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Abstract
Subterranean estuaries are biogeochemically active coastal sites resulting from the 
underground mixing of fresh aquifer groundwater and seawater. In these systems, 
microbial activity can largely transform the chemical elements that may reach the sea 
through submarine groundwater discharge (SGD), but little is known about the micro-
organisms thriving in these land- sea transition zones. We present the first spatially- 
resolved characterization of the bacterial assemblages along a coastal aquifer in the 
NW Mediterranean, considering the entire subsurface salinity gradient. Combining 
bulk heterotrophic activity measurements, flow cytometry, microscopy and 16S rRNA 
gene sequencing we find large variations in prokaryotic abundances, cell size, activity 
and diversity at both the horizontal and vertical scales that reflect the pronounced 
physicochemical gradients. The parts of the transect most influenced by freshwa-
ter were characterized by smaller cells and lower prokaryotic abundances and het-
erotrophic production, but some activity hotspots were found at deep low- oxygen 
saline groundwater sites enriched in nitrite and ammonium. Diverse, heterogene-
ous and highly endemic communities dominated by Proteobacteria, Patescibacteria, 
Desulfobacterota and Bacteroidota were observed throughout the aquifer, pointing 
to clearly differentiated prokaryotic niches across these transition zones and little 
microbial connectivity between groundwater and Mediterranean seawater habitats. 
Finally, experimental manipulations unveiled large increases in community hetero-
trophic activity driven by fast growth of some rare and site- specific groundwater 
Proteobacteria. Our results indicate that prokaryotic communities within subterra-
nean estuaries are highly heterogeneous in terms of biomass, activity and diversity, 
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1  |  INTRODUC TION

Coastal aquifers are located at the intersection between the land 
and the ocean and constitute a subterranean hydrological connec-
tion between groundwater and seawater. This land- ocean inter-
action is crucial both from a terrestrial and a marine perspective: 
it affects the availability of fresh groundwater in coastal areas 
(threatened by seawater intrusion) and impacts coastal ecosystems 
through the discharge of groundwater and associated chemicals to 
the coastal ocean, the so- called submarine groundwater discharge 
(SGD; Burnett et al., 2003; Robinson et al., 2018). SGD has indeed 
been recognized as a major source of chemicals (e.g., nutrients, 
metals) to the coastal ocean (e.g., Kwon et al., 2014), having im-
portant implications for ocean biogeochemistry, marine biota and 
coastal ecosystem services (Alorda- Kleinglass et al., 2021; Lecher & 
Mackey, 2018; Santos et al., 2021). Before discharging to the ocean, 
fresh meteoric groundwater can mix with seawater intruded in the 
coastal aquifer, forming a zone of pronounced gradients in physico-
chemical conditions such as salinity, pH, temperature or oxygen, the 
so- called subterranean estuary (Duque et al., 2020; Moore, 1999). 
Subterranean estuaries are characterized by important biogeo-
chemical transformations, which are often mediated by microorgan-
isms that control the cycling and fate of the chemical constituents 
in groundwater (e.g., nutrients, metals, carbon) (Moore, 2010). 
Microbial communities inhabiting subterranean estuaries thus de-
termine the chemical quality of groundwater and control the mag-
nitude of SGD- associated chemical fluxes. However, the scarcity of 
microbial studies in subterranean estuaries, and coastal aquifers in 
general, prevents a good understanding of the relevance of these 
microbial reactors in modulating SGD- derived chemical fluxes to the 
sea (Archana et al., 2021; Ruiz- González et al., 2021).

Chemical fluxes associated to SGD, and thus the microbial pro-
cesses controlling them, are of particular relevance in semi- arid 
and oligotrophic seas such as Mediterranean Sea, where any nutri-
ent input may have disproportionate effects in coastal ecosystems 
(Herut et al., 1999; Ludwig et al., 2009; Rodellas et al., 2015). For 
example, in the Mediterranean Sea, recent estimates unveiled that 
SGD- derived nutrient inputs (inorganic nitrogen, phosphorus and 
silica) can be larger than those from rivers or atmospheric deposi-
tion (Rodellas et al., 2015). Although the magnitude of SGD fluxes 
to coastal areas has been widely studied over the last decade, es-
tablishing that coastal aquifers are important sources of metals, 
pollutants and nutrients worldwide (Cho et al., 2018; Tovar- Sánchez 
et al., 2014) the role of microorganisms in determining SGD has 

mostly been inferred from indirect chemical evidences pointing to 
biotic transformations of elements (Goyetche et al., 2022; Huettel 
et al., 2014; Rodellas et al., 2018; Weinstein et al., 2011).

In the Mediterranean, only two studies explicitly addressed the 
composition of coastal aquifer microbial communities, reporting pro-
nounced diversity variations along a vertical salinity gradient (Héry 
et al., 2014; Sola et al., 2020), and suggesting that microbial activity 
may modify the chemical composition of the groundwater within the 
aquifer. However, they sampled only different depths within a single 
well, thus disregarding the longitudinal heterogeneity of microbial 
assemblages at varying distances from the shore. Since groundwater 
flow rates are usually on the order of millimeters to meters per day 
(Santos et al., 2021), even small distances along the subterranean 
estuary may result into largely heterogeneous microbial communi-
ties influenced not only by the changing physicochemical properties 
but also by varying degrees of connectivity with the inland aqui-
fer, the terrestrial surface, and the sea (Ruiz- González et al., 2021). 
Understanding the role of these communities thus requires spatially- 
resolved subterranean samplings, but these are logistically chal-
lenging and hence most microbial studies on coastal aquifers have 
been restricted to few sampling sites (Ruiz- González et al., 2021). 
Moreover, despite that the number of microbial studies in coastal 
aquifers has increased in recent years (Archana et al., 2021; Ruiz- 
González et al., 2021), most have been based on amplicon sequenc-
ing and thus very little is known regarding basic features such as the 
cell abundance and size, metabolic status or activity rates of coastal 
groundwater microbiota.

Here, we aimed to explore the spatial patterns and drivers of the 
microbial communities in a subterranean estuary located in the NW 
Mediterranean, considering both the vertical and the longitudinal 
scales. Profiting from a unique sampling site in an alluvial aquifer 
where a series of installed piezometers allow sampling the entire 
groundwater salinity gradient at different depths, we studied the 
taxonomic composition and activity of the bacterial communities 
through a combination of bulk prokaryotic activity measurements, 
flow cytometry, microscopy and 16S rRNA gene sequencing, and 
compared them with variations in physicochemical conditions. We 
hypothesized that the pronounced physicochemical gradients and 
the slow groundwater velocities promote the establishment of spa-
tially heterogeneous communities adapted to specific subsurface 
niches, but that the bidirectional movement of water caused by the 
dynamic interplay between groundwater discharge and seawater 
intrusion (Folch et al., 2020; Martínez- Pérez et al., 2022; Palacios 
et al., 2020) might result in a certain connectivity between those 

suggesting that their role in transforming nutrients will also vary spatially within these 
terrestrial– marine transition zones.
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communities closer to the terrestrial surface or the sea. We finally 
investigated experimentally how predictable may be the responses 
of the studied microbial communities, assessing whether a similar 
manipulation of the physicochemical environment of assemblages 
sampled at different portions of the aquifer led to site- specific shifts 
in activity and taxonomic composition.

2  |  MATERIAL S AND METHODS

2.1  |  Study site, sampling and physicochemical 
parameters

The study was conducted on 11 July 2018 at an experimental site in 
an alluvial aquifer connected to the Mediterranean Sea. The site is lo-
cated near the mouth of the ephemeral stream of Argentona, 30 km 
northeast from Barcelona (NW Mediterranean), in a Mediterranean 
temperate climate characterized by sporadic rainfall episodes, 
mostly in spring and fall.

