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Abstract: In the marine coastal environment, freshwater and seawater coalescing communities are
facing a complex set of abiotic and biotic cross-influences. This study aimed at evaluating the
respective influences of blending and prokaryotic dynamics on community structure. For that, the
surface salinity gradient of a nutrient-rich estuary (Arno River, Mediterranean Sea, Italy) was sampled
at regular salinity intervals. When considering the whole length of the estuary and community-scale
beta diversity metrics, a relatively smooth transition from freshwater to the sea was observed. Abiotic
variability associated with salinity was the predominant constraint on the community structure, and
the distribution of most taxa reflected their blending. However, while most of the dissolved substances
enriched in freshwater experienced progressive dilution with seawater, heterotrophic prokaryotes
demonstrated an important growth at intermediate salinity, interpreted as a heterotrophic assimilation
of freshwater inputs by a few opportunistic marine taxa. The distribution of a number of taxa was
significantly affected by variations in heterotrophic prokaryotes abundance, suggesting a putative
influence of competitive interactions at intermediate salinities. A succession of different bacterial
winners was observed from upstream to downstream, as well as losers represented by freshwater
copiotrophs accompanied by some marine oligotrophs. Hence, coalescence drove a localized but
major functional response of heterotrophic bacteria at intermediate salinity, hidden behind a majority
of passively mixed bacterial taxa. This work paves the way for a stronger consideration of the trophic
requirements of bacterial taxa to better understand community assembly in estuaries.

Keywords: prokaryotes; community assembly; coalescence; estuary; Mediterranean Sea

1. Introduction

Estuaries represent the interface between continental freshwater and marine sea water
and feature unique biotic and abiotic characteristics making them one of the most complex
and dynamic ecosystems [1–4]. The mixing of these two physically, chemically, and biologi-
cally different waters allows the establishment of strong biological and physical–chemical
gradients, including salinity, organic matter concentration and quality, oxygen availability,
chemical pollution, and microbial trophic behaviors [5,6]. Among these, the salinity gradi-
ent is usually considered the main parameter structuring prokaryotic communities [1,7,8].
Nevertheless, in the literature, correlation analyses rather than direct causality have been
presented [7]. For example, organic matter concentration and quality gradients are often
the equivalent of the salinity gradient, such covariability hampering the distinction of the
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real influences these two environmental parameters exert on the prokaryotic community
along the estuary [3]. An estuary is also a place where different prokaryotic communities
(i.e., freshwater and marine ones) meet along with the mixing of their environmental matri-
ces [7], a process known as community coalescence, which contributes to shaping estuarine
microbial assemblages [9]. When physically and/or chemically contrasted water bodies
mix, their respective microbial communities coalesce while numerous abiotic parameters
are shifting. As a result, various interactions, such as competition for available niches and
trophic interactions, take place, while microbial species also respond to abiotic environ-
mental stresses and filtering [10]. The resulting community could either be structured like
a mosaic made up of members of the various initial communities, like one of the initial
communities, or present a new alternative structure [11,12]. To date, most of the work
dealing with prokaryotic assembly in estuaries reports the descriptive observations of
community structures. In the light of the coalescence concept, a comprehensive view link-
ing distribution to the ecological requirements of prokaryotic species thriving in estuaries
is now required. The ecological responses of prokaryotes could help us understand the
hierarchy of influences on community assembly and the variability in community responses
to estuarine mixing reported in the literature.

In this context, this study aimed at evaluating the respective influences of end-
members blending and active prokaryotic responses on community structure along the
salinity gradient of a nutrient-rich estuary (Arno River, Mediterranean Sea, Italy), extending
from 11 km inland to 2 km off the coast. The heterotrophic prokaryotes’ abundance and
prokaryotic community structure, based on 16S v4–v5 metabarcoding, were investigated in
summer during low discharge and compared to the distribution of nutrients and organic
matter along the salinity gradient. The ecological interpretation of community structure
shifts along with bulk community abundance and alpha diversity metrics, allowing us
to capture end-members’ blending, as well as an opportunistic behavior at intermediate
salinity. This study provides interesting grounds for future modelling efforts of community
assembly in estuaries.

