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ARTICLE INFO ABSTRACT
Keywords: Hypersaline endorheic aquatic systems (H-SEAS) are lakes/shallow playas in arid and semiarid regions that
Dissolved organic matter undergo extreme oscillations in salinity and severe drought episodes. Although their geochemical uniqueness and
Hypersaline waters microbiome have been deeply studied, very little is known about the availability and quality of dissolved organic
Endorheic matter (DOM) in the water column.. A H-SEAS from the Monegros Desert (Zaragoza, NE Spain) was studied
Spectroscopy . . . . . P . . .
FT-ICR-MS during a hydrological wetting-drying-rewetting cycle. DOM analysis included: (i) a dissolved organic carbon
(DOC) mass balance; (ii) spectroscopy (absorbance and fluorescence) and (iii) a molecular characterization with
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). The studied system stored a large
amount of DOC and under the highest salinity conditions, salt-saturated waters (i.e., brines with salinity > 30%)
accumulated a disproportionate quantity of DOC, indicating a significant in-situ net DOM production. Simulta-
neously, during the hydrological transition from wet to dry, the DOM pool showed strong alterations of it mo-
lecular composition. Spectroscopic methods indicated that aromatic and degraded DOM was rapidly replaced by
fresher, relatively small, microbial-derived moieties with a large C/N ratio. FT-ICR-MS highlighted the accu-
mulation of small, saturated and oxidized molecules (molecular O/C > 0.5), with a remarkable increase in the
relative contribution of highly oxygenated (molecular O/C>0.9) compounds and a decrease of aliphatic and
carboxyl-rich alicyclic moleculesThese results indicated that H-SEAS are extremely active in accumulating and
processing DOM, with the notable release of organic solutes probably originated from decaying microplankton
under large osmotic stress at extremely high salinities.
1. Introduction worldwide (Wang et al., 2018) that undergo large oscillations in salinity,
with maxima at the salt saturation level. Some recent geo-statistical
Hypersaline endorheic aquatic systems (H-SEAS) are harsh and estimates suggest that inland saline and hypersaline waters might ac-
vulnerable ecosystems widely distributed in arid and semiarid regions count for 47% of global lakes volumes, and small saline waters bodies
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might represent up to the 3% of global lakes volumes (Messager et al.,
2016). H-SEAS attracted researches for hosting diverse and dynamic
halophilic consortiums of archaea, bacteria, plankton, fungi, protists
and invertebrates (Lee et al., 2018; Menéndez-Serra et al., 2021; Belilla
et al., 2021). By contrast, information about dissolved organic matter
(DOM) in these ecosystems is still scarce and unconnected (Mariot et al.,
2007; Butturini et al., 2020; Boros et al., 2020; Jiang et al., 2022),
despite it being an indispensable source of carbon and energy for the
abundant heterotrophic bacteria occurring in these habitats (Lee et al.,
2018) and probably an important component for explaining anomalous
methane production measured in a productive saline-soda lake (Fazi
et al., 2021). Consequently, determining the dynamic of the DOM in
these ecosystems is a fundamental step in understanding how micro-
biota proliferate in these harsh habitats and the relevance of the carbon
cycle in these ecosystems.

The abundance and quality of DOM in aquatic ecosystems are the
result of an intricate balance between terrestrial allochthonous inputs
(Da Silva et al., 2021), autochthonous biotic releases (Morling et al.,
2017a), heterotrophic consumption (Morling et al., 2017b) and photo-
degradation (Gonsior et al., 2013; Herzsprung et al., 2020). Research on
DOM in endorheic saline waters typically focus on the variability in the
quality of DOM across water bodies at the regional scale (Wen et al.,
2018; Song et al., 2019; Xu et al., 2020; Jiang et al., 2022) or among
water layers in stratified lakes (Butturini et al., 2020). However,
knowledge about temporal changes of DOM quality is still scarce (Jiang
et al., 2022). Shallow H-SEAS are extremely dynamic in terms of hy-
drology and water salinity, which dramatically increases when the
surface water evaporates. Therefore, only temporal monitoring can
capture the dynamics and magnitude of these changes and determine
their relevance in shaping the quantity and qualitative properties of
DOM in these systems.

The fate of DOM during a hydrological transition from wet to dry
conditions in H-SEAS can reflect the superposition of complex processes.
On the one hand, during drying, water evaporation should cause a sharp
rise in the DOM concentration in the water column. On the other hand,
the increase in salinity during dry conditions is expected to reduce the
solubility of some organic solutes (the salting-out phenomenon; Xie
et al., 1997), especially proteinaceous (Li et al., 2012) and amphiphilic
compounds (Lechtenfeld et al., 2013). Accordingly, the concentrations
of some DOM moieties might decrease under high salinities. Simulta-
neously, the lack of interception of solar radiation by terrestrial vege-
tation should facilitate the photodegradation of aromatic fractions (Del
Vecchio and Blough, 2006). Finally, the increase in temperature asso-
ciated with drying might promote the growth of benthic and pelagic
microbiota, consequently increasing the release/uptake of organic sol-
utes. All together, these in-situ processes are expected to have a
discernible influence on DOM properties and its potential bioavailability
for heterotrophic microbiota or its photoreactivity. For instance,
increased osmotic pressure in salt-saturated waters (i.e., brines, with
salinities > 30%) might lead to the release of osmoregulatory com-
pounds by the microbiota or cell lysis, resulting in the exudation and
hydrolysis of organic moieties from stressed halotolerant organisms
(Altendorf et al., 2009). Therefore, an accumulation of fresh and satu-
rated autochthonous compounds might be expected at high salinities.
Furthermore, if the solubility of proteinaceous moieties decreases at
high salinities, the C/N ratio is expected to increase. However, the
opposite is expected if the DOM is absorbed onto the salt precipitates as a
consequence of salt oversaturation (Li et al., 2012).

Finally, the ecological context of the surrounding area also matters.
Shallow H-SEAS are typically located in flat and arid zones, with very
little littoral and terrestrial vegetation and no canopy (Conesa Mor et al.,
2011). Therefore, allochthonous inputs are expected to be small and
sporadic, but might be relevant at certain times, especially during storm
episodes.

In this context, the three main objectives of this study were to:
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Determine the mass balance of dissolved organic carbon (DOC) in the

water column during the transition from wet to dry conditions in an

extremely dynamic H-SEAS to discern the impact of evaporation on
in-situ DOC consumption/release.

2 Detail the synchrony/asynchrony of the DOC concentration based on
its qualitative (e.g., spectroscopic) properties during the wet-to-dry
transition.

3 Explore if and how the molecular chemo-diversity of the DOM

changes as dryness and salinity increase.

To address these objectives, water samples were collected from a
shallow H-SEAS in the Monegros Desert (NE Spain) for almost one year
during a hydrological wetting-drying-rewetting transition. Furthermore,
DOM from interstitial waters collected during the summer was analyzed,
as well as that from a sample of salt crust that precipitated in the sum-
mer. Salts are a highly reflective material (surface albedo over 40%
according to Craft and Horel 2019). Consequently, the impact of pho-
todegradation on DOM accumulation within the salt crust and intersti-
tial waters is expected to be small.

