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Abstract Submarine groundwater discharge (SGD) is a globally important process supplying nutrients and
trace elements to the coastal environment, thus playing a pivotal role in sustaining marine primary productivity.
Along with nutrients, groundwater also contains allochthonous microbes that are discharged from the terrestrial
subsurface into the sea. Currently, little is known about the interactions between groundwater-borne and coastal
seawater microbial populations, and groundwater microbes' role upon introduction to coastal seawater
populations. Here, we investigated seawater microbial abundance, activity and diversity in a site strongly
influenced by SGD. In addition, through laboratory-controlled bottle incubations, we mimicked different
mixing scenarios between groundwater and seawater. Our results demonstrate that the addition of 0.1 pm
filtered groundwater stimulated heterotrophic activity and increased microbial abundance compared to control
coastal seawater, whereas 0.22 pum filtration treatments induced primary productivity and Synechococcus
growth. 16S rRNA gene sequencing showed a strong shift from a SAR11-rich community in the control samples
to Rhodobacteraceae dominance in the <0.1 pm treatment, in agreement with Rhodobacteraceae enrichment in
the SGD field site. These results suggest that microbes delivered by SGD may affect the abundance, activity and
diversity of intrinsic microbes in coastal seawater, highlighting the cryptic interplay between groundwater and
seawater microbes in coastal environments, which has important implications for carbon cycling.

Plain Language Summary Submarine groundwater discharge (SGD) is an important process where
groundwater flows into the ocean along the coast. When the groundwater mixes with seawater, the microbes
from both sources interact with each other, which can impact the diversity, activity, and amount of microbes in
the coastal environment. Currently, little is known about how groundwater-borne microbes affect marine
microbial populations. Our research shows that when groundwater microbes are removed before mixing
groundwater with seawater, the abundance and activity of certain microbes that consume organic matter
significantly increase. Additionally, we noticed a significant difference in the types of microbes present between
the sites where SGD occurs versus background (uninfluenced) coastal water, especially in terms of the microbes
that consume organic matter. Overall, this study suggests that there is a connection between groundwater and
seawater microbes, which can influence the delicate balance between organisms that produce carbon and those
that consume it. This has important implications for how carbon cycles globally.

1. Introduction

Submarine groundwater discharge (SGD) is a globally important process, involving the intrusion and interaction
of density-driven circulated seawater with sediment, soils and rocks while mixing with groundwater until dis-
charging at the seabed (Burnett et al., 2003). This process of water exchange occurs at the subsurface land—ocean
interface, termed subterranean estuary, STE (Moore, 1999; Rocha et al., 2021). Various dynamic driving forces
are known to impact the chemical solute composition of SGD flux into the coastal ocean (e.g., Robinson
et al., 2018). Thus, SGD acts as a major pathway for delivering terrestrial solutes across the land-ocean interface,
and STEs as important hotspots for biogeochemical reactions (e.g., Moore, 2010). This is especially true for ultra-
oligotrophic coastal regions such as the southeastern Mediterranean Sea (SEMS), where the effects of the SGD
are potentially most prominent (Rahav et al., 2020; Rodellas et al., 2015).

The terrestrial subsurface is one of the largest habitats for microorganisms on Earth (Bar-On et al., 2018; Griebler
& Lueders, 2009; Magnabosco et al., 2018), where biogeochemical processes, including the turnover of carbon
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and other nutrients, mineral cycling or pollutant degradation are primarily driven by diverse microbial pop-
ulations (Probst et al., 2018). Recently, in situ dark inorganic carbon fixation rates in a carbonate aquifer were
found similar to those in oligotrophic marine systems, indicating chemolithoautotrophs, play an important role in
shallow groundwater aquifers (Overholt et al., 2022). Moreover, microbiological and geochemical data revealed
considerable amounts of energy catalyzed through chemolithotrophic reactions, where sulfide oxidation coupled
to methanogenesis, iron and ammonium oxidation were highly exergonic in both the shallow and deep subsurface
(Jewell et al., 2016; Momper et al., 2017; Osburn et al., 2014). Contrary to the relatively stable conditions
maintained in inland aquifers, coastal aquifers entail rapid fluctuations and steep physiochemical gradients to
which STE microbes need to quickly adapt. This results in a highly diverse microbial community composition
along the hydrological continuum of SGD sites, reflecting a mixture of seawater- and groundwater-associated
taxa (Adyasari et al., 2019; Chen et al., 2020; Degenhardt et al., 2020), as well as microbial functional groups
that follow redox gradients (McAllister et al., 2015; Purkamo et al., 2022). Therefore, diverse prokaryotic groups
in coastal ecosystems potentially affect bacterioplankton communities upon discharge into the marine environ-
ment (Lee et al., 2017; Ruiz-Gonzalez et al., 2021).

Bacterioplankton community variation across estuarine gradients were shown to be driven primarily by salinity
(Fortunato & Crump, 2011; Herlemann et al., 2011). Adyasari et al. (2020) found that salinity was the most
decisive variable that shaped the microbial community composition across surface water samples, while dissolved
nitrogen and phosphorus were the major predictor of community shift within subsurface water samples. At a
different study (Adyasari et al., 2019), brackish porewater samples were more similar to freshwater samples than
to saline samples, comprising mainly taxonomic groups associated with nitrogen transformation (nitrification and
denitrification) in natural water systems. Given that nitrogen cycling is a key pathway in the subterranean estuary
(Erler et al., 2014; Hays & Ullman, 2007; Slomp & Van Cappellen, 2004), these findings indicate the possibility
of active biological transformation of dissolved nitrogen along the land-water interface.

SGD’s nutrients composition often alleviate co-limitation of N and Si in marine environments (Santos
et al., 2021), stimulating the growth of bloom-forming phytoplankton (Garcés et al., 2011; Lecher et al., 2015,
2017). However, supplement of groundwater to seawater is not always straightforward and behaves in a dose-
depended response. For instance, Lecher et al. (2015) observed through incubation experiments that 10%
groundwater addition rather than 20%-50% (volumetric) yields the highest positive effect on chlorophyll A
concentrations and phytoplankton abundance, despite the fewer nutrients introduced. Contrary, lower addition
volume ratios (1%—10%) did respond at a dose-dependent manner (Lecher et al., 2015). The authors concluded
that these responses were attributed to the elevated nutrients supplied by the SGD, but this was achieved only to a
certain level. This implies a biological effect of SGD through the introduction of subsurface bacterial cells into the
coastal environment, which could potentially affect the native coastal microbiome. However, investigations
mainly focused on health implications of the marine environment due to the transport of pathogenic or fecal
indicator bacteria through coastal aquifers or sediments (Adyasari et al., 2019), neglecting the ecological im-
plications. Currently, the role of coastal aquifers as sources of microbial diversity and the responses of marine
microbial communities to groundwater-derived microorganisms is still unknown.

The occurrence of specific heterotrophic bacterial groups associated with cyanobacteria is dynamic and highly
influenced by biotic and chemical factors. For example, Garcés et al. (2011) found in the Mediterranean Sea that
the addition of groundwater to marine communities resulted in Synechococcus fast growth, due to the nutrient
addition. But, this observation was not consistent in other coastal settings, where other phytoplankton groups
dominated (Chamberlain et al., 2014). Synergistic interactions between Synechococcus and alphaproteobacterial
heterotrophs (Rhodobacteraceae), gammaproteobacteria (Alteromonadaceae) (Dang & Lovell, 2016; Wang
et al., 2021; Zheng et al., 2018), and the phylum Bacteroidetes are fundamental in the marine food web (Bae
et al., 2022; Buchan et al., 2014). Given the delicate autotrophic-heterotrophic metabolic balance in coastal
marine ecosystems, SGD is an important factor that should be accounted for with respect to its chemical and
biological effects on the ocean.

We recently compared a site strongly influenced by SGD (Achziv, northern Israel) and a nearby nutrient-poor
reference site (Shikmona) at the oligotrophic Israeli shallow rocky coast (Rahav et al., 2020). At Achziv, we
showed that SGD contributes high concentrations of dissolved nitrate and silica in comparison to the Shikmona
coastal seawater, resulting in elevated in situ phytoplankton biomass and primary productivity. The main
objective of this study is to further elucidate marine heterotrophic taxonomic and functional responses to SGD by
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Figure 1. (a) Map showing the location of the two sampling areas along the Israeli coastline in the SE Mediterranean Sea: Achziv, the SGD-site (33°3’52N, 35°6’14.94E)
and Shikmona (32°4934N, 34°57'20E) within the Haifa Bay (sampled as the reference non-SGD site during the incubation experiments). (b) Schematic representation
of the field site in Achziv showing the location of the piezometers (brown horizontal rectangle with numbers indicating piezometer ID). Piezometer samples are referred
to in the text as either “Low or High salinity porewater” samples (n = 12 and 17, respectively) and are distinguished from the surface seawater samples (n = 3).
Accordingly, red dots indicate high salinity (~30 ppt) porewater and green dots indicate low salinity porewater samples (~15 ppt). (c) Aerial photography with the
piezometers setup for Achziv sampling campaigns. The numbers indicate piezometer ID along a perpendicular (1, 5-6) and parallel (2—4) to the shoreline cross sections
to collect a wide range of samples around the discharge area.

addressing the following questions: i) Do coastal microbial communities respond to the nutrient-rich source of
SGD in a dose-dependent manner (i.e., higher SGD-enriched mixtures correspond linearly with higher microbial
activity and abundance)? ii) How do discharged groundwater microbes shape the activity and composition of the
coastal microbiota? To explore these questions, three complementary incubation experiments were designed to
illustrate the taxonomic and physiological response upon introducing groundwater and coastal communities.
Additionally, porewater samples during three field campaigns were collected to follow composition, abundance
and activity of the natural microbial communities at the Achziv SGD site. We show that groundwater prokaryotes
transported through SGD influence coastal microbial activity and diversity, resulting in different heterotrophic
composition patterns. We were able to mimic the SGD-site microbial community pattern in bottle incubation
experiments by filtering the groundwater prior to mixing with coastal seawater. This points to potential
competitive interactions for available nutrients in oligotrophic marine environments.