2. Materials and Methods
2.1. Sample Collection along the Salinity Gradient

This study was carried out at the Arno River mouth (Tyrrhenian Sea, Italy). The Arno
River is 241 km long, and its watershed is under strong human influence because of the
occurrence of agricultural and industrial areas, as well as big cities. The estuary is 11 km
long and presents an average discharge of ~80 m3 s−1 [13]. The Arno estuary was sampled
on 27 September, 2015, at the end of the dry season. At that time, it presented a clear
vertical stratification with a salt-wedge intruding inland up to Pisa town center and a very
low riverine discharge, ~10 m3 s−1 [13,14]. In such an estuary, freshwater flowing in the
surface is progressively modified by the addition of underlying seawater through mixing
and diffusion [15,16]. This usual process explains the increase in salinity observed from
Pisa up to the sea. The surface water of the estuary was sampled by boat within half a day.
The sampling was designed to target regular salinity intervals in the upper mixed layer
in order to better cover the surface salinity gradient and properly reflect the progressive
variations of associated abiotic factors. The upstream station was located under the Ponte
della Cittadella bridge in Pisa town center and was chosen as the freshwater endmember
of the coalescence. The downstream station was taken outside of the river plume, about
1 km off the coast, at maximal salinity, and was chosen as the marine endmember of the
coalescence (Figure 1). The vertical profiles of temperature, dissolved O2, pH, salinity, and
chlorophyll a were measured with a Hydrolab DS5 OTT probe to avoid sampling in or
below the halocline. Once the targeted salinity was found in the subsurface (−1 m), water
was collected using a 2.2-L horizontal sampler (Wildco), previously acid-cleaned and rinsed
with Milli-Q water. Targeting sub-surface water was useful in limiting the influence of
atmospheric deposits but could have led to sample at different distance from the halocline
along the estuary. The salinity was measured again with the same probe on a small aliquot
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(~200 mL) of the collected sample to make sure that the value matched the expected one.
Ten milliliters of water were filtered through a 90-µm nylon filter, fixed with 0.25% (final
concentration) glutaraldehyde in 15-mL centrifuge tubes (Falcon) and stored on dry ice in
darkness until they were placed at −80 ◦C back in the lab. Water for DOC analysis was
collected in acid-washed 250 mL polycarbonate bottles rinsed with MilliQ water and with
the sample before being filled and stored at 4 ◦C and in the dark. The remaining water
was transferred in a fluorinated ethylene propylene (FEP) bottle (Nalgene), previously
acid-washed, rinsed with Milli-Q water and water from the site. FEP bottles were stored in
darkness at ambient temperature until further processing for phosphate, dissolved nitrogen,
and suspended matter (SPM) analyses.
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Back in the lab (within a few hours), the samples for DOC analysis were immediately
filtered through a 0.2 µm nylon filter and analyzed. Subsamples for phosphate analysis
were stored at −18 ◦C in LDPE bottles and kept frozen until analysis. For dissolved
nitrogen concentration measurement, subsamples were filtered through a 0.2 µm acetate
cellulose filter, and 24 mL of filtrate were acidified with 25 µL of HCl (trace metal grade,
Fisher Scientific). For SPM measurement, 40 to 210 mL was filtered through pre-combusted
(4 h at 450 ◦C) and weighed GF/F filters (Whatman, 0.7 µm, 25 mm of diameter), using a
pre-combusted (4 h at 450 ◦C) glass set of filtration. Finally, 1 L of each sample was filtered
through hydrophilic polyethersulfon membranes (0.22 µm pore size, 47 mm, Millipore,
Burlington, MA, USA). Filters were stored at −20 ◦C until DNA extraction for prokaryotic
diversity evaluation.

2.2. Phosphate Concentration

Frozen samples were thawed overnight in the fridge. Phosphate concentrations were
measured using the classical spectrophotometric molybdate-blue method. Measurements
were performed using 10 cm quartz cuvettes. The quantification was performed using daily
calibrations. Instead of measuring absorbance at a single wavelength (889 nm), to have a
better control on the absorbance signals, a scan was performed from 400 to 1100 nm. The
LOD of the method is 0.15 µgP L−1.

2.3. Dissolved Nitrogen Concentration

In order to evaluate potential nitrogen-rich resource availability for heterotrophic
prokaryotes, dissolved nitrogen (DN) concentration was considered as a measurement,
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including both organic and inorganic substances. For that, the DN concentration was
determined by high-temperature combustion at 720 ◦C, which converted all N to NO. Then,
NO was mixed with ozone chemiluminesces and was detected by a photomultiplier using
a TOC-VCSH analyzer (Shimadzu, Kyoto, Japan) coupled with TNM-1 detector (Shimadzu).
The calibration was performed using EDTA solutions from 0.05 to 5 mgN·L−1. Quality
control was checked by the determination of element concentration in a “Lake Water
Reference Material” (SUPER-05, Environment and Climate Change Canada). The certified
value was 0.43 mgN·L−1. The obtained values for the whole dataset agreed with certified
value within 5%.

2.4. Dissolved Organic Carbon Concentration

The DOC was measured by high-temperature catalytic oxidation, using a Shimadzu
Total Organic Carbon analyzer (TOC-Vcsn) [17]. Three to five replicate injections were
performed to reach an analytical precision of ±1 µM. The DOC Reference Material [18]
was used to verify the instrument performance (CRM Batch #13 nominal concentration of
41–44 µM; measured concentration 43.7 ± 0.8 µM, n = 8).

2.5. Suspended Particulate Matter Characterization

GF/F filters were rinsed with milli-Q water to remove salts; then they were air dried
overnight and oven dried for 24 h at 60 ◦C before weighing. SPM was then determined by
weight difference and expressed as mg·L−1. From dried GF/F filters, particulate organic
carbon (POC) and particulate nitrogen (PN) contents were determined using a Flash 2000
NC Soil Analyzer (Thermo Scientific®, Waltham, MA, USA). GF/F filters were previously
treated to remove inorganic carbon under HCl fumes during 4 h in a glass desiccator. Filters
were then placed under a fume hood for 3 h and overnight in an oven at 60 ◦C [19] before
the analyses. C and N were measured by flash combustion at 930 ◦C in tin capsules. The
limit of detection was, respectively, 5 µg and 1 µg for C and N, and the calibration curve
ranged, respectively, from 10 to 1100 µg and 1 to 100 µg for C and N. Filtered volumes were
used to express POC and PN concentrations in mg·L−1, while SPM weights were used to
determine particulate content in POC (henceforth referred to as pPOC) and PN (henceforth
referred to as pPN). The ratio between pPOC and pPN was calculated and will henceforth
be referred to as the C:N ratio.

