can
affect the ecological status of natural water bodies. As no previous studies have been conducted
on this issue in the study area, this represents a first characterization of the endocrine disruptors.
EDC were identified based on an available EDC database. The availability of organic carbon, coupled
to the supply of electron acceptor species (such as NO3

−, SO4
2−), maintain the potential of sediment to

support degradation reactions of chemicals. The biodegradation potential is high at the sediment–water
interface, where microorganisms can use available organic and inorganic substances as a source of
energy for metabolic functions or biomass production, oxide-reductases or hydrolases enzymes [11–13].
The fate of many contaminants in water bodies is governed by biogeochemical cycles. These are driven
by microbial processes and thus depend on bacterial community composition.

Little is known about the distribution of endocrine disruptors and its relationship with bacterial
community composition. The first objective of this study is therefore to examine the spatial distribution
and sources of EDC. For this purpose, we analysed water samples from lake water and groundwater
discharge points (streams and springs). In addition, the study attempts to link the bacterial composition
to the distribution of EDC, providing a better understanding of the potential influence of land use on
their distribution.
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Figure 1. (A) Location of Pétrola lake at Segura River Basin in Spain. (B) Delimitation of Pétrola 
endorheic basin (data from Ministry for Ecological Transition and Demographic Challenge) and 
main land uses present in the study area (data from CORINE Land Cover, 2018). (C) Location of the 
water sampling points in the Pétrola Lake area. 

2. Materials and Methods 

2.1. Study Area 

Pétrola Lake is one of the most representative saline wetlands in the Castilla-La Mancha region 
and is affected by noticeable anthropogenic pressures (irrigation, farming, urban wastewaters 
outflows). The lake–aquifer system extends over 43 km2 and occupies the terminal discharge zone 
(the lake is connected to the aquifer) of an endorheic basin, into which various small streams 
discharge in a radial pattern (Figure 1). The maximum volume of stored water is reached in early 
May (0.78 hm3), corresponding to an estimated flooded area of 1.32 km2 [14]. The maximum water 
depth reaches 2 m. Salinity can reach a value up to 109,400 µS/cm (November 2010) [15]. The 
geological context of the study area was described in Gómez-Alday et al. [8]. Two types of farming 
are present: dryland farming and irrigation farming. Farming encompasses approximately 75% of 
the total area, whereby dryland farming contributes about 58% and irrigated cropland 17%. 
Irrigation return flows reach the lake through streams and springs. The impact of human activities is 
clearly evident in the elevated nitrate concentrations in groundwater, peaking at 149 mg/L (March 

Figure 1. (A) Location of Pétrola lake at Segura River Basin in Spain. (B) Delimitation of Pétrola
endorheic basin (data from Ministry for Ecological Transition and Demographic Challenge) and main
land uses present in the study area (data from CORINE Land Cover, 2018). (C) Location of the water
sampling points in the Pétrola Lake area.

2. Materials and Methods

2.1. Study Area

Pétrola Lake is one of the most representative saline wetlands in the Castilla-La Mancha region and
is affected by noticeable anthropogenic pressures (irrigation, farming, urban wastewaters outflows).
The lake–aquifer system extends over 43 km2 and occupies the terminal discharge zone (the lake
is connected to the aquifer) of an endorheic basin, into which various small streams discharge in a
radial pattern (Figure 1). The maximum volume of stored water is reached in early May (0.78 hm3),
corresponding to an estimated flooded area of 1.32 km2 [14]. The maximum water depth reaches
2 m. Salinity can reach a value up to 109,400 µS/cm (November 2010) [15]. The geological context of
the study area was described in Gómez-Alday et al. [8]. Two types of farming are present: dryland
farming and irrigation farming. Farming encompasses approximately 75% of the total area, whereby
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dryland farming contributes about 58% and irrigated cropland 17%. Irrigation return flows reach the
lake through streams and springs. The impact of human activities is clearly evident in the elevated
nitrate concentrations in groundwater, peaking at 149 mg/L (March 2009) [8]. The remaining area is
occupied by semi-natural land cover types including Mediterranean forest and scrubland (19%) [16].
Urban wastewaters from a population of 692 inhabitants (year 2019) are discharged directly into the
lake, without proper treatment. Ammonium in wastewaters can reach values of about 43 mg/L [9].
Moreover, mining activities had an important influence up until the 1990s, disrupting original lake
geomorphology. Finally, brines were exploited in the 20th century by isolating part of the lake with
dikes, forming evaporation ponds (Figure 1). Recently, organic-rich lake bottom sediments, mixed
with a detrital fraction, have been deposited, enhanced by the eutrophic conditions.