2. Materials and Methods
2.1. Field Site, Sampling Procedures, and Sample Analyses

2.1.1. Field Site

Groundwater and seawater samples were collected from the shore sediments and surface seawater at Achziv (Lat.
33°3’52N, Lon. 35°6'14.94E), located along the Northern Israeli Mediterranean shoreline (Figure 1). Achziv
coastal aquifer structure is comprised of Pleistocene calcareous sandstone, beach rocks, and carbonate sand,
providing a complex groundwater flow system. About five km east of the coastline, the carbonate Galilee
Mountains (Judea Group) are elevated. The Quaternary permeable filling of the coastal aquifer is recharged
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Table 1
Summary of the Three-Bottle Incubation

Experimental Designs

Experiment aim

1 Investigate dose-dependent responses of

seawater microbial community to
groundwater additions

2 Compare the responses of seawater microbial Inland fresh groundwater;
community to ambient groundwater (as a

source of both nutrients and
microorganisms) and filtered

groundwater (as a supply of dissolved

inorganic nutrients only)

3 Investigate the responses of seawater

microbial community to sequentially
filtered groundwater as a source of
nutrients with or without bacteria.

Controls Treatments
Groundwater source No addition % Of groundwater in seawater

Brackish groundwater from  Ambient seawater (Shikmona) 1% 5% 10% 20%

Achziv; salinity = 7.9 ppt

Ambient Groundwater  Non- 5% filtered 0.1 pm  Non-filtered 20%
salinity = 0 ppt seawater filtered
(Shikmona) 5%

Inland fresh groundwater; Ambient seawater (Shikmona)  Non- 5% 5% 5% Double

salinity = 0 ppt filtered filtered filtered distilled water

5% 0.1 um 0.22 um (DDW)*

“The double distilled water (DDW) treatment was added to test the effect of mixing ambient seawater with distilled water that does not contain nutrients or microbes.

mainly from the east, by precipitation on these carbonate mountains (Kafri & Kessler, 2001; Paldor et al., 2020).
Two fresh SGD components have been shown in previous studies: one shallow along the shoreline (Weinstein
et al., 2006) and another deeper on the continental shelf, via preferential flow paths from the Judea Group aquifer
(Paldor et al., 2019, 2020). The exact SGD sampling locations were selected based on the density and electric
conductivity to identify the fresh groundwater and fresh-saline transition zone and to track changes in the salinity
distribution compared to previous seasons.

2.1.2. Sample Collection

Three sampling campaigns (August 2020, February 2021 and July 2021) were conducted at a field site, highly
influenced by SGD (Achziv, northern Israel), which we recently compared to a reference site (Shikmona) at the
oligotrophic Israeli shallow rocky coast (Rahav et al., 2020). Each field campaign lasted 2-5 days and covered at
least 2 tidal cycles. Physical parameters were measured, and porewater samples were collected on the shoreline
using piezometers (AMS piezometers that reach depths of <2 m) and a portable peristaltic pump (Masterflex®,
Cole-Parmer, Germany). The density (g cm ™), electric conductivity (mS/cm), temperature (°C) and pH, of
surface seawater, porewater and groundwater were measured on-site at the time of the sampling. Based on
average temperature and water density measurements, salinity (parts per thousand, ppt) was converted.

Porewater samples were collected from the piezometers directly into a closed filter holder, keeping the filter
unexposed during the entire sampling procedure. For microbial community analysis, samples were immediately
filtered through polycarbonate 0.2 pm pore size filters (Merck, Israel), which were kept on ice and transported to
the laboratory on the same day. Filter samples were stored frozen (—20°C) until DNA extraction (filtered
porewater were kept for dissolved nutrient measurements, as described below). For Pico-/nano-phytoplankton
and heterotrophic prokaryotic abundance, non-filtered samples were chilled on ice, transported to the laboratory
on the same day, fixed with glutaraldehyde (final concentration 0.02% v:v, Sigma-Aldrich G7651), frozen in
liquid nitrogen, and later stored at —80°C until analysis (See 2.3 for further analysis details).

2.2. Bottle Incubation Experiments

Three incubation experiments were conducted to determine the influence of SGD on the coastal microbial
community. The experiments were conducted with five different treatments (including ambient seawater not
exposed to SGD) in triplicates as described in Table 1. The reference site (Shikmona) was considered as the
control ambient coastal seawater (salinity ~39.5 ppt), and was collected at the Israel Oceanographic and
Limnological Research Institute (IOLR) into acid-cleaned carboys. For the first experiment (hereafter Exp. 1),
discharged brackish groundwater (salinity = 7.9 ppt) was collected into acid-cleaned containers on the day the
experiment initiated near Achziv Nature Reserve (33° 3’52N, 35° 6'14.94E). At this sampling site, a significant
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groundwater discharge was reported (Rahav et al., 2020; Weinstein et al., 2006). For experiments 2 and 3
(hereafter Exp. 2 and 3), fresh groundwater (FGW, salinity = O ppt) was collected from drilling wells and pumped
into 20 L acid-cleaned sample-rinsed carboys the same day the experiment was initiated. At the laboratory, fresh
groundwater was either filtered through a 0.1 pm polycarbonate filter (Exp. 2) or serially filtered through 0.22 and
then 0.1 pm polycarbonate filter (Exp. 3). The filtrates were added to ambient seawater at different mixing
scenarios as described in Table 1. Each mixture was randomly distributed into acid-washed transparent poly-
carbonate Nalgene incubation bottles (4.5 L for Exp. 1 and 2; 250 ml bottles for Exp. 3) and incubated in ambient
temperature and light.

The first experiment (Exp. 1) was designed to test the impact of discharged brackish groundwater on the
microbial productivity and abundance in the coastal seawater. This was achieved by mixing discharged
groundwater in the following fractions: 1%, 5%, 10% and 20% v:v with ambient coastal seawater. For each
treatment, the dilution factor was calculated to account for the volume of discharged groundwater added to
ambient seawater. Essentially, normalizing the data to the relative amount of seawater allows us to test the
effect on the seawater population by removing the effect of dilution. Since the fresh groundwater contain an
order of magnitude less cells compared with seawater, non-normalized data would highlight mainly the dilution
effect. Temporal measurements indicated that a ~40 hr incubation period yielded maximal production rates,
while longer times resulted in saturation of heterotrophic and primary production rates (Figure S2 in Supporting
Information S1). Thus, results of Exp. 1 are presented for the 42 hr incubation time point. The second and third
experiments (Exp. 2; Exp.3) were designed to extend Exp. 1 and aimed to specifically investigate how
groundwater-derived microorganisms affect the activity and abundance of marine organisms once discharged
into the sea. For these experiments, we used several filtration fractions (non-filtered and 0.1 pm for Exp. 2;
non-filtered, 0.22 and 0.1 pm for Exp.3, Table 1) of fresh groundwater that were added as a treatment of 5%
addition. Non-filtered treatment tested the addition of both nutrients and bacteria from groundwater origin to
the seawater microbial community. The filtrate of 0.22 pm, tested the addition of nutrients and very small cells
that could have been miniaturized due to carbon scarcity and pass through 0.22 pm filter (Ruiz-Gonzélez
et al., 2021). The filtrate of 0.1 pm (representing “sterile” groundwater) tested the effect of nutrients only on the
coastal ambient seawater microbial community. A treatment of 5% double distilled water (DDW) mixed with
ambient sweater was added in Exp. 3 to test the effect of seawater dilution, neglecting nutrient and microbial
supplements (Table 1). Temporal measurements during Exp. 2 indicated that a ~67 hr incubation period yielded
maximal production rates (Figure S3 in Supporting Information S1). Thus, the results of Exp. 2 are presented
for the 67 hr incubation time point.

The duration of the experiments was 3—-5 days, and samples were taken for the following analyses: chlorophyll A
(Exp. 1 and 2, every 24 hr), dissolved nutrient concentrations (Exp. 2 and 3 initial and final time points), flow
cytometry (bacterial and phytoplankton abundance, every 24 hr), primary and heterotrophic production rates
(Exp. 1 and 2, every 24 hr; Exp. 3 initial and final time points), methods are specified below. In order to remove
the dilution impact and test the dose response only, all results were normalized to the dilution factor (e.g. in the
20% treatment group, all measurement values were multiplied by 1.2). All bottles were incubated in a flow-
through tank at the Israel Oceanographic and Limnological Research (IOLR) through which ambient Eastern
Mediterranean water was continuously pumped to maintain surface seawater temperature. The incubation tanks
were covered with an illumination net to maintain natural light (representing a full-day cycle).