2.6. Distribution of Heterotrophic Prokaryotes

Heterotrophic prokaryotes (HP) were enumerated by flow cytometry using an Accuri
C6 flow cytometer (BD), as described previously [20]. Briefly, glutaraldehyde-fixed samples
were thawed, stained with SYBR green (1× final concentration) and analyzed under blue
light excitation (488 nm). Acquisition rates were kept below 1000 events·s−1 by diluting the
corresponding samples in 0.2 µm filtered NaCl solution with a concentration mimicking
the salinity of the samples. HPs were discriminated from other particles and background
noise by the following properties: high green fluorescence, small size, low complexity, and
low red fluorescence. Heterotrophic prokaryotes’ abundance (HPA) was expressed as a
number of cells per mL (cell·mL−1).

2.7. Taxonomic Diversity of the Prokaryotic Community

The composition and structure of the HP community were assessed by metabarcoding.
The filters were thawed, cut into small pieces under sterile conditions, and DNA was then
extracted in alkaline lysis buffer by mechanical disruption (using NucleoSpin Bead Tubes
type A (Macherey-Nagel) for 15 min at ambient temperature on a vortex), followed by
chemical digestion with lysozyme, SDS, and proteinase K, as described previously [21].
After phenol-chloroform purification and ethanol precipitation [22], DNA concentration
and purity were assessed by using the NanoDrop ND 1000. DNA extracts were then stored
at −20 ◦C upon downstream utilization.
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Amplification of the v4–v5 region of the 16S rRNA gene from bacteria and archaea
was performed using primers 515F-Y/926R [23]. Reaction mixtures contained up to 15 ng
of DNA, 2× GoTaq Long PCR Master Mix (Promega, Madison, WI, USA) and 0.4 µM of
each primer, in a final volume of 60 µL. The PCR program included an initial heating step
of 2′ at 95 ◦C, followed by 25 cycles of 95 ◦C for 30′′, 50 ◦C for 45′′ and 72 ◦C for 45′′, and
a final extension of 10′ at 72 ◦C. The PCR amplification efficiency and specificity were
checked after the migration of 5 µL of PCR products on a 1.5% agarose gel. Extraction blank
performed with MilliQ water and no-template PCR control did not provide an amplification
product. Amplicons were then paired-end sequenced (2 × 300 bp) with an Illumina MiSeq
sequencer by Eurofins Genomics. Sequencing reads were deposited in the National Center
for Biotechnology Information Sequence Read Archive (NCBI SRA) under the accession
number PRJNA684972.

MiSeq raw reads were analyzed with DADA2 [24] in RStudio (version 1.2.5033, R-3.6.3, [25]).
Filtering and trimming were performed using the following parameters: truncQ = 10,
truncLen = 0, trimLeft = 80, trimRight = 20, maxLen = Inf, minLen = 20, maxN = 0,
maxEE = Inf, rm.phix = TRUE, and compress = TRUE. Standard parameters were used for
the others steps (dereplication, sample inference, chimera identification, and merging of
paired-end reads). The taxonomy assignments of the ASVs were performed with the IdTaxa
taxonomic classification method available via the DECIPHER Bioconductor package [26]
and SILVA v.132 database [27,28]. From the ASV.biom file that was obtained, singleton
ASVs, low-abundance ASVs (<0.005%), chloroplast sequences, and mitochondria sequences
were filtered using QIIME1 [29]. After drawing rarefaction curves (SI.1), samples were
randomly rarefied to 19,000 sequences using QIIME1.

2.8. Statistical Analyses and Graphical Representations

To represent the salinity gradient along the estuary and to locate the sampling sites
(Figure 1), a contour map was created from the salinity measurements and geographical
coordinates of the sampling sites using Surfer software (version 9.0), a default kriging
algorithm for interpolation and manual color scale.

All other graphical representations were performed in RStudio [25]. Smoothed poly-
noms for non-linear regression analyses and corresponding correlation coefficients were
obtained with the polynom [30] and ggplot2 [31] packages in R. Correlation analyses be-
tween environmental variables or between abiotic parameters and flow cytometry data
were performed using the Hmisc package [32] with Spearman’s correlation tests. The
ComplexHeatmap package [33] was used to draw the heatmaps.

