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• Essential fatty acids were exported from
the wetland in the RN estuary.

• Actinobacteria and Bacteroidetes indi-
cated copiotrophic conditions.

• Several Rhodobacterales were outwelling
indicators and potential early colonizers.

• The exportation of organisms as proposed
by Odum was inferred.
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Biogeochemical markers in combination with bacterial community composition were studied at two contrasting sta-
tions at the Río Negro (RN) estuary to assess the outwelling hypothesis in the Argentinian Patagonia. Inorganic nutri-
ents and dissolved organic matter were exported clearly during the last hours of the ebb at the station Wetland.
Moreover, a considerable outwelling of polyunsaturated fatty acids (PUFA), particulates and microalgae was inferred
by this combined approach. The exported 22:6(n-3) and 20:5(n-3) contributed very likely to sustain higher trophic
levels in the coasts of the Southwest Atlantic. The stable isotopes did not evidence clearly the outwelling; nevertheless,
the combination of δ13C with fatty acid bacterial markers indicated organic matter degradation in the sediments. The
dominance of Desulfobacterales and Desulfuromonadales suggested sulphate reduction in the sediments, a key mech-
anism for nutrient outwelling in salt marshes. Marivivens and other Rhodobacterales (Alphaproteobacteria) in the
suspended particulate matter were clear indicators of the nutrient outwelling. The colonization of particles according
to the island biogeography theorywas a good hypothesis to explain the lower bacterial biodiversity at thewetland. The
copiotrophic conditions of the RN estuary and particularly at the wetland were deduced also by the dynamic of some
nd Special Pathogens (ZBS 2), Robert Koch Institute, Seestraße 10, 13353 Berlin, Germany.
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Actinobacteria, Bacteroidia and Gammaproteobacteria. This high-resolution snapshot combining isotopic, lipid and
bacterial markers offers key pioneer insights into biogeochemical and ecological processes of the RN estuary.
1. Introduction

Temperate estuaries are characterized by large fluxes of nutrients and
organic matter from diverse sources and by extremely variable environmen-
tal conditions. Estuaries are hot spot for the cycling of organic compounds
and elements (Canuel and Hardison, 2016) and provide numerous ecosys-
tem services sustaining biodiversity, protecting fisheries and reducing pollu-
tion and eutrophication (Barbier et al., 2011; Duarte et al., 2015). Estuaries
are usually the gates to cities and ports, represents the interface between
continental and marine environments, and are currently worldwide endan-
gered by numerous anthropogenic impacts (e.g., Kopprio et al., 2018;
Cunha et al., 2022; Lu et al., 2022). Due to the high complexity of hydrolog-
ical, biogeochemical and ecological processes in estuaries, several gaps in
estuarine research are currently recognized (reviewed by Khojasteh et al.,
2021). This original study uses several complementary indicators to provide
a better understanding of these processes and to fill some of the gaps in
knowledge on estuarine areas of the Southwest Atlantic.

Stable isotopes of carbon and nitrogen and fatty acids have been widely
used to elucidate biogeochemical process, organic matter fluxes and an-
thropogenic impacts. The δ13C is an isotopic marker of the origin of the or-
ganic matter and elevated δ15N may indicate a higher trophic level or
presence of microzooplankton in the suspended particulate matter
(e.g., Kopprio et al., 2015b). The 16:1(n-7), 16:2(n-4), 16:3(n-4) and 20:5
(n-3) fatty acids are diatom markers, the 15:0 and 18:1(n-7) are bacterial
markers, the 18:4(n-3) and 22:6(n-3) are indicators of flagellates or dinofla-
gellates, and higher proportions of n-3 and n-6 polyunsaturated fatty acids
(PUFA) are typical of zooplankton or higher trophic levels (reviewed by
Dalsgaard et al., 2003; Both et al., 2020). Moreover, some n-3 and n-6
PUFA such as the 22:6(n-3) and the 20:5(n-3) are essential for the growth
and development of marine fish larvae and other higher predators
(e.g., Sargent et al., 1995). Stable isotopes in combination with fatty acid
markers offer a multidimensional approach for the in-depth study of tro-
phic webs and the biogeochemistry of the organic matter (Nyssen et al.,
2005; Le Croizier et al., 2016; Both et al., 2020). For example, elevated
values of δ13C in combination with higher proportions of the fatty acids
20:5(n-3) and 16:1(n-7) indicated primary production driven by diatoms
(Kopprio et al., 2015b), while the combination of the bacterial marker
18:1(n-7) and the depletion of 15Nweremarkers of strong sewage pollution
(Kopprio et al., 2018).

Bacteria are also valuable indicators of anthropogenic impacts and drive
important biogeochemical cycles in coastal and marine systems. Bacteria
contribute to a considerable proportion of the global primary production,
are able to mineralize a wide variety of substrates, and are key for nutrient
and element cycling in aquatic ecosystems (Falkowski et al., 2008;
Fuhrman et al., 2015; Bunse and Pinhassi, 2017). Bacteria have an active
role in the microbial loop of the organic matter (Jiao et al., 2010) and
some of them are important bioremediators (e.g., Liu et al., 2017) or indica-
tors of polluted environments (Kopprio et al., 2021; Alonso et al., 2022;
Zhao et al., 2022). Estuarine bacteria are subject to ever-changing environ-
mental gradients, which originate diverse successional patterns in their
communities (Ghosh and Bhadury, 2019; Kopprio et al., 2020; Huang
et al., 2022). In the case of the Southwest Atlantic, Alphaproteobacteria
seem to be pivotal players in the cycle of the organic matter (Garzón-
Cardona et al., 2021).