2.3. Pico-/nano-phytoplankton and Heterotrophic Prokaryotic Abundance

Samples (1.8 mL) were fixed with glutaraldehyde (final concentration 0.02% v:v, Sigma-Aldrich G7651), frozen
in liquid nitrogen, and later stored at —80°C until analysis. The abundance of autotrophic pico- and nano-
eukaryotes, Synechococcus and Prochlorococcus was determined using an Attune® Acoustic Focusing Flow
Cytometer (Applied Biosystems) equipped with a syringe based fluidic system and 488 and 405 nm lasers. To
measure bacterial and archeal abundance (termed hereafter heterotrophic prokaryotic abundance), a sample
aliquot was stained with SYBR Green (Applied Biosystems) and determined using the same flow cytometer. We
used the term heterotrophic prokaryotic abundance to simplify and differentiate between primary producing
organisms (autotrophic pico- and nano-eukaryotes, Synechococcus and Prochlorococcus) to heterotrophic or-
ganisms that do not contain a nucleus.
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2.4. Heterotrophic Productivity

Prokaryotic (bacteria and archaea) heterotrophic production was estimated using the *H-leucine incorporation
method (Perkin Elmer, specific activity 100 Ci mmol™"). Water samples (1.7 mL in triplicate) were incubated in
the dark with ~100 nmol leucine L™ for 4 hr (Rahav et al., 2019). For blanks, additional samples were
immediately added with 100 pL of 100% trichloroacetic acid (TCA, 4°C) along with *H-leucine, and were
processed as the other samples. The incubations were terminated with TCA and were later processed following
the micro-centrifugation technique (Smith & Azam, 1992) and added with 1 mL of scintillation cocktail (Ultima-
Gold). The samples were counted using a TRI-CARB 2100 TR (Packard) liquid scintillation counter.

2.5. Primary Productivity

Photosynthetic carbon fixation rates were estimated using the '*C incorporation method (Nielsen, 1952). Briefly,
water samples (50 mL in triplicate) were immediately spiked with 5 pCi of NaH'*CO; (Perkin Elmer, specific
activity 56 mCi mmol™"). The samples were incubated for 24 hr under in situ natural illumination. The in-
cubations were terminated by filtering the spiked seawater through GF/F filters (Whatman, 0.7 pm pore size) at
low pressure (~50 mmHg). The filters were placed overnight in 5 mL scintillation vials containing 50 pL of 32%
hydrochloric acid to remove excess 14¢, after which 5 mL of scintillation cocktail (Ultima-Gold) was added.
Additional 50 ml sample was incubated in the dark and processed the same. The dark incorporation read was
subtracted from the light sample reads. Radioactivity was measured using a TRI-CARB 2100TR (Packard) liquid
scintillation counter.

2.6. Inorganic Nutrients Determination

Samples from the field were immediately filtered through 0.2 pm pore size filters into acid-washed plastic vials,
chilled on ice and transported to the laboratory on the same day. Samples were stored frozen until analysis.
Experimental samples at initial and final time points were filtered through 0.2 pm pore size filters into acid-
washed plastic scintillation vials and immediately frozen (—20°C) until analysis. Dissolved nutrients
(NO, + NO; = NOx, PO,, and Si(OH),) were analyzed in the Interuniversity Institute for Marine Sciences (IUI,
Eilat) using QuikChem 8000 flow injection analyzer (Lachat Instruments, Milwaukee, USA). The measurement is
based on a color reaction created by each of the nutrients with its unique reagent to create a color complex with a
wavelength in the visible light range, which is absorbed by the device’s spectrophotometer.

2.7. DNA Extraction, Amplicon Sequencing, and Analysis of Bacterial Community

Seawater or groundwater (4-5 L) were filtered using a peristaltic pump onto polycarbonate membrane filters
(0.22 pm, 47 mm, Merck, Israel) and stored at —20°C until extraction. After thawing, each filter was cut into small
pieces using a sterile scalpel blade, which were placed immediately into PowerSoil DNA bead tubes and extracted
with the dNeasy PowerSoil Kit (Qiagen, USA) following the standard protocol. To disrupt the cells, the FastPrep-
24™ (Classic (MP Biomedicals, USA) bead-beating was used (2 cycles at 5.5 m/s, with a 5 min interval).

To generate 16S rRNA gene libraries, the V3—V4 hypervariable region of the 16S gene was amplified (~465 bp)
using the 341F/806R primers containing CS1 and CS2 linkers: 5'-ACACTGACGACATGGTTCT
ACACCTACGGGNGGCWGCAG-3’ and 5-TACGGTAGCAGAGACTTGGTCTGGACTACHVGGGT
WTCTAAT-3’, where the underlined sequences are common adapter sequences CS1 and CS2, and bold se-
quences denote the universal 16S rRNA primers 341F and 806R (Naqib et al., 2018). PCR conditions were as
follows: initial denaturation at 95°C for 5 min, 28 cycles of denaturation (95°C for 30 s), annealing (50°C for 30 s)

and extension (72°C for 60 s). Sequences were obtained on the Illumina MiSeq platform in a 2 X 250-bp paired-
end run (HyLabs Israel). The two 250-bp paired-end sequences were merged to obtain a single read (approxi-
mately 416.27 bp, mean length). Quality-filtered reads were imported into QIIME 2 platform (v. 2020.2) (Bolyen
et al., 2019), denoised, dereplicated, clustered and trimmed using the DADA2 plugin (Callahan et al., 2016).
Sequences were filtered with DADA?2 by trimming 17 nucleotides on the left-forward primer and 20 nucleotides
on the left-reverse primer. Truncating forward and reverse reads were obtained to a length of 249 bases. Taxo-
nomic assignment of the ASVs was achieved with the q2_feature_classifier (Bokulich et al., 2018), against the
full Silva database (release 138-99) for 16S rRNA gene sequencing (Quast et al., 2012). A total of 1,163,791
sequences from 53 samples corresponding to 1632 (with >2 counts) unique ASVs were recovered.
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Table 2
Summary of Environmental Parameters Averaged by Sample Groups
Sample source Group # Samples (n)  Salinity (ppt) pH N:P Si (pmol L")
Environmental Achziv study site. Samples  Low (porewater) 12 148 a 73+02a 2684 +84.1a 2013 £779a
from 3 sampling campaigns. High (porewater) 17 2995 75+01b 2669+ 1814a 1104 + 663 b
Achziv surface seawater 3 377 ¢ 79+02c¢ 49.6 +38.7a 102+12¢
Fresh groundwater inland well GW 4 0.0d 73+£02a 2322 +292.1a 1949 £1339a
National monitoring, SEMS,2020-2021 Reference site (Shikmona) 24 39.16 ¢ 8.1 +0.04c¢ 23.1+273b 1.5+08¢
(surface seawater)
Achziv 24 3897 ¢ 80+003c¢ 281.8+2232a 27+ 1.1c¢

Note. Lowercase letters indicate significant differences between groups (using ANOVA followed by Tukey post-hoc tests, p < 0.05).

3. Data Analysis

Data filtration and normalization were applied using marker-gene data profiling in the MicrobiomeAnalyst
platform (Xia Lab, McGill University, Quebec, Canada) with default parameters (Dhariwal et al., 2017). A low
count filter was used to filter all features with <4 counts in at least 20% of values. Features with <10% variance,
based on the inter-quartile rank, between experimental conditions were filtered using a low variance filter. For
Alpha diversity, all samples were rarefied to even sequencing depth using the minimum library size (12,817
reads). Diversity indices included Shannon and Chaol. For data scaling, total sum scaling was applied. The TSS
normalized ASV dataset was used to generate an ordination plot by non-metric multidimensional scaling (NMDS)
based on Bray—Curtis dissimilarity, for assessing differences in microbial community composition (beta di-
versity). Permutational multivariate analysis of variance (PERMANOVA) was used to make pairwise compar-
isons between the different sample types (Field: Low and high-salinity porewater, Achziv surface seawater and
experimental treatment groups: control ambient coastal seawater (SGD-non influenced), non-filtered, and 5%
filtered 0.1 pm pore size) treatments. Differential abundance analysis and biomarker identification were per-
formed using the DESeq2 and linear discriminant analysis effect size (LEfSe) methods. Both methods were
applied using the MicrobiomeAnalyst platform with default parameters (Dhariwal et al., 2017) to determine the
genomic features most likely to explain differences between groups of samples (biomarkers). Biomarkers (ASVs
with significant effect size) were determined according to LDA score >3.0 (Table S2) and an adjusted p-value
cutoff of alpha <0.05.

Statistical analysis was performed in GraphPad Prism 5.03 (GraphPad, La Jolla, CA, USA). One-way analysis of
variance (ANOVA) was used to determine statistical differences between the control and different mixing
treatments for the three-bottle incubation experiments, and the three field campaign sample types. Multiple
pairwise comparisons were achieved using Tukey 95% confidence intervals.