Concerning sequencing data, rarefaction curves were drawn with the ggrare func-
tion of the phyloseq package [34]. Alpha diversity metrics (Observed OTU, Equitability,
Shannon, Simpson reciprocal) were calculated with the function “alpha_diversity.py” from
QIIME1, then represented with the ggplot2 package. Beta-diversity was assessed at all
taxonomic levels from Phylum to ASV using non-metric dimensional scaling (nMDS) from
Bray–Curtis dissimilarity matrices, calculated as distances using the R packages stats, vegan [35],
and ecodist [36]. A redundancy analysis (RDA) and variation partitioning analysis were
performed in order to determine the contribution of environmental variables to community
structure variation (at ASV level) using the vegan R package. Principal component analyses
(PCA) were performed at all taxonomic levels, from phylum to ASV, using the R package
FactoMineR [37]. After observing a similar sample discrimination, the family level was
chosen for deeper analysis as a trade-off between information quantity and quality. The
major bacterial family taxa contributing to Axis 1 and to Axis 2 of the PCA were visualized
using the function fviz_contrib of package factoextra [38]. The first fifty families for each
axis were selected, and eighty-seven families contributing to Axis 1 and/or to Axis 2 were
obtained. The distribution of these families along the estuary were visualized using the
pheatmap R package [39]. In order to analyze the specificity of the prokaryotic community
at Station E3, we focused on all the families and genera that were specifically more or
less abundant in this station. For this purpose, comparisons of families’ and genera’s
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relative variation between Stations E2/E3 and E3/E4 were performed. Families or genera
presenting similar behavior in others sites along the estuary were excluded.

3. Results
3.1. Abiotic Environment

Sampling the estuary surface waters resulted in covering the salinity gradient from 5.5
in Pisa town center to 37.7, approximately 1 km off the coast, with a maximum difference
of 5.9‰ between two consecutive sampling sites (Figure 1). From the river to the sea,
the temperature, oxygen saturation, and C:N ratio of particulate organic matter (POM)
increased and were significantly positively correlated with salinity (ρ > 0.87, p < 0.003;
Figure S2). The temperature increase was limited to 1.3 ◦C, while oxygen saturation
increased from 63 to 102%, and C:N ratio showed a 68% increase (Table S1).

The mixing of nutrient-rich freshwater into nutrient-poor seawater was demonstrated
by the linear decrease in SPM, POC, PN, DN, PO4

3−, and DOC with increasing salinity
(ρ < −0.95, p < 0.0003; Figure S2). These variables showed a marked decrease ranging from
64% for SPM to 99.5% for PO4

3− (Table S1). Although being significantly and negatively
correlated with salinity (ρ < −0.76, p < 0.03; Figure S1), pPOC and pPN demonstrated
remarkable maximum values at intermediate salinity (station E3, S = 13.3; Figure 2A,B)
independently from any other abiotic variable.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 19 
 

 

community at Station E3, we focused on all the families and genera that were specifically 
more or less abundant in this station. For this purpose, comparisons of families’ and gen-
era’s relative variation between Stations E2/E3 and E3/E4 were performed. Families or 
genera presenting similar behavior in others sites along the estuary were excluded. 

3. Results 
3.1. Abiotic Environment 

Sampling the estuary surface waters resulted in covering the salinity gradient from 
5.5 in Pisa town center to 37.7, approximately 1 km off the coast, with a maximum differ-
ence of 5.9‰ between two consecutive sampling sites (Figure 1). From the river to the sea, 
the temperature, oxygen saturation, and C:N ratio of particulate organic matter (POM) 
increased and were significantly positively correlated with salinity (ρ > 0.87, p < 0.003; 
Figure S2). The temperature increase was limited to 1.3 °C, while oxygen saturation in-
creased from 63 to 102%, and C:N ratio showed a 68% increase (Table S1). 

The mixing of nutrient-rich freshwater into nutrient-poor seawater was demon-
strated by the linear decrease in SPM, POC, PN, DN, PO43−, and DOC with increasing sa-
linity (ρ < −0.95, p < 0.0003; Figure S2). These variables showed a marked decrease ranging 
from 64% for SPM to 99.5% for PO43− (Table S1). Although being significantly and nega-
tively correlated with salinity (ρ < −0.76, p < 0.03; Figure S1), pPOC and pPN demonstrated 
remarkable maximum values at intermediate salinity (station E3, S = 13.3; Figure 2A,B) 
independently from any other abiotic variable. 

The sole abiotic parameter that did not show any significant trend along the estuary 
was pH. It showed very limited variations between 7.70 and 7.87 (Figures S2 and 3).  

 
Figure 2. Relationship between salinity and some abiotic or biotic parameters. Dots represent meas-
urements from Station E1 (lower salinity) to Station E9 (highest salinity) for (A) pPOC, (B) pPN, (C) 
chla, and (D) HPA. No pPOC and pPN data could be collected for site E7. 

Figure 2. Relationship between salinity and some abiotic or biotic parameters. Dots represent
measurements from Station E1 (lower salinity) to Station E9 (highest salinity) for (A) pPOC, (B) pPN,
(C) chla, and (D) HPA. No pPOC and pPN data could be collected for site E7.

The sole abiotic parameter that did not show any significant trend along the estuary
was pH. It showed very limited variations between 7.70 and 7.87 (Figures S2 and 3).
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3.2. Microbial Biomass

Chlorophyll a (chl a) concentration was used as a proxy of phytoplankton biomass.
It presented a decreasing trend from the river to the sea (Figure 2C) and was strongly
correlated with salinity (ρ = −0.95, p = 1.2 × 10−4; Figure S2). Differently from phytoplank-
ton biomass, HPA did not follow conservative dilution but reached maximal values at
intermediate salinity (Station E3) prior to decreasing strongly toward the sea (Figure 2D).
From Station E3 to the sea, HPA presented values higher than expected by linear mixing at
Stations E5 and E6 (corresponding to a salinity of 22.8 and 28.7, respectively). The abiotic
parameter showing the strongest correlation with HPA was pPN (ρ = 0.98, p = 3.3 × 10−5;
Figure S2), also peaking at Station E3 irrespective of salinity (Figure 2B).