In coastal waters of the Patagonia in the Southwest Atlantic, the
outwelling of organic matter was practically unstudied. The outwelling hy-
pothesis states that the organic matter and nutrients fromwetlands are cru-
cial to sustain the biological productivity of adjacent marinewaters (Odum,
1968). Although considerable research has been performed, outwelling
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science is still in its infancy (Santos et al., 2021; Ray et al., 2021). The
Southwest Atlantic has been little investigated using lipid markers and
more information of this region is urgently needed to perform latitudinal
comparisons (Kattner and Hagen, 2009; Dutto et al., 2014). Furthermore,
most of the Southern Hemisphere lacks consistent observations on micro-
bial dynamics (Buttigieg et al., 2018). Outwelling research has been
conducted worldwide mainly focusing on nutrient and organic matter
flows; nevertheless, and to our knowledge, no study combines nutrient
and organic matter flows with stable isotopes, lipid markers and bacterial
communities. The complementary integration of these multiple variables
will offer an excellent resolution for the study of biogeochemical processes
and cycles in estuarine systems. Aims of this study were 1) to provide first
insights into the role of a Patagonian salt marsh on the exportation of or-
ganic matter and nutrients to the South Western Atlantic, 2) to assess the
combination of stable isotopes, fatty acids and bacterial communities for
the study of nutrient fluxes and biogeochemical processes at two contrast-
ing stations in the Río Negro (RN) estuary. We hypothesize that an impor-
tant outwelling from the wetland occurs during the ebb at the RN estuary
and that isotopic and lipid markers of detritus and terrigenous organic
matter together with “early-colonizer” bacteria are exported from the salt
marsh to the marine system.

2. Methods

2.1. Study site

The RN estuary is a mesotidal system with numerous banks and islets
located in the north of the Argentinian Patagonia (Fig. 1). The RN river
with a drainage area of 95,000 km2 has a nival regime modified by the
presence of dams (Depetris et al., 2005), and is the principal source of fresh-
water of the semi-arid region of the northern Patagonia. TheRNwetlands at
the estuary offer several ecosystem services and a Ramsar site is expected to
be created in the region. Eutrophication, raw sewage, exotic species, poten-
tial pathogenic bacteria, heavy metals and organic pollutants are some of
the impacts described for the system (Kopprio et al., 2015a; Kopprio
et al., 2018; Arias et al., 2021; Perillo et al., 2022). The salt marsh vegeta-
tion at the RN estuary is dominated by the cordgrass Spartina spp. and the
saltwort Sarcocornia sp.

2.2. Sampling strategy and in-situ measurements

Sampling in the RN estuarywas performed hourly during a tidal cycle of
~3 m range on December 18th of 2017 at two stations simultaneously,
named “Wetland” and “River” (Fig. 1). The station Wetland is situated at
the mouth of a channel of ~60 m width and ~ 2.5 m depth, in which the
outflow of an extensive salt marsh of ~730 ha discharges. The station
River is located in the main channel of the estuary, with ~2400 m width
and a maximum depth of ~6 m, and consequently less influenced by the
wetland outflow. A flow of 798 m3 s−1 during ebb and 397 m3 s−1 during
flow was estimated across the main channel with an Acoustic Doppler
Current Profiler (ADCP, Workhouse, Teledyne RD Instrument). Salinity,
conductivity, dissolved oxygen and pH were measured at 30 cm below
the surface with electronic probes (PCE-PHD 1, PCE Instruments) at every
time and station. Water samples were collected at 30 cm of the surface
with 1 L sterile glass flasks for microbiological studies and with 5 L chemi-
cally clean HDPE bottles for biogeochemical analyses. Additionally, water
samples were fixed with buffered paraformaldehyde (1 % final concentra-
tion) and stored in PE 50 mL bottles. At station Wetland, sterile PP tubes
were inserted hourly into the sediments at 10 cm below the water level



Fig. 1. Location of the sampling stations at the Río Negro (RN) estuary in the north
of the Argentinian Patagonia.

G.A. Kopprio et al. Science of the Total Environment 854 (2023) 158670
and 10 samples were gathered to assess the possible effect of sediment re-
suspension in the water column. The sediment sample during ebb at time
4 (E4) was lost and only 10 h of the tidal cycle were covered because of
operational reasons. All samples were transported in insulated boxes and
processed under laboratory conditions within 6 h.

