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• Ponds represent a significant landscape
in this high-altitude wetland, covering
238 Ha, i.e., 62.4% of the flooded areas.

• Weather conditions including solar
radiation, temperature and wind ve-
locity influence biogeochemical diel
dynamics.

• Microbial community structure and
activity respond to changes mainly as-
sociated with nutrients and dissolved
organic matter.

• Changes between consecutive days
indicate keystone microbial communi-
ties, such as Woesearchaeia and
Verrucomicrobia.

• This high-altitude wetland produced a
net sink for CO2 and N2O, and a source
of CH4 in the pond.
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C and N biogeochemical cycles
for dynamics of greenhouse gases, and their associationwith other relevant biogeochemical conditions including
diel shifts ofmicrobial communities' structure and activity over two consecutive days. Satellite image analysis in-
dicates that the area of ponds cover 238 of 381.3 Ha (i.e., 62.4%), representing a significant landscape in this wet-
land. Solar radiation, wind velocity and temperature varied daily and between the days sampled, influencing the
biogeochemical dynamics in the pond, shifting the pond reservoir of inorganic versus dissolved organic nitrogen/
phosphorus bioavailability, between day 1 and day 2. Day 2 was characterized by high dissolved organic nitro-
gen/phosphorus and N2O accumulation. CH4 presented a positive excess showing maxima at hours of high radi-
ation during both days. The microbial community in the sediment was diverse and enriched in keystone active
groups potentially related with GHG recycling including bacteria and archaea, such as Cyanobacteria,
Verrucomicrobia, Rhodobacterales and Nanoarchaeaota (Woesearchaeia). Archaea account for the microbial
community composition changes between both days and for the secondary productivity in the water measured
during day 2. The results indicate that an intense recycling of organicmatter occurs in the pond systems and that
the activity of themicrobial community is correlatedwith the availability of nutrients. Together, the above results
indicate a net sink of CO2 andN2O,which has also been reported for other natural and artificial ponds. Overall, our
two-day fluctuation study in a representative pond of a high-altitude wetland aquatic landscape indicates the
need to explore in more detail the short-term besides the long-term biogeochemical variability in arid ecosys-
tems of the Andes plateau, where wetlands are hotspots of life currently under high anthropogenic pressure.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Wetlands are sites of intense biogeochemical activity including aer-
obic and anaerobic microbial processes resulting in high greenhouse
gases (GHG) recycling. In fact, wetlands constitute one of the greatest
natural methane sources in temperate and tropical zones, c.a. 72%,
Wuebbles and Hayhoe (2002). However, the magnitude of the GHG
wetland budgets, exchange, and direction (net source (emission) or
net sink) occur with temporal dynamics. For example, He et al. (2014)
reported a seasonal scale associatedwith temperature and precipitation
variability and GHG have been shown to change seasonally in associa-
tion with temperature and water content in soil samples (Barba et al.,
2019). Short-term variability in daily (and diel cycles) could signifi-
cantly influence GHG fluxes associatedwith key processes, such as pho-
tosynthesis. For example, CO2 emissions are lower during day versus
nighttime, while N2O and CH4 showed the opposite pattern in man-
grove wetlands (Huang et al., 2019). Long-term warming experiments
in artificial ponds indicate greater emissions of CH4 at night compared
with the day. During these 11 years of experimental warming, CH4 in-
crements were associated with temperature, and with themethanogen
versus methanotrophic microbial community structure/activity
changes in the ponds (Zhu et al., 2020).

Microbial communities which mediate biogeochemical processes,
could be abundant, less frequent and rare, or fluctuate between each
category through time (Campbell et al., 2011; Fuhrman et al., 2015).
These shifts associated with the structure of the microbial community
have been associated with bottom-up controls through substrate avail-
ability and top-down control through viral-lysis and grazing. Other en-
vironmental conditions that could favor some communities over others
include photoinhibition (Campbell et al., 2011; Needham et al., 2013;
Smith et al., 2014). Bottom up controls have been shown to stimulate
growth and generate pulses in abundance of some microbial groups
over short time scales, such as daily and diel cycles (Bunse and
Pinhassi, 2017).

On the other hand, the activity of some microbial members of the
community exhibit diel rhythmicity in response to day and night cycles
as a strategy to optimize theirmetabolisms. For example, Cyanobacteria,
Proteobacteria and Bacteroidetes have a molecular timing mechanism
known as the circadian clock (Hörnlein et al., 2018; Johnson and Egli,
2014; Loza-Correa et al., 2010). In a diel cycle study, several functional
genes allowed microorganisms to synchronize their biological clocks
by light, temperature, or metabolites from neighboring species
(Johnson and Egli, 2014). This circadian system, especially in
cyanobacteria, is composed of transcriptional and non-transcriptional
oscillators that are coupled to promote resilience (Johnson and Egli,
2014). Moreover, nitrogen fixation by non-heterocystous cyanobacteria
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has been reported to occur mainly during the night in microbial mats,
depending on photosynthetic product storage during the day (Bebout
et al., 1993; Stal and Heyer, 1987). To date, studies of microbial commu-
nity composition dynamics over the time scales of a day have been car-
ried out mostly in marine ecosystems and wetlands (Fuhrman et al.,
2015; Huang et al., 2019) but to a lesser extent in extreme ecosystems,
for example in hypersaline lakes (Andrade et al., 2015).