3.3. Taxonomic Diversity Pattern of Heterotrophic Prokaryotes along the Estuary

Sequencing the prokaryotic community yielded 1610 ASVs from 1.18 × 106 sequences.
Rarefaction curves demonstrated that the richness was well covered since a plateau was
reached quickly for all samples (Figure S1). The observed richness per sample ranged
between 254 and 649 ASVs and was particularly low at Stations E3 and E9 (Figure 3A).
The computation of equitability, Shannon and reciprocal Simpson indexes (Figure 3B–D)
resulted in far lower values at Station E9 than at the other sites. Station E3 presented
more contrasted trends, with the highest equitability but a lower Shannon value. Lastly,
a peak in reciprocal Simpson was recorded at Station E6. Neither the observed richness
nor the computed diversity indexes were significantly related to any of the environmental
parameter considered in this study (p > 0.05).
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The ASVs belonged to 25 phyla and 42 classes. Only 21 ASVs were affiliated to ar-
chaeal lineages, and represented less than 0.06% of the total dataset. The most abundant
phyla corresponded to bacteria and more specifically to Proteobacteria (39–48%), Bacteroidetes
(15–27%), Actinobacteria (5–18%) and Cyanobacteria (4–17%). Considering the class taxo-
nomic level, the most abundant were Gammaproteobacteria (10–30%), Alphaproteobacteria
(10–35%), Bacteroida (15–21%), Oxyphotobacteria (3–17%), Actinobacteria (0.04–12%) and Planc-
tomycetacia (5–10%). Nine families had a relative abundance above 5% at least in one site.
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Burkholderiaceae was the most abundant at Stations E1, E2, E3, E4, and E5 (8.8 to 11.5%)
and represented more than 5% of the community at Stations E5 and E6. More than 5% of
Sporichthyaceae were observed at Stations E1 and E2. Pirellulaceae represented more than 5%
at Stations E1, E2, E5, E6, and was the more abundant family at Station E6. More than 5%
of Xanthomonadaceae were observed at Stations E1, E3, and E4. Rhodobacteraceae represented
more than 5% at Stations E7, E8, and E9. Flavobacteriaceae were the most abundant at Station
E7, and represented more than 5% at Stations E7, E8, and E9. Cyanobiaceae represented
more than 5% at Stations E7, E8, and E9, and were the most abundant at Station E9. SAR11-
Clade_I was the most abundant at Station E8, and represented more than 5% at Stations E7,
E8, and E9. Actinomarinaceae relative abundance only exceeded 5% at Station E9.

Non-metric dimensional scaling (nMDS) based on Bray–Curtis dissimilarity (Figure 4)
demonstrated a continuum in community structure from Station E1 to Station E9, captured
along the first axis. The largest dissimilarities along this first axis were observed between
Stations E6 and E7 and between Stations E8 and E9, when mixing no longer occurred
inland. Interestingly, the dissimilarity between Stations E2 and E3 corresponded to the
largest differentiation along the second axis, suggesting a specific differentiation at Station
E3. Similar results were observed whatever the taxonomic result, from phylum to genus.
Variation partitioning based on RDA analysis highlighted the strong contribution of salinity
in these structure shifts; this factor explains up to 55% of the community structure variability
along this estuary. Multiple collinearity analysis showed that there is no other significantly
contributing environmental factor.
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3.4. Specific Distribution Patterns and Their Relationships to Environmental Changes
and Competition

Principal component analysis (PCA) based on relative abundances of prokaryotic
families in samples demonstrated highly similar sample discrimination, as opposed to
nMDS (Figure S3). The 87 families, contributing to Axis 1 and/or to Axis 2 of PCA analysis
and explaining the structure shifts observed along the estuary, were clustered according
to their distribution patterns (Figure S4). A first cluster (C1) was represented by families
that were relatively more abundant from Stations E1 to E6, thus favored in the inland part
exposed to progressive dilution. Given the large range of salinity from E1 to E6 (from ~5 to
29), the spatial distribution of the families in C1 was poorly related to salinity variations.
The second cluster (C2) corresponded to bacterial families relatively more abundant at the
lowest salinities (<10‰), and suddenly far less represented at Station E3, where prokaryotic
net growth was the highest. The third cluster (C3) corresponded to families specifically
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relatively more abundant at intermediate stations (E2 to E7). Interestingly, a succession
of dominant families was observed from Station E2 to Station E7. The fourth cluster (C4)
was represented by families that were rare upstream but became relatively more abundant
from Station E7 to Station E9, sometimes reaching more than 10% of the community. An
extensive listing of the families corresponding to each cluster and their relative abundances
is provided in Table S2.