2.3. Chlorophyll, nutrient, isotope and lipid determinations

Estuarine water (from 250 to 500 mL) was filtered by triplicate through
precombusted (500 °C, 5 h) GF/F glass-fibre filters of 0.7 μm pore size.
Filters for chlorophyll were preserved frozen at −20 °C and pigments
were extracted after an overnight incubation in acetone 90 % (Sintorgan).
Chlorophyll a concentration was measured photometrically according to
Lorenzen (1967). Filtrates were collected in chemically clean 50mL bottles
for dissolved inorganic nutrient and in 10mL precombusted glass ampoules
for dissolved organicmatter measurements. Inorganic nutrientswere deter-
mined according to standard methods (Hansen and Koroleff, 1999) with an
automated analyser (Evolution III, Alliance Instruments). Dissolved organic
carbon (DOC) and total dissolved nitrogen concentrations were measured
with a Shimadzu TOC-VCPN coupled with a Shimadzu TNM-1 analyser.
Dissolved organic nitrogen (DON)was calculated by the difference between
total dissolved nitrogen and dissolved inorganic nitrogen.

Filters and sediments for particulate organic matter and stable isotopes
were dried for 12 h at 50 °C and stored in a vacuum desiccator. Afterwards,
the samples were acidified with hydrochloric acid (1 N) and placed in tin
capsules for particulate organic nitrogen (PON) and in silver capsules for
particulate organic carbon (POC) measurements. Carbon and nitrogen con-
tent in the capsules were estimated after a combustion at 1000 °C under
pure oxygen in an elemental analyser (EURO EA, HEKAtech). The stable
isotopes 13C and 15N were measured with a mass spectrometer (Thermo
Finnigan Delta Plus, Thermo Fisher Scientific) coupled with an elemental
analyser (Flash EA 1112, Thermo Fisher Scientific). Stable isotopes were re-
ported as delta (δ) in parts per thousand (‰): nitrogen relative to the air
and carbon relative to Pee Dee Belemnite. Peptone and acetanilide
(HEKAtech) were used as internal standards and the isotopes ratios were
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determined in accordance with reference standards of the International
Atomic Energy Agency (IAEA-N-1 and IAEA-N-2) and the United States
Geological Survey (USGS-24).

Filters and sediments for lipid analytic were stored in dichloromethane-
methanol (2:1 by volume) under nitrogen atmosphere in 4 mL
precombusted amber glass vials with PTFE caps (Agilent) at −20 °C. The
23:0 fatty acid standard was added, the samples were sonicated for
15 min and lipids were extracted according to Folch et al. (1957) using di-
chloromethane instead of chloroform. The extracted fatty acids were
transesterificated with 3 % concentrated sulphuric acid in methanol for
4 h at 80 °C under nitrogen atmosphere. The resulting fatty acid methyl es-
ters (FAMEs) were extracted with hexane and analysed by gas-liquid chro-
matography (Hewlett Packard 6890 GC) on a 60 m wall-coated capillary
column (inner diameter 0.25 mm, film thickness 0.25 μm; liquid phase
DB-FFAP) after Kattner and Fricke (1986). FAMEs were quantified with
the internal standard and identified with standard mixtures and in some
cases by mass spectrometry (GC–MS). Data were acquired and analysed
with the software Clarity 8.0 (DataApex).

2.4. Microbiological studies and DNA extraction

For the determination of heterotrophic bacteria, water was directly
spread on Plate Counting Agar (PCA, Britania) and Colony Forming Units
(CFU) were counted after an overnight incubation at 30 °C. For total bacte-
rial abundance, 30 mL of paraformaldehyde-fixed samples were filtered
through GTTP Isopore membranes (Merck Millipore) of 0.2 μm pore size
and placed in sterile Petri dishes at −20 °C. Filters were stained with
DAPI (1 μg mL−1) and bacteria were counted across random grids
(120 × 120 μm). For DNA extraction, 200 mL of water were filtered
through two types of membranes: 1) the mentioned GTTP of 0.2 μm
pore size for suspended particulate matter (SPM), which includes
free-living and particle-attached bacteria, and 2) GTTP Isopore mem-
branes (Merck Millipore) of 5 μm pore size for particle-attached (PA)
bacteria. The procedure of Griffiths et al. (2000) was used for DNA ex-
traction. Basically, the DNA of filters or sediments was extracted
firstly with hexadecyltrimethylammonium bromide (CTAB, Carl Roth)
and subsequently with phenol–chloroform-isoamyl alcohol (25:24:1,
Sigma-Aldrich). The samples were centrifuged at 16,000g for 10 min and
the DNAwas precipitated for 2 h with 2 volumes of 30 % polyethylene gly-
col 6000 (Sigma-Aldrich) – 1.6MNaCl at 4 °C. Afterwards, a centrifugation
step at 17,000g at 4 °C for 90 min was performed and the pellets were
washed with ice-cold 70 % ethanol (Roth). Finally, the pellets were
suspended in 20 μL sterile nuclease-free DEPC-treated water (Roth) and
stored at −20 °C until further analyses.