2.2. Sample Collection

Sampling sites comprised springs and streams surrounding the lake (2554, 2571, 2602, 2640,
2641, 2642) as well as the surficial water of the lake (Figure 1). In the lake, sampling points were
distributed into 5 groups according to their proximity to the main anthropogenic pressures around
the lake perimeter and the compartmentation of the lake by artificial dikes. The artificial dikes were
designed to minimize the effects of human pressures on lake hydroecology by isolating parts of the
water body. Communication between isolated parts occurs during the high flooding level. Sites 2649,
2651 and 2652 are representative of agricultural discharge areas (irrigation return flows). Sampling
point 2651 is close to the depocenter of the lake and away from the main pollutant inputs. Site 2648
is located close to the input of an artificial channel that discharges effluents from livestock directly
into the lake. Site 2635 represents an isolated evaporating pond for salt extraction, with a limited
communication with the lake. Sites 2575, 2643 and 2650 are separated from the rest of the lake area
by an artificial dike, and all of them are influenced by urban outflows, with 2575 being the closest,
about 0.25 km from the raw wastewater. Site 2643 is set 0.78 km away from the urban wastewater raw
discharge point. The stream 2642 reaches this zone. Synthetic and organic fertilizers from agriculture
reach the lake through small streams.

2.2.1. Water Sampling

A total of 112 water samples, collected monthly from March to December 2018, were analysed
to identify endocrine disrupting chemicals at 14 sampling points (Figure 1). Surface water samples
were collected at the lake sites 2648, 2649, 2650, 2651 and 2652, the evaporating pond (2635), and the
wastewater-influenced area pond (2575, 2643). Springs and streams surrounding the lake (2554, 2571,
2602, 2640, 2641, 2642) were also sampled during the same period. Physico-chemical parameters were
measured in situ using a HQ40d portable Multi-Parameter Meter (Hach Company, Loveland, CO,
USA). The accuracy of physico-chemical determinations was ±0.3 ◦C for T, ±0.002 for pH, ±0.5% for EC
and TDS (±200 mS/cm), ±0.1 mV for Eh, and ±0.01 mg/L for dissolved oxygen. One litre of water was
collected with an amber glass flask, previously rinsed several times with the water of the sample itself.
Afterwards, the flask was sealed with a screw cap, avoiding headspace, refrigerated and transported to
the laboratory. At the laboratory, water samples were filtered with a 0.45 µm nylon filter and stored in
a cold room (4–6 ◦C) until further analysis.

2.2.2. Sediment Sampling

A total of 6 sediment samples from Pétrola Lake were collected for metagenomic study at the lake
sampling points 2635, 2643, 2648, 2649, 2651 and 2652, during March 2018. Sampling was performed
by collecting the first 5 cm of the lake bottom sediments. Samples, collected aseptically in sterile 50 mL
polypropylene tubes, were transported to the laboratory under refrigeration and darkness, for a time
period not exceeding 5 h.
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2.3. Endocrine Disrupting Chemicals Analysis