The Argentona experimental site was established in 2015 with 
the construction of a series of piezometers installed perpendicularly 
to the shoreline spanning a distance of 100 m from the seashore 
(Figure S1). Most piezometers are gathered in nests consisting of 
three piezometers in which a 2 m screened area allows collecting 
water from depths ranging from 6 to 22 mbs (metres below the sur-
face, Figure 1a, Table 1) that cover the whole salinity gradient of 
the subterranean estuary. The aquifer is dominated by quaternary 
sediments formed by layers of gravels, sands and clays and overlies 
a granitic basement (Folch et al., 2020; Martínez- Pérez et al., 2022). 
The groundwater table is located at ~3 mbs. Fresh groundwater 
flows seaward mostly in the aquifer upper part (<15 mbs), whilst the 
deep area (>20 mbs) is the most affected by a seawater intrusion ex-
tending >150 m inland (Figure 1a). There is thus a transition zone 
between terrestrial and marine groundwater from ~15 to ~20 mbs, 
where the strongest vertical physicochemical gradients occur. 
Although these are the general hydrogeological patterns of the 
aquifer, there are horizontal layers of silts and clays that act as im-
permeable units, resulting in a system that behaves as a multilayered 
aquifer (e.g., at some points, brackish levels are observed beneath 
high salinity levels; Martínez- Pérez et al., 2022). In addition, there is 
another upper zone of interaction between freshwater and seawater 
due to wave action and tidal pumping that drives the circulation of 
seawater across the beachface, generating a seawater recirculation 
cell (or upper saline plume, Figure 1a). Some of the main chemical 
reactions occurring within the aquifer have been recently inferred 
through the chemical identification of the freshwater and saline end- 
members and the spatial distribution of their mixing ratios (Goyetche 
et al., 2022; Martínez- Pérez et al., 2022), suggesting that there might 
be significant denitrification in the mixing zone and iron and manga-
nese reduction in the saline portion of the aquifer.

In total, 12 samples were collected along the aquifer- sea con-
tinuum, 4 of which were also used for the experimental incubations 
(see below, Figure 1a, Table 1). Samples from piezometers (hereafter 

groundwater samples, n = 10) were collected using a submersible 
pump placed in the middle of the screened part (Figure 1a), which 
ranged from 6 and 22 mbs (Table 1). In the case of the PP20, two 
samples (10 m depth - top-  and 15 m depth - bottom- ) were taken 
given that the screened area spans the entire piezometer, as in PP15 
(Figure 1a). Piezometers were purged discarding at least three times 
the piezometer volume to ensure that the collected sample repre-
sented the aquifer groundwater. In situ temperature, dissolved ox-
ygen, pH, water electrical conductivity and salinity were measured 
with a multiparameter probe (YSI) by pumping groundwater through 
a flow cell. Additionally, 1 m deep beach porewater sample was 
collected at 2 m from the shoreline, using a direct- push well- point 
piezometer and extracted using a hand- held vacuum pump. Surface 
seawater was collected near the shoreline using a submersible pump.

For each water sample, an aliquot for inorganic nutrients (nitrate, 
nitrite, ammonium, phosphate and silicate) was collected in 10 ml- 
polyethylene vials by filtering 10 ml of water through 0.45 μm nylon 
syringe filters and kept refrigerated until storage at −20°C once 
in the laboratory. The analyses were performed at the Chemistry 
Service of the Institut de Ciències del Mar (ICM- CSIC)  using col-
orimetric method with a SEAL Autoanalyser 3 (AAC)HR(SEAL 
Analytica), coupled to a Jasco FP2020 for the determination of am-
monia. Samples for microbial analyses were collected in acid- rinsed 
10 L- polycarbonate carboys after prefiltering by 200 μm to remove 
large particles and were kept refrigerated and in the dark until pro-
cessing in the laboratory, between 4– 6 h after collection.

2.2  |  Experimental incubations

Four selected groundwater samples of low prokaryotic biomass and 
activity (two fresh - N2_15, PP15-  and two brackish - PP18, PP20_
Top- , see Figure 1a) were incubated in acid- rinsed autoclaved 2 L 
polycarbonate bottles for 2.5 days in the dark and at close to in situ 
temperature, with no carbon or nutrient addition, to explore how 
these microbial communities react to a similar manipulation. This 
experimental setting changed some environmental conditions (e.g., 
limitation of the interaction with aquifer solids, different oxygen 
concentration, etc.), yet it was not intended to mimic natural changes 
potentially encountered by aquifer assemblages, but rather to ad-
dress whether some prokaryotes within the aquifer can react quickly 
to changes in the environment and whether the pool of responding 
taxa differs across sites and represents rare or abundant microbes. 
Samples for all the microbial parameters (see below) were collected 
after the incubation period.

2.3  |  Prokaryotic abundances, cell size and 
heterotrophic activity

Free- living prokaryotic abundances, average cell sizes, and the num-
ber of cells with high nucleic acid content (HNA cells) were deter-
mined by flow cytometry. Duplicate 1.8 ml samples preserved with 
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1% paraformaldehyde +0.05 glutaraldehyde (final conc.) and stored 
at −80°C until analysis with a Becton- Dickinson FACSCalibur flow 
cytometer staining cells with SYBR Green I. Prokaryotic cell size was 
estimated using the relationship between the average bacterial size 
and the average fluorescence of the SYBR Green I stained prokary-
otes relative to that of standard beads (Gasol & Del Giorgio, 2000), 
applying an in- house calibration between Syto13 and SybrGreen. 
Bulk prokaryotic heterotrophic production was estimated using the 
3H- leucine incorporation method (Kirchman et al., 1985), incubat-
ing three aliquots (1.2 ml) and one trichloroacetic acid (TCA)- killed 
control (5% final concentration) with 3H- leucine (160 Ci mmol, 20 nM 
final conc.) for about 2.5– 3.0 h in the dark at in situ temperature. 
The incorporation was stopped by adding cold TCA (5% final conc.), 

samples were processed by the centrifugation method of Smith and 
Azam (1992) and the amount of the incorporated radioisotope was 
quantified with a Beckman scintillation counter.

2.4  |  DNA extraction and characterization of 
prokaryotic communities

Prokaryotic communities from all sites were characterized by 
Illumina sequencing of the 16S rRNA gene. Between 2.3 and 10 L 
of water (depending on the expected prokaryotic abundance based 
on previous exploratory samplings and flow cytometry data) were 
filtered onto 0.2 μm polycarbonate membrane filters (47 mm, Merck 

F I G U R E  1  (a) Schematic representation of the experimental site in Argentona showing the location of the piezometers (black bars) and 
the screened intervals (grey) of each piezometer (grey areas). Piezometer samples are referred to in the text as “groundwater” samples 
(n = 10) and are distinguished from the beach porewater and the seawater samples. N1 and N2 refer to two nests which consist of three 
piezometers screened at different depths. The red dots indicate the location of the four sites from which groundwater for the experimental 
incubations was collected. (b) Spatial variability in the measured physicochemical parameters. The vertical grey lines indicate the position 
of the piezometers, and the horizontal dotted line indicates the soil surface. The symbols indicate whether the samples belong to the 
aquifer (Groundwater), to beach porewater obtained next to the shoreline (Porewater) or to surface seawater (Sea). Cond, conductivity; DO, 
dissolved oxygen; Temp, temperature
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Millipore) using a peristaltic pump. The DNA was extracted from 
the filters using the standard phenol- chloroform protocol with 
slight modifications (Salazar, Cornejo- Castillo, Benitez- Barrios, 
et al., 2015). The V3– V4 region of the 16S rRNA gene was ampli-
fied with the general bacterial primers 341F and 805R (Herlemann 
et al., 2011) and sequenced in an Illumina MiSeq platform follow-
ing a paired- end approach at the RTLGenomics facility (https://rtlge 
nomics.com/). These primers were selected because previous stud-
ies have shown that they are amongst the most efficient in recover-
ing some groups of bacteria that are common in groundwaters, such 
as the phylum Patescibacteria (Peura et al., 2012; Ruiz- González 
et al., 2021) and have been used in recent groundwater microbial 
surveys (e.g., Herrmann et al., 2019).