2.5. DNA amplification and bioinformatics

The hypervariable region V3-V4 of the 16S rRNA gene was amplified
according to Klindworth et al. (2012) with the primer set: Bact-341F (5′-
CCT ACG GGN GGC WGC AG -3′) and Bact-785R (GAC TAC HVG GGT
ATC TAA KCC). The selected amplicon was sequenced with an Illumina
MiSeq sequencer on a 2 × 300 bp paired end run. Sequencing,
demultiplexing from raw paired-end reads and removal of primer se-
quenceswere performed by the company LGC genomics. Trimming, quality
filtering, dereplication, merging of paired reads, removal of chimeras and
operational taxonomic unit (OTU) table assembly was performed with R
3.5.1 (R Core Team, 2021) and the package DADA2 1.9.3 (Callahan et al.,
2016). For taxonomic assignment, OTU representative were submitted to
SilvaNGS (v132, https://ngs.arb-silva.de/silvangs/) using a similarity
threshold for creating OTUs of 1 or 100 %. Archaeal, mitochondrial,
dobleton and singleton sequences were removed from the analysis. The oc-
currence of eukaryotic phytoplankton was inferred through the16S gene of
the chloroplasts (e.g., Needham et al., 2017). The 16S sequences of the
chloroplasts were aligned against a NCBI refseq database (date accessed:
February 11th, 2019) containing chloroplast sequences from cultivated or-
ganisms. All sequences were deposited in the European Nucleotide Archive

https://ngs.arb-silva.de/silvangs/
Image of Fig. 1
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(ENA) under accession number PRJEB43016. The data brokerage
service of the German Federation for Biological Data (GFBio, Diepenbroek
et al., 2014) was used for sequence submission, in compliance with the
Minimal Information about any (x) Sequence (MIxS) standard (Yilmaz
et al., 2011).

2.6. Statistics

The relations between the different variables were evaluated using
Pearson correlations of log-transformed data. A total of 46 fatty acids
were detected and those >1 % (mass % of total fatty acids) were selected
for further analysis. Saturated fatty acids with a pair number of carbon
atoms are ubiquitous among organisms and detritus and were therefore
clustered together as SFA even. Furthermore, the bacterial markers 15:0
and 17:0 (including branched-chain iso and anteiso) were grouped as
odd-chain saturated fatty acids (SFA odd) and the diatom markers 16:2(n-
4), 16:3(n-4) and 16:4(n-1) as polyunsaturated fatty acids (PUFA) of 16 car-
bon atoms (PUFA 16C). A principal component analysis (PCA) was con-
ducted to ordinate the SPM and sediment samples based on their fatty
acid (mass % of total fatty acids) and stable isotope (‰) proportions. For
the bacterial communities, data curation, taxa diversity and abundance cal-
culations were conducted with R 3.5.1 and additional packages such as
vegan (Oksanen et al., 2019) and iNEXT (Hsieh et al., 2019). The OTUs
from the sediments, SPM and particles >5 μm were ordinated by Non-
metric Multi-Dimensional Scaling (NMDS). The OTU numbers were trans-
formed (log[(x+ x̄)/x̄]) and a Bray Curtis similarity matrix was calculated.
Difference between the source of the organic matter (river, wetland or sed-
iments) and the type of water sample (SPM and particles>5 μm)were eval-
uated using analysis of similarities (ANOSIM). In case of significance
differences, similarity percentage analysis (SIMPER) was conducted to de-
tect the main taxa contributing to dissimilarities. Graphics were performed
with Xact, while correlations with R, PCAwith XLSTAT andMDS, ANOSIM
and SIMPER with Primer.

3. Results

Salinity valueswere generally higher at station River and amaximumof
~32 was detected at the slack high tide (HT) (Fig. 2). The δ13C of POC
followed a similar tidal dynamic and was positively correlatedwith salinity
(r = 0.73, p < 0.001); nevertheless, the δ13C dynamic remained stable at
the station Wetland (~ −21.5 ‰) even during the salinity drop at the
ebb. Lower δ15N values (< 7.5 ‰) of PON were characteristic at the end
of the flow at both stations. Wetland outwelling was evidenced by the
peaks of DOC, ammonium and phosphate during the ebb at time 3 (E3),
E4 and E5. Moreover, a similar increasing trend at E4 and E5 was observed
on the concentrations of PON, chlorophyll a, the essential fatty acids 22:6
(n-3) and 20:5(n-3), and total fatty acids. Elevated total fatty acid contents
(>80 μg mgC−1) were detected generally at the wetland, particularly dur-
ing the end of the ebb and the flow. The CFU abundance of terrestrial het-
erotrophic bacteria increased during the ebb at station Wetland and
followed a similar trend than the nutrient outwelling. Total bacteria abun-
dance was generally more elevated at the wetland (>12×105 cells mL−1);
nevertheless, the influence of the nutrient discharge was not evident. In
general, the diversity indexes were richer in the river in comparison with
the wetland, and poorer during the ebb at both stations.