EDCs were analysed by gas chromatography coupled to a mass detector prior to solid phase
extraction. For solid phase extraction, a Vac Elut manifold was used. First, the Bond Elut Plexa
PAX type extraction cartridges were placed and conditioned by adding 2 mL of analytical grade
methanol and 2 mL of MiliQ water; then, 500 mL of the sample passed through the extraction column
supported by a vacuum pump, at a rate of about 40 drops per minute. The compounds retained in
the solid phase were eluted twice with 5 mL of dichloromethane. Afterwards, a eluted volume of
dichloromethane was evaporated with a gentle flux of nitrogen (N2); the tube in which the eluent
had been evaporated was rinsed several times with 250 µL of toluene, and then the accumulated
volume of toluene was poured into a 1 mL vial insert; finally, the poured extract in the vial was
analysed in Agilent 7890B Series Gas Chromatograph (GC) linked to an Agilent 5977B Mass Selective
Detector (MSD) equipped with a DB-5ms capillary column (30 m × 0.25 mm i.d. × 0.25 µm film
thickness, J&W Scientific, Folsom, CA, USA). High purity helium (99.9999%) was used as carrier gas.
One complete run lasted 34.17 min. A programmed-temperature vaporiser (PTV) injector worked
in solvent vent mode. The inlet temperature was held at 100 ◦C for 0.5 min, raised to 280 ◦C at
900 ◦C/min, and finally decreased to 100 ◦C at 900 ◦C/min until the analysis was finished. The oven
temperature was held at 100 ◦C for 1.5 min, raised to 180 ◦C at 30 ◦C/min, then raised to 310 ◦C at
5 ◦C/min for 4 min. MS transfer line and the ion source temperature were both set at 280 ◦C. The MSD
was operated in full scan mode from 50 to 500 m/z. Data acquisition and processing were based
on deconvolution technologies, which were accessed in ChemStation Software (version E.0200.493;
Agilent Technologies, Santa Clara, CA, USA). The database used for screening analysis included 926
pesticides and endocrine disruptors as in Wylie [17]. Deconvolution was run to identify endocrine
disruptor compounds according to the following criteria: the automated mass spectral deconvolution
and identification system match values were higher than 60%. Chemical analyses were performed
at the facilities of the Biotechnology and Natural Resources Laboratory at the Institute for Regional
Development (IDR), University of Castilla-La Mancha (UCLM).

2.4. DNA Extraction and MiSeq Illumina Sequencing

Bacterial DNA from the sediment was extracted immediately after sampling to minimize
significant DNA degradation. Prior to DNA extraction, all sediment samples were aseptically
homogenised, and 0.5 g were used for total DNA extraction. Extraction was performed using
the NucleoSpin® Soil DNA extraction kit (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s instructions. The yield and quality of the extracted DNA samples were evaluated on
1% agarose gel. DNA concentration was checked by spectrophotometric methods, using a multimode
lector Cytation 5 (BioTek, Vermont, VT, USA). All extracted DNA samples were stored at −20 ◦C until
further processing.

After quality and quantity controls, amplicon sequencing (V3–V4 region) of 16S rRNA gene [18,19]
was performed on DNA extracts on a MiSeq using v3 chemistry by Stabvida (Caparica, Portugal).
Final taxonomic assignment was obtained after amplicon data processing and sequence alignment
using QIIME 2™ v2018.6.0 [20] and the version 132 of SILVA database [21].

2.5. Statistical Analysis

Endocrine disrupting chemical data were analysed by the non-parametric procedure of the
Kruskal–Wallis test. Analysis of variance (ANOVA) was used to determine statistical significance in
microbiological characterization. Data analysis was carried out with Statgraphics Centurion and SPSS.
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3. Results and Discussion

3.1. Endocrine Disrupting Chemicals Distribution

The Endocrine Database Exchanged (TEDX) and Database of Endocrine-Disrupting Chemicals
and Their Toxicity Profile (DEDuCT) were employed for EDC identification. They comprise a list of
chemicals that have shown evidence of endocrine disruption in scientific research. From the list of
EDCs detected in the water samples, plastics, or those that could be part of plastics, were discarded in
order to avoid an incorrect interpretation of results. As shown in Table 1, a total of 34 compounds
classified as EDC were identified in surface waters of the lake (2643, 2648, 2649, 2650, 2651, 2652),
evaporating pond (2635), wastewater (2575) ponds, and in springs and streams (2554, 2571, 2602, 2640,
2641, 2642). The most frequently detected EDC was cyprodinil (69/112; 61.6%), followed by tonalide
(44/112; 39.3%), O-phenylphenol (43/112; 38.4%), caffeine (29/112; 25.9%) and fluorene (27/112; 24.1%).

Table 1. Endocrine disrupting chemicals identified in water samples collected from small streams and
springs surrounding the lake and lake surface water. Concentrations are given in ng/L. The main land
use is indicated at each point: IRL: irrigated land; DRL: dry land; WWP: wastewater pond; MP: mining
pond; LS: livestock. -: not-detected.