Salar de Huasco, is an extreme wetland located at 3800 m a.s.l.
(above sea level), characterized by diverse aquatic sites such as fresh-
water springs, streams and isolated ponds with variable salinity. This
wetland includes a main shallow lagoon or lake which is permanently
present but with a variable area between 175 and 538 km2 (Dorador
et al., 2020). It is inhabited by conspicuousmicrobial life and is a hotspot
of highland fauna (Dorador et al., 2013). Small-scale spatial variability
studies showed that microbial community structure at Salar de Huasco
was variable in the different aquatic sites, for example showing a higher
diversity in the isolated ponds than in the lagoon (Aguilar et al., 2016;
Eissler et al., 2019). In addition, high diversity and complexity were ob-
served in ponds holding microbial mats when compared to water
sources (springs or lagoons; Eissler et al., 2019). On a synoptic scale,
two ponds situated contiguously varied significantly in their dissolved
organic carbon (DOC) concentration (from 33.5 to 424.1 mg l−1) and
with associated differences in dominant bacterial communities,
i.e., Proteobacteria and Bacteroidetes versus Cyanobacteria (Aguilar
et al., 2016). The microbial activity in this ecosystem is characterized
by high rates of primary productivity (de la Fuente, 2014) and second-
ary productivity (Hernández et al., 2016), as well as high nitrogen up-
take and remineralization (Molina et al., 2018a). In addition, the
microbial community activity and contribution to nutrient and GHG
recycling could vary in the different aquatic sites and over diel cycles
(de la Fuente, 2014; Molina et al., 2016; Molina et al., 2018b). Short
term experiments associated with GHG exchange in the main spring
area of Salar de Huasco indicate that these areas were characterized
by a net sink of N2O, while CH4 and CO2 were released into the atmo-
sphere in both wet and dry seasons (Molina et al., 2018b). Moreover,
shifts in the active microbial community composition have been associ-
ated with high solar radiation and temperature changes in microcosm
experiments conducted at spring sites of Salar de Huasco (Molina
et al., 2016). These changes resulted in a reduced activity of
Cyanobacteria and other abundant microorganisms as measured using
16S rRNA during the hours of high solar radiation while less abundant
and rare groups were relatively more active and therefore had a rela-
tively larger impact on nutrient recycling (Molina et al., 2016). Salar
de Huasco represents a model ecosystem of highland wetlands of the
Central Andes with still low human impact activities, thus ideal to
study natural microbial communities' response to drastic diel changes
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in their physical environment such as solar radiation, temperature,
wind field (intensity and direction) and their resulting contribution to
biogeochemical cycles. In the present study, pondswere selected as rep-
resentative systems of evaporitic zones where intense recycling of inor-
ganic and organic dissolved compounds, including GHG, is expected in
the wetland based on previous reports. We hypothesize that in the
ponds, changes in solar radiation through the day will be the predomi-
nant environmental factor generating significant changes in the activity
of the microbial community within the pond resulting in different bio-
geochemical conditions in the water column, including high diel GHG
production.

2. Materials and methods

2.1. Sampling site and physicochemical variables

The diel cycle sampling was conducted at Salar de Huasco during
November 2015, at the site H3, (20°16.98′S, 68°53.33′W, see Fig. 1A).
Sampling started at 07:00 h with samples being taken every 3 h until
19:00 h and 22:00 h local time on November 9th and 10th, respectively.
The surface water of the pond froze during the night; thus sampling for
both days was not possible after the timepoints mentioned. The pond
sampled covered an area of 68.98m2, was 15 cm deep, and was charac-
terized by soft bottom sediment with a few spots of disassociated mi-
crobial mats (Fig. 1B, Fig. S1). Solar radiation, air temperature and
wind velocity were downloaded from http://www.ceazamet.cl/index.
php?pag=mod_estacion&e_cod=SALH&p_cod=ceazamet recorded
with a Meteorological station (Campbell Scientific Inc.) located at ap-
proximately 3 km from the sampling site (Fig. S1). A combination of un-
manned Aircraft System (UAS) and satellite images downloaded from
Landsat and Sentinel, were used to generate a study area map (dates
used, November 19th, 2015 and March 15th, 2019 from Landsat 8 and
Sentinel 2, respectively). The UAS images were corrected
(orthorectification) and processed for geo referencing using Software
Pix4D. In addition, the flooded area of the wetland was estimated for
contrasting seasons using multispectral images with the software
ArcGis 10.4.

Physicochemical variables, conductivity, temperature, pH and dis-
solved oxygen, were measured in situ in the water column using a por-
table Thermo Scientific Orion StarMultiparameterMeter (model A329).
Water samples for determining ammonium concentration were
Fig. 1.A)Maps showing the location and area of the site sampled at different scales during the d
upper panel) in comparison to wet season (March 2019, bottom panel). B)Map layouts showin
the meteorological station.

3

collected in triplicate directly into Duran Schott flasks (50 ml) and im-
mediately processed following the fluorometric method (Holmes
et al., 1999). Fluorescence for ammonium estimations were measured
using a Turner Design fluorometer in the field and the detection limit
determination was 0.01 μM. Water for nitrate, nitrite and phosphate
determination were collected in triplicate, filtered through a GF/F filter
(Whatman) and stored in rinsed Nalgene flasks (125 ml). These
samples were frozen in the field and stored at −20 °C until analysis in
the lab. Nutrient samples were analyzed using standard colorimetric
methods with an automatic nutrient analyzer (Atlas et al., 1971).

Samples for dissolved organic nitrogen and phosphorus (DON, DOP)
(30ml, in triplicates)werefiltered through pre-combusted (450 °C, 6 h)
GF/F filters (Whatman) and the filtrates were stored in Teflon bottles.
These samples were analyzed using the wet-oxidation method
(30min, 120 °C) following Pujopay andRaimbault (1994). Dissolved or-
ganic carbon was collected in pre-combusted (450 °C, 6 h) glass am-
poules acidified with H3PO4 (85%) and stored in the dark at 4 °C.
These samples were analyzed in a high-temperature combustion on a
Shimadzu TOC-L analyzer at Laboratoire d'Océanographie Microbienne,
LOMIC (Banyuls Sur Mer, France).

Water samples (50 ml) for H2S determinations were collected using
a 60 ml syringe by gentle filling into falcon tubes (avoiding bubbles),
fixedwith ZnCl2 (2ml, solution 5mM) and kept refrigerated until anal-
yses, following the specifications of the spectrophotometric method de-
veloped by Cline (1969). The limit of detection of the analyses was
0.06 μM.
2.2. Greenhouse gases determinations