Table 1 summarizes the correlations of ammonium and DOC as
main outwelling indicators with other biogeochemical variables. A similar
correlation pattern was observed between these indicators and DON,
nitrite and chlorophyll a.No significant correlationswere detected between
both indicators with δ13C and δ15N. Most of the concentrations (μg L−1)
of fatty acid markers of diatoms, microzooplankton, flagellates, and bacte-
ria in SPM showed strong significant correlations with ammonium
and DOC. At lower r, the content (μg mgC−1) of some fatty acids in SPM
was significantly correlated with ammonium and DOC. The PUFA 16C
content as a diatom marker was correlated at r > 0.6 with both outwelling
indicators.
4

The PCA (Fig. 3) explains the ~56% of the variation: 37.4 % the first
component (PC1) and 18.3 % the second (PC2). Most of the correlations
among components and markers are summarized in the PCA. PC1 could
be associated with the origin of the organic matter: at the negative side
were ordinated the sediment samples richer in detrital and bacterial
fatty acids and δ13C, while at the positive axis the SPM samples with
higher proportions of n-3 polyunsaturated fatty acids, 20:4(n-6) and
δ15N. At the positive side, the PC2 could be related to the influence of
the wetland and the ebb stations at time 4 and 5 (E4 and E5) with higher
percentages of the diatom markers 16:1(n-7) and PUFA 16C were
grouped at this extreme.

The bacterial community composition of the SPM at both stations
(Fig. 4) was dominated mainly by the orders Frankiales (class
Actinobacteria), Flavobacteriales (Bacteroidia), Betaproteobacteriales
(Gammaproteobacteria) and Rhodobacterales (Alphaproteobacteria).
The genus hgcl clade of the Frankiales incremented its relative sequence
abundance during the ebb period at the river, while followed a bell
shape with a peak at E1 and E2 in the wetland channel. The
Rhodobacterales and particularly its genus Marivivens were clear indicators
of the wetland outwelling. At order level, the relative sequence
abundance of Rhodobacterales, Candidatus Falkowbacteria and Candidatus
Komeilibacteria (phylum Patescibacteria), Clostridiales (class Clostridia) and
Campylobacterales were strongly correlated with ammonium and DOC
(Table 2). Moreover, several OTUs of Marivivens Salinihabitans, Roseivivax,
Roseobacter and Marivita (Rhodobacterales) together with Candidatus
Aquiluna (Micrococcales), BD1-7 clade (Cellvibrionales), NS3a marine
group (Flavobacteriales) and withMarinobacterium (Oceanospirillales) were
significantly correlated with both outwelling indicators.

Regarding to the 16S sequences of the chloroplasts, which were aligned
against a NCBI database, the dominant genera of eukaryotic phytoplankton
were the dinoflagellates Durinskia and Kryptoperidinium; the diatoms
Cylindrotheca, Phaeodactylum, Coscinodiscus, Thalassiosira, Asterionellopsis
and Trieres; the flagellates Guillardia, Triparma and Pyramimonas; and
other microalgae of the genera Nannochloropsis, Pycnococcus, Chlorella and
Marvania.

The NMDS (Fig. 5) showed a clear ordination between the origin of the
samples but not between the fractions of the water column (SPM from
0.2 μmpore sizemembrane or PA from5 μm). ANOSIM revealed significant
differences between the sediments at the wetland and particulates
(SPM and PA) from the water column at both stations (Global R = 0.54,
p < 0.001 at order level and Global R=0.61, p < 0.001 at OTU level). Ac-
cording to pairwise tests, the sediments were significantly different from
the water particulates at the wetland (R = 0.86, p < 0.001 for orders and
R = 0.85, p < 0.001 for OTUs) and the river (R = 0.77, p < 0.001 and
R = 0.91 p < 0.001). At lower R (R = 0.30, p = 0.002 and R = 0.39,
p=0.001), significant differences were detected between the water partic-
ulates from the wetland and the river. No significant differences were
found between the SPM and PA samples at OTU level (Global R = 0.029,
p = 0.162).

The Frankiales, Desulfobacterales andMicrococcales (Table 3) were the
main orders contributing to the dissimilarities between the different
sources of organic matter: water particulates from the river, water particu-
lates from the wetland or wetland sediments. The Desulfobacterales,
Desulfuromonadales, Clostridiales and Bacteroidales dominated in the sed-
iments and were important contributors to the dissimilarities between this
fraction and the water particulates (River or Wetland). The percentages of
total dissimilarity were higher at OTU level, but the contribution of each
OTU to the total dissimilarities was lower than at the order level.Marivivens
sq. 9, Hydrogenophaga sq. 42,Marinobacterium sq. 162,Marinobacterium sq.
238 and Sulfitobacter sp. 192 dominated in the wetland and contributed to
the highest dissimilarities values between the stations River and Wetland.
Several OTUs of hgcl clade, Rhodobacter sq. 10 and NS11-12 marine
group unclassified were the main contributors to the dissimilarities be-
tween the water (River or Wetland) and the sediments. Malonomonas sq.
275 of the order Desulfuromonadales was an OTU typical of the sediments
and contributed to elevated percentages of dissimilarities.