Spring and Stream WWP Petrola Lake

Land Use IRL IRL IRL DRL DRL DRL WWP WWP WWP IRL IRL IRL MP LS

Control Point 2554 2571 2602 2640 2641 2642 2575 2643 2650 2649 2652 2651 2635 2648 Total

Atrazine - 1 1 1 - 1 - - 1 1 1 - - - 7
Carbofuran - - - - - - 1 - - - - - - - 1

Chlorfenvinphos, cis- - - - - - - 1 - - - - - - - 1
Chlorfenvinphos, trans- - - - - - - 1 - - - - - - - 1

Diazinon - - - - - - 1 - - - - - - - 1
Dinocap - - - - 1 - - - - - - - - - 1

Methoprene 1 - 1 - - - - - - - - - - 1 3
Mevinphos - - - - - - - - - - - 1 - - 1
Propoxur - - - - - - - - - 1 1 1 1 3 7

Tetramethrin II - 1 - - - - - - - - - - - - 1
Boscalid (Nicobifen) - 4 - - - - - - - 2 1 - - 1 8

Cyprodinil 6 6 6 8 7 4 7 4 2 5 3 4 3 4 69
Flutolanil 1 - 1 1 1 1 - - - - - - - - 5
Methomyl - - 1 1 - - - 1 - 1 1 2 - - 7

o-Phenylphenol 6 3 3 5 4 5 7 1 2 1 - 3 1 2 43
Oxadiazon - - 1 1 - - - 1 - 1 - - 1 - 5

Propiconazole-II - - - - - - 1 - - - - - - - 1
Pyrimethanil - - - - - 1 - 1 - - - 1 - - 3
Tebuconazole - 2 - - - - - 1 - 1 1 2 - 1 8

Terbuthylazine - - - - - - 2 - - - - - - - 2
2,4,6-Tribromophenol 3 3 2 2 3 3 2 - - - - - - - 18

Acenaphthylene 1 - 1 - 1 - - 1 - - 1 - - 1 6
Atrazine-desethyl - 5 - 1 - - - - - - - - - - 6

Butylated hydroxyanisole - 1 1 1 1 - 2 - - 1 - - 1 - 8
Caffeine 4 1 3 4 5 1 6 - 2 - 1 - 1 1 29

Dibenz[a,h]anthracene - 2 1 1 - 1 - - - - - - 1 1 7
Fluoranthene 3 2 3 3 2 1 1 - - 1 - 1 - - 17

Fluorene 1 2 2 5 5 2 3 1 1 - 1 1 1 2 27
Musk Ketone - - - - - - 1 - - - - - - - 1
Phenanthrene 1 - - - - - 2 - - - - - - - 3

Piperonyl butoxide - - - - 2 1 8 - - 1 - 1 - - 13
Terbuthylazine-desethyl - 1 - - 1 3 - - - - - - - - 5

Tonalide 7 4 4 6 6 5 8 1 2 1 - - - - 44
Triclosan - - - - - - 2 - - - - - - - 2
Count 1 11 15 15 14 13 13 18 9 6 12 9 10 8 10
Sum 2 34 38 31 40 39 29 56 12 10 17 11 17 10 17

1 Number of different endocrine disruptors per sampling point. 2 Total number of endocrine disruptors detected
per sampling point.

Nineteen of the detected EDC can be classified as pesticides or biocides: atrazine, boscalid,
carbofuran, cis-chlorfenvinphos, trans-chlorfenvinphos, cyprodinil, diazinon dinocap, flutolanil,
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methomyl, methoprene, mevinphos, O-phenylphenol, oxadiazinon, propiconazole, propoxur,
pyrimethanil, tebuconazole, terbutilazine and tetrametrhin; two metabolites from triazine herbicides
(desethyl-atrazine and desethyl-terbutilazine); five of the identified EDC are polycyclic aromatic
hydrocarbons (PAHs): acenaphthylene, dibenz[a,h]anthracene, fluoranthene, fluorene and phenantrene;
four EDC compounds can be grouped as body care products, such as tonalide, butylated hydroxyanisole,
musk ketone and triclosan. Finally, caffeine, a legal drug, appears widespread in the different sampling
points of the all water sample types.

Regarding the pesticides detected, half of them (atrazine, carbofuran, chlorfenvinphos isomers,
diazinon, dinocap, methoprene, mevinphos, propoxur and tetramethrin) are banned in Spain
and Europe. Surprisingly, clorfenvinphos, metoprene, mevinphos, tetramethrin and atrazine,
which were banned between 2003–2004, appear in water samples several years after banning [22,23].
Those pesticides whose use is allowed appear more frequently than those prohibited. Cyprodinil and
O-phenylphenol were the most often detected pesticides; both are broad-spectrum activity substances
that can be used as pesticides in many crops and livestock, preservatives in fruits or flowers, and even
as additives in the food industry [24–26].