Triplicate discretewater sampleswere collected for GHGdetermina-
tion using 20 ml vials, fixed with 50 μl of saturated mercuric chloride
avoiding bubbles and stored in the dark. Before chemical analysis, a
headspace was generated using ultrapure Helium gas following
(McAuliffe, 1971). After equilibrium, a headspace gas sample was ana-
lyzed in a gas chromatograph (GC-2014 Greenhouse, Shimadzu)
equippedwith an electron capture detector (ECD) for N2O, amethanizer
for CO2 conversion to CH4 and a flame ionization detector (FID) for CH4

determination. Concentration was determined based on a three-point
calibration curve with helium, air, and a standard of 600, 5, and 1 ppm
for CO2, CH4 and N2O, respectively (Scotty gas mixture; Air Liquid Co).
iel cycles and showing the overall look of thewetland during dry season (November 2015,
g areas of the wetland associatedwith ponds, the localization of the sampled site (H3) and

http://www.ceazamet.cl/index.php?pag=mod_estacion&amp;e_cod=SALH&amp;p_cod=ceazamet
http://www.ceazamet.cl/index.php?pag=mod_estacion&amp;e_cod=SALH&amp;p_cod=ceazamet
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GHGexcesswas determined by the difference between the expected
GHG concentrations in equilibrium, considering the measured temper-
ature and conductivity, and thewater concentration.Netfluxeswere es-
timated based on the differences between each sampling point, then
summed and dividing it with the number of hours of the two diel cycles.
To upscale our estimations, the fluxes estimated here were transformed
first from μmol l−1 h−1 tommolm−3 d−1, and then tomgm−2 d−1 and
Kg d−1, considering themolecular weight of each gas, an average depth
(0.1 m) and the total landscape area covered by ponds 2,380,000 m2

(238 ha).
Flux chamber experiments were performed to determine the flux of

greenhouse gases across the sediment-water interface during the sec-
ond day (November 10th). The flux chambers have a central stirring
paddle to homogenize the water and sampling ports with septa for
water and gasses through a headspace and were deployed following
Canfield and Des Marais (1993). Five chambers were installed at
10:30–11:30 h and were incubated during seven hours. Gases samples
were removed from the headspace at three time points (12:00 h,
14:00 h and 19:00 h). Rateswere estimated using linear regression con-
sidering R2 > 0.5 and typical error. The rates in ppm (CO2 and CH4) and
ppb (N2O) per hour were transformed considering the standard density
of each gas (mass per m3), the molecular weight and then upscaled as
described for discrete water analyses.
2.3. Microbial communities sampling

Water samples to determine picoplankton abundance were col-
lected in replicate cryovials (1 ml), immediately fixed with glutaralde-
hyde (0.1% final concentration), and stored frozen in liquid nitrogen
until analysis. Total picoplankton abundance was estimated through
flow cytometry (FCM) using a FAC- SCalibur flow cytometer (Becton
Dickinson) equipped with an ion–argon laser of 488 nm of 15 mW, fol-
lowing the method described by Marie et al. (1997). Water and sedi-
ment samples were collected to study microbial community
composition for subsequentmetabarcode (iTag) 16S rRNA and rDNA se-
quencing. Microbial communities from surface sediments were sam-
pled with a sterile spatula and approximately 500 μl placed into
cryovials. The water column microbial community was concentrated
in the field by filtration onto a filter (0.22 μm hydrophilic PVDF filters,
GVWP02500, Millipore) using a Swinnex filter holder (25 mm diame-
ter) attached to a syringe (60 ml). Both sediment and water biological
samples were placed in cryovials with RNAlater solution (Ambion, Life
Technologies, USA) and then stored at−80 °C until analysis.
2.4. Secondary production

Experiments to determine 3H-leucine incorporation into bacteria
and archaea biomass (microbial secondary production, MSP) were car-
ried out during day 2 following Hernández et al. (2016). Total microbial
secondary production and the contribution of archaea to secondary pro-
ductivity were determined after the addition of N1-guanyl-1,7
diaminoheptane GC7 (0.4 mM) an hypusination inhibitor affecting ar-
chaea cell cycle (Jansson et al., 2000) and used before (e.g., Levipan
et al., 2007). Incubations were conducted in 2 ml microcentrifuge
tubes. Triplicate 1 ml were added to tubes containing 3H-leucine
(10 nM final concentration) or 3H-leucine+GC7. A T0 control was
amended with trichloroacetic acid (TCA, 5% final v/v) prior to incuba-
tion. Samples were incubated for approximately 2 h at in situ tempera-
ture. Incorporationwas terminated by the addition of TCA (final 5% v/v).
Samples were stored refrigerated in the dark until processing using a
microcentrifuge method of Simon and Azam (1989) and a Packard
Model 1600TR liquid scintillation counter. Rates estimations were
expressed as μg C l−1 h−1 using the 0.86 ratio of cellular carbon to pro-
tein and 0.073 for leucine (Simon and Azam, 1989).
4

2.5. Microbial community analyses

To evaluate the active microbial community structure, RNA was
extracted from sediments and the water. RNA was extracted using
an Ambion RNA extraction kit (AM1560) according to manufactur-
er's protocol with the addition of a mechanical disruption step
with 200-μm-diameter zirconium beads (Low Binding Zirconium
Beads, OPS Diagnostics) for two rounds of 30 s (~3000 rpm) using a
Mini-Beadbeater-8TM (Biospec Products). DNA and RNA quantifica-
tion were determined by fluorescence using a Qbit 2.0 instrument.
For RNA analyses, DNA was removed using the TURBO DNA-free™
kit (Invitrogen) and RNA was tested for residual DNA by standard
bacterial 16S rRNA amplification. RNA was reverse-transcribed with ran-
dom primers provided by the ImProm-II™ Reverse Transcription System
(Promega Corp.). DNA was also extracted from sediment samples using
PowerSoil DNA Isolation Kit (MoBio Laboratories) following themanufac-
turer's specifications to evaluate the present community as additional in-
formation for this biome. The bacterial 16S rRNA gene was sequenced
using the primer 27F (5′-GAGTTTGATCNTGGCTCAG-3′) in combination
with 519R (5′-GTNTTACNGCGGCKGCTG-3′), and for archaea the primers
Arch349F (5′-CCCTAYGGGGYGCASCAG-3′) combined with Arch806R
(5′-GGACTACVSGGGTATCTAAT-3′)were used. Sequencingwas carried
out using a high-throughput Illumina Miseq at Mr. DNA sequencing
service. The resultant 16S rRNA and rDNA gene sequences were
processed using the Mothur software v1.35.1 (Schloss et al., 2009).
Reads < 200 bp were deleted and sequences that contained more than
one undetermined nucleotide (N) and those with amaximum homo-
polymer length of 8 nucleotides were trimmed. UCHIME algorithm
was used to identify and remove chimera sequences (Edgar et al.,
2011). The retrieved 16S rRNA and rDNA gene sequences were clas-
sified taxonomically using the automatic software pipeline SILVAngs
available at https://www.arb-silva.de/https://www.arb-silva.de/
based in a ≥ 93% of alignment identity according to Quast et al.
(2013). The number of samples sequenced (n = 66) were deposited
in the European Nucleotide Archive (ENA) under accession Nr.
PRJEB31701 (ERS3230768 - ERS3230839).