The qualitative characterization of DOM was performed with optical
spectroscopy (absorbance and fluorescence), stoichiometry (the molar
C/N ratio) and Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS).

2. Material & methods
2.1. Study site

This study focused on La Salineta, a hypersaline shallow playa-lake
(41°28'53"N, 0° 9'32"0) that covers a depression of 0.15 km?. La Sali-
neta is one of the numerous saline shallow lakes in karsic depressions in
the Monegros Desert (Huesca-Zaragoza), locally called saladas (Conesa
et al., 2011) (Fig. 1). This area in northeast Spain is a warm semi-arid
region according to the Koppen-Geiger classification (Rubel and Kot-
tek, 2010), with an extreme water deficit and a mean annual precipi-
tation and evapotransporation of 350 mm and 1225 mm, respectively
(Dominguez-Beisiegel et al., 2013). These shallow depressions origi-
nated from the dissolution of limestone, gypsum, and lutites and evap-
oritic materials (Salvany et al., 1995). These lagoons are surrounded by
flat dry agricultural lands and not impacted by industrial activities. In
comparison to the nearby shallow saline lakes, La Salineta shows the
longest wet cycle (Castanieda and Herrero, 2005). When flooded the
water column is typically 20-30 cm depth. In contrast, in the summer,
the water column is simply a thin layer (1-2 cm in depth) of brine that
rests on the salt crust (3-5 cm thick), due to the proximity of a perma-
nent water table. In the summer, the salt crust covers approximately
60% of the total lake bed and is mainly composed of halite (84.2%) and
bloedite (NagMg(SO4)2 x 4H20, 15.1%), with a small amount of calcite
(0.7%; Appendix SI1). Particulate organic matter in the salt crust aver-
ages 9 + 3 gC/m?. In the water column, the pH typically ranges from 7.5
to 8.8, while the oxide reduction potential (ORP) varies from 330 to
—175 mV, with the lowest values occurring in brines.

Chlorophyll concentration in the water column ranged between 2.4
and 230 mg/L. Being the high value the highest in comparison to that of
the other nearby H-SEAS (Menendez-Serra et al., 2020), while the
density of planktonic prokaryotes ranges between 9 x 10° and 8 x 107
cells ml~! (unpublished data from the authors).

2.2. Field sampling

La Salineta was sampled from January to December 2020. Sampling
started January 28th under extremely wet conditions due to the occur-
rence of Storm Gloria a few days earlier. Water samples were collected
from the surface on seven dates (28/01, 21/05, 15/06, 30/06, 20/07,
09/10 and 29/12) and interstitial waters on four dates- (30/06, 20/07,
09/10 and 29/12). Surface waters with salinity higher than 30% were
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Fig. 1. Areal image of la Salineta under dry conditions (May 2019, Images from Google Earth). Red oval indicates the sampling area. The upper left inset a map of
Spain and the location (black circle) of the study site. The upper right picture shows an image of the lagoon in summer 2020.

defined as brines. In addition, DOM was analyzed from a sample of salt
crust that had precipitated on the playa lake bed in the summer.

On each sampling date, 0.5 L of surface water were filtered in the
field with precombusted GF/F glass fiber filters (Whatman). An aliquot
(250 ml) was acidified to pH 2 with an HCI solution. All samples,
acidified or not, were stored at 4 °C prior to analysis. Waters with sa-
linities higher than 20% were diluted to 10% to avoid salt precipitation.
Interstitial waters were collected at a depth of 20 cm from sediments
using four tensiometers equipped with a ceramic suction cup (Irrometer,
model SSAT). Tensiometers were inserted into the sediments for 3-4 h
before water collection. A few milliliters of water were typically
collected with each tensiometer. Therefore, all the samples were merged
into one larger sample of 80-120 ml. The sample was then filtered in the
field with precombusted GF/F glass fiber filters and acidfied to pH 2.

A plate of salt crust measuring approximately 0.05 m? and 3 cm thick
was collected in the summer and transported to the laboratory under
dark conditions at 4 °C. In the laboratory, the salt crust was dissolved in
2 L of ultrapure water and filtered with precombusted GF/F glass fiber
filters. The resulting solution was acidified to pH 2 and stored at 4 °C
prior to analysis. The salinity of the surface and interstitial waters was
measured in situ with a refractometer (HRS”8-T, Kruss, Germany).

2.3. Environmental descriptors

The temperatures of surface waters and in interstitial saturated
sediments were monitored continuously with Hobo Pendant MX water
temperature data loggers. Sensors were installed in January at the lake
edge and inserted into sediments at a depth of 10 cm. The sensor sub-
merged in the water column leaned on the lake bed and remained out of
the water from June 15th 2020 to November 5th 2020 as a consequence
of the surface water contraction.

This interval could be identified by the Hobo temperature sensor
recording anomalous large daily temperature oscillations, revealing that
the sensor was out of the water and measuring the temperature of the air
in contact with the salt crust (Fig. 2c).

Pluviometry and daily air temperature data were obtained from a
meteorological station located at the Zaragoza airport (65 km away from
the sampling site) and managed by the Agencia Espanola de Meter-
eologia (AEMET, www.aemet.es). Variations in the surface water of La
Salineta were monitored during the study period using Sentinel Play-
ground, which provides satellite images that are refreshed every 7-10
days.

2.4. Biogeochemical analysis

Dissolved organic carbon (DOC) content and total dissolved nitrogen
(TDN) levels in water samples were measured with the multi N/C 3100
analyzer (Analytik Jena) (detection limit is 0.1 mg L’l). All samples
were diluted 1/5-1/20 to minimize the impact of the salts on instrument
performance. Dissolved organic nitrogen (DON) content was analyzed
by subtracting the amount of dissolved inorganic nitrogen (DIN) from
that of TDN.

DIN content was determined with colorimetric methods: nitrate +
nitrite was estimated with a Bran + Luebbe autoanalyzer equipped with
a reductive copper cadmium column (detection limit: 50 mg L™1).
Ammonium levels were estimated with the salicylate method of Reardon
(1969) (detection limit: 25 mg L™1). To minimize interference from the
salts and sulfite, all samples were diluted 1/5-1/10 with ultrapure
Milli-Q water.

To measure the impact of Storm Gloria on the input of new water into
La Salineta, dD and d'80 of the water samples were measured by py-
rolysis using a Thermo-Quest high-temperature conversion elemental
analyzer (TC/EA) unit with a Finnigan MAT Delta XP IRMS. The results
are expressed in terms of 8 relative to international standards (V-SMOW
for 8°H-H,0 and §'%0-H,0).