4. Results and Discussion
4.1. Physicochemical Parameters and SGD Characteristics

Physicochemical parameters of water samples collected during the three sampling campaigns are listed in Table 2.
Porewater samples were collected on the shoreline using piezometers at different depths (0.25-1 m, Figure 1).
According to the recorded porewater salinity values, the porewater samples were divided into two groups: low
(<20 ppt) and high salinity (~30 ppt). In addition, we sampled surface seawater. The measured parameters of
these samples were compared to values obtained for both Achziv and the reference site (Shikmona) during the
routine monitoring program by Israel Oceanographic and Limnological Research, IOLR (Table 2).

The measured parameters reported for Achziv surface seawater during the three field campaigns were comparable
to the ongoing monitoring results obtained during the years 2020-2021 (salinity, pH, and Si(OH),, ANOVA,
p > 0.05) with no significant seasonal or annual differences. The low-salinity porewater samples showed
significantly lower salinity/pH values compared to high-salinity porewater and surface water (Table 2), further
supporting the contribution of freshwater inputs (groundwater and low-salinity porewater had similar pH values,
ANOVA and Tukey post-hoc tests, p > 0.05). The mean N:P ratio of Achziv surface seawater, high- and low-
salinity porewater samples were comparable to values obtained during routine monitoring of the Achziv site.
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Figure 2. Scatter dot plots of surface seawater (control) prokaryote abundance (a), heterotrophic production rate (b) and primary production rate (c) following dilution
with discharged brackish groundwater (1%—20% v:v) or un-amended seawater (control). Results are shown for the second time point of the experiment (42 hr) as
described in the text. Lowercase letters indicate significant differences between treatments (using ANOVA followed by Tukey Post hoc tests, p < 0.05). The temporal
variability of all time points is shown in Figure S2 in Supporting Information S1. The dilution factor was calculated for each treatment to account for the volume of
discharged groundwater added to ambient seawater. Temporal variability of all time points without calculating the dilution factor is presented in Figure S1 in Supporting

Information S1.

The N:P values obtained at all Achziv samples were significantly higher than in the Shikmona reference site,
signifying the influence of SGD as an important source of N. Notably, Si(OH),, PO,*~ and NO;~ concentrations
of porewater samples exceeded the surface seawater samples by an order of magnitude (Figure S5 in Supporting
Information S1), and lie on a conservative mixing line between freshwater and seawater end members (Figure S6
in Supporting Information S1). Higher PO,~ concentrations were observed in all Achziv porewater samples
compared to the reference site, ranging from 0.4 to 3.7 umol L™, but generally peaked at the lower-salinity
samples (3.1 £ 0.6 pmol L™"). It is highly likely that the high N in the inland groundwater originated from
fertilizers in the western Galilee basins due to the intensive agricultural use in this area (Furman & Abbo, 2013).

4.2. Groundwater Discharge Enhances Coastal Microbial Abundance But Constrains Activity

Three bottle incubation experiments were designed to independently study the microbial response of groundwater
additions (brackish or fresh) to ambient coastal seawater. Specifically, the aim of the first experiment (hereafter,
Exp. 1, Table 1) was to investigate the response of ambient coastal microorganisms (unexposed to SGD and
corresponding microbes) to SGD by additions of discharged groundwater at pre-determined volumetric per-
centages (1%, 5%, 10%, 20%) relative to ambient seawater (Figure 2). The chosen volumetric range aimed to
demonstrate naturally occurring conditions that could occur in a SGD site concerning point-source discharge flux.
Results showed that heterotrophic prokaryotic abundance increased in a dose-dependent manner, ranging from
4.8 X 10° + 0.1 x 10> cells mI™" in the control to 1.9 x 10° £ 1.4 X 10’ cells ml™" in the 20% GW treatment
(Figure 2a). Contrary, heterotrophic production rates reached a constant value in our tested mixing ratios already
at 1% GW enrichment; 11.8 + 2.4 pg C L™" day™", while the control values were ~6 fold lower (Figure 2b).
Primary production rates (Figure 2c¢) and chlorophyll A concentrations (Figure S2 in Supporting Information S1),
reached a plateau at 5% treatment, in agreement with an earlier study from the intertidal area affected by SGD in
Monterey Bay (Lecher et al., 2015).

These observations infer groundwater-microbes introduction to seawater populations potentially limits activity,
but not abundance, despite the addition of nutrients by the groundwater discharge (Table 2).

4.3. Groundwater Microbes Transported Through SGD May Limit Coastal Production Rates

To assess the microbial contribution of SGD to heterotrophic production, a second experiment was designed
(hereafter, Exp. 2, Table 1), in which filtered (<0.1 pm 5%) and non-filtered (5% and 20%) groundwater samples
were mixed with the reference ambient coastal seawater (Shikmona). Natural coastal measurements from Achziv-
site were also evaluated (Figure 3, Table 2). Compared to non-filtered groundwater and the control treatments, the
filtered treatment showed the highest change for prokaryote abundance (Figure 3a) and heterotrophic production
rates (Figure 3b). While prokaryote abundance of Achziv surface seawater was similar to the filtered treatment,
heterotrophic production was significantly lower (similar to non-filtered treatments and control, ANOVA and
Tukey Post hoc test, p < 0.05). Contrary, no changes in primary production rates were observed between the
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Figure 3. Scatter dot plots of surface seawater prokaryote abundance (a), heterotrophic production (b), and primary production (c) following dilution with fresh

groundwater (5% and 5% filtered 0.1 pm v:v), un-amended seawater (control SW) or fresh groundwater (Control GW) during Experiment 2. Results are shown for the
third time point of the experiment (67 hr) as described in the text. Surface seawater measurements from Achziv (SGD-site) were also added to this analysis. Lowercase
letters indicate significant differences between treatments (using ANOVA followed by Tukey Post hoc tests, p < 0.05). The temporal variability of all time points is
shown in the Figure S3 in Supporting Information S1. The dilution factor was calculated for each treatment to account for the volume of groundwater added to ambient

seawater.

different groundwater amendment treatments (Figure 3c). The 5% filtered and non-filtered treatments were
significantly higher than the control (ANOV A and Tukey Post hoc tests, p < 0.05), but slightly lower than Achziv
surface seawater (ANOVA and Tukey Post hoc tests, p > 0.05). Moreover, the 20% non-filtered treatment had
rates similar to the control. These findings are in agreement with the results of Exp. 1, where prokaryote
abundance is dose dependent and activity reaches a stable threshold, supported by the natural seawater Achziv
measurements (Figure 3).

Furthermore, changes in concentration of phosphate (PO43_), silica (Si(OH),), nitrate (NO;™), and ammonium
(NH,™) over the incubation experiment period indicated that mainly PO,>~ and Si(OH), were taken up by the
microbial community provided by groundwater amendments (Figure S4 in Supporting Information S1). The 20%
mixing ratio non-filtered treatment utilized significantly more of these nutrients than the other filtered and non-
filtered treatments (Figure S4 in Supporting Information S1), as observed in a previous study (Lecher et al., 2015).
Although prokaryotic productivity was higher in seawater amended with 5% filtered groundwater than with
unfiltered groundwater, inorganic nitrogen did not change significantly between the different treatments during
the experimental period (Figure S4 in Supporting Information S1). Inorganic nitrogen is not considered a limiting
factor for heterotrophic prokaryotic activity in the eastern Mediterranean coast (e.g., Rahav et al., 2016, 2018),
while orthophosphate is (e.g., Kress et al., 2005; Krom et al., 2010). Moreover, nitrate could be involved in other
biogeochemical cycles that are highly affected by the microbial composition (e.g., nitrification/denitrification),
compared with phosphate that is mostly assimilated by microbial cells. Therefore, it is not surprising that
orthophosphate was consumed throughout the experiment, while the nitrogen levels remained overall unchanged.

The higher increase in prokaryote abundance or heterotrophic production in the filtered versus the non-filtered
addition suggests that groundwater microbes affect the seawater communities, highlighting the intricate in-
teractions between autotrophic and heterotrophic microbes in oligotrophic realms such as the Mediterranean coast.

The control fresh groundwater (collected from an inland aquifer), incubated without mixing, showed the lowest
values of abundance and productivity (Figure 3). While lower phototrophic abundance and activity were negligible,
as expected in subsurface environments, the lower prokaryotic abundance (0.8 x 10° + 0.2 x 10° cells mI™") and
heterotrophic productivity (6.74 3.0 ug C L™" day ™) are in agreement with the values reported for pristine inland
fresh groundwater (Griebler & Lueders, 2009). These observations show that a large fraction of communities from
inland aquifers are locally less active. Despite their lower numbers and activity rates, incubation experiments of
groundwater communities showed that groundwater bacteria can respond rapidly to environmental changes as
implied from our data, and grow even when mixed with marine waters. This could ultimately shape coastal mi-
crobial diversity and activity.
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Figure 4. Box-Whisker plots showing the interquartile range (25th to 75th percentile), the median and mean values
(horizontal line and black circle within the box, respectively) of the microbial communities' alpha diversity grouped
according to field and experimental samples assessed by the Chaol richness estimating the number of ASVs (a) and Shannon
(b). Lowercase letters indicate significant differences between treatments (using ANOVA followed by post-hoc pairwise
comparisons, p < 0.05).