To identify amplicon sequence variants (ASVs), 16S rRNA ampl-
icon reads were analysed through the dada2 pipeline version 1.16.0 
(Callahan et al., 2016) on r version 4.0.3 (R Core Team, 2018), 
which resolves ASVs by modelling the errors in Illumina- sequenced 
amplicon reads. Reads were trimmed to 260 bases and the reverse 
ones to 190 bases according to their quality scores, and primers 
were removed using cutadapt version 3.5 (Martin, 2011). To re-
tain more rare taxa along the subterranean estuary, samples were 
“pseudo”- pooled for the dada() step. Paired- ends were merged 
after inference of amplicon variants and chimeras were removed 
with removeBimeraDenovo(). Taxonomic assignment of the dif-
ferent ASVs was performed using the function assignTaxonomy() 
against SILVA version 138 through the RDP naive Bayesian classi-
fier method described in Wang et al. (2007). ASVs assigned to chlo-
roplasts or mitochondria were removed for subsequent analyses. 
The ASV table was randomly subsampled down to the minimum 
number of reads per sample (10,655 reads) using the rrarefy func-
tion in the vegan package (Oksanen et al., 2015) for comparing rich-
ness and diversity across samples. All raw sequences used in this 
study are publicly available at the European Nucleotide Archive 
(PRJEB52186).

2.5  |  Quantification of ribosome- containing 
bacterial groups through catalysed reporter 
deposition fluorescence in situ hybridization (CARD- 
FISH)

DNA sequencing does not differentiate between living, dormant 
or dead cells, so we used CARD- FISH (Pernthaler et al., 2002) to 
quantify the potentially viable cells by targeting those that con-
tained intact ribosomes (or enough ribosomes to be detected). In 
all samples except the beach porewater, 10 or 50 ml of water (de-
pending on the expected prokaryotic abundance) were fixed with 
paraformaldehyde (1% final concentration) at 4°C in the dark for 
the determination of the in situ abundances of different bacterial 
groups. Fixed samples were filtered through 0.22- μm polycarbon-
ate filters (GTTP, 25 mm, Millipore) and stored at 20°C until process-
ing. We used 10 horseradish peroxidase- probes based on some of 
the most abundant groups detected by sequencing: Beta42a and 
Gam42a for Beta-  and Gammaproteobacteria (Manz et al., 1992), 
Alf968 for Alphaproteobacteria (Neef, 1997), CF319 for clades 
belonging to the Bacteroidetes group (Manz et al., 1996), HGC96a 
for Actinobacteria (Roller et al., 1994) OD1- 289 for Parcubacteria 
clades within Patescibacteria (Gong et al., 2014), Delta495a for most 
Deltaproteobacteria (Loy et al., 2002) and Syn405 for the marine 
cyanobacteria Synechococcus (West et al., 2001). Eub338- II- III were 
also applied to quantify most Eubacteria (Daims et al., 1999).

Prior to hybridization, cells were permeabilized with lysozyme 
and achromopeptidase. Hybridizations were carried out at 35°C 
overnight (except 2 h at 46°C for OD1) and hybridization condi-
tions were established adding different proportions of formamide 
(30% for Actinobacteria and OD1, 45% for Alphaproteobacteria, 
50% for Delta495a, 55% for the rest of probes). Counterstaining 
of CARD- FISH filters was done with 4,6- diamidino- 2- phenylindole 
(DAPI), and the abundances of total prokaryotes and the targeted 
bacterial groups were estimated with an automated epifluorescence 

TA B L E  1  Sample name, sampling method and depth (considering the screened interval in each piezometer), distance to the shoreline, and 
categorization of groundwater types depending on salinity (see also Figure 1a)

Sample ID Sampling method Sampling depth (m) Screened interval (m) Shore distance (m) Aquifer water Salinity

N2_15 Installed piezometer 11 10– 12 97.9 Fresh 0.5

N2_20 Installed piezometer 16 15– 17 99.8 Brackish 19.4

N2_25 Installed piezometer 21 20– 22 98.3 Marine 30.2

N1_15 Installed piezometer 13.5 12.5– 14.5 62.9 Fresh 3.3

N1_20 Installed piezometer 19.5 18.4– 20.4 60.2 Marine 33.6

N1_25 Installed piezometer 21.8 20.9– 22.8 62.3 Marine 27.1

PP15 Installed piezometer 6 2– 13 52.4 Fresh 1.1

PP20_Top Installed piezometer 10 3– 18 39.5 Brackish 8.5

PP20_Bottom Installed piezometer 15 3– 18 39.5 Brackish 25.3

PP18 Installed piezometer 15 13– 15 37 Brackish 6.3

Beach_Porewater Manual piezometer 1 1 2 35.2

Sea Manual collection 0.5 – 5 (offshore) 36.4

https://rtlgenomics.com/
https://rtlgenomics.com/
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microscope Axio Imager.Z2m connected to a Zeiss camera (AxioCam 
MRm, Carl Zeiss MicroImaging) at 630× magnification, counting a 
minimum of 55 fields of view per filter with the automated image 
analysis software ACMEtool3 (version 2013- 04- 07, M. Zeder, tech-
nobiology GmbH2014). Due to the small size of OD1 cells, their 
abundance was estimated manually with an Olympus BX61 epiflu-
orescence microscope counting a minimum of 10 fields (550– 1200 
DAPI- stained cells).

2.6  |  Statistical analysis

Differences between prokaryotic communities were visualized using 
nonmetric multidimensional scaling (NMDS), metaMDS function, R 
vegan package (Oksanen et al., 2015) based on Bray- Curtis distances. 
Differences in taxonomic composition among types of water were 
tested using analysis of similarity (ANOSIM R Vegan). The role of in-
dividual physicochemical variables in explaining changes in prokary-
otic community structure was assessed by means of Mantel linear 
correlations (R Vegan). Distance matrices were constructed con-
sidering all samples (n = 12) or only groundwater samples (n = 10) 
computing the Euclidean distances of each single variable and were 
correlated to the Bray- Curtis dissimilarities between prokaryotic 
communities. Prokaryotic taxonomic richness (the number of ASV 
per sample) and diversity (Shannon index) were calculated using the 
rarefied ASV table. Statistically significant differences in prokary-
otic abundance, size, heterotrophic production or the abundances of 
the different groups between the types of water were determined 
by means of one- way ANOVA followed by Tukey's post hoc tests. 
Spearman correlations were used to explore the variation in micro-
bial parameters in relation to physicochemical variables (R ggpubr) 
and the results of the correlation analysis were presented in a heat-
map (R ComplexHeatmap). All analyses were run using r software 
version 4.0.3 (R Core Team, 2018).

3  |  RESULTS

3.1  |  Physicochemical conditions

Temperature, salinity, dissolved oxygen, pH and inorganic nutri-
ent concentrations varied largely both longitudinally and vertically 
along the subterranean estuary (Figure 1b), following the main hy-
drogeological patterns of the site (i.e., fresh groundwater flowing 
seaward at the upper part of the aquifer; seawater intrusion in the 
deep aquifer area, Figure 1a). Groundwater collected from the shal-
lowest piezometers (6– 13.5 m) was characterized by fresh and/or 
slightly brackish groundwater (salinity range 0.5– 3.3) showing the 
highest pH values (c. 7.2), intermediate oxygen (0.7– 1.6 mg/L) and 
phosphate (1.3– 2.3 μM) concentrations, and the highest concentra-
tions of nitrate and silicate (610– 1100 and 340– 400 μM, respec-
tively, Figure 1b). On the contrary, the deepest part of the aquifer 

(21– 22 m) harboured the most saline groundwater (27– 34) and 
showed the lowest pH (6.1– 6.6), oxygen (0.5– 0.8 mg/L), phosphate 
(0.6– 1.8 μM) and nitrate (0.7– 6.1 μM) concentrations, and the high-
est concentrations of ammonium and nitrite (5– 30 and 0.5– 1.7 μM, 
respectively). Brackish groundwater (6.3– 25.3) occupied the inter-
mediate depths (10– 16 m) within the aquifer and was characterized 
by intermediate levels of most parameters except for an enrich-
ment in dissolved oxygen in N2_20 and PP18, and in phosphate 
in PP20 (Figure 1b). Compared to surface seawater, groundwater 
samples were significantly colder, more acidic, depleted in oxygen 
and highly enriched in inorganic nitrogen, phosphate and silicate. 
For most of the analysed parameters, the beach porewater sample 
was very similar to the seawater (Figure 1b), consistent with the 
shoreface circulation of seawater due to wave- setup (Figure 1a). 
According to their salinities, groundwater samples are classified 
here- in- after in three clusters as fresh (<4), brackish (4– 27) and sa-
line (>27, see Table 1).