2.6. Environmental and microbial community statistical analysis

A Spearman rank correlation was performed to understand the rela-
tionship among environmental variables and theMann-Whitney U Test
to check differences between these variables during the two different
days of the experiment using Statistica version 7.0 software. To facilitate
the visualization of different units and magnitudes, data log-
transformation was estimated and then the difference between each
point and the average (n = 11) of both days was graphed.

Principal component analysis (PCA) was used to evaluate the influ-
ence of physical and chemical variables studied along the two diel cy-
cles. Principal coordinates analysis (PCoA) were used to visualize
microbial community changes from the different biomes along the
diel cycle. Bray Curtis similarities were first estimated using square-
root transformed data. The contribution of the different taxa (Phyla
level and OTU) to dissimilarity associated with day 1 and 2 (as factor)
was estimated using Similarity Percentages-species contributions (SIM-
PER analyses). Distance-based linear models (DISTLM) were estimated
from resemblance matrices, using 9999 permutations with Akaike In-
formation Criterion (AIC), using the present and active microbial com-
munity combining the two days. PCA, PCoA and DISTLM were
estimated using the software PRIMER (7.0.11) with the PERMANOVA
add on (Anderson et al., 2008). The microbial community was analyzed
using operational taxonomic units (OTU) to obtain richness and Alpha
diversity indexes (Shannon (H′) and Pielou's evenness) using PRIMER
software. The analyseswere compared usingOne-WayANOVA. To com-
pare richness oscillation through the day an estimation of a rarefaction
richness value was calculated based on normalized sequences (the li-
brary with the smaller number of reads was n = 29,000).

https://www.arb-silva.de/https://www.arb-silva.de/


Fig. 2. Averages per hour of A) solar radiation, B) wind velocity and C) air temperature
registered in the meteorological station during diel cycles of November 9th and 10th,
2015.
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3. Results and discussion

The studied area was characteristic of an evaporitic pond at the H3
site in the Salar de Huasco wetland associated with the dry season (No-
vember 2015), situated close to themain lagoon area (see Dorador et al.,
2013; Eissler et al., 2019). The H3 sampling area presentedmany ponds
during themonth of sampling (Fig. 1B, see small panel D). However, the
area could be completely flooded during the wet season (Fig. 1A, March
15, 2019). Satellite images analysis indicates that the flooded area dur-
ing the sampling year (2015)was on average 351Ha,whereas during an
extreme wet season observed in March 2019 the flooded area could
reach 640.9 Ha, shown here as an example of a maximum (Fig. 1A,
right bottom panel). Precipitation changes in the high Andean steppe
are tightly connected with climate variability such as the interannual
ENSO (El Niño Southern Oscillation) and other climatic events (Barrett
et al., 2016; Houston, 2006).

Ponds are characteristics of Andeanwetlands, some of them present
diverse and seasonally growing peatland vegetation depending on
water availability. The type of peatland vegetation is usually related to
springs presence, precipitation, and conductivity (Squeo et al., 2006).
The pond studied here (H3 site) was characterized by a shallow water
layer (c.a. 0.15 m depth) covering an area of 68.98 m2, representing a
total volume of 10,347 l. This pond was considered as a model of evap-
oritic aquatic areas of thewetland. In fact, using satellite image analyses
we determined that the total area covered by ponds during the month
of sampling represented c.a. 238 Ha, similar in magnitude to main lake
(Fig. 1B). Thus, our experiment provided valuable information into the
role of pond biogeochemical diel dynamics associatedwith extreme cli-
matic variability in the highlands of the Chilean desert.

3.1. Environmental variables and biogeochemical dynamics in two con-
trasting diel cycles

The meteorological conditions during day 1 and day 2 were variable
during the day and were characterized, respectively, by an average (±
SD) of 384±460 versus 315±407 W m−2 and an integrated irradiance
of 9113 and 7516 W h m−2 (solar day, 14 h), 5.0±8.5 versus 8.1±
5.8 °C (air temperature) and 2.7±2.0 versus 2.8±1.7 m s−1 (wind ve-
locity), Fig. 2. Day 2 received less solar radiation, higher wind velocities
and temperature particularly before noon compared with the previous
day, differences that were not statistically significant (Mann-Whitney
U Test). Air temperature andwind fieldwere variables significantly cor-
related with changes in water temperature, conductivity, oxygen, pH
and other organic and inorganic compounds associated with microbial
recycling processes such as total dissolved nitrogen (TDN), NH4

+ and
H2S (Table S1).

Thewater biogeochemical conditionswere plotted in Fig. S2. In gen-
eral, the pond was characterized by oligosaline (2169–2655 μS cm−1)
and alkaline conditions (pH 9.19–9.38), but variable temperature and
dissolved inorganic and organic compounds, including greenhouse
gases changing through the day and between the sampling days. The
water temperature varied between 1.5 and 20.5 °C showing lower
values in the morning, mainly at day 1. During day 1, phosphate, nitrite
and silicic acid presentedmaxima during themorning, whereas ammo-
nium presented a maximum during the afternoon and evening. During
day 2, phosphate and silicic acid were more homogeneous, whereas ni-
trite decreased, and ammoniumwasmore variable than day 1. DOC pre-
sented higher concentrations during day 1, decreasing towards the
evening, whereas the opposite was found during day 2. TDN presented
homogeneous concentrations during day 1 and higher concentrations
during day 2, reaching a maximum value at 19:00 h. A similar trend
was observed for total dissolved phosphorus (TDP) but reaching amax-
imum at 13:00 h (day 2). CO2 was lower during noon and hours of high
solar radiation during both samplings (between 10:00 h and 13:00 h),
whereas the opposite was found for CH4 and N2O. However, N2O
reached maxima concentration during day 2. The variability present
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for both days was clearly observed when differences from the total av-
erage were calculated (Fig. 3). This suggests that most of the variables
presented shifts (increase versus decrease compared with the average)
associatedwith solar radiation (10:00–13:00 h) andwater temperature
(13:00–16:00 h; Fig. 3). Moreover, the magnitude of the trends was
high for some, such as DOC and nutrients during day 1 compared with
day 2 and TDP and TDN and N2O during day 2, differences supported
byMann-Whitney U Test (p<0.05). In fact, principal component analy-
sis (PCA, Fig. S3) indicates that the variables studied accounted for 52.3%
of the variability, PC1 was associated with temperature (air andwater),
wind velocity and other physical and chemical conditions in the water,
whereas, PC2 was associated with dissolved organic matter mainly ni-
trogen (DOC:DON, TDP).