4.4. Groundwater Microbes Transported Through SGD May Shape Coastal Community Composition

Sequencing of the 16S rRNA gene resulted in 1,163,791 quality sequences, which clustered into 1632 ASVs,
including field campaigns and bottle incubation experiments. Microbial community diversity of samples
collected in the Achziv field site (low-/high-salinity porewater and surface seawater) was compared with those
obtained from the experimental treatments, namely control seawater (ambient seawater, not influenced by SGD),
non-filtered treatments (1%, 5%, 20%), filtered (5% 0.1 pm pore size) and fresh groundwater from inland wells.
Among these, the high and low-salinity porewater groups were the most diverse for both alpha diversity indices
investigated (Figure 4), indicating high heterogeneity of the porewater microbial community, and a relatively
even community inferred from the higher Shannon index (Figure 4b).
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Figure 5. Overview of the prokaryotic community structure. Non-metric multidimensional scaling (NMDS) analysis, based
on Bray—Curtis dissimilarities of samples collected during three sampling campaigns at Achziv site, grouped according to
porewater salinity (Low/High) and Surface seawater (Achziv SW). Additionally, bottle incubation experimental treatment
samples (control S, non-filtered, 5% filtered and fresh groundwater) are plotted. Stress = 0.12.

Non-metric multidimensional scaling (NMDS) analyses performed on the entire microbial community data
(based on the Bray-Curtis distance) showed that samples separated into groups according to field groups and
experimental treatments (Figure 5; PERMANOVA p < 0.01), where negligible dispersal appeared between
sampling days (sampling days are not indicated here). This implies that the microbial community in Achziv
porewater is relatively stable annually and diversity is primarily influenced by water source (fresh groundwater,
porewater and surface seawater). As shown in Figure 5, the fresh groundwater communities significantly differed
from all other sample types (along NMDS axis 2; Table S2 in Supporting Information S1). Communities from the
different locations did not visually cluster in the NMDS analysis, but were statistically different (Table S2 in
Supporting Information S1).

For one of the field sampling campaign, we measured surface seawater and porewater microbial activity (primary
and heterotrophic production) and prokaryotic abundance. We observed a substantial decrease in all parameters
between the conservative mixing line and seawater (Figure S7 in Supporting Information S1). These findings
illustrate the change in the environment between open seawater and groundwater, which both prevents day light
(may limit productivity) and introduces new communities.

Achziv bacterial community composition (surface seawater) was co-dominated by four marine family-level
taxonomic groups (relative abundance ~55%), including the autotrophic Synechococcus and heterotrophs (Ta-
ble S1, Figures S8, S9 in Supporting Information S1). The three heterotrophic bacterial families were Rhodo-
bacteraceae, Flavobacteriaceae, Actinomarinaceae and SARI11. While Actinomarinaceae was the most
abundant bacterial plankton in Achziv surface seawater samples and the experimental control seawater (ambient
seawater, not influenced by SGD), the SAR11 clade was primarily abundant in the control seawater and non-
filtered experimental treatments, Table S1 in Supporting Information S1. On the other hand, the lowest rela-
tive abundance of Rhodobacteraceae was detected in experimental control seawater, which was comparable with
fresh groundwater samples. Thus, from ambient coastal seawater to SGD-coastal samples (Achziv), the com-
munity composition shifted from a SAR11-dominated to a Rhodobacteraceae-dominated community. Notably,
the relative abundance of Flavobacteriaceae, Alteromonadaceae and Rhodobacteraceae were the highest in the
filtered treatment (Figure 6). Previous studies have linked the presence of these marine microbial taxa in coastal
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Figure 6. Normalized abundances of three families identified by DESeq2. Boxplots represent normalized count abundances
of individual families in each group. Analysis was performed using marker-gene data profiling in MicrobiomeAnalyst (Xia
Lab, McGill University, Quebec, Canada).

aquifers as potential indicators of seawater intrusion, indicating an active land-ocean interface (Chen et al., 2019;
Unno et al., 2015).

Based on the SARI11 to Rhodobacteraceae shift and the substantially higher relative abundance of Rhodo-
bacteraceae in the filtered treatment, we suggest that applying the filtration resulted in a unique scenario, where
the typical-oligotrophic coastal microbial community, growing under constant nutrient-limiting conditions was
exposed to a nutrient-rich solution, almost without potential competitors.

Our results suggest that mixing non-filtered groundwater with ambient coastal seawater induced competitive
interactions between the two different communities, eventually affecting primary and heterotrophic production
rates. This competitive effect was essentially eliminated through filtration because most microbes were removed
from the water, relieving the nutrient limitations of the oligotrophic coastal seawater. Although the transport of
microbial diversity into the coastal ocean through SGD has been addressed mostly with regard to pathogenic or
fecal indicator bacteria (Vollberg et al., 2019; Yau et al., 2014), our results emphasize that marine heterotrophic
bacterioplankton respond taxonomically and functionally to SGD-derived microbes.

Typically, low-salinity porewater and fresh groundwater samples were similar to each other in terms of low
relative abundance of the marine bacteria (Rhodobacteraceae, Flavobacteriaceae) found in the other samples
(Figures 6a and 6¢). Moreover, the higher alpha diversity values in the porewater samples (Figure 4) are explained
by a much more heterogeneous microbial community, which consisted of a diverse mixture of freshwater and
marine microbes. These include the prevalent archeal Woesearchaeotal lineage, widely distributed in inland
anoxic environments (Liu et al., 2018). Woesearchaeotal was found in the fresh groundwater samples (0.3%) and
in very low abundances in Achziv and control surface seawater (Figure S9 in Supporting Information S1).
Interestingly, this archeon was most abundant in low- and high-salinity porewater samples (2.73% and 1.13%,
respectively) Overall, our results show that salinity was a major factor controlling community composition
throughout the sample groups, where some ASVs occupied only a portion of the salinity spectrum (e.g., SAR11
was abundant in saline samples), while others (Flavobacteriaceae, Alteromonadaceae and Rhodobacteraceae)
were mostly abundant in the mixed treatments, and Woesearchaeotal, Sphingomonadaceae were associated with
fresh-brackish. This hints at the potential role of connectivity between terrestrial and marine hydrospheres driven
by SGD in the Achziv site, as demonstrated previously (Herlemann et al., 2011).

Synechococcus was the dominant cyanobacterium detected in all surface seawater and high-salinity porewater
samples (Table S1 in Supporting Information S1). The lowest abundance was associated with the low-salinity
porewater and groundwater samples, probably due to the different environmental conditions, primarily the
lack of light in the aquifer.

Given previous observations that prokaryotes can miniaturize in response to stress or starvation conditions in
subsurface ecosystems (Hahn et al., 2003; Hood & MacDonell, 1987; Luef et al., 2015; MacDonell &
Hood, 1982; Nakai, 2020; Velimirov, 2001), the third experiment (hereafter Exp. 3, Table 1) was designed to
extend on the previous two experiments and further examine the response of coastal communities to different
microbial cell size fractions by mixing sequentially pre-filtered groundwater (non-filtered; 0.22-pm pore size
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Figure 7. (a) Scatter dot plots of heterotrophic and primary production rates following dilution with fresh groundwater (5%, 5% filtered 0.22 pm and 5% filtered 0.1 pm v:
v), un-amended seawater (SW) or diluted with 5% distilled water (5% DDW) during Experiment 3. Results are shown for the final time point of the experiment (only
initial and final measurements were conducted for this experiment). Lowercase letters indicate significant differences between treatments (using ANOVA followed by
Tukey Post hoc tests, p < 0.05). (b) Temporal variability of prokaryote and Synechococcus abundance detected (data derived throughflow cytometry); */** indicate
significant difference between two treatments (p < 0.05 or p < 0.01, respectively), where the rest are non-significant. (c) Bar plot showing relative sequence abundance
of dominant microbial taxa at order level for both coastal sites.

resulting in <0.22 bacteria pm; and 0.1-pm pore size filters resulting in “sterile” groundwater) with the control
ambient seawater, Figure 7. A similar experimental setup reported that a 94 hr incubation period of 0.2-pm pre-
filtered groundwater from a coastal Mediterranean aquifer resulted in increased abundance, cell size and het-
erotrophic production of the bacteria passing through the 0.2-pm filter, indicating that some cells had been
miniaturized in situ due to carbon scarcity (Ruiz-Gonzalez et al., 2021). Also here, heterotrophic production and
prokaryote abundance increased when 0.1 pm filtered groundwater was mixed with the control seawater (as
observed in Exp. 2, Figure 3). However, the 0.22 pm filtration treatment did not exert such a response on pro-
karyote abundance and heterotrophic production, rather induced primary productivity rates, specifically asso-
ciated with Synechococcus abundance, after a 40 hr incubation (Figures 7a and 7b). Cell abundances dropped for
all treatments after a 65 hr incubation period, but even the delayed production rates measured only for the last time
period (65 hr) were still showing a significant response, which supported the abundance trend observed after a
40 hr incubation period. The DDW treatment (Table 1) was included to demonstrate that groundwater mixing
effects occur as a result of terrestrial-coastal microbial interactions, and not due to simple volumetric dilution of
the seawater with fresh water.