3.2  |  Spatial variations in prokaryotic abundances, 
heterotrophic production and cell size

The physicochemical gradients coincided with pronounced vari-
ations in the assessed microbial parameters (Figure 2). With some 
exceptions, groundwater communities were characterized by lower 
prokaryotic abundances and activity and smaller cell sizes than 
surface seawater assemblages. Considering only the piezometer 
samples, the abundance, activity and average cell size increased 
following the groundwater salinity gradient from fresh to saline. 
Prokaryotic abundance varied more than fivefold, ranging from 
2 × 104 cells/ml in N2_15 to >1.2 × 105 cells/ml in the deep saline 
site N2_25 (Figure 2a). The communities from the two deepest sa-
line sites (N2_25 and N1_25) showed the highest prokaryotic het-
erotrophic production, even surpassing that in the surface seawater 
sample. Low heterotrophic production rates were detected in most 
other groundwater sites (range 1.4– 5.4 [mean 4.7] pmol 3H- Leu L/h, 
Figure 2b). The proportion of prokaryotic cells with high nucleic 
acids content (HNA cells), indicative of larger genomes and usually 
associated to copiotrophic bacterial taxa (Vila- Costa et al., 2012), 
also increased from the freshest (40% of total cells) to the most sa-
line (90%) samples (Figure 2c), as did the average cell sizes (Figure 2d, 
range 0.06– 0.09 μm3, Figure 2d).

3.3  |  Taxonomic composition of bacterial 
communities across the subterranean estuary

Sequencing of the 16S rRNA gene resulted in 429,876 quality se-
quences, which clustered into 9579 ASVs. Excluding the experi-
mental incubations, 351,966 reads (9154 ASVs) were detected. 
The number of ASV per sample varied between 431 and 1440, and 
the Shannon diversity index ranged from 3.4 to 6.6 (Table 2). This 
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variability in richness and diversity was not statistically related to 
any of the measured physicochemical nor other prokaryotic vari-
ables. Between 0.05% and 11% of community sequences were clas-
sified as Archaea (mostly Nanoarchaeota, Table 2) even though the 
selected primers capture mostly bacteria. The ASV accumulation 
curve did not reach a clear asymptote when pooling all samples, sug-
gesting that more sampling sites or a higher sequencing depth would 
be needed capture the diversity hidden in this subterranean estuary 
(Figure S2a). However, individual species rarefaction curves indicate 
a good local coverage of the local ASV richness with the sequencing 
depth used (Figure S2b).

The NMDS ordination of prokaryotic communities along the sub-
terranean estuary showed a clear segregation of communities be-
tween fresh, brackish and saline groundwater sites, and these in turn 
differed largely from the seawater and beach porewater communi-
ties (ANOSIM R = 0.75, p < .001, Figure 3a). In terms of taxonomic 
composition, 63 phyla were detected within the 10 groundwa-
ter samples. Communities were dominated by Proteobacteria 
(28% of groundwater reads), followed by Patescibacteria (12%), 
Desulfobacterota (10%) and Bacteroidota (8%). Despite the clear 
clustering of sites depicted by the NMDS, we observed a highly 
heterogeneous distribution of the main phyla or classes across 

the studied samples, with groups such as Desulfobacterota and 
Firmicutes showing high local relative abundances at single loca-
tions, reaching up to 63 and 49% of the community at the deep sa-
line groundwater sites N1_20 and N1_25, respectively (Figure 3b). 
Other groups displayed more clear abundance variations depend-
ing on groundwater salinity (Figure 3c). Within Proteobacteria, the 
gammaproteobacterial order Burkholderiales (formerly consid-
ered Betaproteobacteria) prevailed in fresh groundwater, whereas 
other Gamma-  and Alphaproteobacteria were enriched in brackish 
groundwater sites. The phyla Nitrospirota and Planctomycetota de-
creased pronouncedly from fresh-  towards saline groundwaters, and 
Bacteroidota and Campylobacterota showed the opposite pattern. 
Verrucomicrobiota and Patescibateria were showed higher relative 
abundances in fresh and brackish sites compared to the deep saline 
groundwater (Figure 3c).

The surface marine community had higher proportion of 
Bacteroidota, Alphaproteobacteria and Cyanobacteria compared to 
aquifer sites (Figure 3b,c). Marine Cyanobacteria were still detected 
in the beach porewater (5%) but not in aquifer samples. Indeed, the 
porewater composition in terms of dominant phyla was generally 
similar to that of the surface seawater community but showed higher 
proportions of Alpha-  and Gammaproteobacteria.

F I G U R E  2  (a) Variations throughout the studied transect in total prokaryotic abundances, (b) prokaryotic heterotrophic production 
measured as 3H- leucine incorporation rates, (c) percentage of HNA cells and (d) average cell size of the prokaryotic cells. Error bars indicate 
standard deviation of duplicate or triplicate samples. The colour indicates the salinity of each sample. In each case, the boxplots show 
variations in these same properties between the different water types (fresh, brackish, saline) within the aquifer. The dotted line indicates 
the value corresponding to the seawater sample. Different letters indicate significant differences between water types (Tukey's post hoc 
text, p < .05). Site acronyms as in Figure 1a
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3.4  |  Microscopy quantification of ribosome- 
containing bacterial groups

Probes for some of the major bacterial phyla or classes detected 
(excluding Firmicutes and Planctomycetes) were used to identity 
ribosome- containing (i.e., potentially more active or viable) bac-
teria. Eubacteria- labelled cells ranged from 14% to 44% of total 
DAPI counts within the aquifer, and increased from fresh-  to sa-
line groundwater (Figure 4a,b). 50% of the cells were identified 
as Eubacteria in the surface marine assemblage. Within Eubacteria, 
we observed large variations in the abundance of the different 
groups, although in general the groups that comprised the highest 
proportions of ribosome- containing cells were Alphaproteobacteria, 
Deltaproteobacteria, Bacteroidetes and Betaproteobacteria 
(Figure 4c). Alphaproteobacteria prevailed in fresh groundwater 
whereas Gammaproteobacteria, Bacteroidetes, Actinobacteria and 
Patescibacteria increased their contribution towards the deep saline 
groundwater. Deltaproteobacteria showed minimum relative abun-
dances in brackish waters, and the rest of groups showed no clear 
pattern along the salinity gradient (Figure 4c).

3.5  |  Environmental drivers of microbial 
communities along the subterranean estuary

The observed differences in the overall taxonomic structure (as-
sessed by 16S rRNA gene sequencing) of the groundwater microbial 
communities (n = 10) were significantly correlated with differences 
in some of the measured environmental variables, mainly pH and sa-
linity (Mantel R = .44 and 0.41, p < .005), nitrate (Mantel R = 0.33, 
p < .01) and ammonium (Mantel R = 0.31, p < .02).

When considering individual microbial parameters or the abun-
dances of specific bacterial groups, nitrite concentration and/

or salinity were among the variables positively correlating with 
changes in the abundance of ribosome- containing Eubacteria, 
Actinobacteria, Bacteroidetes or Gammaproteobacteria, but also 
with variations in total prokaryotic abundance, average cell size, and 
% HNA cells (Figure 5). Conversely, nitrate concentration and pH 
were the variables correlating negatively with most groups as well as 
the other microbial properties (Figure 5). Salinity, nitrate and pH also 
explained variations in the amplicon- based abundance of groups 
such as Desulfobacterota and Campylobacterota (Figure 5), whereas 
other groups were linked to variations in specific parameters such 
as ammonium (Actinobacteriota and Planctomycetota), dissolved 
oxygen (Alphaproteobacteria), or nitrite and silicate (Bacteroidota).