Concerning the rest of the EDCs, there are no regulations regarding their use. However,
fluoranthene (17/112; 15.2%) is a priority substance because of its negative effects on aquatic
ecosystems [27]. Noticeably, tonalide (44/112; 39.3%) and caffeine (29/112; 25.9%) were the most
detected EDCs; the first, tonalide, is widely used as a low-cost fragrance ingredient in cosmetics,
detergents, fabric softeners, household cleaning products and air fresheners. Owing to its lipophilicity,
persistence and extensive use, tonalide has been detected in water bodies, sediments and biota,
including humans [28]. Tonalide concentrations are relatively high in the environment and biota,
and are especially high in wastewater treatment plants [28]. Caffeine is an alkaloid that occurs in more
than 60 plant species (e.g., in the seeds of the coffee, cacao and cola tree and in the leaves of the tea
tree). It is a constituent in a variety of beverages (coffee, tea, caffeinated soft drinks) and in numerous
food products (chocolate, pastries, dairy desserts). The global average consumption is about 70 mg per
person per day but varies in the different countries [29]. This makes it a pollutant that can be found in
wastewater effluents, in surface waters [30] and even in groundwater [31]. Caffeine has been proposed
as an indicator of wastewater pollution [32,33].

The domestic insecticides, chlorfenvinfos isomers (2/112; 1.8%) and diazinon (1/112; 0.9%),
the fragrance compound musk ketona (1/112; 0.9%) and triclosan (2/112; 1.8%), a disinfectant used
in body care products, were detected only in the area affected by urban wastewaters (site 2575);
at this site, the more frequent EDCs were tonalide (8/112; 7.1%) and piperonyl butoxide (13/112;
11.6%), an ingredient in insecticides to control pests in households, in food-handling establishments
and for human and veterinary applications against ectoparasites. This suggests that the source is
also linked to urban wastewaters. The banned pesticides dinocap (1/112; 0.9%) and tetramethrin
(1/112; 0.9%), the authorized fungicide flutolanil, and the degradation products of triazine herbicides
desethyl-atrazine (6/112; 5.4%) and desethyl-terbuthylazine (5/112; 4.5%) were identified only in springs
and streams draining agricultural areas. Finally, the banned biocides mevinphos (1/112; 0.9%) and
propoxur (7/112; 6.2%) were detected only in lake water samples. In the areas of the lake receiving
return flows from agriculture, such as points 2649 and 2652, we identified atrazine (7/112; 6.2%),
propoxur, boscalid (8/112; 7.1%), cyprodinil, methomyl (7/112; 6.2%) and tebuconazole (8/112; 7.1%).
Cyprodinil, O-phenylphenol, butylated hydroxianisole (8/112; 7.1%), fluoranthene, fluorene (27/112;
24.1%), piperonyl butoxide and tonalide were identified in all sampling points.

3.2. Microbial Community Structure

Among sampling sites, bacterial taxa (as relative abundance in %) in sediment samples varied
greatly (Figure 2). At the phylum level, Proteobacteria, Bacteroidetes and Firmicutes were the dominant
taxa. Proteobacteria cover a range from 33.1% (site 2643) to 56.3% (site 2651), Bacteroidetes a range
from 10.5% (site 2635) to 17.2% (site 2648) and Firmicutes a range from 2% (site 2643) to 11.7% (site
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2635). At the class level, Gammaproteobacteria, Deltaproteobacteria (identified taxa related to sulfate
reduction [34]) and Alphaproteobacteria (identified taxa related to nitrate reduction [35]) were identified
in all sampling points, showing a range from 31% to 54% at sites 2643 and 2651, respectively. Besides the
Proteobacteria members, the association of sulphur reducers belonging to Bacteroidia and Clostridia
comprised the main class consortium, covering ranges from 6% up to >16% (sites 2651 and 2652,
respectively). At the family level, the abundance of taxa increased up to 631 families. The Proteobacteria
members Desulfobacteraceae (up to 13.5% at 2648) and Rhodobacteraceae (up to 8.4% at 2651) were the
most represented families across the analysed sediments (Figure 2). In association with Spirochaetaceae,
they carry out the main recycling and transformation of S-compounds [36–39]. Ectothiorhodospiraceae (up
to 6.8% at 2649) represented the major community, which can utilize nitrogen and sulphur-compounds
for anoxic metabolic pathways [40]. Anaerolineaceae, Trueperaceae and Marinilabiaceae are linked to the
carbon cycle and the degradation of organic matter [41–43]. These families are able to recycle S-N-C
under high salinity conditions [40,44,45], which may confer a turnover potential in sediments from
Pétrola Lake.
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In contrast, a minor group of families was present that, together, did not represent more than 14%;
their presence may depend on EDC and land use distribution. Families such as Alteromonadaceae [46],
with large genomes containing degradative genes, and halophilic Halomonadaceae and Halothiobacteraceae,
linked to N and S cycles [47,48], contributed significantly in sectors of the lake with a direct influence of
agriculture return flows (sites 2649 and 2652). Noticeably, these families were not found in the mining
pond (2635). Due to the poor communication with the rest of the water mass, flooding occurs only
during high stand level conditions. At 2635, an increase of between 2% and 10% in the abundance of
the halophilic family Halanaerobiaceae was found to be closely linked with the recycling of several types
of C-compound [49]. Importantly, sectors of the lake far from direct inputs of contaminants, such as
2643 and 2651, exhibited a high relative abundance of unknown families.