4.5. SGD Affects the Interplay Between Synechococcus and Heterotrophic Bacteria

In our two investigated sites (SGD and control), Synechococcus was the dominant cyanobacterium based on 16S
rRNA gene data. Although Synechococcus relative abundance was similar for both sites, we observed marked
differences in the composition of heterotrophic bacteria, specifically SAR11 and Rhodobacteraceae groups
(Figure 7c). The strict oligotrophic SAR11 clade are highly abundant in the open sea, and were found to associate
with Cyanobacteria primarily under poor dissolved organic carbon and nutrient conditions (Kearney et al., 2021).
Alternatively, Rhodobacteraceae is much more metabolically flexible (Xia et al., 2021), allowing this group to
outcompete and dominate other heterotrophs upon groundwater discharge.

Therefore, heterotrophic bacterioplankton largely determine carbon biogeochemical cycling in the ocean through
respiration and biomass production, and their composition appears to be affected by SGD (Kaile’a &
Wiegner, 2016). These results suggest that Synechococcus abundance can increase similarly in the two sites
(SGD-enriched and oligotrophic), but primary production activity was constant. Currently, the mechanistic role
SGD plays in maintaining ecosystem stability remains unknown, and how the groundwater microbiota drives this
effect, particularly concerning different microbial cell size fractions.
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Our study suggests that this relationship may be more complex through changes in SGD fluxes due to sea level
changes. An increase in sea level would reduce SGD fluxes (Kiro et al., 2008), and thus affect the heterotrophic
community in seawater, as concluded in this study. This may have direct implications on the delicate balance
between heterotrophs and autotrophs, and the biogenic carbon fluxes.

5. Conclusions

SGD is an important source of nutrients in coastal environments, especially in oligotrophic environments. In this
study we shed light on the complex contribution of SGD on the ecology of coastal microbial communities through
the transport of groundwater-borne prokaryotes. Diverse microbial communities, naturally inhabiting the sub-
terranean estuary, shape coastal microbial abundance, taxonomic diversity and activity. This ultimately affects
photoautotrophic-heterotrophic specific interactions, marine food webs and biogeochemical cycles of the entire
coastal ecological system. In our current changing climate world, these interactions are crucial for understanding
the possible effects and feedback mechanisms on carbon cycling. Further research is needed to integrate the global
chemical-biological effect of SGD on marine environments, focusing, for example, on STE sediment microbial
dynamics along redox gradients at the terrestrial-marine interface.
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and diversity. PANGAEA, https://doi.org/10.1594/PANGAEA.962218. Raw amplicon sequencing accession
numbers: Raw data from Illumina MiSeq sequencing are deposited to the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under BioProject number PRINA973031.

References

Adyasari, D., Hassenriick, C., Montiel, D., & Dimova, N. (2020). Microbial community composition across a coastal hydrological system affected
by submarine groundwater discharge (SGD). PLoS One, 15(6), €0235235. https://doi.org/10.1371/journal.pone.0235235

Adyasari, D., Hassenriick, C., Oehler, T., Sabdaningsih, A., & Moosdorf, N. (2019). Microbial community structure associated with submarine
groundwater discharge in northern Java (Indonesia). Science of the Total Environment, 689, 590-601. https://doi.org/10.1016/j.scitotenv.2019.
06.193

Bae, S. S., Jung, Y.-H., Kwon, Y. M., Chung, D., Choi, G., Cho, K., et al. (2022). Fulvivirga lutea sp. nov., a marine bacterium isolated from
seawater. International Journal of Systematic and Evolutionary Microbiology, 72(1), 5188. https://doi.org/10.1099/ijsem.0.005188

Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings of the National Academy of Sciences, 115(25),
6506-6511. https://doi.org/10.1073/pnas.1711842115

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-
gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome, 6(1), 1-17. https://doi.org/10.1186/s40168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852—-857. https://doi.org/10.1038/s41587-019-0209-9

Buchan, A., LeCleir, G. R., Gulvik, C. A., & Gonzilez, J. M. (2014). Master recyclers: Features and functions of bacteria associated with
phytoplankton blooms. Nature Reviews Microbiology, 12(10), 686—698. https://doi.org/10.1038/nrmicro3326

Burnett, W. C., Bokuniewicz, H., Huettel, M., Moore, W. S., & Taniguchi, M. (2003). Groundwater and pore water inputs to the coastal zone.
Biogeochemistry, 66(1/2), 3-33. https://doi.org/10.1023/B:BIOG.0000006066.21240.53

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A.J. A., & Holmes, S. P. (2016). DADA2: High-resolution sample inference
from Illumina amplicon data. Nature Methods, 13(7), 581-583. https://doi.org/10.1038/nmeth.3869

Chamberlain, S. D., Kaplan, K. A., Modanu, M., Sirianni, K. M., Annandale, S., & Hewson, 1. (2014). Biogeography of planktonic and benthic
cyanobacteria in coastal waters of the Big Island, Hawai’i. FEMS Microbiology Ecology, 89(1), 80-88. https://doi.org/10.1111/1574-6941.
12337

Chen, L., Hu, B. X,, Dai, H., Zhang, X., Xia, C.-A., & Zhang, J. (2019). Characterizing microbial diversity and community composition of
groundwater in a salt-freshwater transition zone. Science of the Total Environment, 678, 574-584. https://doi.org/10.1016/j.scitotenv.2019.
05.017

Chen, X., Ye, Q., Sanders, C. J., Du, J., & Zhang, J. (2020). Bacterial-derived nutrient and carbon source-sink behaviors in a sandy beach
subterranean estuary. Marine Pollution Bulletin, 160, 111570. https://doi.org/10.1016/j.marpolbul.2020.111570

Dang, H., & Lovell, C. R. (2016). Microbial surface colonization and biofilm development in marine environments. Microbiology and Molecular
Biology Reviews, 80(1), 91-138. https://doi.org/10.1128/mmbr.00037-15

Degenhardt, J., Dlugosch, L., Ahrens, J., Beck, M., Waska, H., & Engelen, B. (2020). Seasonal dynamics of microbial diversity at a sandy high
energy beach reveal a resilient core community. Frontiers in Marine Science, 7, 573570. https://doi.org/10.3389/fmars.2020.573570

Dhariwal, A., Chong, J., Habib, S., King, I. L., Agellon, L. B., & Xia, J. (2017). MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucleic Acids Research, 45(W1), W180-W188. https://doi.org/10.1093/nar/gkx295

Erler, D. V., Santos, I. R., Zhang, Y., Tait, D. R., Befus, K. M., Hidden, A., et al. (2014). Nitrogen transformations within a tropical subterranean
estuary. Marine Chemistry, 164, 38—47. https://doi.org/10.1016/j.marchem.2014.05.008

YANUKA-GOLUB ET AL.

14 of 16

9SUB17 SUOWWOD BANER.ID 3(edijdde au) Aq peusenoB a1e sappie YO ‘SN J0 SaIN 10} AkeiqiT 8UljUO A3]IA LD (SUORIPUCD-PLE-SWLBILIY A8 | IM ARG BUI|UO//SANL) SUONIPUOD PUE SWIS 1 81 39S *[7202/40/ST] Uo Afiqi8ulUO AS|IM ‘UBS0 JO311UBD ZHOYW RH M YINOID 49H Ad 0T9.0090EZ02/620T OT/10p/wod" As 1M Afeiq 1 putjuo'sgndnBey/sdny woay papeojumod ‘2 ‘v202 ‘T96869TC


https://doi.org/10.1594/PANGAEA.962218
https://doi.org/10.1371/journal.pone.0235235
https://doi.org/10.1016/j.scitotenv.2019.06.193
https://doi.org/10.1016/j.scitotenv.2019.06.193
https://doi.org/10.1099/ijsem.0.005188
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1023/B:BIOG.0000006066.21240.53
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/1574-6941.12337
https://doi.org/10.1111/1574-6941.12337
https://doi.org/10.1016/j.scitotenv.2019.05.017
https://doi.org/10.1016/j.scitotenv.2019.05.017
https://doi.org/10.1016/j.marpolbul.2020.111570
https://doi.org/10.1128/mmbr.00037-15
https://doi.org/10.3389/fmars.2020.573570
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1016/j.marchem.2014.05.008

Y YV i

1y
NI Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007610

ADVANCING EARTH
AND SPACE SCIENCES

Fortunato, C. S., & Crump, B. C. (2011). Bacterioplankton community variation across river to ocean environmental gradients. Microbial
Ecology, 62(2), 374-382. https://doi.org/10.1007/s00248-011-9805-z

Furman, A., & Abbo, H. (2013). Groundwater management in Israel. In Water Policy in Israel: Context, Issues and Options (pp. 125-136).