3.6  |  Connectivity of microbial communities 
along the aquifer- sea gradient

In order to explore whether the studied microbial communities were 
connected by the bidirectional movement of groundwater and sea-
water, we used the sequence data to estimate the ubiquity of the 
different ASVs as well as their presence in the adjacent seawater. We 
first explored the individual dynamics of the 20 most abundant ASVs 
within the aquifer. Together, these 20 ASVs accounted for 2.5% to 
55% of the local sequences across aquifer samples, but only 0.2% 
and 1.6% in the beach porewater and seawater communities, re-
spectively (Figure 6a). These ASVs belonged to eight different phyla 
(Table S1) and displayed very different habitat preferences and niche 
breadths, either appearing in only one or two sites (such as some 
ASVs belonging to Zetaproteobacteria, Firmicutes, Burkholderiales) 
or showing presence across most part of the salinity gradient 
(Alphaproteobacterial ASVs). Only two out of the 20 ASVs, which 
belonged to the alphaproteobacterial genera Sphingobium and 
Sphingomonas, were also detected in the beach porewater and/or 
the surface seawater assemblages (Figure 6b, Table S1).

Between 41% and 94% of the ASVs found in each groundwa-
ter sample were not detected in any other site of the subterranean 
estuary (Figure 7a). These unique ASVs represented between 21% 
to 71% of the local community sequences suggesting that several 
of these unique taxa were locally abundant. No ASV was found to 
be present across all studied communities, in accordance with the 
fact that most ASVs were rare and present in very few of the stud-
ied sites (Figure S3a,b). Consequently, we did not find the often 
reported positive correlation between the mean abundance of the 
different ASVs and their occurrence (i.e., number of sites in which 
they were detected, Figure S3c).

We then categorized ASVs depending on whether they were 
found exclusively in aquifer samples or whether they were detected 
in the sea but not in groundwater samples (Figure 7b). This showed 
that between 93%– 100% of sequences of aquifer communities be-
longed to ASVs exclusively found within the aquifer. Nonetheless, 
there were 28 ASVs present in the aquifer that accounted for c. 
20% of the surface marine community (Figure 7b). Of these 28 
shared ASVs, 15 had higher individual abundances in the aquifer 

TA B L E  2  Number of amplicon sequence variants (ASVs), 
Shannon diversity index, % of archaeal reads and number of phyla 
detected across the studied prokaryotic communities. The rarefied 
ASV table was used for these analyses

Sample ID
Number 
of ASVs

Shannon 
index

% 
Archaea

Number 
of phyla

N2_15 830 5.3 1.5 41

N2_20 856 5.6 6.1 41

N2_25 1030 5.5 1.8 40

N1_15 858 5.9 11.2 39

N1_20 624 3.4 0.3 33

N1_25 431 4.8 0.1 29

PP15 1440 6.5 5.8 43

PP20_Top 1308 6.6 6.4 46

PP20_Bottom 934 5.9 3.9 42

PP18 697 5.1 0.7 31

Beach_Porewater 1256 5.7 0.1 22

Sea 728 5.3 0.2 24
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than in the sea, meaning that they could be aquifer ASVs that had 
been dispersed to the sea, and together represented 2.5% of the 
surface marine community (Figure S4a). These included several 
Alphaproteobacterial genera such as Sphingomonas, Sphingobium, 
Erythrobacter or Brevundimonas, as well as other genera like 
Sedimenticola (Gammaproteobacteria), Desulforporinus (Firmicutes), 
Bacteroides, Sediminibacterium and Cloacibacterium (Bacteroidetes) 
or Acidovorax (Burkholderiales). The remaining 13 ASVs showed 
the opposite pattern, being more abundant in the sea than in the 
aquifer, and did not represent more than 0.6% of the local aquifer 
communities (Figure S4b). These comprised mostly typical marine 
taxa such as Synechococcus, SAR11 and several Rhodobacterales and 
Gammaproteobacteria (details not shown).

Finally, the preferred habitat of each ASV within the aquifer- sea 
continuum was explored by categorizing ASVs depending on the 
habitat where they showed their maximum abundances (Figure 7c). 
We observed that the different aquifer habitats (fresh, brackish, 
saline groundwater) harboured very few sequences of ASVs with 

preference for other habitats, with the exception of the brackish site 
N2_20 and PP18 in which c. 25% belonged to ASVs with maximum 
abundances in fresh and saline groundwater (Figure 7c). The beach 
porewater community showed no presence of any of the aquifer 
prevailing taxa but 12% of the reads were of marine origin.

3.7  |  Growth of groundwater ASVs during 
experimental incubations

The changes in conditions caused by experimental bottle enclosure 
of two fresh and two brackish groundwater communities resulted in 
large increases in total prokaryotic abundance and activity, the pro-
portion of HNA cells and the average cell size (Figure 8a– d), despite 
their low in situ abundances and activity. After incubations, all four 
communities were dominated by Gammaproteobacteria (>50%– 90% 
of sequences), followed by Alphaproteobacteria (5%– 32%) and/or 
Betaproteobacteria in fresh groundwater communities (18%– 25%) 

F I G U R E  3  (a) Nonmetric multidimensional scaling (NMDS) plots based on Bray– Curtis distances between the studied prokaryotic 
communities, colour- coded by the different water types (freshwater, brackish, saline groundwater). The size of the symbols is proportional 
to salinity values. Normalized stress values are shown. (b) Taxonomic composition of the studied prokaryotic communities. Groundwater 
samples are organized by water type (fresh, brackish, saline) and ordered by increasing conductivity. The classification was performed at 
the Phylum level except in the case of Proteobacteria and Patescibacteria where the main classes and even orders were distinguished. Prot, 
Proteobacteria; Patesc, Patescibacteria; Gam, Gammaproteobacteria. Only the most abundant phyla (>0.1% of total sequences) are shown. 
(c) Variations in the relative contribution of the different phyla between the different types of water considering only the aquifer samples 
(n = 10). Gammaproteobacteria does not include the order Burkholderiales, which is presented separately. The dashed and dotted lines 
represent the contribution of each group in the beach porewater and seawater samples, respectively, for comparison

(a)

(c)

(b)
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(Figure 8e). These groups also comprised most of the detected 
Eubacterial cells, but larger proportions of Alphaproteobacteria 
were detected compared to the sequence data (Figure 8f).

We also assessed whether the ASVs growing most during incu-
bations differed depending on the original groundwater commu-
nities, and whether these growing ASVs were rare or abundant at 
other sites throughout the aquifer (Figure 8g). To do so, we identified 
those ASVs that showed >10- fold increases in relative abundance 
during incubation and that were abundant in the final communities 
(>1% of local sequences). Between five and 10 ASVs met these cri-
teria, which accounted for 35%– 70% of the four communities after 
incubations but never represented more than 5% in the original as-
semblages, meaning that they were rare in situ. The pool of growing 
ASVs also appeared to be highly specific from each community, as 
they comprised very few sequences across all other sites in the aqui-
fer (Figure 8g).

4  |  DISCUSSION

In the last decades, there have been significant advances in the 
understanding of SGD, mainly related to the characterization of 
its magnitude and chemical fluxes to the coastal ocean, its drivers 
and its biogeochemical and societal implications (Alorda- Kleinglass 
et al., 2021; Lecher & Mackey, 2018; Santos et al., 2021; Taniguchi 
et al., 2019). However, major gaps in knowledge remain about the 
important microbially- mediated chemical transformations occurring 

in the coastal aquifer before the solutes reach the ocean, mostly 
due to the scarcity of microbial studies targeting coastal aquifers 
(Ruiz- González et al., 2021; Seibert et al., 2020). By sampling the 
microbial assemblages inhabiting the different compartments within 
a well- characterized subterranean estuary, here we have shown a 
large spatial (vertical and longitudinal) heterogeneity in these com-
munities, as we had hypothesized based on the pronounced physico-
chemical gradients, yet very little connectivity between local aquifer 
microbial communities. Our results point to clearly differentiated 
microbial niches across this land- sea transition zone and provide one 
of the most detailed microbial descriptions of a coastal aquifer con-
ducted so far.