The major metals (Ca, Na, S, Mg and K) were analyzed with induc-
tively coupled plasma optical emission spectrometry (ICP-OES, Optima
3500, PerkinElmer, Waltham, USA) and inductively coupled plasma
mass spectrometry (ICP-MS, nexION 350, PerkinElmer, Waltham, USA).
All samples were diluted 1/20-1/50. Dilutions precluded the detection
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of more diluted metals such as Fe. The high solubility of potassium was
used as a conservative tracer (Lopez and Mandado, 2007) to determine
the DOC mass balance (see Section 2.5). In fact, in contrast to halite,
bloedite and calcite (salts not bearing potassium), sylvite (potassium
salt) did not achieve the saturation threshold during the study period
(Appendix SI2) and was also missing in the salt crust (SI1 and Esther
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Fig. 2. Hydroclimatic and biogeochemical
context in La Salineta during the study
period. (a) Air temperature (gray line) and
daily precipitation (black line) in Zaragoza
(65 km from the study area). (b) Surface of
the wetted area of La Salineta (information
obtained from the Sentinel satellite). (c) In-
situ temperatures recorded with the two
Hobo sensors. The first one was located at
the top of the salt crust of the playa (light
gray line). The second one was inserted
into the sediments at a depth of 10 cm
(dark gray line). Salinity (open dots) and
the K concentration (closed dots) recorded
in the water column are shown. (d) DOC
concentration in the surface (black dots)
and interstitial waters (open dots) during
the study period. The three vertical dashed
lines (from left to right) indicate the timing
of Storm Gloria, the formation of brines in
the surface waters and the autumnal
rewetting, respectively.

Sanz-Montero, personal communication).
Qualitative characterization of the DOM was performed using a
combination of three analytical approaches:

(a) Spectroscopy: absorbance and fluorescence.
(b) Stoichiometry: estimating the molar C/N ratio
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(c) Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS)

2.4.1. Spectroscopy and the C/N ratio

Due to the extremely high DOC values in brines during the summer
and the large differences in DOC concentrations among samples (see the
Results section), all acidified samples were diluted to a final DOC con-
centration of 5-10 mg/L and to a final salinity ranging from 0.5 to 1.5%
to mitigate the interference from the inner filter effect during the
spectroscopy measurements.

Samples were maintained at room temperature and filtered with 0.2-
mm nylon filters prior to analysis.

The UV1700 Pharmaspec spectrophotometer (Shimadzu, Japan) was
used to obtain absorbance spectra. Data were obtained in the double-
beam mode, with the wavelength scanned from 200 to 600 nm (the
slit width was set to 1 nm). Deionized water with 1% salinity was used as
the blank.

Absorbance spectra were used to estimate the specific aromaticity at
254 nm (SUVAys4) and the spectral slope between 275 and 295 nm
(S275-295). SUVAg54 was estimated according to the method of Weishaar
et al. (2003). Sa75_295 was estimated by fitting the log-transformed ab-
sorption spectra obtained between 275 and 295 nm. Syy5 295 values
typically increase upon irradiation and inversely correlate with the
molecular weight of the DOM (Helms et al., 2008).

Fluorescence spectra were obtained with an RF-5301 PC spectro-
fluorometer (Shimadzu, Japan) equipped with a xenon lamp and a light-
source compensation system (S/R mode). For each sample, a three-
dimensional excitation-emission matrix (EEM) was obtained. Each
EEM consisted of 21 synchronous scans with 1-nm increments both in
emission and in excitation. The excitation wavelength ranged from 250
to 410 nm, with intervals of 10 nm. The emission wavelength ranged
from 310 to 530 nm, with intervals of 10 nm. The bandwidth used for
both excitation and emission was 5 nm. A 1-cm quartz cell was used to
perform the measurements.

Each EEM was corrected and normalized following the steps
described by Goletz et al. (2011). The excitation correction function was
determined using rhodamine B as a quantum counter (Lakowicz, 2006),
whereas the emission correction was obtained by comparing the refer-
ence spectra of quinine sulfate and tryptophan provided by the National
Institute of Standards and Technology (NIST) (Gardecki and Maroncelli,
1998). Data were normalized by the area under the Raman peak ob-
tained for an ultrapure MQ water sample at {Aex350 nm, Aem371-428
nm} (Lawaetz and Stedmon, 2009). The inner filter effect was corrected
by comparing absorbance measurements (Larsson et al., 2007; Lako-
wicz, 2006).

EEM spectra were used to estimate three DOM qualitative proxies:
the fluorescence index (FI), the biological index (BIX) and the humifi-
cation index (HIX). The FI positively correlates with the accumulation of
microbial-derived DOM relative to terrestrial inputs (McKnight et al.,
2001). It is the ratio of the fluorescence intensity emitted at 470 nm to
that at 520 nm at an excitation wavelength of 370 nm. BIX values
positively correlate with the accumulation of recent autochthonous
DOM. It is the ratio of the fluorescence intensity emitted at 380 nm to
that at 430 nm at an excitation wavelength of 310 nm (Huguet et al.,
2009). The HIX is a proxy for the amount of humic substances. Higher
values indicate a higher humification degree (Ohno, 2002). It is calcu-
lated by dividing the area of the emission spectra between 435 and 480
nm by the sum of the areas of the emission spectra between 435 and 480
nm and between 300 and 345 nm at an excitation wavelength of 254 nm.

The molar C/N ratio of the DOM was calculated after estimating the
molar concentrations of DOC and DON.

2.4.2. SPE extraction and FT-ICR-MS
The solid-phase extraction (SPE) of DOM (SPE-DOM) was performed
in all the samples. The SPE-DOM recovery efficiency averaged 36.5%
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(Appendix SI3). However, the recovery rate of the Sup200720 sample
(18.5%) remained outside the interquartile range. Therefore, the results
from this sample were removed from the data analysis (Appendix SI4).
Filtered acidified samples were concentrated through 100-mg styrene-
divinylbenzene-polymer type (PPL) solid-phase cartridges (Agilent,
Technologies, Santa Clara, CA, United States), according to the protocol
described by Dittmar et al. (2008). SPE-DOM extracts were diluted 1:1
(v/v) with ultrapure water and analyzed with an FT-ICR-MS equipped
with a dynamically harmonized analyzer cell (solariX XR, Bruker Dal-
tonics Inc., Billerica, MA) and a 12 T refrigerated actively shielded
superconducting magnet (Bruker Biospin, Wissembourg, France). The
instrument is located at the ProVIS center for Chemical Microscopy
within the Helmholtz center for Environmental Research (Germany).
Samples were infused in random order by an autosampler at a flow rate
of 10 yL min~! and measured with negative mode electrospray ioniza-
tion (Apollo II ESI source, capillary voltage = 4.2 kV). For each spec-
trum, 256 scans (ion accumulation time = 15 ms) were co-added in the
mass range 150-3000 m/z, with a 4-MWord time domain in absorption
mode (Da Silva et al., 2020). Mass spectra were internally calibrated
with a list of peaks (m/z 250-550, n > 110) commonly present in natural
organic matter. Mass accuracy after an internal linear calibration was
better than 0.1 ppm. Peaks were considered if the signal/noise (S/N)
ratio was greater than four.