3.3. Land Use Influence on EDC Distribution and Bacteria Community Structure

The number of EDCs differed significantly (Chi squared: 9.761; p < 0.01) between springs and
streams, and surface water samples. The wastewater point 2575 showed the largest number of
EDCs, with a total of 18 compounds detected 56 times (Table 1). In addition, pesticides or their
metabolites were detected up to 98 times in springs and streams surrounding the lake. The largest
number (23) was recorded at the spring sample point 2571 (Table 1), close to a major irrigation area
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(Figure 1). An important part of the EDC load reaches the lake through the small surrounding streams.
These streams drain through surface and groundwater runoff and dry and irrigation agricultural areas.
The presence of EDCs in springs and streams reveals that one of the most relevant contamination
sources to the saline lake is diffuse. Urban outflows, a point pollution source, constitute another key
input of pesticides such as cyprodinil, O-phenyphenol, boscalid, methomyl and atrazine. Some EDCs
are common in both agricultural and urban outflows: cyprodinil, O-phenylphenol and caffeine.
Atmospheric deposition as a source of some EDCs cannot be ruled out. This is the case in some
polycyclic aromatic hydrocarbons (PAHs) such as fluorene, fluoranthene or phenantrene, which can be
transported long distances and deposited with rainfall [50,51]. Other pesticides that are not volatilized
attach to soil particles and are transported by wind and then deposited [52,53]. The anthropogenic
pressures, agriculture and wastewater outflows, the intensity of EDC use and their persistence in the
environment can explain the distribution of most of the EDC. For example, the widespread distribution
of cyprodinil and O-phenylphenol can be explained because they are permitted pesticides in common
use; in contrast, the spatial distribution of atrazine is more limited because it was banned 13 years ago,
but due to its persistence, it is still detected.

Regarding the persistence in the environment of EDC, the physico-chemical properties
(solubility, soil adsorption coefficient-Koc, Groundwater Ubiquity Score-GUS, Octanol-water partition
coefficient-Kow) of a pollutant and the environmental redox conditions, which can be governed by the
activity of microorganisms, can control their distribution and fate. Note that the number of compounds
in the lake is lower than in streams and springs, which points to attenuation processes. It is reasonable
to assume that the overall number of EDCs in the aquifer is more important than that in the surface
water body, because the volume of groundwater is greater. The absence of some compounds in the
lake can be explained by the analytical resolution of the employed GC-MS equipment (they are below
the detection limit) or by attenuation processes linked to both physical (i.e., adsorption capacity of
sediments, photodegradation) and biogeochemical attenuating processes.