Looking for relationships between the members of these four clusters and abiotic
variables, families from Clusters C1 and C2 showed positive correlations with dissolved
resources (DOC, DN, and phosphates) and particles characteristics (SPM, POC, PN, pPOC,
and pPN); all parameters showing a decrease from the river to the ocean. The same
families were negatively related to salinity, O2 and C/N, which were higher in seawater.
Interestingly, families from C1, the cluster showing the most conservative distribution
along the salinity gradient, presented the strongest relationships with abiotic variables
(Figure 5A,B). Bacterial families from Cluster C3 were weakly correlated with abiotic
variables, having only positive strong correlations with pPOC and pN (Figure 5C). Contrary
to what was observed for families from Clusters C1 and C2, families from Cluster C4
presented positive and strong correlations with marine tracers (O2, S, and C/N) and strong
negative correlations with parameters showing higher values in freshwater (Figure 5D).
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The analyses also highlighted a distinct behavior of bacterial community at Station E3.
In fact, the relative abundance of families at this specific site drives the split-up between
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Clusters C1, C2, and C3. Bacterial taxa showing specific variations at E3 compared to E2
and/or E4 were sorted at the family and genus level. Firstly, taxa specifically underrepre-
sented at Station E3 belonged to 16 phyla, 38 families, and 53 genera (Table S3). Seventy-one
percent of these families were found in the four clusters described above, belonging mainly
to Cluster C2 (70%). Others families belonged to Clusters C1 (15%) and C4 (15%). Ex-
cluded taxa were mainly rare or scarce, only a few families being abundant in at least
1 site (Actinomarinaceae, Mycobacteriaceae, Pirellulaceae, Beijerinckiaceae, Nitrosomonadaceae,
and Verrucomicrobiaceae). Secondly, taxa specifically overrepresented at Station E3 belonged
to 8 phyla, 24 families, and 38 genera (Table S3). Sixty-seven percent of these families
were found in the clusters described above, belonging mainly to Cluster C1 (75%). Others
families were clustered in C3 (19%) and C4 (6%). The selected taxa presented a wide range
of relative abundance, from rare to very abundant. Finally, for seven families, inconsistent
behavior was observed with both the selected and excluded representing genera. These fam-
ilies (Chitinophagaceae, Saprospiraceae, Crocinitomicaceae, Flavobacteriaceae, Erysipelotrichaceae,
Burkholderiaceae, and Verrucomicrobiaceae) belonged to four phyla (Bacteroidetes, Firmicutes,
Proteobacteria, and Verrucomicrobia).

4. Discussion
4.1. A Strong Growth at Intermediate Salinity Related to Heterotrophic Processing of River Inputs

This study was focused on an estuary where nutrient-rich freshwater meets the olig-
otrophic Mediterranean seawater. While most nutritive resources were nearly conserva-
tively diluted from freshwater to seawater, HP abundance peaked at intermediate salinity,
highlighting a strong net heterotrophic growth. This net growth was not related to net
in situ phytoplanktonic growth at the same sites, since chlorophyll a concentration lin-
early decreased, while salinity increased. Moreover, DOC, POC, and inorganic nutrients
decreased linearly with the increasing salinity. Padan et al. [40] recently reported optical
properties of DOM within the same sampling campaign and did not highlight any specific
qualitative change in the area of the net HP growth we observed. Taken altogether, these
observations suggest that this net HP growth was related to any punctual resource input
along the estuary and was mainly driven by freshwater inputs. They are in agreement
with the shift toward a more important heterotrophic base of the pelagic food web, less
dependent on coastal phytoplanktonic production, already observed in diverse estuarine
contexts [41–43], and highlighting a functional consequence of this coalescence context.

The net HP growth observed coincided with a strong enrichment of particles in C and
N. This enrichment suggests that, while the allochthonous POM from the river was progres-
sively diluted in seawater, autochthonous estuarine POM was produced. Two mechanisms
could have contributed to this production. The first one is the salinity-induced flocculation
of DOM, occurring at intermediate salinities and modifying the quality of the whole POM
pool [44–47]. From this point of view, HP growth could be the result of this abiotically
driven POM qualitative change. The second mechanism would be a fast assimilation of
DOM by HP. Indeed, an experimental work performed with samples from the same estuary
taken at the same period has demonstrated the ability of estuarine HP to quickly assimilate
estuarine DOM [48]. Thus, microbial heterotrophic assimilation, incorporating freshwater
C and N inputs into POM, could also contribute to POM qualitative changes. Whatever the
exact causal relationship between microbial assimilation and POM qualitative changes, the
net HP growth observed highlights a strong coupling between heterotrophic prokaryotic
communities’ responses to coalescence and biogeochemical processes in estuaries. The
resulting changes in prokaryotic community diversity can provide a better comprehension
of the underlying processes.

4.2. Community Diversity Suggests Different Drivers of Bacterial Assembly in This Estuary

The coincidence of a reduced alpha diversity and HP net growth at intermediate
salinity suggested more subtle hidden microbial responses to estuarine coalescence. Such
an observation is not frequent in the literature, but Crump et al. [5] reported a shortened
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doubling time of estuarine bacteria in summer, and [49] observed reduced alpha diversity
at intermediate salinities. The salinity corresponding to such bacterial development varies
strongly in the literature, as already discussed in [50]; considering bacterial growth rates,
strongly suggests that our ability to observe bacterial development in estuaries strongly
depends on the water residence time [5].