Formulae were assigned to the peaks in the mass range 150-700 m/z,
allowing for elemental compositions C;_goH;1- 12001-40No_4S0_1 with an
error range of &+ 0.5 ppm, according to Lechtenfeld et al. (2015). Rela-
tive peak intensities were calculated based on the summed intensities of
all the assigned peaks in each sample. The molecular formula of a mass
peak is referred to as “molecule” in this article although one molecular
formula can represent several or even millions of different structural
isomers. Only formulas with —10 < DBE - O < +10 (DBE: double bound
equivalents) were considered for further data evaluation (Herzsprung
et al., 2014).

After molecular formula assignement, the following molecular de-
scriptors were calculated: the number of detected molecules (richness)
and intensity-weighted averages of molecular mass; the H/C, O/C and
C/N ratios; double bound equivalent (DBE), modified aromaticity index
(Alog; Koch and Dittmar, 2016) and nominal oxidation state of carbon
(NOSC, LaRowe and Van Cappellen, 2011); and the CHO, CHNO,
CHNOS and CHOS molecular classes.

The H/C ratio, DBE and Alyoq provide information about the degree
of saturation of a molecule (i.e., the number of C = C double bounds),
whereas the O/C ratio and NOSC are descriptors of the (average) carbon
oxidation state. According to the values of the different DOM indicators,
the DOM molecular classes were split into: carboxyl-rich alicyclic like
molecules (CRAM), aliphatic-like substances, aromatic-like compounds,
condensed and aromatic-like substances (CA) and highly oxygenated
molecules. Criteria adopted to constrain the molecular classes are
detailed in Appendix SI5). Each formula can describe numerous isomers;
therefore, this classification suggests the most likely structure (Rossel
et al., 2017).

2.5. Data analysis and statistics

A DOC mass balance was determined to discern the impact of
evaporation from in-situ processes on DOC concentration. Potassium
concentrations were used as conservative tracers to estimate the ex-
pected DOC concentration during the study period. Estimates were
performed according to the following formula:

[DOC]m(O)

[DOC]e(r) = [K] o

K] ™

where [DOC] ) describes the expected values of DOC concentration at
each sampling time t, [DOCl () is the measured value of DOC at time O,
and [K] and [K] ) are the measured concentrations of potassium at
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each sampling time t and at time 0, respectively. Time O corresponds to
the sampling performed right after Storm Gloria when La Salineta was
under extreme wet conditions.
Comparison between the measured and expected values of [DOC]
was used to determine the following net balance:
if : [DOC]{,(,)
> [DOC],,,, indicates a net in — situ depletion of DOC
=< = [DOC]M(,) indicates that evaporation drives the amount of DOC
< [DOC],, indicates a net in — situ release of DOC

(2)

The synchrony between changes in the DOC concentration and DOM
qualitative proxies was explored by visualizing the relationships of the
DOM proxies with the DOC plots. The shape, hysteresis and rotational
pattern of these plots provide a rapid indication of the strength and non-
linearity of the coupling (Butturini et al., 2008).

Correlations between variables were assumed to be statistically sig-
nificant at p < 0.05.

Paired t-test was used to evaluate differences in the DOM optical
descriptors between brines and interstitial waters (both collected
exclusively in the summer). Differences were assumed to be statistically
significant at p < 0.05.

Differences in the FT-ICR-MS elemental formula among the samples
were tested with a hierarchical cluster analysis (HCA). The analysis
included the 2914 molecules detected in all the samples after ranking
the SPE-DOM mass peak intensities for each of the eleven samples
separately. Squared Euclidean distances with Ward’s linkage were
applied (Murtagh and Legendre, 2014) by assigning first rank to the
variable with the highest intensity.

Visualization of the qualitative differences of SPE-DOM involved the
use of van Krevelen diagrams from an inter-sample ranking analysis
(Herzsprung et al., 2017)

For each SPE-DOM molecular class and descriptor, the weighted
average was estimated from the relative intensity of the peak of each
assigned molecule.

Rank correlation analysis was performed with components that were
present in 10 of the 11 samples (6 surface water samples + 4 interstitial
water samples + 1 salt crust leachate). The ranks of mass peak intensities
were calculated for each of the 10 samples. The inter-sample ranks were
calculated from the intensity ranks as explained by Herzsprung et al.
(2017). The inter-sample ranks were correlated with the DOC concen-
tration ranks for each of the 2914 formulas, using Spearman’s rank
correlation as described earlier (Herzsprung et al., 2012). The rank
correlation coefficients and corresponding p-values are listed in the
appendix excel file “ALLMolecule RankAnalysis_ SupWater_Spearman
Results.xls”.

3. Results
3.1. Climatic, hydrological and geochemical context

Storm Gloria caused the total flooding of the La Salineta shallow
lake. After that, the wetted area of the lake gradually contracted at a rate
of approximately 945 m? d~!, with transient rises in April-May 2020
after a few rain episodes (Fig. 2a, b). Evaporation accelerated in late
June and a shallow (< 3 cm in depth) brine layer was constrained to the
more depressed part of the shallow lake (approximately 5000 m?). In
short, 97% of the flooded playa had disappeared in 5 months. Brines
persisted throughout the summer and up to the middle of November,
when an autumnal rain episode reflooded 50% of the depression
(Fig. 2b). In the summer, the temperature of the air in contact with the
salt crust showed daily oscillations within the range of 35 °C, with 20 °C
and 55 °C being the lowest and highest values, respectively. In the
shallow sediments, the daily temperature oscillations were of 20 °C,
with the highest temperatures rarely exceeding 45 °C (Fig. 2c).
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Right after Storm Gloria, the d'®0 and dD values measured in the
waters from La Salineta were identical to the long-term weighted §'%0
and dD values recorded for the precipitation in Zaragoza (Araguas-Ar-
aguas and Teijeiro, 2005), indicating that the playa was totally flooded
by new rain water. Evaporation strongly intensified the fractionation of
the two isotopes. Consequently, the d'80 and dD values showed a strong
deviation from meteoric water lines. Autumnal rewetting affected the
input of new water. However, the d'®0 and dD values showed little
deviation from meteoric water lines, revealing that the “new water”
from the rain had mixed with the residual “old water” from the brines
and that the rain episodes were far from being comparable to Storm
Gloria (Appendix SI6).

Salinity (and the main metals, Appendix SI7) and water temperature
were significantly correlated (r = 0.89, g.f. =5, p < 0.05). The increase
in water temperature (late spring-early summer) preceded that of
salinity and dissolved salt concentrations. After Storm Gloria, under wet
conditions, salinity in La Salineta (5.1%) was a little higher than that of
marine waters. After that, salinity increased progressively up to 34-45%
in June-October. In December, after the autumnal rewetting, salinity
returned to 9%. Interstitial waters were sampled during the driest period
only. The salinity of interstitial waters (32 + 2.5%) was slightly lower
than that of brines (39 + 5%), but this difference was not statistically
significant (tpaired = 2.27; p > 0.05).