4.1  |  Increased abundance, activity and larger 
size of prokaryotic cells towards the saline 
portions of the subterranean estuary

Unlike in surface aquatic ecosystems, there are almost no reports on 
the abundance, activity, or cell size of the microorganisms in coastal 
aquifers because most studies have focused mainly on the taxo-
nomic characterization of communities (Ruiz- González et al., 2021). 
Our study shows that fresher portions of the aquifer were char-
acterized by smaller cells, lower prokaryotic abundance and lower 
heterotrophic production than the deeper saline groundwater 
(Figure 2). Fresh groundwater prokaryotic abundances were 13-  to 
18- fold lower than those in surface seawater, ranging from 2 × 104 

F I G U R E  4  Spatial variations in the 
abundances of the different bacterial 
groups detected by CARD- FISH. 
Proportion of cells (of total DAPI counts) 
hybridized with the probes for Eubacteria 
(Eub) (a) across individual samples and 
(b) between the different types of water 
considering only the aquifer samples 
(n = 10). The dotted line represents the 
% of Eubacteria in the surface seawater 
sample, for comparison. (c) Proportion of 
the different targeted groups expressed 
as % of total Eubacteria- positive cells. 
n.a., not available. Site acronyms as in 
Figure 1. Alpha- , Gamma- , Beta-  and 
Deltaproteobacteria (Alph, Gam, Bet, Del), 
Bacteroidetes (Bact), Actinobacteria (Act) 
Parcubacteria (OD1) and Synechococcus 
(Syn)
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to 3 × 104 cells/ml. These low values fall in between those reported 
for pristine inland fresh groundwater (102– 106 cells/ml, Griebler & 
Lueders, 2009) and are lower than those found by the two stud-
ies reporting prokaryotic abundances on the fresh parts of a sandy 
beach aquifer (6 × 105– 1.3 × 106 cells/ml, Santoro et al., 2008) 
and of a coastal alluvial aquifer (2 × 105– >6 × 107 cells/ml, Velasco 
Ayuso, Acebes, et al., 2009, Velasco Ayuso, Guerrero, et al., 2009). 
However, a recent seasonal comparison of two shallow beach tidal 
subterranean estuaries showed even lower prokaryotic abundances, 
yet only at certain times of the year (e.g., in winter, <7 × 103 cells/ml, 
Calvo- Martin et al., 2022).

The low biomass, activity and cell size of Argentona fresh 
groundwater prokaryotes agrees with the scarcity of dissolved or-
ganic carbon (DOC) typical of inland freshwater aquifers (Hofmann 
& Griebler, 2018), which often leads to miniaturization of prokary-
otes in response to stress or starvation, becoming inactive or dor-
mant (Jones & Lennon, 2010; Velimirov, 2001). In turn, the higher 
bacterial biomass, size, and heterotrophic activity found in the saline 
portion of the Argentona site could imply a source of organic carbon 
coming from the sea. Although we did not quantify DOC concentra-
tions in the present study, a similar sampling conducted 1 year later 
(July 2019) showed low DOC concentrations, with fresh groundwa-
ter carrying on average less DOC (average 30 μM) than the brackish 

and saline groundwater sites (average 57 and 47 μM, respectively, C. 
Ruiz- González). However, precisely N1_25 and N2_25 had very low 
DOC concentrations (<30 μM) despite showing the highest prokary-
otic abundances and activity (details not shown). It is nonetheless 
possible that other organic carbon sources exist, such as the in situ 
production of DOC by autotrophic microorganisms, as suggested 
for the deep ocean and other organic carbon limited communities 
(Sebastián et al., 2018, 2019) and supported by accumulating evi-
dence about the relevance of dark carbon fixation in groundwater 
systems (Overholt et al., 2022). Alternatively, differences in DOC 
quality and lability could also explain the observed variations in pro-
karyotic abundance or activity regardless of its bulk concentrations 
(e.g., Calvo- Martin et al., 2022), but to our knowledge little is known 
about the origin, lability and composition of the DOC pool along sub-
terranean estuaries.

In accordance with the trend of increasing activity towards sa-
line groundwater, the percentage of Eubacterial- hybridized cells 
(i.e., bacteria containing ribosomes) increased from the fresh (aver-
age 19% of DAPI- stained cells) to the saline portions of the aquifer 
(average 38%) (Figure 4). These values are smaller than those com-
monly found in surface freshwater or marine ecosystems (50%– 98%, 
Alonso- Sáez et al., 2007; Ruiz- González et al., 2013), even in very oli-
gotrophic habitats such as the bathypelagic ocean (e.g., 38%– 49%, 

F I G U R E  5  Hierarchically clustered heatmap of correlations between different microbial parameters and the measured physicochemical 
conditions, considering only the aquifer samples (n = 10). Prok., prokaryotic. The colour gradient indicates the Spearman correlation 
coefficients (Rho values). CARD- FISH group relative abundances represent % of total DAPI counts, and amplicon- based abundances (16S) 
represent % of community sequences. 16S- derived Gammaproteobacteria excludes Burkholderiales. The asterisks (*) indicate significant 
relationships (p < .05), also highlighted in bold
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Varela et al., 2007). This agrees with the observation that a large 
fraction of communities from inland aquifers are locally inactive 
(Griebler & Lueders, 2009). Within the aquifer, the abundance of 
Eubacteria correlated positively with the average cell size and the 
percentage of HNA prokaryotes (Pearson's R = .64 and .66, respec-
tively, p < .05), but not with the prokaryotic heterotrophic produc-
tion, suggesting that not all ribosome- containing cells are equally 
active.

4.2  |  High spatial heterogeneity of dominant 
microbial groups along the subterranean estuary

In terms of microbial community composition, we found that 
Proteobacteria (mostly Alpha-  and Gammaproteobacteria), 
Desulfobacteriota (formerly included within Deltaproteobacteria) 

and Bacteroidota were among the dominant phyla, in agreement 
with most available studies on subterranean estuaries (Archana 
et al., 2021; Ruiz- González et al., 2021). However, Patescibacteria 
was the second most dominant phylum reaching up to 23% of local 
sequences. Patescibacteria (also known as candidate phyla radiation) 
includes a high diversity of recently discovered bacterial groups with 
unusually small cell sizes that are widespread in inland groundwa-
ters (Brown et al., 2015; Herrmann et al., 2019; Luef et al., 2015), 
but which have rarely been reported in high abundances in coastal 
aquifers. The ubiquity and abundance of Patescibacteria in the 
Argentona site may be because most commonly used primers in 
groundwater studies fail to retrieve these groups, whereas the ones 
used here capture a higher diversity within Patescibacteria (Peura 
et al., 2012; Ruiz- González et al., 2021). Patescibacteria are charac-
terized by reduced genomes and hence limited metabolic capacities, 
and seem to be well adapted to the oligotrophic and relatively stable 

F I G U R E  6  (a) Cumulative contribution to total community sequences of the 20 most abundant ASVs found within the aquifer. (b) 
Individual read counts (considering the rarefied ASV table to allow comparisons among samples) of the 20 most abundant ASVs across 
the aquifer- sea continuum, coloured by the assigned taxonomy. The classification was performed at the Phylum level except in the case of 
Proteobacteria and Patescibacteria where some main classes and even orders were distinguished (see Table S1 for taxonomic classification 
of the shown ASVs down to the genus level). Prot, Proteobacteria; Patesc, Patescibacteria; Gam, Gammaproteobacteria
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groundwater ecosystems, where many probably thrive in symbiosis 
with other microorganisms (Brown et al., 2015; He et al., 2021; Luef 
et al., 2015; Nelson & Stegen, 2015; Tian et al., 2020). The ecological 
role of these ultrasmall groups is still not fully understood, but their 
abundance in the Argentona site suggests that these groups may 
also be relevant players in coastal groundwater habitats.

Applying CARD- FISH, we observed that groups such as 
Alphaproteobacteria and Deltaproteobacteria (recently reclassified 
into several phyla including Desulfobacterota) appeared as some of 
the most abundant among the ribosome- containing cells, although 
Betaproteobacteria, Bacteroidetes and Gammaproteobacteria also 
dominated at some sites (Figure 4). We also detected minute free- 
living cells labelled with the OD1 probe that targets Parcubacterial 
clades within Patescibacteria, which accounted for up to 28% of the 
ribosome- containing cells in some brackish or marine groundwater 
communities. Their detection as free- living cells agrees with other 
studies suggesting that not all members within this group may be 
symbiotic (Beam et al., 2020; Herrmann et al., 2019).