In our study, these observations corresponded to a very peculiar community structure.
We identified two opposite trends of bacterial taxa distribution alongside the bulk abun-
dance increase and drop in alpha diversity. First, a restricted number of fast growing taxa
(Cluster C3) was selected at intermediate salinity, as observed in other contexts for oppor-
tunistic taxa [51,52]. Hidden in the rare biosphere of either or both end-members of this
coalescence, the origin of these opportunists cannot be clearly depicted. Previous research
also evidenced what was called unique estuarine diversity from fingerprint methods [5,50].
The inflow of nutrient-rich freshwater into Mediterranean coastal waters represented a
combination of two environmental filters: nutrient depletion and increase in salinity. Yet,
we hypothesize that the input in nutrients and the lower tolerance of freshwater taxa to
increased salinity [53] could have lowered the competition for resources and favored the
growth of opportunistic marine bacteria initially thriving in a more oligotrophic environ-
ment. Terrestrial inputs have already been related to the selection of opportunistic marine
bacterial taxa during both in situ observation campaigns and lab experiments [54–56], and
marine opportunistic bacteria are known for their ability to respond very quickly (from
a few minutes, thanks to chemotaxis, to a few hours for growth) to increases in nutritive
resource availability in their surroundings [57,58].

We also observed a large number of bacterial taxa that were diluted from freshwater
into seawater (Cluster C1), and whose growth was very locally promoted at intermediate
salinity. This distribution strongly suggests that these bacteria would be copiotrophic, and
thus, need abundant resources to develop. At intermediate salinity, their slight increase in
relative abundance demonstrates a good tolerance to salinity increase, and could be related
to DOM flocculation mentioned above. Indeed, POM patches provide more nutrient-rich
habitats and are known to contribute to the development of copiotrophic patch-associated
bacteria [59]. Moreover, Rocca et al. [12] noticed that some freshwater taxa were able
to grow in brackish waters after coalescence, and patch-formation through flocculation
represents a possible underlying mechanism to explore.

Taking into consideration the whole salinity gradient, the distribution of most of the
taxa along the salinity gradient was reflected in the fraction of their original environment in
the mixing. This suggests a dominance of passively transported prokaryotes, driven by the
mixing of freshwater and marine water. We observed maximal values of alpha diversity for
salinity ranging from 15 to 35. They are in agreement with previous observations in different
regions of the world (e.g., [49,50,60]). It has been proposed that in estuaries, the mixing of
freshwater and seawater increases the diversity of substrate for heterotrophic prokaryotes,
thus increasing the available niches and supporting high diversity [60,61]. While we do not
dispute this possibility, high throughput sequencing clearly evidenced in our study that
increased diversity resulted from the co-occurrence of opportunists specifically enriched at
intermediate salinities (Cluster C3), upstream taxa that were facing dilution into seawater
(Clusters C1 and C2), and marine taxa that were more present (Cluster C4).

At the marine end of the estuary, a drop in alpha diversity was observed with a drop
in reciprocal Simpson index, thus indicating a strong dominance in the community [62,63].
Such low diversity, associated with the dominance of Cyanobacteria and SAR11 clades, is
commonly observed in oligotrophic seawaters, such as in NW Mediterranean [61,64–67].
This observation further emphasizes the diversification of the marine coastal prokary-
otic community under the influence of the Arno River, downstream from the transient
development of bacterial opportunists.
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4.3. Taxa-Specific Behaviours during Estuarine Coalescence Are Related to Their
Ecological Requirements

Understanding the environmental constrains influencing the balance between passive
blending and environmental sorting during community coalescence is a key point for
predicting the outputs of estuarine mixing. Instead of focusing on the most abundant taxa,
we used a statistical approach to identify the ones contributing the most to community
structure variation irrespective of their relative abundance. This approach allowed us
to highlight the interesting distribution patterns of many taxa, including rare ones that
significantly contributed to community structure variations.

Most bacterial taxa composing each end-member community in our study were
blended, with distributions strongly correlated with salinity. Blended taxa originating
from the freshwater community formed Cluster C1. They had previously been encountered
in freshwater habitats only (e.g., OPB56 clade, Erysipelotrichaceae, Gemmataceae, Reyranel-
laceae, Terrimicrobiaceae; [68–72]), or in both freshwater and coastal environments under
continental influence (e.g., Sporichthyaceae, Saprospiraceae, Chitinophagaceae, Cryomorphaceae,
NS11–12 marine group, Methylococcaceae, OPB56, Phycisphaeraceae; [68,72–80]). Accord-
ing to the literature, representatives of Cluster C1 seem to be generalists, able to use a
wide range of carbon sources, such as low molecular weight molecules, complex organic
matter, plastics, aromatic compounds, xenobiotics, chitin, HP-derived DOM or dimethyl-
sulphide [73,80–87]. Copiotrophic taxa associated with algae or promoted during algal
blooms, such as Saprospiraceae, Cryomorphaceae, and Phycisphaeraceae, were also represented
in Cluster C1. Being generalists should not prevent these taxa from developing in the
estuary. Being copiotrophic, however, makes them less competitive when mixing in a
less nutritive environment. The transient and limited development recorded for some of
these groups at intermediate salinity could reflect the affinity of bacterial copiotrophs for
POM patches [57,88] that are strongly suspected to form by freshwater DOM flocculation,
as explained above. Thus, we hypothesize that their trophic quantitative requirements,
i.e., their copiotrophic characteristic, are important drivers of their distribution in case of
dilution of nutrient-rich freshwater into oligotrophic seawater.