3.2. DOC dynamics and mass balance

DOC concentration in the water column ranged from 28 to 1174 mg/
L, correlating significantly with salinity (r = 0.86, d.f. =5, p < 0.01) but
not with temperature (r = 0.65, d.f. = 5, n.s.). Although the DOC peak
concentration coincided with that of temperature and salinity, its pulse
began with a time delay with respect to the environmental variables
(Fig. 3). The DOC level in interstitial waters (225 + 113 mg/L) was
significantly lower than that in surface waters collected during the same
period (842 £ 340 mg/L, tpaired = 4.56, p < 0.05, Fig. 2d).

The DOC mass balance obtained from the potassium concentrations
revealed that DOC behaved nearly conservatively during wet conditions
(i.e., May and December). However, in June and, more remarkably, in
July-October, a net release of DOC was estimated. During the driest
conditions (July-October), the measured DOC content was almost dou-
ble the expected concentration (Fig. 3).

3.3. DOM optical qualitative descriptors

As a whole, spectroscopic analysis revealed that the DOM from La
Salineta showed remarkably low aromaticity (low SUVAys4 values), a
low humification degree (low HIX values), and an accumulation of

ADOC (mg L)
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Fig. 3. Temporal dynamics of the estimated net balance of DOC obtained from
the potassium values. Positive values indicate a net DOC accumulation, while
negative values indicate the opposite. The three vertical dashed lines (from left
to right) indicate the timing of Storm Gloria, the formation of brines and
rewetting, respectively. The gray horizontal line indicates that DOC = 0.
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small-sized moieties (large Sis0_275 values) and fresh organics of an
autochthonous origin (large BIX values) when the values were compared
to those of typical freshwater ecosystems (Appendix SI8).

EEMs showed classic bimodal features, with the largest peaks cor-
responding to humic and fulvic-like fluorophores (Fig. 4, Chen et al.,
2003). However, the fulvic peak was strongly attenuated for the DOM
obtained from the salt crust (Fig. 4e). Comparing the shape of the EEM of
the sample collected under wet conditions (January) with that of the
brine (July), a depletion in the fluorophore signal typically assigned to
protein-like substances (B, T peaks) and an increase in fluorescence in
the region of the spectrum close to that corresponding to marine
humic-like fluorophores (M peak) were observed for the brine sample
(Fig. 4c). On the other hand, the EEM of the salt crust leachate showed
the strongest signal for the tryptophan-like fluorophore (peak T, Fig. 4e).

The optical descriptors of DOM (i.e., SUVAys4, E2:E3, BIX, HIX and
FI) were not significantly different between the interstitial waters and
brines (paired t-test, all t values < 2.1, p > 0.05). However, DOM from
interstitial waters tended to be slightly more humified, aromatic, larger
in relative size and degraded compared to that of surface water
(Table 1).

DOM from the salt crust sample was richer in aromatic (larger
SUVAgs54 values) and microbial-like moieties (larger FI) compared to
that from brines (Table 1).

Regarding the surface waters, almost all the DOM descriptors
showed remarkable fluctuations during the study period. However, only
Sa75 295 significantly (positively) correlated with an environmental
parameter (i.e., with salinity, p < 0.05).

When the changes in the quality proxies for DOM were compared to
those of the DOC content, three main responses were observed:

(a) The most important one included three DOM parameters
(S275-295, FI and the C/N ratio), whose highest values preceded
that of the DOC concentration peaks. Therefore, their relation-
ships with DOC concentration were non-linear and with a
clockwise hysteresis pattern (Fig. 5a), revealing that these pa-
rameters increased faster than the DOC content (Fig. 4a).

Exit (nm)

Exit (nm)

500 550 600
Emiss (nm)
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(b) The BIX parameter (Fig. 5b) showed an abrupt increase in May,
remained almost steady during the driest period and showed a
final increase coinciding with the autumnal rewetting. Hence, the
BIX-DOC relationship showed a counter-clock loop (Fig. 4b).

(c) SUVAys4 and the HIX abruptly decreased in May, but remained
almost steady thereafter for the rest of the study period (Fig. 5c).

3.4. FT-ICR-MS of SPE-DOM

A total of 9415 distinct molecular formulas (MFs) was detected by
FT-ICR-MS. The number of MFs in each sample ranged from 4028 to
5830. The six samples from surface waters (brines included) shared
3449 MFs. Weighted average masses of all the samples ranged from 354
to 370 m/z, with larger values observed for the surface waters.

The HCA grouped the samples into two main clusters: one cluster
comprised the interstitial waters and brines, while the other included
the three surface water samples with lower salinity and, interestingly,
the salt crust leachate (Fig. 6. For a visualization of the Van Krevelen
diagrams see Appendix SI9).

Overall, the most abundant group in SPE-DOM was CRAM-like
substances (46-52% of the relative peak intensity) followed by the
aliphatic-like group (between 5.8 and 19.5%) and aromatic-like group
(1.5-3.4%). By contrast, CA represented less than 0.5%. SPE-DOM from
the salt crust sample stood out for having the lowest percentage of
CRAM-like molecules and the highest percentage of aliphatic-like
groups. SPE-DOM from surface and interstitial waters showed similar
compositions; however, interstitial waters tended to have a more aro-
matic and unsaturated molecules (higher Al,,q and DBE) and fewer
aliphatic substances. The C/N ratio ranged between 29 and 50, being the
lowest for the salt crust SPE-DOM (Table 2, more details at Appendix
SI10), suggesting a selective accumulation of nitrogen-bearing mole-
cules in the salt crust.

In the surface waters, the relative contribution of the compositional
groups changed during the study period (Fig. 7). After Storm Gloria,
SPE-DOM was rich in CRAM-like molecules, with a moderate-high level
of aromaticity and unsaturation (high Aly0q and DBE, respectively) and

increase

350 400 450 500 550 600
Emiss (nm)

0 0.5 1
RFU
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Fig. 4. EEMs of DOM from La Salineta in the water column under wet conditions (January, panel a) and brines (July, panel b), as well as in interstitial waters (July,
panel d) and the salt crust leachate (panel e). Panel ¢ shows the difference between panel b and a. Arrows in panel c indicate the regions in the EEM of brines that
increased or decreased with respect to those in the EEM of the sample obtained under wet conditions. Red letters in the panels show the position of the peaks
corresponding to fluorophores typically detected in waters. B and T: tyrosine and tryptophan-like fluorophores; M: marine humic-like compounds; C: humic-like
substances; A: fulvic-like substances (Chen et al., 2003). Colours of contour plots are proportional to the relative fluorescence intensity unit (RFU).
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Table 1
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DOC (in mg L) and the average values of the optical descriptors of DOM (4 SD) obtained for each water sample. In all cases, n = 3, except for interstitial waters and
the salt crust leachate. SD = + 0 indicates an SD < 10~*, “Sup: surface waters; “Int”: interstitial waters. Surface water samples collected from July 15th to October 9th

1

correspond to brines. Units of SUVAys4 are L mgC ' m™.