The GHG excess variability was associated with temperature and
solar radiation changes (Fig. 4). During the morning, CO2 and N2O
were undersaturated (negative values), whereas during the afternoon
both were supersaturated (positive values) in the water of the pond.
On the other hand, CH4was always supersaturated in thewater. The es-
timated net budget (sum of all excess values) indicates that the pond
was characterized by CH4 production, whereas CO2 and N2O were con-
sumed by biological processes. This result was supported by correla-
tions of CO2 and N2O excess with NH4

+ and DOC (Spearman Rank R
>0.63, p<0.05 and <−0.61, p<0.05, respectively, Table S1). The morn-
ing CO2 undersaturation suggests its fixation by autotrophic microor-
ganisms, including photosynthetic processes in the pond. This active
community could also explain the decrease of nutrients observed at
similar hours during day 1 (Fig. S2). Considering nutrients temporal ac-
cumulation or disappearing through time during the morning and



Fig. 3. Plot showing tendencies of physical and chemical variables during both diel cycles considering A) solar radiation, temperature, pH and conductivity, B) GHG and oxygen,
C) inorganic nutrients and hydrogen sulfide and D) dissolved organic carbon, nitrogen and phosphorous and ammonium. The average was the data retrieved for both days (n = 11 for
each variable).
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afternoon, rates of change were determined when a linearity R2 ≥ 0.6
was estimated (Table S2). For example, the ammonium and nitrite
rates of change observed during day 1 were in similar magnitudes
than potential nitrogen demand by the microbial community including
nitrification rates in the study area (Molina et al., 2018a).

The CO2 excess estimation observed duringday 2was lower than the
previous day (an average of −4.5 versus −8.7, Fig. 4) particularly at
10:00 h, probably due to a lower radiation received before 10:00 h com-
pared with the previous day (of 100Wm−2 and a total exposure differ-
ence of 1597 W h m−2). In addition, during day 2 a high wind velocity
was observed before 10:00 h, expected to generate a higher mixing
than the previous day in the shallowwater pond (Fig. 2). Wind velocity
was a variable correlated significantly withwater physical and chemical
parameters such as water temperature, pH and conductivity (Table S1).
The increment of wind stress could reduce the photosynthetic activity,
Fig. 4. GHG excess and its association with air temperature and solar radiation. Negative
value of excess indicates a consumption (sink) and a positive value indicates a
production (source).
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and potentially other processes in this system, through sediment resus-
pension and solar radiation attenuation (de la Fuente, 2014). In total,
considering thenegative CO2 excess (Fig. 4) as a “net primaryproductiv-
ity rate per day” the autotrophic incorporation of carbon varied be-
tween 0.3 and 1.7 g C m−2 d−1. In the pond area, these rates were
comparable with benthic primary productivity (0.6–1.54 g C m−2

d−1) estimated previously in sediments for the main lake of Salar de
Huasco modeling heat and oxygen fluxes using microprofiles (de la
Fuente, 2014). These values in terms of CO2 fluxes were comparable
with other shallow terrestrial ecosystems including ponds (Torgersen
and Branco (2008).

The CO2 positive excess observed during the afternoon
(13:00–16:00 h) of both days could be indicative of respiration pro-
cesses and suppression or decrease of photosynthesis. During the after-
noon of day 1, the excess reaches greater and consistent positive values,
increasing between 2.3 to > 4.2, whereas during day 2, these values
were mostly negative (Fig. 4). High irradiance has been reported to in-
hibit photosynthesis and decrease CO2 fixation rates through the pro-
cess known as photoinhibition (e.g., review by Long et al., 1994).
While it is possible that this occurs between 10:00 and 13:00 h during
both days, the effect appears greater during day 1 associated with
higher solar radiation observed in the morning hours (Fig. 2). In addi-
tion, the decrease in solar radiation and high temperature might en-
hance respiration in the afternoon (13:00–16:00 h). The combined
effect of both high respiration processes and the suppression or de-
crease of photosynthesis may be responsible for increases in ammo-
nium, nitrite, TDN, phosphate, and organic matter consumption that
were observed concomitantly in the pond (Table S2, Fig. S2). Substrate
competition between photoautotrophs and microorganisms with het-
erotrophic and chemoautotrophic metabolisms have been reported to
impact aquatic microbial activities and have effects on diel variability
in marine ecosystems (Fuhrman et al., 2015; Kuipers et al., 2000;



Fig. 5.A)Microbial secondary production (MSP)measured during day 2 (November 10th,
2015) and Archaea secondary productivity (ASP) production estimated from Control- GC7
(N1-guanyl-1,7 diaminoheptane) as inhibitor of archaeal metabolism and B) ASP and its
relationship with ammonium, nitrous oxide (linear regression R2 =0.8, p<0.01) and
DOC:DON.
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Smith et al., 2014). In contrast to marine ecosystems, extreme high-
altitude environments may have mechanisms favoring heterotrophic
or chemoautotrophic activity that could also involve a significant reduc-
tion in substrate competition due to photoautotrophic photoinhibition
at hours of high radiation and a rate decrease due to lower irradiances
in the afternoon (>16:00 h). However, the photo – physiological plas-
ticity of the photosynthetic organisms in the pond of Salar de Huasco
should be further explored, for example, using isolates as in Prelle
et al. (2019) or in-situ using effective and maximal quantum yield
(Fv/Fm) approaches (Figueroa et al., 2014; Sawall and Hochberg, 2018).