From a microbial perspective, members of Alpha-, Gamma- and Deltaproteobacteria, Bacteroidia
and Clostridia classes—which use carbon, sulphur and nitrogen compounds for energetic and metabolic
purposes—were identified in Pétrola Lake sediments. They have also been reported in soda and salt
ecosystems in Lonar Lake, Lake Grevelingen or Lake Bosten [44,54,55]. The co-existence of nitrogen or
sulphur-oxidizing, and nitrate or sulphate-reducing, bacteria in Pétrola Lake suggests the presence
of functional coupled cycles (i.e., redox processes related to S-N-C cycles) at the sediment–water
interface. The microbial activity at the sediment–water interface may control redox conditions by
utilizing different electron donors (i.e., organic matter) to sustain metabolic activity. This interpretation
can be inferred indirectly by estimating the amount of organic carbon (OC) available and exploring the
microbial community structure in the water body. The amount of OC in the sediment surface layer is
variable, ranging from 0.68 to 6.10% [9]. Therefore, enough OM is available to enable heterotrophic
processes driven by bacteria, which can help reduce contaminant loads. Both high NO3

− attenuation
(1.25 mmol d−1kg−1, Carrey et al. [56]) and H2S production rates (0.36 nmol/cm−3s−1, Menchén et
al. [57]) have been found in experimental assays, which suggest a high metabolic activity linked to
high rates of nutrient turnover and mineralization in Pétrola Lake sediments. The identification of
bacteria communities linked to C-N-S cycles open the possibility of EDC attenuation by biodegradation
processes [58]. The intensity of these processes may be linked to the lake characteristics (i.e., relative
isolation from pollution sources) as suggested by the variability in the spatial distribution of bacteria
families per land-use zone. Bacterial communities can change rapidly in response to the available
source of energy and can develop resistance mechanisms linked to the input of some inorganic (i.e.,
nitrate) or organic (EDC) pollutants [59–61]. Accordingly, lake zones partially isolated from the rest
of the water body but affected by human pressures (i.e., 2635) showed lower relative abundances of
families than those affected by farming or wastewaters. Thus, bacterial composition is modified by
anthropogenic pressures, directly affecting the natural development of the saline system. Furthermore,
such lake zones contained fewer endocrine disruptors, reinforcing the idea that this specific site is
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isolated from the influence of other sources of contamination. This provides support for the conclusion
that the functional traits of bacterial communities change in response to anthropogenic pressures [62].

4. Conclusions

Based on to the Endocrine Database Exchanged (TEDX) and Database of Endocrine-Disrupting
Chemicals and Their Toxicity Profile (DEDuCT), a total of 34 endocrine-disrupting chemicals were
detected in the aquifer–saline system of Pétrola Lake. They can be grouped into biocides, PAHs,
body care products and abuse drugs. The spatial distribution of these EDC is not homogeneous
and depends on the dominant land use, e.g., pesticides were more abundant at those sites related to
agricultural (irrigation) land uses. Urban wastewater outflows represent the most important source
of endocrine disrupting chemicals and are characterised by body care products as well as biocides
related to veterinary drugs and household products. Notably, caffeine was present in all sampling
sites, regardless of land use. The presence of pesticides forbidden since 2003, such as metoprene or
mevinphos, indicates the elevated persistence of certain EDCs in the environment. The number of
EDCs is no doubt larger in the aquifer than in the lake, pointing to attenuation processes reducing the
amount of these pollutants in the aquifer–saline lake hydrogeological system.

We outline the overall structure of the main bacterial communities in the sediments. Amplicon
sequencing of the 16S rRNA gene revealed a gradient in the microbial composition affected by land use
proximity, as well as a relationship between the relative isolation of certain sites from the rest of the
water body and EDC appearance. The relationship between microbial composition and the pollutant
source location may affect both the biodegradation capacity and the functional traits of the microbial
community. The community structure changed in response to the anthropogenic pressures. Alpha-,
Gamma- and Deltaproteobacteria, Bacteroidia and Clostridia were the dominant classes in all samples;
all can biogeochemically transform EDC linked to S-N-C cycles. Importantly, some banned pesticides
currently still appear in groundwater and surficial waters of the lake. These insights provide a better
understanding of the distribution of some EDCs in the protected area, an important step in establishing
and implementing future management procedures focused on their control.

Regarding management measurements, the partial isolation of lake areas affected by farming
and wastewater sources does not resolve the presence of organic pollutants in the surface waters.
Since this study demonstrates an excess of biocides in the environment, management measurements
should be focused on the reduction in the use of biocides by, for example, promoting good agricultural
practices. The wastewater treatment plant needs to be operational and should provide a treatment
which not only includes the removal of nutrients but also organics. Regarding the presence of
forbidden EDCs, the promotion of studies by environmental authorities focused on the transport of
pollutants in groundwater would contribute to forecasting the persistence of some pollutants in the
salt lake–aquifer system.
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