The CARD- FISH probes used in this study are most probably bi-
ased against some of the groundwater diversity, because their design 
was based on sequences available in public databases, which only 
recently have started to include groundwater taxa (Ruiz- González 
et al., 2021). In any case, our findings support that many of the main 
groups detected by sequencing were also potentially functional in 
these communities. Further studies aimed at distinguishing between 

the active and the inactive groundwater microbial components will 
be needed, because the inactive taxa can obscure any links between 
the environment, the taxonomic structure of the communities and 
their role in ecosystems, particularly when DNA sequencing is used 
(Niño- García et al., 2016a, 2016b; Wisnoski et al., 2020).

4.3  |  Salinity as a key driver of aquifer prokaryotic 
communities

We observed a clear clustering of aquifer microbial communi-
ties based mostly on groundwater salinity, with brackish assem-
blages located between fresh and saline groundwater communities 
(Figure 3a). At the Argentona site, fresh groundwater flows seawards 
mainly in the upper part of the aquifer, whereas the deep aquifer 
area is influenced by the mixing between intruded seawater and me-
teoric water. The depth and extent of the saltwater wedge varies 
depending on the season and on meteorologic and oceanographic 
episodic events (e.g., storms, precipitation, Folch et al., 2020; 
Palacios et al., 2020). This causes steep gradients in salinity, oxy-
gen, pH and redox conditions both at the horizontal and the vertical 
scale, but also in inorganic nutrient concentrations, which are dif-
ferentially delivered by fresh or marine water. All these variables are 
well- known drivers of aquatic bacterial communities and have been 
related to the compositional variations of prokaryotic communities 

F I G U R E  7  (a) Percentage of unique 
ASVs (i.e., ASVs detected exclusively in 
one sample) and their contribution to 
total sequences in each of the studied 
communities. (b) Contribution of ASVs 
detected exclusively in the aquifer (light 
blue), or in the seawater sample with 
no presence in the aquifer (dark blue). 
Shared ASVs were those present in both 
the sea and in any aquifer sample (black). 
(c) Contribution of ASVs with different 
niche preferences across the study site, 
identified based on the type of water 
where they showed their maximum 
relative abundance. Groundwater 
samples are organized by water type 
(fresh, brackish, saline) and are ordered 
by increasing conductivity, from the least 
(N2_15) to the most (N1_20) saline
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from other coastal aquifers in the Mediterranean region (Héry 
et al., 2014; Sola et al., 2020) and elsewhere (Archana et al., 2021; 
Calvo- Martin et al., 2022; Ruiz- González et al., 2021).

Salinity, in particular, is considered one of the key drivers of pro-
karyote community assembly across natural ecosystems (Lozupone 
& Knight, 2007). However, unlike in surface estuaries where sa-
linity variations cause a gradual succession of taxa (Bouvier & del 
Giorgio, 2002; Herlemann et al., 2011; Troussellier et al., 2002), in 
the Argentona site we found abrupt changes in taxonomic composi-
tion even between groundwater samples with similar salinity values 
(e.g., the three deepest saline sites were dominated by totally dif-
ferent phyla, Figure 3b). This points to a large effect of other drivers 
in shaping bacterial communities, including not only other physico-
chemical parameters (e.g., oxygen content, availability of electron 
donors and acceptors), but also the geological and hydrogeological 
properties of the aquifer, such as the lithology, grain size or organic 
matter content of aquifer solids, porosity, hydraulic conductivities, 
etc. These properties determine the degree of water- solid inter-
action, the characteristics of groundwater flow (e.g., groundwater 
velocity and transit times), connectivity between different parts of 

the aquifer and the coastal ocean, as well as the potential retention 
and supply of carbon and nutrients. Indeed, the highest prokaryotic 
activity, the largest cell size and the highest proportion of HNA cells 
in the subterranean estuary were found in N1_25, probably caused 
by the specific hydrogeological characteristics of this sample since 
the screened interval of this piezometer is the only one located in an 
altered granite layer, with lower hydraulic conductivities resulting in 
more isolated communities (Folch et al., 2020).

The dominance of Desulfobacterota and of Firmicutes in the 
deep saline sites N1_20 and N1_25, respectively, is remarkable 
(Figure 3b). Members of Desulfobacterota include sulphate- 
reducing groups that have been identified across multiple aquatic 
and terrestrial ecosystems, but often with preference to anoxic 
conditions (Waite et al., 2020). Many use sulphate, sulphite, thio-
sulphate, elemental sulphur or iron as terminal electron acceptors, 
and some can reduce elemental metals, mainly iron. The abun-
dant detection of large ribosome- containing Deltaproteobacteria 
through CARD- FISH suggests that these sulphate- reducing 
bacteria are probably active, being key players in the deepest 
and most saline part, in accordance with expected increases in 

F I G U R E  8  Changes in groundwater prokaryotic communities during experimental bottle enclosure. (a) Variations and relative increase in 
prokaryotic abundance, (b) heterotrophic production measured as 3H- leucine incorporation rates, (c) percentage of HNA cells and (d) average 
cell size of the prokaryotic cells during ∼2.5- day experimental enclosure of fresh and brackish groundwater from four selected sites. Error 
bars indicate standard deviation of duplicate or triplicate samples. (e, f) Taxonomic composition of the communities after the incubations 
assessed by (e) 16S rRNA gene sequencing and (f) CARD- FISH. CARD- FISH probe acronyms as in Figure 4. (g) Increase in abundance of the 
ASVs growing most during the experimental incubations. Note that in all cases these growing ASVs were rare in the original communities 
and throughout the aquifer

(a)
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sulphate reduction towards higher salinities within subterranean 
estuaries (Santoro, 2010). Firmicutes, which also include sulphate- 
reducing groups and can produce endospores to resist extreme 
conditions (Filippidou et al., 2016), have also been identified as 
common microbial components of groundwater, usually increas-
ing their contribution when salinity increases (Sang et al., 2018; 
Sola et al., 2020). The presence of metal-  and sulphate- reducing 
taxa indicates a possible depletion of other electron acceptors, 
which is consistent with the measured low oxygen and NO3

− con-
centrations and with chemical evidences of iron and manganese 
reduction in the deep saline groundwater at the Argentona site 
(Goyetche et al., 2022; Martínez- Pérez et al., 2022).

Other prokaryotic groups showed more gradual changes along 
the salinity gradient, being more prevalent in the fresher portions 
of the aquifer (Burkholderiales, Nitrospirota, Planctomycetota), or 
preferring brackish (Gamma-  and Alphaproteobacteria) or saline 
sites (Bacteroidota and Campylobacterota). This means that hydro-
logical changes, such as variations in the extent of the saline intru-
sion (Folch et al., 2020; Palacios et al., 2020) or the occurrence of 
extreme precipitation events (Diego- Feliu et al., 2022), may trigger 
major changes in the physicochemical parameters of the subter-
ranean estuary and thus impact communities and their associated 
metabolic functions. For example, increases in salinity have been as-
sociated with decreased denitrification, nitrification and anammox 
(anaerobic ammonium oxidation, Jiao et al., 2018; Santoro, 2010). 
This pattern agrees with the lowest abundances found in Argentona 
saline groundwater of potentially nitrate- oxidizing bacteria such as 
Nitrospinota and Nitrospirota, or of anammox bacteria such as the 
genus Ca. Brocadia (Planctomycetes). On the contrary, increases in 
salinity is expected to favor metabolisms such as dissimilatory ni-
trogen reduction to ammonium (DNRA, Santoro, 2010). DNRA 
can be carried out by a high diversity of bacterial groups, includ-
ing Proteobacteria, Planctomycetes, Bacteroidetes, Firmicutes and 
Campylobacterota (Giblin et al., 2013; Hanson et al., 2013; Mohan 
et al., 2004), in agreement with the higher NH+

4
 concentrations of 

Argentona saline groundwaters and the increased abundances of 
some of these groups. Given the high nitrate concentrations enter-
ing the Argentona subterranean estuary, mostly derived from agri-
cultural activities (Martínez- Pérez et al., 2022; Rufí- Salís et al., 2019), 
it is expected that these bacterial communities play a major role on 
the subsurface nitrogen cycle. All this suggests that the spatial dis-
tribution of prokaryotic groups observed here will vary seasonally 
following the temporal variations in aquifer physicochemistry, but 
whether such seasonal changes will be due to a spatial redistribution 
of the same microbial taxa or to the growth of new groups peaking 
at different moments of the year remains unknown. Moreover, there 
are multiple evidences that a large fraction of the groundwater mi-
crobial biomass and activity is concentrated on aquifer surfaces, and 
that these communities differ taxonomically and functionally from 
free- living cells (Archana et al., 2021; Ruiz- González et al., 2021), so 
it is likely that our data, based only in groundwater samples, are pro-
viding an incomplete view of the microbial complexity hidden within 
the Argentona aquifer.