Garcés, E., Basterretxea, G., & Tovar-Sanchez, A. (2011). Changes in microbial communities in response to submarine groundwater input.
Marine Ecology Progress Series, 438, 47-58. https://doi.org/10.3354/meps09311

Griebler, C., & Lueders, T. (2009). Microbial biodiversity in groundwater ecosystems. Freshwater Biology, 54(4), 649-677. https://doi.org/10.
1111/5.1365-2427.2008.02013.x

Hahn, M. W., Liinsdorf, H., Wu, Q., Schauer, M., Hofle, M. G., Boenigk, J., & Stadler, P. (2003). Isolation of novel ultramicrobacteria classified
as actinobacteria from five freshwater habitats in Europe and Asia. Applied and Environmental Microbiology, 69(3), 1442—1451. https://doi.
org/10.1128/aem.69.3.1442-1451.2003

Hays, R. L., & Ullman, W. J. (2007). Dissolved nutrient fluxes through a sandy estuarine beachface (Cape Henlopen, Delaware, USA): Con-
tributions from fresh groundwater discharge, seawater recycling, and diagenesis. Estuaries and Coasts, 30(4), 710-724. https://doi.org/10.
1007/bf02841967

Herlemann, D. P. R., Labrenz, M., Jiirgens, K., Bertilsson, S., Waniek, J. J., & Andersson, A. F. (2011). Transitions in bacterial communities along
the 2000 km salinity gradient of the Baltic Sea. The ISME Journal, 5(10), 1571-1579. https://doi.org/10.1038/ismej.2011.41

Hood, M. A., & MacDonell, M. T. (1987). Distribution of ultramicrobacteria in a gulf coast estuary and induction of ultramicrobacteria. Microbial
Ecology, 14(2), 113-127. https://doi.org/10.1007/bf02013017

Jewell, T. N. M., Karaoz, U., Brodie, E. L., Williams, K. H., & Beller, H. R. (2016). Metatranscriptomic evidence of pervasive and diverse
chemolithoautotrophy relevant to C, S, N and Fe cycling in a shallow alluvial aquifer. The ISME Journal, 10(9), 2106-2117. https://doi.org/10.
1038/ismej.2016.25

Kafri, U., & Kessler, A. (2001). Hydrogeological plan for the development, production and exploitation of the Kabri Basin. Geological Survey of
Israel.

Kaile’a, M. C., & Wiegner, T. N. (2016). Effects of submarine groundwater discharge on bacterial growth efficiency in coastal Hawaiian waters.
Agquatic Microbial Ecology, 77(3), 167-181. https://doi.org/10.3354/ame01797

Kearney, S. M., Thomas, E., Coe, A., & Chisholm, S. W. (2021). Microbial diversity of co-occurring heterotrophs in cultures of marine pico-
cyanobacteria. Environmental Microbiome, 16, 1-15. https://doi.org/10.1186/540793-020-00370-x

Kiro, Y., Yechieli, Y., Lyakhovsky, V., Shalev, E., & Starinsky, A. (2008). Time response of the water table and saltwater transition zone to a base
level drop. Water Resources Research, 44(12). https://doi.org/10.1029/2007wr006752

Kress, N., Frede Thingstad, T., Pitta, P., Psarra, S., Tanaka, T., Zohary, T., et al. (2005). Effect of P and N addition to oligotrophic Eastern
Mediterranean waters influenced by near-shore waters: A microcosm experiment. Deep-Sea Research Part Il Topical Studies in Oceanog-
raphy, 52(22-23), 3054-3073. https://doi.org/10.1016/j.dsr2.2005.08.013

Krom, M. D., Emeis, K. C., & Van Cappellen, P. (2010). Why is the Eastern Mediterranean phosphorus limited? Progress in Oceanography,
85(3—-4), 236-244. https://doi.org/10.1016/j.pocean.2010.03.003

Lecher, A. L., Mackey, K., Kudela, R., Ryan, J., Fisher, A., Murray, J., & Paytan, A. (2015). Nutrient loading through submarine groundwater
discharge and phytoplankton growth in Monterey Bay, CA. Environmental Science & Technology, 49(11), 6665—-6673. https://doi.org/10.1021/
acs.est.5b00909

Lecher, A. L., Mackey, K. R. M., & Paytan, A. (2017). River and submarine groundwater discharge effects on diatom phytoplankton abundance in
the Gulf of Alaska. Hydrology, 4(4), 61. https://doi.org/10.3390/hydrology4040061

Lee, E., Shin, D., Hyun, S. P., Ko, K. S., Moon, H. S., Koh, D. C., et al. (2017). Periodic change in coastal microbial community structure
associated with submarine groundwater discharge and tidal fluctuation. Limnology & Oceanography, 62(2), 437-451. https://doi.org/10.1002/
1no.10433

Liu, X., Li, M., Castelle, C. J., Probst, A. J., Zhou, Z., Pan, J., et al. (2018). Insights into the ecology, evolution, and metabolism of the widespread
Woesearchaeotal lineages. Microbiome, 6, 1-16. https://doi.org/10.1186/s40168-018-0488-2

Luef, B., Frischkorn, K. R., Wrighton, K. C., Holman, H.-Y. N., Birarda, G., Thomas, B. C., et al. (2015). Diverse uncultivated ultra-small
bacterial cells in groundwater. Nature Communications, 6(1), 1-8. https://doi.org/10.1038/ncomms7372

MacDonell, M. T., & Hood, M. A. (1982). Isolation and characterization of ultramicrobacteria from a gulf coast estuary. Applied and Envi-
ronmental Microbiology, 43(3), 566-571. https://doi.org/10.1128/aem.43.3.566-571.1982

Magnabosco, C., Lin, L.-H., Dong, H., Bomberg, M., Ghiorse, W., Stan-Lotter, H., et al. (2018). The biomass and biodiversity of the continental
subsurface. Nature Geoscience, 11(10), 707-717. https://doi.org/10.1038/s41561-018-0221-6

McAllister, S. M., Barnett, J. M., Heiss, J. W., Findlay, A. J., MacDonald, D.J., Dow, C. L., et al. (2015). Dynamic hydrologic and biogeochemical
processes drive microbially enhanced iron and sulfur cycling within the intertidal mixing zone of a beach aquifer. Limnology & Oceanography,
60(1), 329-345. https://doi.org/10.1002/In0.10029

Momper, L., Jungbluth, S. P., Lee, M. D., & Amend, J. P. (2017). Energy and carbon metabolisms in a deep terrestrial subsurface fluid microbial
community. The ISME Journal, 11(10), 2319-2333. https://doi.org/10.1038/ismej.2017.94

Moore, W. S. (1999). The subterranean estuary: A reaction zone of ground water and sea water. Marine Chemistry, 65(1-2), 111-125. https://doi.
org/10.1016/S0304-4203(99)00014-6

Moore, W. S. (2010). The effect of submarine groundwater discharge on the ocean. Annual Review of Marine Science, 2(1), 59-88. https://doi.org/
10.1146/annurev-marine-120308-081019

Nakai, R. (2020). Size matters: Ultra-small and filterable microorganisms in the environment. Microbes and Environments, 35(2), ME20025.
https://doi.org/10.1264/jsme2.me20025

Nagib, A., Poggi, S., Wang, W., Hyde, M., Kunstman, K., & Green, S. J. (2018). Making and sequencing heavily multiplexed, high-throughput
16S ribosomal RNA gene amplicon libraries using a flexible, two-stage PCR protocol. Gene Expression Analysis: Methods and Protocols,
149-169.

Nielsen, E. S. (1952). The use of radio-active carbon (c14) for measuring organic production in the sea. ICES Journal of Marine Science, 18(2),
117-140. https://doi.org/10.1093/icesjms/18.2.117

Osburn, M. R., LaRowe, D. E., Momper, L. M., & Amend, J. P. (2014). Chemolithotrophy in the continental deep subsurface: Sanford Un-
derground Research Facility (SURF), USA. Frontiers in Microbiology, 5, 610. https://doi.org/10.3389/fmicb.2014.00610

Overholt, W. A., Trumbore, S., Xu, X., Bornemann, T. L. V., Probst, A. J., Kriiger, M., et al. (2022). Carbon fixation rates in groundwater similar
to those in oligotrophic marine systems. Nature Geoscience, 15(7), 561-567. https://doi.org/10.1038/s41561-022-00968-5

Paldor, A., Katz, O., Aharonov, E., Weinstein, Y., Roditi-Elasar, M., Lazar, A., & Lazar, B. (2020). Deep submarine groundwater discharge—
evidence from Achziv Submarine Canyon at the exposure of the Judea Group confined aquifer, eastern Mediterranean. Journal of
Geophysical Research: Oceans, 125(1). https://doi.org/10.1029/2019jc015435

YANUKA-GOLUB ET AL.