Short term flux measurements performed using chambers during
the afternoon of day 2 indicate that the sediments are the main GHG
source in the pond reservoir (Fig. S4 and S5; Table S3). However, posi-
tive GHG accumulation rates in the headspace chamberweremore con-
sistently observed for CH4 than other gases, whereas CO2 and N2O
accumulate in lower rate and probably recycled in the sediment (for
example by methanogenesis that uses CO2 as substrate). CH4 and CO2

concentrations in the flux chambers averaged 60–70% higher than
discrete water determinations measured during the afternoon. If our
measurements in the water indicate a net balance of GHG recycling in
the pond, then it is possible that a similar percentage is consumed by
planktonic microbial communities and/or escape directly into the
atmosphere through bubbles (ebullition). Direct ebullition could be an
important CH4 source from wetland soil from peat bogs (Tokida et al.,
2005) and small water bodies such as ponds (Grinham et al., 2018).
However, the concentration of GHG accumulated in the headspace of
our chambers were lower compared with previous GHG determination
from bubbles trapped underneath well-developed microbial mat
matrix, i.e., CH4 and CO2 were in average 59,054 and >3839 ppm,
respectively (Molina et al., 2018b).

Ponds, whether natural or manmade associated with farming
activities and urban areas, are considered as important sites of carbon
burial (Smith et al., 2002) and could be numerically significant in a
global scale (Downing et al., 2006). The pond studied here in a high-
altitude wetland could also be considered as a site of intense organic
matter recycling and contributing to theGHGbudget as a representative
of a typical landscape of the Andes plateau basin. The estimated GHG
exchange fluxes for CO2, N2O and CH4 reached respectively, 226, 0.115
and 10.3 mg m−2 d−1 in the pond sediment and −17, −0.007 and
689 mg m−2 d−1 in the pond water (Table S3). These diel GHG fluxes
per area were upscaled to evaluate the potential contribution of the
pond areas landscapes determined to be 238 Ha using satellite images
analyses and an average depth of 0.1 m of water, and could represent
603, 0.44 and 24 kg d−1 and -40.9, −0.017 and 1649 kg d−1 for the
pond sediment and water (Table S3). The magnitude of fluxes was in
the range of water-atmosphere fluxes determined in different aquatic
areas of the Salar de Huasco wetland (Molina et al., 2018b) and, in gen-
eral, were in the lower range for CO2 and N2O and in the range of CH4

compared with other aquatic ecosystems including high-altitude wet-
lands (see Table S4).

However, unlike the spring aquatic site flux chamber diel experi-
ment carried out previously in the wetland (Molina et al., 2018b), the
pond studied here represents a net sink of CO2. The total contribution
of the high-altitude ecosystems to GHG budgets should be further stud-
ied considering the potential variability of microbial communities
inhabiting different ponds (Aguilar et al., 2016).

3.2. Microbial community dynamics and shifts in the archaea versus bacte-
ria contribution during the diel cycle

Picoplankton cells abundance varied slightly between 1.44 ±
0.09 × 104 and 2.00 ± 0.02 cells × 104 ml−1 with a maximum observed
during day 2 at hours of highest irradiation (Table S5). The difference is
higher in day 2 as observed in Fig. S4. During this day, microbial second-
ary production was determined (Fig. 5). These rates also varied through
the day, characterized by amaximum at hours of high radiation but low
7

temperature and vice versa (10:00 h and 22:00 h). A large portion of the
microbial secondary production (MSP) could be attributed to archaea
(62–89%), based on thedifference between totalMSP andGC7 amended
sample. A previous study indicates that isolated ponds, or waterbodies
having non-visible surface connectionwithwater streams, hold a highly
active microbial community reaching the highest secondary productiv-
ity magnitude (0.87–11 μg C l−1 h−1), in contrast to spring and streams
in the wetland (Hernández et al., 2016).

The MSP was correlated with DOC and DOC:DON and the contribu-
tion of archaea to secondary productivity (ASP) was significantly corre-
lated with N2O (Table S1). These relationships support the importance
of substrate availability in the secondary productivity in the pond..
DOC:DON ratio variability is indicative of changes in dissolved organic
matter composition and possibly higher nitrogen bioavailability (Yates
et al., 2019). Moreover, the relative contribution of both domains in
the total retrieved sequences (archaea versus bacteria ratio, mainly in
the water) changed during the diel cycles and were correlated with en-
vironmental variables (wind and solar radiation) and DON and DOP
compounds such as nitrogen and phosphorus, and sediment commu-
nity ratios with MSP (Fig. 6, Table S1). As with meteorological and
chemical variables, differences in the archaea and bacteria ratio from
the average were calculated; this analysis helped to visualize shifts in
the relative contribution of active domains in the pond between the
two days (Fig. 7). On both days, there was a peak of bacterial sequence
reads in thewater (relative to archaeal) in the early afternoon, followed
by a peak in archaeal sequence reads (relative to bacterial) later in the
afternoon. A similar pattern was observed in the sediments on the sec-
ond day, that coincided with higher ASP observed during day 2. The ar-
chaeal enrichments in the late afternoon coincidedwith higher nitrogen
availability in thewater, NH4

+ during day 1 and TDN during day 2. These
results support recent reports of a connection between archaeal second-
ary production and TDN in ponds from coastal wetland ecosystems
(Batanero et al., 2020). Moreover, the relationships between nitrogen
enrichments and archaeal activities could also enhance greenhouse
gases production in the afternoon also supported by the positive corre-
lation of ASP and archaea versus bacteria ratio (water) with N2O
(Table S1). This result agreed with reports showing nitrous oxide pro-
duction by archaea as a consequence of nitrogen fertilization in agricul-
tural soils (Wang et al., 2016). This response has been associated with



Fig. 6. A) Normalized richness variability compared with average (dotted lines) in the
different biomes analyzed associated with solar radiation and B) Archaea versus Bacteria
sequencing reads ratio dynamics associated with solar radiation (Water 16S rRNA
showing a decreasing tendency). TDP (Total Dissolved Phosphorous) and TDN (Total
Dissolved Nitrogen).
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Thaumarchaeota, known to use organic compounds such as urea and
contribute to N2O production through ammonia oxidation, the first
step of nitrification, in contrasting ecosystems including marine
(Löscher et al., 2012) peatlands (Siljanen et al., 2019), and soils (Wang
Fig. 7. A) Bacteria and archaea tendency considering differences from the average of both day
compartments and templates.
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et al., 2016. However, in our study along with some Thaumarchaeota
(Nitrosopumilus and Nitrososphaera) other functional groups related
with nitrification were detected predominantly in sediments, including
ammonia-oxidizing bacteria (Nitrosomonas) and nitrite-oxidizing bac-
teria (Nitrospina and Nitrospira) (Section 3.3) (Fig. S6).