Other important components of groundwater microbial com-
munities are the lithoautotrophs, which fix carbon dioxide and meet 
their energy requirements by oxidising inorganic electron donors 
(Griebler & Lueders, 2009). Several phyla detected in the Argentona 
site are known to contain groups capable of chemolithoautotro-
phic metabolisms, such as Nitrospira and Nitrospina, Ca. Brocadia 
(Planctomycetota), Sulfurimonas (Campylobacterota), Mariprofundus 
(Zetaproteobacteria) or Thiobacillus (Burkholderiales). Sulfurimonas 
and Mariprofundus, obligate chemolitoautotrophic sulphur-  and 
iron- oxidizing bacteria, respectively, were also found in a coastal 
Mediterranean carbonate aquifer (Héry et al., 2014). All this would 
agree with accumulating evidence from inland aquifers suggest-
ing that chemolitoautotrophy is more important than previously 
believed in subsurface ecosystems (Anantharaman et al., 2016; 
Jewell et al., 2016; Kumar et al., 2018; Overholt et al., 2022), and 
the fact that the above- mentioned autotrophic groups dominated 
in different portions of the subterranean estuary suggests that inor-
ganic carbon fixation might occur along the entire salinity gradient. 
However, to our knowledge, the relative contribution of autotrophic 
metabolisms to total carbon cycling in subterranean estuaries has 
never been addressed.

4.4  |  High endemicity and low connectivity 
between microbial communities along the 
groundwater- seawater continuum

The hydrological connectivity with surrounding ecosystems is also 
a relevant driver of the distribution of prokaryotic communities and 
of their role in subterranean estuaries (Ruiz- González et al., 2021). 
Several studies have reported compositional changes in coastal aq-
uifer microbial communities caused by seasonal changes in ground-
water table (Chen et al., 2020; Menning et al., 2018), waves, tides 
(McAllister et al., 2015; Santoro et al., 2008) or varying connectiv-
ity with surface aquatic bodies (Velasco Ayuso, Acebes, et al., 2009; 
Velasco Ayuso, Guerrero, et al., 2009) or coastal seawater (Adyasari 
et al., 2019; Calvo- Martin et al., 2022). In our case, all communities 
contained a high fraction of sequences belonging to unique ASVs 
(i.e., ASVs that were not detected anywhere else in the aquifer), 
and ASVs with preference for fresh, brackish or saline groundwa-
ter comprised very few reads across the other water types, pointing 
to a very strong selection of species at each site (Figure 7). Unlike 
in surface aquatic ecosystems, where the most abundant taxa are 
often the most ubiquitous even across large spatial scales and broad 
environmental gradients (Niño- García et al., 2016a, 2016b; Salazar, 
Cornejo- Castillo, Benitez- Barrios, et al., 2015), we found that most 
ASVs were rare and were detected only in one or few sampling points 
across the aquifer. Also, the most abundant ASVs in the data set had 
very different tolerances and niche breaths, some being dominant 
across most of the salinity gradient and some appearing at single 
sites (Figure 6). This points to highly differentiated microbial niches 
throughout the aquifer and to a reduced dispersal of microbial taxa 
between aquifer communities. This limited connectivity is most 
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probably related to both the small- scale hydrogeological heteroge-
neities found in the Argentona experimental site (e.g., alternances of 
semiconfining layers, complex interactions between seawater and 
terrestrial water) and the granular composition of the subterranean 
estuary (i.e., relatively small pore spaces), which reduces the trans-
port of compounds on the size range of microorganisms (Huettel 
et al., 2014).

The observed pattern of higher biomass and activity towards 
saline sites could also be caused by the transport of marine bacte-
ria into the aquifer, which has been suggested to happen in other 
subterranean estuaries (Calvo- Martin et al., 2022; Chen et al., 2019; 
Unno et al., 2015). However, the limited presence of typical marine 
taxa in the estuary and the highly different communities between 
the deep saline sites and the surface seawater rejects this possibil-
ity. This lack of marine influence in groundwater communities could 
be linked to the microtidal regime of the Mediterranean Sea, which 
limits the seawater exchange across the land- ocean interface, and 
also to previously mentioned reduced microbial transport due to the 
granular characteristics and heterogeneities of the system. In turn, 
very few of the aquifer taxa were also detected in marine waters, 
suggesting that at least during the sampling period (summer), there 
is little microbial dispersal between aquifer and marine communi-
ties. This transport of microorganisms from the aquifer to the sea 
might, however, be enhanced in the wet season when groundwa-
ter discharge increases, as extreme precipitation episodes typical of 
spring and autumn in the study site have shown to increase SGD by 
1 order of magnitude compared to baseflow conditions (Diego- Feliu 
et al., 2022). Regardless of whether dispersal of taxa between the 
surface, the aquifer and the sea may shape microbial structure and 
functioning, our data suggest that strong selection by local condi-
tions is the main process structuring the Argentona microbiome, at 
least during baseflow conditions.

4.5  |  Different rare Gammaproteobacteria and 
Alphaproteobacteria ASVs respond fast to changing 
conditions across aquifer samples

The high degree of endemicity, the very different niche prefer-
ences of dominant taxa and the low proportion of active cells im-
plies that it will be difficult to predict how such communities will 
react to changes in the aquifer environment and how this will af-
fect the aquifer biogeochemical cycles. As an example, when four 
groundwater communities sampled at different points of the aq-
uifer were exposed to the same experimental manipulation (bot-
tle enclosure in the dark with no carbon or nutrient addition), we 
observed that the identity of the few individual ASVs growing 
the most in each incubation differed between the four communi-
ties, and that the ASVs that grew the most in one community were 
rare (i.e., present at low in situ abundances) across all other aquifer 
sites. These responsive ASVs represented only a small subset of all 
the aquifer diversity (5– 10 responsive ASVs per site) and belonged 
mostly to Gammaproteobacteria (including some Burkholderiales in 

the freshwater samples) and Alphaproteobacteria. This supports not 
only that Proteobacterial groups are viable groups within the aqui-
fer, but also that some rare taxa within them can respond quickly to 
similar changes in conditions, becoming locally abundant. The asso-
ciated increases in prokaryote abundance, heterotrophic production 
and average cell size during incubations further suggests that some 
of these groups were dormant or miniaturized in the original commu-
nities, but that they retain the capacity to respond fast to changes in 
conditions with significant impacts on the bulk community activity.

5  |  CONCLUSIONS

Submarine groundwater discharge is considered a major source 
of terrestrial dissolved solutes to the global ocean, but the nature 
and magnitude of SGD- derived solute inputs depend largely on the 
biogeochemical transformations occurring in the subterranean es-
tuary, many of which are performed by scarcely studied microbial 
communities. Here, we have shown a large spatial heterogeneity in 
prokaryotic communities along a Mediterranean subterranean es-
tuary, pointing to clearly differentiated microbial niches across this 
land- ocean transition zone and little microbial connectivity between 
the aquifer and the sea at the time of sampling. The large spatial 
variations in cell size, abundance, activity and community composi-
tion suggest that understanding the role that these coastal bioreac-
tors play in transforming the flowing groundwater requires spatially 
resolved functional surveys of the complex microbial communities 
inhabiting these transition zones. Predicting the responses of micro-
bial communities to the dynamic mixing of fresh groundwater and 
seawater intruded in the subterranean estuary is relevant because 
climate change scenarios anticipate large changes in groundwater- 
seawater interaction in coastal aquifers caused by droughts, storms 
floods, sea level rise and excessive withdrawal of water for human 
consumption.
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