Fig. 2. Tidal dynamic of main biogeochemical and bacterial parameters. F: flow, E: ebb, HT: high tide, PON: particulate organic nitrogen, DOC: dissolved organic carbon,
DHA: docosahexaenoic acid or 22:6(n-3), EPA: eicosapentaenoic acid or 20:5(n-3), FA: fatty acid, concentr: concentration, DAPI: 4′,6-diamidino-2-phenylindole counts or
total bacterial abundance, Het.: heterotrophic bacteria, CFU: colony forming unit.
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4. Discussion

4.1. Outwelling of dissolved nutrients and organic matter

A clear exportation of inorganic nutrients and dissolved organic matter
from the salt marsh to the Southwest Atlantic was evidenced at the end of
the ebb at the Station Wetland but not at the Station River. Although
some initial controversy, it has been long recognized that salt marshes
and mangroves release considerable amounts of organic matter and inor-
ganic nutrients to nearby marine systems (Dame et al., 1986; Dittmar and
Lara, 2001; Santos et al., 2019). The wetland outwelling is a well-known
phenomenon observed in several coastal system of the world and now de-
duced in the Argentinian Patagonia. This phenomenon stimulates the pri-
mary production, drives the microbial pump of adjacent marine waters
and sustains secondary consumers and coastal fisheries.

4.2. Sulphate reduction as a potential outwelling driver

Key mechanisms triggering nutrient outwelling in mangroves and salt
marshes are the sulphate reduction in the sediments followed by tidalflush-
ing of burrows, macropores and vegetal detritus (Bouillon et al., 2007;
Santos et al., 2021; Ray et al., 2021). As reviewed by Santos et al. (2021),
sulphate in seawater is about three orders ofmagnitude higher than oxygen
and sulphate is often the dominant oxidant used by microorganisms when
consuming organic matter in coastal sediments. Sulphate reduction in the
5

sediments of the RN estuary was suspected by the orders Desulfobacterales
and Desulfuromonadales as well as its OTU Malonomonas sq. 275 (class
Deltaproteobacteria). Secondarily, nitrate reduction may be important in
some coastal systems (Kristensen et al., 2011) and nitrite in the RN estuary
was linked to the outwelling, this may indicate that nitrate is used also as
oxidant by the microbes in the sediments.

The Desulfobacterales, Desulforomonadales and many other
Deltaproteobacteria are sulphate-reducing microorganisms and sulphate
is generally the dominant oxidant used by bacteria when consuming or-
ganic matter in marine sediments (Jørgensen et al., 2019). Particularly,
the order Desulfobacterales play an active role in the sulfur cycle of estua-
rine salt marshes (Wang et al., 2020). Moreover, Sulfurovum (Order
Campylobacterales) is a chemolithotroph named because of their ability
to oxidize sulfur (Inagaki et al., 2004) and may contribute to important
redox processes in the sediments of the RN estuary. Sulfurovum sq. 282 in
the water particulates at the Station Wetland may suggest the contribution
of suspended sediments to this fraction.

4.3. Indicators of degradation processes in sediments

The order Bacteroidales may indicate higher concentrations of organic
matter in the sediments andmay contribute with the degradation of complex
polymers and cycling of organic matter. Bacteroidetes have several enzymes
to catabolize high molecular weight compounds and many adaptations to
growth attached to particles or surfaces (Fernández-Gómez et al., 2013;

Image of Fig. 2


Table 1
Main Pearson correlations (r) of ammonium and dissolved organic carbon (DOC) as
indicators of wetland outwelling with other nutrients, chlorophyll a, stable isotopes
and main fatty acids.

Ammonium DOC

Variable r p Variable r p

Nutrients,
chlorophyll and
stable isotopes

DON 0.78 <0.001 DON 0.87 <0.001
Nitrite 0.76 <0.001 Nitrite 0.70 <0.001
Chlorophyll a 0.66 0.001 Ammonium 0.64 0.002
DOC 0.64 0.002 Chlorophyll a 0.59 0.006
Phosphate 0.57 0.009 PON 0.51 0.022

Fatty acid
content
(μg mgC−1)

PUFA 16C 0.67 0.001 PUFA 16C 0.63 0.003
SFA odd 0.51 0.022 16:1(n-7) 0.58 0.007

22:6(n-3) 0.56 0.010
18:4(n-3) 0.56 0.011

Fatty acid
concentration
(μg L−1)

PUFA 16C 0.71 <0.001 22:6(n-3) 0.70 <0.001
16:1(n-7) 0.69 <0.001 PUFA 16C 0.69 <0.001
20:4(n-6) 0.69 <0.001 18:4(n-3) 0.69 <0.001
SFA odd 0.67 0.001 16:1(n-7) 0.66 0.001
20:5(n-3) 0.64 0.002 SFA odd 0.63 0.003
18:4(n-3) 0.62 0.004 18:1(n-7) 0.62 0.003
18:1(n-7) 0.61 0.004 SFA even 0.61 0.004

18:2(n-6) 0.56 0.010
20:4(n-6) 0.54 0.013

DON: dissolved organic nitrogen, PON: particulate organic nitrogen, PUFA 16C: poly-
unsaturated fatty acids of 16 carbon atoms, SFA odd: saturated fatty acids of odd car-
bon atoms, SFA even: saturated fatty acids of pair carbon atoms, n.s.: not significant.
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Yilmaz et al., 2016). A considerable amount of DOC with a sedimentary or
porewater origin may be deduced by the correlations of DOC with
Desulfobacterales, Campylobacterales and Clostridiales. The Clostridiales
and Ruminococcaceae may indicate the usual hypoxic conditions in the sed-
iments of salt marshes. Ammonium is also a hypoxia indicator and may be
originated in the same process of remineralisation of the sedimentary organic
matter. The higher concentration of phosphate during the outwelling may
have the same origin than ammonium. The exportation of ammonium and
phosphate from salt marshes suggests that major decomposition processes
are taking place in the system (Dame et al., 1986). Furthermore, the close or-
dination of δ13C, detrital and bacterial fatty acidmarkers with sediment sam-
ples indicated an elevated microbial activity within this fraction.