Concerning the marine end-members, taxa that appeared relatively more abundant
close to the marine end composed Cluster C4. The two most abundant families in this
cluster were the SAR 11 clade and Rhodobacteraceae. Both families are usually encountered
in the oligotrophic coastal ocean [65,66,89] and were recently described as outcompeted
by copiotrophs along an offshore-to-coast gradient [64]. Members of the SAR 11 clade are
known for their small and streamlined genome, in which very few transcription regulators
have been identified (Cottrell and Kirchman, 2016 [88]). Their specific transcriptional
activity was demonstrated to progressively increase from intermediate salinity to seawa-
ter [49]. More generally, oligotrophs are described as unable to quickly respond to abrupt
environmental changes and, thus, as slow growers [57,90]. In the context of a rather fast
mixing between nutrient-rich freshwater and oligotrophic seawater, such adaptation to
oligotrophic environments could explain the lack of development of these groups at inter-
mediate salinity. Taken altogether, these observations suggest that the distribution of most
bacterial end-members during this estuarine coalescence reflects the life history of their
initial communities and especially the resulting dominant strategy to use resource supply
through the selection of oligotrophic or copiotrophic taxa. A different observation could
be expected with a more eutrophic coastal environment, and repetition of such studies
is now requested to test this hypothesis. It opens intriguing questions about the exact
combination of the driving factors of microbial assembly in estuaries; the physiological
constrains that salinity represents for bacteria should be furthered, compared to constrains
related to resources availability.

A minority of bacterial taxa was more strongly affected by environmental sorting at
intermediate salinity. The important bulk community growth resulted in both the depletion
of taxa unable to respond quickly and the selection of adapted fast growing taxa. Depleted
taxa belonged mainly to Cluster C2 and seemed to be more abundant upstream but were
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all scarce or rare in the community. About half of them had previously been observed
in anaerobic environments or are known as anaerobic or facultative anaerobic bacteria
(e.g., Anaerolineaceae, Peptostreptococcaceae, Hydrogenedensaceae, Patescibacteria, Desulfarcu-
laceae, 053A03-B-DI-P58, Aeromonadaceae, Rhodocyclaceae, and Sedimenticolaceae; [69,91–97]).
As a consequence, these taxa appear very few adapted to physical–chemical characteristics
at the surface of estuarine environment, and their depletion suggest competitive exclusion.
Then, enriched taxa belonged to Cluster C3, and 75% of them are known as marine bacte-
ria (e.g., Cyclobacteriaceae, Rhodothermaceae, uncultured Kordiimonadales, Ectothiorhodospiraceae,
KI89A clade, MBAE14, uncultured Oceanospirillales, Alcanivoracaceae, and Woeseiaceae; [98–106]).
They have often been encountered in nutrient-rich marine habitats, such as superficial
sediments, estuaries, and salterns [101,107,108], or are associated with sponge, coralline
algae, and algal blooms [109–111]. Families from Cluster C3 are generalists, using various
carbon sources, such as cellulose, xylan, hydrocarbon, and plastics [100,112,113]. It is
noteworthy that their enrichment at intermediate salinity corresponded to the suspected
flocculation of freshwater DOM. Among the taxa specifically enriched at intermediate
salinity (Station E3), we observed uncultured Microtrichales; this order contains the genus
Candidatus Microthrix, which is a filamentous bacterium that causes sludge bulking in
activated sludge systems worldwide [114]. The enrichment in this taxon could be the result
of or contribute to DOM flocculation. DOM flocculation may create POM patches, and thus,
increase related available niches. Marine copiotrophs are well known for both their high
growth rates and their affinity for particles [57,88]. Last but not least, we observed the se-
lection of Bdellovibrionaceae and Bacteriovoracaceae, which are obligatory bacterial predators
belonging to Bdellovibrio and like organisms (BALOs) [115,116]. The role of BALO-related
predation in the cycling of nutrients is not clear [116]. Nevertheless, predation contributes
to the regulation of dominant taxa [117], especially opportunistic species that are known
to be more sensitive to top-down pressure [57,118]. Such predation could contribute to
the succession of different dominant taxa in the downstream part of the estuary. As a
consequence, we propose that the environmental filtering occurring in the studied es-
tuarine coalescence results in both the competitive exclusion of taxa unable to grow in
ambient physical–chemical conditions and the selection of the most reactive and adapted
opportunists, mainly widespread marine bacteria. Opportunistic development then paves
the way for new biotic interactions that rapidly shape the prokaryotic community.

5. Conclusions

The bulk growth, reduced diversity, and specific structure of the prokaryotic com-
munity at intermediate salinity demonstrated that salinity gradient can be an important
but not a unique factor driving prokaryotic dynamics during microbial coalescence at the
continent–ocean transition. In fact, the salinity gradient could be seen as a tracer of blending
prokaryotic taxa during coalescence but we have demonstrated that the active responses of
a few taxa have the potential to alter community structure and biogeochemical functioning.
The mixing of environmental matrices creates new niches at intermediate salinity and cor-
responds to a powerful environmental filter. In the studied estuarine mixing, it allowed the
dynamic response of some opportunistic taxa, probably according to modified competition
for resources and delayed top-down regulations that remain to be specified. This transient
response of a few taxa was related to detectable geochemical changes in the estuary, and
future investigations of the consequences of these complex interactions for the functionality
of the community could help in establishing causal relationships.
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