Sample DOC C/N FI HIX BIX Sa75.295 E2:E3 SUVAss4
Salt crust leacheate 0.1%* (NA) 17 (NA) 1.81 (NA) 0.8 (NA) 0.73 (NA) 0.031 (NA) 32.6 (NA) 2.59 (NA)
Sup28/01 26 (+ 2) 16.1 (+ 1.7) 1.49 (+ 0) 0.91 (+ 0.05) 0.61 (£ 0.12) 0.025 (& 0.002) 9.1 (+2.7) 2.4 (+0.17)
Sup21/05 95 (+ 6) 27.3 (+ 5.5) 1.48 (& 0.01) 0.86 (& 0.01) 0.71 (& 0) 0.035 (& 0) 16.1 (+ 1.4) 1.8 (4 0.12)
Sup15/06 422 (+ 21) 23 (+ 4.3) 1.53 (& 0.01) 0.8 (+ 0.01) 0.71 (+ 0) 0.04 (+ 0.003) 38.4 (+ 18.3) 0.45 (+ 0.02)
Sup30/06 670 (+ 15) 26.4 (+ 2.5) 1.58 (+ 0.07) 0.78 (+ 0.02) 0.69 (+ 0) 0.04 (+ 0) 25.8 (+ 12.4) 1.04 (+ 0.22)
Sup20/07 1174 (& 64) 20.4 (& 1.5) 1.52 (& 0.01) 0.81 (& 0.02) 0.71 (& 0) 0.039 (& 0.003) 27.7 (& 6.1) 0.82 (& 0.02)
Sup09/10 1051 (+ 71) 18.2 (+ 1.3) 1.53 (+ 0.01) 0.79 (+ 0.01) 0.75 (+ 0.01) 0.04 ( 0.003) 17.2 (+ 3.1) 1.03 (+ 0.03)
Sup29/12 74 (+ 6) 23.5 (+ 3.1) 1.46 (+ 0.02) 0.81 (+ 0) 0.79 (+ 0) 0.033 (& 0) 18.3 (+ 0) 0.73 (+ 0)
Int30/06 159 (NA) 12.1 (NA) 1.46 (NA) 0.86 (NA) 0.62 (NA) 0.033 (NA) 28 (NA) 2.34 (NA)
Int20/07 193 (NA) 16.6 (NA) 1.50 (NA) 0.77 (NA) 0.72 (NA) 0.036 (NA) 20.8 (NA) 1.01 (NA)
Int09/10 447 (NA) 19.6 (NA) 1.57 (NA) 0.82 (0) 0.7 (NA) 0.04 (NA) 18.3 (NA) 1.15 (NA)
Int29/12 207 (NA) NA 1.39 (NA) 0.87 (NA) 0.61 (NA) 0.025 (NA) 15.1 (NA) 2.34 (NA)

™ for the salt crust leachate, the DOC value is presented as gC/m? of the salt crust.
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Fig. 5. Relationships between the qualitative parameters of DOM vs the DOC
content. Arrows indicate the temporal succession. The three plots show the
main responses. All parameters were rescaled between 0 and 1.

a low carbon oxidation state (i.e., low NOSC). In May, under moderate
salinity and DOC concentration, the NOSC remained almost constant,
but both the Alj,,q and DBE decreased substantially. Furthermore, the
relative contribution of CRAM-like molecules decreased strongly, while
the contribution of aliphatic-like molecules slightly increased. Under
increased salinity and DOC concentration (i.e., brines), SPE-DOM
quality shifted towards a higher oxidation state, while neither aroma-
ticity nor the saturation degree changed substantially. The contributions
of CRAM-like and aliphatic-like molecules decreased, while a substan-
tial increase in highly oxygenated molecules was detected. Finally,
during the autumnal rewetting, SPE-DOM showed low aromaticity (low
Alp0q), more saturation (low DBE) and less oxidation (low NOSC). The
relative contributions of CRAM-like and aliphatic-like molecules
increased again, while that of the highly oxygenated molecules returned
to low values. Remarkably, the relative intensities of the highly
oxygenated moieties strongly covaried with the DOC content during the
entire study period (r = 0.98, d.f. = 4, p < 0.001, Fig. 7b).

Molecular changes under high DOC-salinity conditions were visual-
ized with the Spearman’s rank correlation analysis. Fig. 8a shows that
almost 30% of the MFs significantly correlated with the DOC concen-
tration (p < 0.05). Of these, 14% correlated positively with DOC, while
the rest were correlated negatively. These two groups were clearly
separated along the O/C ratio axis, with the MFs positively correlating
with the DOC concentration showing an O/C ratio larger than 0.5.
Furthermore, the MFs positively correlating with the DOC concentration
were typically smaller than 450 m/z. By contrast, there were no trends
observed in the mass of the MFs negatively correlating with the DOC
level (Fig. 8b).

A positive correlation between the relative contribution of nitrogen-
bearing molecules and the DOC concentration was also observed (r =
0.875, g.l. = 4, p < 0.025). For example, 62% of the MFs that accu-
mulated at high DOC levels according to the Spearman’s rank correla-
tion contained nitrogen. This percentage decreased to 22% for the
molecules that decreased in abundance at high DOC levels.

SPE-DOM collected just after Storm Gloria and that collected after
the autumnal rewetting showed clearly different signatures. The sample
collected after Storm Gloria had more aromatic and more unsaturated
molecules, but only few aliphatic-like molecules. By contrast, the SPE-
DOM collected during rewetting shared several similarities with that
obtained from the salt crust: low values of NOSC, Al,oq and DBE, as well
as a high relative contribution of aliphatic-like compounds and a low
relative contribution of highly oxygenated compounds (Fig. 7).

Non-oxygen heteroatom molecules CHNO, CHOS and CHNOS mol-
ecules accounted for the 18-25%, 13-18% and 2-4%, respectively of
SPE-DOM total peak intensity (Table 2 and Appendix SI10). Larger
relative intensities occurred in summer brines. Among heteroatom mo-
lecular categories, the most remarkable result was the accumulation of
S-bearing highly oxygenated molecules with a peak relative signal
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Fig. 6. HCA dendrogram of the eleven SPE-DOM samples analyzed with FT-ICR-MS. “Sup™: surface waters; “Int”: interstitial waters. * indicates brines (salinity >
30%) in surface waters. See SI7 for specific van Krevelen diagrams showing the inter sample rankings.

higher than that of CHO analogous molecules. In contrast, N-bearing
highly oxygenated molecules did not showed such accumulation in
brines (Appendix SI10).

Overall, heteroatom molecules were typically more oxidized and less
aromatic (ie. higher NOSC and lower Al,,q and DBE values, respec-
tively) than CHO ones

4. Discussion

The shallow lake of La Salineta is a highly dynamic system that un-
dergoes large oscillations in salinity as a result of the alternation of wet
and dry phases. This study highlighted how this dynamism alters the
quantity and quality of DOM.

DOC levels increased by up to two orders of magnitude during the
transition from wet conditions to brine formation. Such an increase is
inconceivable in lotic systems and is much larger than that reported in
other organic-rich saline systems in the world (Mariot et al., 2007;
Osburn et al., 2011; Butturini et al., 2020). Although information from
H-SEAS lakes worldwide is scarce and incomplete, these large oscilla-
tions in DOC content are probably a remarkable signature of these harsh
systems. The mass balance in La Salineta revealed a large amount of
DOC emerging with the formation of brines. Approximately 45% of this
could not be attributed to evapoconcentration. This indicated an
outstanding net in-situ production that could not be counterbalanced by
photooxidation, the reduction in solubility of DOM molecules at high
salinities or by heterotrophic consumption.