4.4. Isotopic and lipid markers in the suspended particulate matter

The δ13C of the SPM was a good indicator of the origin of the organic
matter (marine or freshwater) as showed by the correlative evidence with
Fig. 3. Principal Component analysis (PCA) of the proportions of stable isotopes
(‰) and fatty acids (%) in the suspended particulate matter and sediments. SFA
odd: saturated fatty acids of odd carbon number, SFA even: saturated fatty acids
of even carbon number, PUFA 16C: polyunsaturated fatty acids of 16 atoms of
carbon and two or more double bonds.
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salinity. Anyway, it was not a good indicator of the outwelling and there
was not a clear distinction of δ13C between the two sampling stations.
Estuaries have typically increasing δ13C values from freshwater to marine
stations (Ke et al., 2017; Kopprio et al., 2018). The δ13C values remained
stable during the last hours of the ebb at the wetland, even though a
lower salinity, this phenomenon may be linked to the influence of the sed-
iments or phytoplankton in the SPM during the outwelling. Anyway, δ13C
values around ~22 ‰ indicated the dominance of phytoplankton
(Ray et al., 2021). The terrestrial markers 18:3(n-3) and 18:2(n-6) did not
characterize the outwelling; nevertheless, the nutrient outwelling at the
wetland was dominated by fatty acid markers of microalgae, particularly
those from diatoms.

The δ15N in SPM was not a good indicator of the origin of the organic
matter and its composition may be explained by the planktonic composi-
tion. The lower proportions of δ15N seems not to be influenced by the dy-
namic of cyanobacteria (mostly from the order Synechococcales in the RN
estuary) nor the concentrations of ammonium. Values of δ15N near 0 in
the SPM in combination with elevated values of ammonium, 18:1(n-7)
and coliforms were evidenced at the sewage discharge in the RN estuary
(Kopprio et al., 2018). This exceptional signature was not detected at the
wetland. The close ordination of δ15N with n-3 PUFA suggests the presence
of secondary consumers in the SPM such as microzooplankton or heterotro-
phic dinoflagellates.

4.5. Exportation of organisms and their essential fatty acids

Coastal wetlands are not only a relevant source of dissolved carbon and
nitrogen to the coastal ocean, but also in this study case, of PUFA, chloro-
phyll a and particulate organic matter in the form of planktonic organisms
or at least fresh particles derived from them. Odum (2002) developed the
idea that salt marsh production may be outwelled also as living organisms
to the surrounding coastal waters. Essential fatty acids like the 22:6(n-3)
and 20:5(n-3) were directly exported from the salt marsh and likely
contributed to sustain higher trophic levels and fisheries in coastal
waters of the Argentinian Patagonia, as mentioned in the introduction,
the growth and development of marine fishes is limited by essential fatty
acids. Higher proportions of PUFA are typical of living particles
(Dutto et al., 2014), organisms or highly nutritional organic matter are
exported from the wetland to coastal waters, which is in general agreement
with Odum (2002). Our study revealed higher concentrations of essential
fatty acids together with fatty acids markers of diatoms, dinoflagellates,
flagellates and bacteria during the outwelling. Moreover, the identity of
some of these organisms was confirmed by the information from the
sequences of the chloroplasts.

The elevated concentrations of organic matter at the wetland may ex-
plain the higher abundance of total bacterioplankton at this station. During
the outwelling occurred an export of culturable heterotrophic bacteria,
probably oligohaline organisms with an active metabolism deduced
from their ability to growth in culture media. The exportation of
bacterioplankton from the wetland was also reflected by the dynamic of
bacterial fatty acid markers such as SFA odd and 18:1(n-7). The bacterial
community composition in the RN estuary was likely dominated by
copiotrophic bacteria and early colonizers.

4.6. Hypothetical colonizers of the organic matter

The colonization process according to the theory of island biogeog-
raphy is a good hypothesis to explain the diversity patterns in the RN es-
tuary. Relatively few bacteria have the ability to colonize the outwelled
organic matter or the “new island”, this explains also the lower biodi-
versity observed in the SPM at station Wetland. Marivivens and other
Rhodobacterales were clear indicators of the outwelling and may play
key roles in primary colonization of the organic matter. Marivivens was
inferred as an early colonizer with the ability to produce extracellular
polymeric substances and to facilitate the settlement of other bacteria
in a tropical estuary (Kopprio et al., 2020); therefore, a similar role of