15 of 16

9SUB17 SUOWWOD BANER.ID 3(edijdde au) Aq peusenoB a1e sappie YO ‘SN J0 SaIN 10} AkeiqiT 8UljUO A3]IA LD (SUORIPUCD-PLE-SWLBILIY A8 | IM ARG BUI|UO//SANL) SUONIPUOD PUE SWIS 1 81 39S *[7202/40/ST] Uo Afiqi8ulUO AS|IM ‘UBS0 JO311UBD ZHOYW RH M YINOID 49H Ad 0T9.0090EZ02/620T OT/10p/wod" As 1M Afeiq 1 putjuo'sgndnBey/sdny woay papeojumod ‘2 ‘v202 ‘T96869TC


https://doi.org/10.1007/s00248-011-9805-z
https://doi.org/10.3354/meps09311
https://doi.org/10.1111/j.1365-2427.2008.02013.x
https://doi.org/10.1111/j.1365-2427.2008.02013.x
https://doi.org/10.1128/aem.69.3.1442-1451.2003
https://doi.org/10.1128/aem.69.3.1442-1451.2003
https://doi.org/10.1007/bf02841967
https://doi.org/10.1007/bf02841967
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1007/bf02013017
https://doi.org/10.1038/ismej.2016.25
https://doi.org/10.1038/ismej.2016.25
https://doi.org/10.3354/ame01797
https://doi.org/10.1186/s40793-020-00370-x
https://doi.org/10.1029/2007wr006752
https://doi.org/10.1016/j.dsr2.2005.08.013
https://doi.org/10.1016/j.pocean.2010.03.003
https://doi.org/10.1021/acs.est.5b00909
https://doi.org/10.1021/acs.est.5b00909
https://doi.org/10.3390/hydrology4040061
https://doi.org/10.1002/lno.10433
https://doi.org/10.1002/lno.10433
https://doi.org/10.1186/s40168-018-0488-2
https://doi.org/10.1038/ncomms7372
https://doi.org/10.1128/aem.43.3.566-571.1982
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1002/lno.10029
https://doi.org/10.1038/ismej.2017.94
https://doi.org/10.1016/S0304-4203(99)00014-6
https://doi.org/10.1016/S0304-4203(99)00014-6
https://doi.org/10.1146/annurev-marine-120308-081019
https://doi.org/10.1146/annurev-marine-120308-081019
https://doi.org/10.1264/jsme2.me20025
https://doi.org/10.1093/icesjms/18.2.117
https://doi.org/10.3389/fmicb.2014.00610
https://doi.org/10.1038/s41561-022-00968-5
https://doi.org/10.1029/2019jc015435

A~

1y
NI Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007610

ADVANCING EARTH
AND SPACE SCIENCES

Paldor, A., Shalev, E., Katz, O., & Aharonov, E. (2019). Dynamics of saltwater intrusion and submarine groundwater discharge in confined
coastal aquifers: A case study in northern Israel. Hydrogeology Journal, 27(5), 1-15. https://doi.org/10.1007/s10040-019-01958-5

Probst, A. J., Ladd, B., Jarett, J. K., Geller-Mcgrath, D. E., Sieber, C. M. K., Emerson, J. B., et al. (2018). Differential depth distribution of
microbial function and putative symbionts through sediment-hosted aquifers in the deep terrestrial subsurface. Nature Microbiology, 3(3),
328-336. https://doi.org/10.1038/s41564-017-0098-y

Purkamo, L., von Ahn, C. M. E., Jilbert, T., Muniruzzaman, M., Bange, H. W., Jenner, A.-K., et al. (2022). Impact of submarine groundwater
discharge on biogeochemistry and microbial communities in pockmarks. Geochimica et Cosmochimica Acta, 334, 14-44. https://doi.org/10.
1016/j.gca.2022.06.040

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: Improved
data processing and web-based tools. Nucleic Acids Research, 41(D1), D590-D596. https://doi.org/10.1093/nar/gks1219

Rahav, E., Giannetto, M., & Bar-Zeev, E. (2016). Contribution of mono and polysaccharides to heterotrophic N2 fixation at the eastern Medi-
terranean coastline. Scientific Reports, 6, 1-11. https://doi.org/10.1038/srep27858

Rahav, E., Raveh, O., Hazan, O., Gordon, N., Kress, N., Silverman, J., & Herut, B. (2018). Impact of nutrient enrichment on productivity of coastal
water along the SE Mediterranean shore of Israel-A bioassay approach. Marine Pollution Bulletin, 127, 559-567. https://doi.org/10.1016/].
marpolbul.2017.12.048

Rahav, E., Raveh, O., Yanuka-Golub, K., Belkin, N., Astrahan, P., Maayani, M., et al. (2020). Nitrate-enrichment structures phytoplankton
communities in the shallow eastern Mediterranean coastal waters. Frontiers in Marine Science, 7. https://doi.org/10.3389/fmars.2020.611497

Rahav, E., Silverman, J., Raveh, O., Hazan, O., Rubin-Blum, M., Zeri, C., et al. (2019). The deep water of Eastern Mediterranean Sea is a hotspot
for bacterial activity. Deep Sea Research Part II: Topical Studies in Oceanography, 164, 135-143. https://doi.org/10.1016/j.dsr2.2019.03.004

Robinson, C. E., Xin, P., Santos, I. R., Charette, M. A., Li, L., & Barry, D. A. (2018). Groundwater dynamics in subterranean estuaries of coastal
unconfined aquifers: Controls on submarine groundwater discharge and chemical inputs to the ocean. Advances in Water Resources,
115(October 2017), 315-331. https://doi.org/10.1016/j.advwatres.2017.10.041

Rocha, C., Robinson, C. E., Santos, I. R., Waska, H., Michael, H. A., & Bokuniewicz, H. J. (2021). A place for subterranean estuaries in the coastal
zone. Estuarine, Coastal and Shelf Science, 250, 107167. https://doi.org/10.1016/j.ecss.2021.107167

Rodellas, V., Garcia-Orellana, J., Masqué, P., Feldman, M., Weinstein, Y., & Boyle, E. A. (2015). Submarine groundwater discharge as a major
source of nutrients to the Mediterranean Sea. Proceedings of the National Academy of Sciences, 112(13), 3926-3930. https://doi.org/10.1073/
pnas.1419049112

Ruiz-Gonzilez, C., Rodellas, V., & Garcia-Orellana, J. (2021). The microbial dimension of submarine groundwater discharge: Current challenges
and future directions. FEMS Microbiology Reviews, 45(5). https://doi.org/10.1093/femsre/fuab010

Santos, 1. R., Chen, X., Lecher, A. L., Sawyer, A. H., Moosdorf, N., Rodellas, V., et al. (2021). Submarine groundwater discharge impacts on
coastal nutrient biogeochemistry. Nature Reviews Earth and Environment, 2(5), 307-323. https://doi.org/10.1038/s43017-021-00152-0

Slomp, C. P., & Van Cappellen, P. (2004). Nutrient inputs to the coastal ocean through submarine groundwater discharge: Controls and potential
impact. Journal of Hydrology, 295(1-4), 64-86. https://doi.org/10.1016/j.jhydrol.2004.02.018

Smith, D. C., & Azam, F. (1992). A simple, economical method for measuring bacterial protein synthesis rates in seawater using 3H-leucine.
Marine Microbiol Food Webs, 6(2), 107-114.

Unno, T., Kim, J., Kim, Y., Nguyen, S. G., Guevarra, R. B., Kim, G. P., et al. (2015). Influence of seawater intrusion on microbial communities in
groundwater. Science of the Total Environment, 532, 337-343. https://doi.org/10.1016/j.scitotenv.2015.05.111

Velimirov, B. (2001). Nanobacteria, ultramicrobacteria and starvation forms: A search for the smallest metabolizing bacterium. Microbes and
Environments, 16(2), 67-77. https://doi.org/10.1264/jsme2.2001.67

Vollberg, F., Walther, M., Giirdes, A., & Moosdorf, N. (2019). Modeling the potential of submarine groundwater discharge to facilitate growth of
Vibrio cholerae bacteria. Hydrology, 6(2), 39. https://doi.org/10.3390/hydrology6020039

Wang, X., Ye, Y., Xu, F.-F., Duan, Y.-H., Xie, P.-F., Yang, Q., & Zhang, X.-L. (2021). Maritimibacter alexandrii sp. nov., a new member of
Rhodobacteraceae isolated from marine phycosphere. Current Microbiology, 78(11), 3996—4003. https://doi.org/10.1007/s00284-021-02645-z

Weinstein, Y., Less, G., Kafri, U., & Herut, B. (2006). Submarine groundwater discharge in the southeastern Mediterranean (Israel). Radioactivity
in the Environment, 8, 360-372. https://doi.org/10.1016/S1569-4860(05)08029-0

Xia, X., Zheng, Q., Leung, S. K., Wang, Y., Lee, P. Y., Jing, H., et al. (2021). Distinct metabolic strategies of the dominant heterotrophic bacterial
groups associated with marine Synechococcus. Science of the Total Environment, 798, 149208. https://doi.org/10.1016/j.scitotenv.2021.
149208

Yanuka-Golub, K., Belkin, N., Weber, N., Mayyani, M., Levy, Y., Reznik, . J., et al. (2024). Groundwater microorganisms affect coastal seawater
microbial abundance, activity and diversity. [Dataset] PANGAEA. https://doi.org/10.1594/PANGAEA.962218

Yau, V. M., Schiff, K. C., Arnold, B. F., Griffith, J. F., Gruber, J. S., Wright, C. C., et al. (2014). Effect of submarine groundwater discharge on
bacterial indicators and swimmer health at Avalon Beach, CA, USA. Water Research, 59, 23-36. https://doi.org/10.1016/j.watres.2014.03.050

Zheng, Q., Wang, Y., Xie, R., Lang, A. S., Liu, Y., Lu, J., et al. (2018). Dynamics of heterotrophic bacterial assemblages within Synechococcus
cultures. Applied and Environmental Microbiology, 84(3), €01517-17. https://doi.org/10.1128/aem.01517-17

Erratum

In the originally published version of this article the authors inadvertently omitted the contribution information
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updated, and this may be considered the authoritative version of record.
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