The DOC increase detected in brines showed a time delay with
respect to the increase in temperature and salinity. Previous studies have
reported that La Salineta hosts a highly dynamic and diverse microbial
planktonic community composed of bacteria, archaea, microeukaryotes
and fungi, with heterotrophic prokaryotes and photoautotrophic
eukaryotic Chlorophyta (Dunaliella salina) being predominant under
high salinities (Menéndez-Serra et al., 2021). Prokaryotes and micro-
eukaryotes that thrive in such oscillating and extreme salinity conditions
synthesize and accumulate organic compounds as carbon reservoirs and
osmolytes to counteract the external osmotic stress (i.e., a “salt out”
osmoadaptation strategy, Menéndez-Serra et al., 2021). For instance,
healthy and senescent Dunaliella salina excretes large amounts of glyc-
erol and derivatives that, in turn, can support a high density of hetero-
trophic bacteria and archaea (Oren, 1993; Bardavid et al., 2008;
Orellana et al., 2013). Therefore, the delayed increase in the DOC

concentration might reflect a rising imbalance between the DOM
mineralization caused by heterotrophic consumption and photo-
degradation and the DOM released by primary producers and any sen-
escent/lysed cells under osmotic stress.

La Salineta and almost all of the hypersaline playa lakes in arid zones
are totally unshaded and permanently irradiated by the sun. The impact
of solar radiation on DOM is well recognized and has been compre-
hensively studied (Del Vecchio and Blough, 2006; Gonsior et al., 2013;
Herzsprung et al., 2020). However, our results suggested that the effects
of photodegradation on DOM appeared to be relevant at the beginning of
the study period (January-May), based on the observed reductions in
aromaticity (decreases in the SUVAys4 and Alyoq), the relative molec-
ular size (increase of Sas0_275) and the unsaturation degree (decrease in
the DBE) (Helms et al., 2008; Vahatalo and Wetzel, 2008; Xu et al.,
2020). DOM from interstitial waters and the salt crust leachate was
slightly richer in aromatic descriptors (SUVAgs4, aromatic-like and
CA-like proxies), indicating that the effects of photodegradation must be
minor in these cases (especially in interstitial waters).

Once brines were formed and the DOC concentration had increased,
the relevance of photodegradation on DOM declined (SUVA3s4, S250-275,
Alphoq and DBE remained almost constant in these samples). By contrast,
the excess of DOC was coupled with an increase in autochthonous and
fresh moieties (as suggested by the high values of the BIX and FI),
reinforcing the suggestion that the DOC had originated from the
microbiota, as described above. Simultaneously, FT-ICR-MS revealed
the accumulation of oxidized molecules under the highest salinity and
DOC concentrations. This shift was opposite to that expected if the ef-
fects of photodegradation were relevant (Stubbins et al., 2006; Xu et al.,
2020; Wilske et al., 2020), further corroborating the reduced impact of
photodegradation on the DOM accumulated in brines.

The accumulation of saturated (low DBE) and relatively oxidized
(high NOSC) molecules and the absence of aromatic-like substances (i.e.,
Aloqa = 0) in the brines as well as the increase in the relative contri-
bution of highly oxygenated MFs are evidencing in-depth trans-
formation of the DOM pool during drying and simultaneous
exacerbation of salinity (Jiang et al., 2022). As mentioned previously,
halophytic communities in highly dynamic saline-hypersaline lagoons
typically counteract external osmotic stress by accumulating a high
amount of small-sized organic solutes (Roberts, 2005). All these osmo-
lytes (polyols, sugars, betaines and ectoines) and their hydrolyzed de-
rivatives are non-aromatic compounds (i.e., Al,q = 0) and most are
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Table 2

Molecular characterization of SPE-DOM obtained from La Salineta. The molecular class criteria and SPE-DOM descriptors are defined in Table SI4. All values are signal intensity weighted. CA: condensed and aromatic-like

moieties. HO: highly oxygenated molecules.

CA% Aliphatics% HO%

Aromatics%

CHOS% CRAM%

CHNOS%

H/C o/C C/N DBE Alnod NOSC CHO% CHNO%

Mass

Richness

Samples

0.21
0.18
0.26
0.37
0.69
0.86
0.19
0.38
0.21
0.81
0.75

19.5

0.37
0.43
0.21
0.29
0.35
0.34
0.12
0.44
0.26
0.39
0.53

2.63
2.65
1.78
1.94
2.2

2.3

1.5

2.75
2.34
2.64
3.36

46.3

15

25.6

57.4

—0.22
-0.23
—0.23
—0.14
—0.09
—0.08
—0.32
-0.12
-0.12
—0.02
—0.03

0.17

6.45
7.01
6.75
6.87
6.79
6.73
6.27
6.98
6.91
6.83
7.45

29.2

0.5
0.5

1.36
1.32
1.34
1.32
1.31
1.31
1.38

1.29

354.6
370.4
366.7
368.8
360
357

5453
5723
5505
5913

Salt crust leachate

Sup28/01
Sup21/05
Supl15/06
Sup30/06
Sup09/10
Sup29/12
Int30/06
Int20/07
Int09/10
Int29/12

14.2

54.8

13.6

2.3
2.6
2.9
3.5

21.8
4.1

62.3

0.2
0.

42.6

16.3

51.2

15.2

19.8

62.5

18

18

46.6

0.51

13.6

48.9

15.1

21.5

60.5

0.

41.3

0.54
0.55
0.55
0.48
0.53
0.54
0.57
0.55

12.3

48.6

15.1
16

23.7

57.7

0.18
0.18
0.17
0.2
0.2

34.5

5622
5768
4631

121

48.4

23.8

56.2

33.3

22.34
10.5
10
9.1

18.1 49.6

2.4
3.2
2.4
3.7
3.5

18.1

61.5
60

50.0

353.7
360.9
357.6
353.8
368.7

52.9

14.1

22.7

37.7

5377
4068
4946
5850

52.8

13.7

21.1
24

62.8

44.0

1.29
1.28

1.24

48.4

14.7

0.19 57.6

0.22

34.1

5.8

56.7

13.8

23.3

59.4

35.7

See SI5 for molecular classes constrains.
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oxidized (i.e., O/C > 0.5 and NOSC > 0).