Image of Fig. 3


Fig. 4.Bacterial community composition at order and genus level in the suspended particulate matter (SPM) of the Río Negro (RN) estuary across a tidal cycle. A similar color
indicates correspondence between order and genus.
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Marivivens spp. is suggested for the RN estuary. The Rhodobacterales are
primary surface colonizer in temperate coastal Atlantic waters (Dang
et al., 2008). Furthermore, some strains of Marivivens are potential
Table 2
Main Pearson positive correlations (r) of ammonium an
wetland outwelling with relative sequence abundance of o
suspended particulate matter.
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aromatic compounds degraders (Chen et al., 2020) and their abundance
may be related to the mentioned hydrocarbon pollution at the RN
estuary.
d dissolved organic carbon (DOC) as indicators of
rders and operational taxonomic units (OTUs) in the

Image of Fig. 4
Unlabelled image


Fig. 5.Non-metric Multi-Dimensional Scaling (NMDS) ordination of the suspended
particulate matter (SPM), particle attached (PA > 5 μm) and sediment samples
across a tidal cycle at the stations Wetland and River.
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The “new island”was likely composed by plankton or their fresh partic-
ulates as evidenced by the fatty acid and chlorophyll dynamics. Further-
more, the lack of differences between the community composition of the
SPM and PA fractions suggest the dominance of particle-attached bacteria
as occurs typically in eutrophic systems (e.g., Tang et al., 2017).
Rhodobacterales bacteria interact strongly with marine phytoplankton
and possess unique enzymatic pools to access phytoplankton exudates
(Isaac et al., 2021). Other Rhodobacterales of the genera Roseobacter,
Salinihabitans, Roseivivax,Marivita and Sulfitobacterwere deduced as impor-
tant early colonizers of the particles or phytoplankton as well as outwelling
markers. For example, Roseobacter clades occur particle-attached in nutri-
ent hot-spots and play a major role in cycling organic matter from phyto-
plankton (Zhang et al., 2016; Bakenhus et al., 2017; Wang et al., 2020).
Table 3
Total dissimilarities and contributions of the orders and operational taxonomic units
different sources of organic matter.
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Salinihabitans spp. have been associated with eukaryotes in estuarine
areas of Southern California (Diner et al., 2021) and Marivita spp. have
been described as an early colonizer of microbeads (Wang et al., 2021).

4.7. Main bacterial taxa and their links with biogeochemical processes

The dominance of Actinobacteria, Bacteroidia, Gammaproteobacteria
evidenced the eutrophic and changing conditions of the RN estuary and
several OTUs from them were relevant outwelling markers. Actinobacteria
are copiotrophic microorganisms, play a key role in carbon cycling of estu-
arine systems, and degrade complex polymers such as cellulose, lignin and
chitin (Ghosh and Bhadury, 2019; Dhal et al., 2020). Moreover, some
Actinobacteria have the ability to remove heavy metals and organic
pollutants (Alvarez et al., 2017) and may have an important role in the
self-detoxification of the RN estuary. The hgcI clade is an indicator of eutro-
phication and has an important role in global cycle of nitrogen (Ruprecht
et al., 2021). Within the Actinobacteria, the order Micrococcales and its
genus Candidatus Aquiluna were associated with the nutrient-rich condi-
tions of the wetland and the outwelling in the RN estuary.

A similar association was observed in OTUs of NS3a marine group and
Flavobacterium. As mentioned before the Bacteroidetes are copiotrophic
bacteria with the ability to degrade large molecules. Some taxa within
the order Flavobacteriales are indicators of eutrophic conditions
(Kopprio et al., 2021) and for this study case, a similar role was
inferred for NS3a marine group and Flavobacterium, indicating
higher concentrations of dissolved inorganic nutrients and organic matter.
Within Gammaproteobacteria, some OTUs of Marinobacterium (order
Oceanospirillales), Hydrogenophaga (Betaproteobacteriales) and BD1-7
clade (Cellvibrionales) were markers of the outwelling as well as the
copiotrophic conditions of the wetland. Gammaproteobacteria are
copiotrophic organisms (Fuhrman et al., 2015) and particularly, the
Oceanospirillales are fast-surface-colonizers in temperate coastal Atlantic
waters (Dang et al., 2008), while the Betaproteobacteriales are primary
(OTUs) with higher percentages of dissimilarties in the comparison between the
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colonizers (van der Kooij et al., 2018). Gammaproteobacteria and specially
the BD1-7 clade dominated degrading particles in the California Current
Ecosystem (Valencia et al., 2021).

5. Conclusions

Organisms, particulates and dissolved nutrients were exported from the
RN wetland to the Atlantic Ocean, supporting the pioneer findings of
Odum. Coastal wetlands provide numerous ecosystem services, which in-
cluded in our study case, the delivery of n-3 polyunsaturated fatty acid to
marine coastal waters, with their essential role for higher trophic levels
and consequently for fisheries. Several Alphaproteobacteria were deduced
as early colonizer of the exported organic matter, Bacteroidetes indicated
copiotrophic conditions in the wetland, and certain Deltaproteobacteria
suggested sulphate reduction in the sediment. The copiotrophic and chang-
ing estuarine conditions in the water column were evidenced by the domi-
nance of some Actinobacteria, Bacteroidia and Gammaproteobacteria. This
study cases offer a high-resolution snapshot of biomarkers, which are essen-
tial for the understanding of biogeochemical and ecological process in tem-
perate mesotidal estuaries of the Southern Hemisphere.
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