3.3. Microbial community structure changes during the diel cycle

Microbial community structure (present and active 16S rDNA and
rRNA, respectively) were slightly variable in the water and sediment
during the diel cycle considering rarefied richness and other alpha di-
versity indexes (Table S6, Fig. S7). In general, the water was character-
ized by a lower richness and diversity compared with the sediment,
which was associated with evenness changes (Fig. S7). In the sediment,
16S rRNA versus 16S rDNAwere comparable between each other in day
1 and day 2, but the activemicrobial community (16S rRNAdiversity in-
dexes) was characterized by a higher variability compared with the
present community (16S rDNA diversity indexes). In addition, a slight
but not significant decrease in both indexes was observed between
day 1 and day 2 (Fig. S7). Spearman Rank Correlation analyses
(Table S1) using richness indicate that the microbial community, both
present (DNA) and active (RNA), were correlated mainly with potential
substrates (organic matter, nutrients). Our results support previous
studies that showed significant correlation between nutrients, light-
turbidity and community structure in lakes (Juottonen et al., 2020). In
general, the higher variability within the active fraction compared
with the present microbial community in our study supports previous
reports using 16S rRNA versus 16S rDNA in natural microbial communi-
ties, indicating the relevance of low frequency but highly active OTUs in
aquatic ecosystems (Campbell et al., 2011). Somemicroorganisms asso-
ciated with low frequency or even undetected OTUs at 16S rDNA (de-
pending on sequencing approach), could respond in a great
proportion to perturbations in their environment, such as nutrients in-
puts or primary productivity variability in time series studies
(Campbell et al., 2011; Shade et al., 2014).

DistLM analysis used to explore the relationships of microbial com-
munity structure associated with environmental variables suggest that
variables such as wind velocity, conductivity, NH4

+, TDN, N2O, CH4,
phosphate, H2S and O2 account for 70.2% of the sediment present
phyla variability (AIC 28.907, R2 0.99, RSS 24.721), whereas only DOC:
DONwere associatedwith the active phyla butwith low solution values
(AIC 60.069, R2 0.22, RSS 1799.2). On the other hand, air Temperature,
CO2, DOC, DON: DOP, pH, N2O, NH4

+, and CH4 (AIC 23.967, R2 0.97, RSS
15.776) account for up to 69.5% of the water phyla diel variability. In
total, DistLM analysis indicates that environmental variables associated
with meteorological conditions, but also metabolic substrate and prod-
ucts of the microbial community metabolisms, such as nutrients and
and microbial taxa presented significant cycling during our experiments in the different
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gases, were relevant in determining the diel biogeochemical distribu-
tion in this pond. This result supports previous studies related to
bottom-up microbial community control associated with nutrient (ni-
trogen andphosphorous) pulses and the interactionwith photoautotro-
phic organisms' daytime primary productivity (Kuipers et al., 2000;
Smith et al., 2014). In our study, a higher productivitywas expected dur-
ing day 1 (given the greater CO2 negative excess). Day 1 was character-
ized by a highermicrobial diversity,mainly in the sediments, and higher
inorganic nutrients concentration in the water, resulting in increased
dissolved organic matter with higher N bioavailability (DOC:DON). In
addition, DistLM analysis indicates that different meteorological vari-
ables accounted for the microbial dynamics in the water compared
with the sediment biome, i.e., air temperature versus wind velocity, re-
spectively. This suggests that the microbial community in sediments
could be less sensitive to drastic air temperature changes in Salar de
Huasco, but more sensitive to the effect of wind velocity, associated
with mixing and turbidity. Diel heat and oxygen micro profiling in the
shallow lagoon of Salar de Huasco have shown previously that the sed-
iments absorb solar radiation and heat during the day (de la Fuente,
2014). That study also demonstrated that wind velocity was correlated
with the primary productivity layer within the sediment changing from
3 mm to 1 mm under calm versus windy conditions, respectively.

3.4. Active microbial groups and its potential contribution to biogeochemi-
cal processes and GHG changes

Microbial composition indicates that a total of 54 phyla were de-
tected, with Bacteria representing by far the most predominant group
followed by Archaea and unclassified sequences (<93% identity with
databases) in the sediments andwater (Figs. S8 and S9). Therewas little
overlap in community composition between the sediment and the
water; the two compartments shared<60% similarity. Principal Coordi-
nates Analysis helped to visualize the variability of the microbial com-
munity studied, supporting that the active phyla from the water
differentiated from the present or active phyla from the sediment
(PCoA, Fig. S10). In the sediments, Archaea was dominated by
Nanoarchaeota (99% associated with Woesearchaeia) among the
seven phyla detected in our study (Fig. S8B), except during the after-
noon (day 1) and night (day 2), which were respectively characterized
by Thaumarchaeota (up to 71%) and Euryarchaeota from a single order
(Methanomicrobiales, up to 68%). In the sediment, bacteria were richer
than archaea and were composed by the following abundant phyla:
Bacteroidetes (12 orders), Proteobacteria (75 orders, but dominated
Fig. 8. A) 16S rRNA versus 16S rDNA ratios of sediment microbial comm

9

>24% of Burkholderiales, Rhodospirillales, Desulfovibrionales,
Desulfobacterales) and Verrucomicrobia (11 orders; Fig. S8C). The
microbial composition in the water (Fig. S9) indicates that archaea
was also dominated by Nanoarchaeota (99% associated with
Woesearchaeia), except in the evening (19:00 h day 1) where
Euryarchaeota from a single class of Halobacteriales contributed up to
93% of the community (Fig. S9). Nanoarchaeota were enriched in its ac-
tivity during day 2 compared with day 1. In addition, Euryarchaeota
from the orders Methanomicrobiales and Methanosarcinales also con-
tributed up to 10% of the community composition. Thaumarchaeota
were rare and accounted for ~1% of the total archaea community during
the evening of day 1 and early morning of day 2. The active bacteria
were more homogeneously distributed in the water, characterized by
a dominance of Proteobacteria (61 orders) followed by Bacteroidetes
(7 orders; Fig. S9C).