The Spearman rank analysis selected 26 highly oxygenated MFs that
significantly and positively correlated with the DOC concentration.
Moreover, relative peak intensity of S-bearing highly oxygenated mol-
ecules was higher than that of CHO analogous. Are these molecules
mirroring the release of osmolytes from decaying planktonic microbiota
due to the increase in salinity? Simultaneously, does the abundance of
CHOS highly oxygenated molecules indicating that these compounds are
susceptible to be sulfurized by microbiota or by sulfide rich anoxic
waters (Gomez-Saez et al., 2017)? Almost nothing is known about how
and if osmolytes in these systems are released, degraded and trans-
formed. It is important to remark that most of the osmolytes are typically
smaller than 200 Daltons. Therefore, they are out of the detectable mass
range for the FT-ICR-MS method used in this study. However, in all
samples we identified the MF C;5H;80¢. To our best knowledge this MF
has not been reported in freshwater ecosystems such as reservoirs (Dadi
et al., 2017) and might be a putative a three units of the glycerol-based
molecule PHB (C4HgO3)3, a well-known carbon reservoir for
salt-adapted microorganisms that acts as an osmolyte at high salinity
(Roberts, 2005). Moreover, in all samples we also identified the MFs
C12H2007 and C;5H;806S that might the putative hydrolyzed (+H30)
and sulfurized- (+S0O3) molecules, respectively of (C4HeO2)3. Among
salt-adapted microbiota, halobacteria and halomonas are known to
accumulate PHB (Quillaguaman et al., 2010; Fernandez-Castillo et al.,
1986; Abd El-malex et al., 2020) and both have been reported at rela-
tively high abundances in Monegros H-SEAS lakes (including La Sali-
neta; Menéndez-Serra et al., 2020). We did not investigate the molecular
structure of this molecule and, caution is needed when relating a mo-
lecular formula identified by FT-ICR-MS to a specific compound. How-
ever, the ubiquity of peaks identified as corresponding to putative PHB
represents an intriguing starting point for future investigations aiming to
evaluate the hypothesis that the release of osmolytes from halophytic
live and decaying microbiota might be key to understanding the pro-
duction, accumulation and fate of DOC in hypersaline waters.

As indicated by the isotopic signal of dD and d'®0, Storm Gloria
caused the input of completely “new water”. The DOM detected under
this wet condition showed the highest aromaticity, humification and
unsaturation degree, with the relative contribution of CRAM-like sub-
stances being the highest and that of the highly oxygenated ones being
the lowest. Storm Gloria could have led to surface runoff from the sur-
rounding flat lands of the playa lake, with the subsequent input of
terrigenous aromatic and unsaturated organic substances. By contrast,
the DOM obtained after the rewetting caused by the autumn rains did
not show this consistent terrigenous signature. The signal of dD and
d'®0 in this sample revealed the input of “new” water, but the isotopic
signature was slightly separated from the meteoric water line, indicating
a mixture of “new” rain with “old” water from the residual brines. As a
consequence, the autumnal rewetting was not a severe flushing episode
that dragged terrestrial material/solutes from the surrounding lands.
Interestingly, FT-ICR-MS revealed that the SPE-DOM of the autumnal
rewetting water shared molecular characteristics observed in the SPE-
DOM obtained from the salt crust leachate, indicating that the re-
dissolution of the SPE-DOM trapped in the salt crust during the previ-
ous dry period might partly explain the properties of the DOM obtained
from the autumnal rewetting conditions. Therefore, this “old” DOM
might help to sustain the new planktonic heterotrophs proliferating in
the water column during rewetting.

The DOM from the salt crust sample stood out for having a large
proportion of N (i.e., the lowest C/N ratio in the SPE-DOM and in the
bulk DOM) with respect to that of the brines. In addition, fluorescence
analysis revealed a significantly stronger signal for protein-like fluo-
rophores. Since this information came from only one sample, it is only
preliminary and indicates that the high salinity found at La Salineta may
cause the sequestration of N-bearing molecules in the salt crust, result-
ing in a qualitative shift of the DOM pool. This result is consistent with
the salting-out phenomenon, which is well recognized by chemists and is
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Fig. 7. Temporal dynamics of several SPE-DOM molecular classes and descriptors in surface waters during the study period. Horizontal colored segments on the right
of each plot indicate the value of these parameters in the SPE-DOM from the salt crust leachate.
The three vertical dashed lines (from left to right) indicate the timing of Storm Gloria, the formation of brines and autumnal rewetting, respectively.

used in the purification of chemicals (Grover and Ryall, 2005) and the
reduction of organic contaminants in aquatic ecosystems (Xie et al.,
1997). However, to our knowledge, our report is the first to provide
preliminary findings that this phenomenon could be relevant in con-
trolling the quality of DOM in H-SEAS. In the near future, it will be
significant to explore how salinity affects the structure of DOM mole-
cules and if these putative alterations modify its bioavailability to
halophytic heterotrophic bacteria.

Going beyond and placing our results in a more global context, SPE-
DOM from La Salineta showed very low aromaticity (low Al,q), even
lower than that previously reported for a highly productive saline soda
lake (Butturini et al., 2020), and a relatively high oxidation state (NOSC)
that was similar to that reported for streams/small rivers that are usually
not affected much by photodegradation (Fig. 9). Therefore, the accu-
mulation of oxidized and non-aromatic moieties in La Salineta, espe-
cially in brines, emerges as an outstanding distinctive biogeochemical
signature of H-SEAS, providing further evidence of the uniqueness of
these extreme and fragile ecosystems. Caution must be taken when

11

comparing results obtained with different instrumentations, different
extraction protocols, different data analysis tools or different habitats
(see Jian et al., 2022 for more details about some technical drawbacks).
In our example, to constrain these limitations we used data obtained
from only two studies: one that describe data from a variety of fresh-
water systems across United States (Kellerman et al., 2018) and the
second one from a productive saline soda lake (Butturini et al., 2020)
which applied the same instrumentation and identical solid-phase
extraction protocol of the present study. Be aware on the need to solve
the technical limitations, to advance in our understanding of how DOM
molecular chemodiversity change across aquatic ecosystems, it will be
essential to promote more accurate and exhaustive comparative studies
integrating the larger variety of ecosystems and, therefore expanding
our studies to more anomalous habitats such as the hypersaline water
bodies.
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5. Conclusions

(1) The evaporative cycle in a shallow hypersaline lake culminated
with the formation of a dense salt-saturated and organic-rich
solution. High evaporation converted the playa lake into a nat-
ural “reactor”, with a disproportionate excess of DOC under the
most extreme hypersaline conditions.

(2) A temporal asynchrony was observed between the temporal dy-
namics in the DOC concentration and DOM qualitative proxies,
with most of the qualitative changes in the DOM preceded by the
quantitative ones. This asynchrony likely reflects the prevalence
of DOM photodegradation at the beginning of the hydrological
cycle and the delayed DOM accumulation of fresh autochthonous

12

3

(4

=

-

substances coinciding with the net DOC accrual during dry
conditions.

Oxidized, small, no-aromatic and saturated SPE-DOM molecules
tended to covary positively with the DOC concentration and
accumulated in brines. The relative contribution of highly
oxygenated (0/C>0.9) molecules increased remarkably under
high DOC concentrations.

The presence of highly oxygenated molecules together with the
occurrence of putative PBH (and its hydrolyzed and sulfonated
derivates) suggested that the DOM released by live and decaying
microplankton is key to understanding the excess of DOC and the
properties of DOM in hypersaline endorheic playa lakes.
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