Active OTUs based on 16S rRNA vs 16Sr DNA ratios were estimated
with the sediment sequences, the top active groups detected in all the
different sampling times were plotted in Fig. 8A, and their water coun-
terparts were plotted (Fig. 8B). This analysis suggests that some active
groups were favored at similar hours during both days, e.g., Opitutus
during the morning (7:00 h), Rubrimonas (13:00–16:00 h) in the sedi-
ment. During day 2 OTUs are mainly related with cyanobacteria,
e.g., Oscillatoria, unknown Subcluster III (Fig. 8). In addition, during
day 2, methanogens were enriched in the sediments (morning and
night) and thewater of the pond (Fig. 8). In thewater,Methanomicrobia
andMethanosarcina increased their contribution at similar hours as CH4

and N2O accumulation was determined in sediment chambers, and
other functional groups such as nitrifiers and methane oxidizers were
also present (Fig. S5, Fig. S6). SIMPER analyses considering days as factor
indicated that archaea associated with single OTUs Nanoarchaeaota
(Woesearchaeia), Verrucomicrobia and Bacteroidetes phyla contributed
to a higher percentage of the dissimilarity between days in the pond
water and sediment (Table S7). These results agreed with previously
published studies associatedwith diel cycles fromhypersalinemicrobial
mats from Lake Tyrrel (Australia), showing significant day-night
changes associatedwith Archaea (Nanohaloarchaea) and Bacteroidetes,
using metagenomics and lipids analyses (Andrade et al., 2015). During
our study, as discussed in Section 3.2, the in-situmicrobial activity mea-
sured through leucine incorporation are also indicative of a high ar-
chaeal growth in the pond associated with higher nitrogen availability
as DON compared with other aquatic ecosystems (Batanero et al.,
2020). However, Nanoarchaeaota has been characterized as an ecto-
symbiont of different Crenarchaeotal hosts such as Ignicoccus,
unity and B) their water counterparts determined using 16S rRNA.
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Sulfolobales and Acidilobus, from hydrothermal environments
(Munson-McGee et al., 2015; Wurch et al., 2016). Nanoarchaeaota
have been recently detected inmesophilic ecosystems including, for ex-
ample, freshwater lakes from boreal ecosystems (Juottonen et al., 2020)
and they are the second most abundant prokaryote on earth according
to the Global Prokaryotic Census (Louca et al., 2019). None of the
above-mentioned potential hosts from thermal systems were detected
during this study, thus a different host is expected in the pond, favored
by the conditions observed during the second diel cycle. These biologi-
cal interactions should be further explored in this extreme ecosystem.

In general, themicrobial communities retrieved herewere compara-
ble with previously reported studies of evaporitic ponds using different
sequencing methods (Eissler et al., 2019) reviewed recently (Dorador
et al., 2020). Among the phyla and OTUs exhibiting significant activities
showing changes between the two days were Verrucomicrobia,
Rhodobacterales and Nanoarchaeota, widespread microbes but poten-
tially enriched in extreme ecosystems. Verrucomicrobia have been
characterized as a versatile microbe able to degrade complex polymers
and some having nitrogen fixation traits based on metagenome assem-
bled genomes including a recently reported candidate from terrestrial
subsurface shale (Nixon et al., 2019). Rhodobacterales are a keystone
potential photoheterotrophic group in the wetland (Dorador et al.,
2020), where Rubrimonas was a significant active group in the sedi-
ments during the diel cycle. An isolate from this genus from the Clifton
saline lake in Australia was characterized to produce bacteriochloro-
phyll aerobically (Suzuki et al., 1999). Rhodobacterales, Cyanobacteria
and Verrucomicrobia could contribute with CO2 and N2O sink in the
pond, considering their versatile metabolic capabilities, i.e., able to fix
CO2 and use N2O as electron donor through denitrification in aquacul-
ture ponds (Kathiravan and Krishnani, 2014) or by assimilative path-
ways in some diazotrophic Cyanobacteria (Cornejo et al., 2015). The
microbial processes mitigating CO2 and N2O fluxes in the wetland
pond and other natural and manmade pond systems (e.g., Table S4)
should be further characterized.

In summary, ponds represent a significant landscape in the high-
altitude wetland ecosystem. The two diel cycles in the wetland were
characterized by abrupt changes in meteorological conditions such as
solar radiation, temperature, andwind velocity through the day and be-
tween the twodays sampled. The seconddayhad a lower solar radiation
dose (<1597 W h m−2) before noon, higher temperature, and windier
conditions. CO2 and N2O gases were more sensitive to these changes,
whereas CH4 was constantly accumulated in the water. The variability
in CO2 and nutrients were associated with photosynthesis and respira-
tion microbial processes in the pond. Over the diel cycle, the pond
acted as a net sink of CO2 and N2O and a source of CH4 to the atmo-
sphere. Themicrobial community was richer in the sediment compared
with the water of the pond. The sediment was enriched in key func-
tional groups relative to the water, including photoautotrophs,
methanogens and nitrifying bacteria and archaea, these latter covaried
with the accumulation of CH4 and N2O. The relative contribution of ar-
chaea versus bacteria in the totalmicrobial community composition dif-
fered between the diel cycles, and the archaea secondary productivity
was dominant in the pond water during the second day.

4. Conclusion

The high-altitudewetland pond system presented a biogeochemical
dynamic associated with diel changes, including intense nutrient, dis-
solved organic nitrogen/phosphorus and greenhouse gases recycling,
correlated with environmental variables, such as, solar radiation, air
temperature and wind velocity. These conditions were associated with
the microbial community structure and the activity of specific groups
in the sediment and water of the pond, responding to weather and
bottom-up, i.e., substrate availability over the two consecutive days of
our study.Moreover, our study indicates that high-altitudeponds repre-
sent a significant landscape, contributing to the sink of CO2 and N2O as
10
other natural andmanmadeponds globally and contribute to the under-
standing of the fine-scale diel variability. Since we cannot predict the
same patterns will be present if this field sampling would have contin-
ued in time, the higher complexity of high-altitudewetland ecosystems
including heterogeneous ponds should be further studied. This would
allow us to identify the consistency of the pulses of CH4 and N2O excess
at hours of high radiation, and determine its relevance compared with
other potential carbon buried processes such as sedimentation in this
ecosystem. This is extremely important considering that high-altitude
wetlands are a reservoir of unknown microbial diversity which metab-
olisms can influence the recycling and balance of organicmatter and en-
ergy in these ecosystems.
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