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Beach aquifers, located in the subsurface of sandy beaches, are unique ecosystems with
steep chemical and physical gradients resulting from the mixing of terrestrial fresh
groundwater and saline groundwater from the sea. While work has rapidly progressed
to understand the physics and chemistry in this environment, much less is known about
the microorganisms present despite the fact that they are responsible for vital
biogeochemical processes. This paper presents a review of the current state of
knowledge of microbes within beach aquifers and the mechanisms that control the
beach aquifer microbiome. We review literature describing the distribution and diversity
of microorganisms in the freshwater-saltwater mixing zone of beach aquifers, and identify
just 12 papers. We highlight knowledge gaps, as well as future research directions: The
understanding of beach aquifer microorganisms is informed primarily by 16S ribosomal
RNA gene sequences. Metagenomics and metatranscriptomics have not yet been applied
but are promising approaches for elucidating key metabolic and ecological roles of
microbes in this environment. Additionally, variability in field sampling and analytical
methods restrict comparison of data across studies and geographic locations. Further,
documented evidence on the migration of microbes within the beach aquifer is limited.
Taking into account the physical transport of microbes through sand by flowing
groundwater may be critical for understanding the structure and dynamics of microbial
communities. Quantitative measurements of rates of elemental cycling in the context of
microbial diversity need further investigation, in order to understand the roles of microbes in
mediating biogeochemical fluxes from the beach aquifer to the coastal ocean. Lastly,
understanding the current state of beach aquifers in regulating carbon stocks is critical to
foster a better understanding of the contribution of the beach aquifer microbiome to global
climate models.

Keywords: subterranean estuary, coastal aquifers, microbiome, sandy beach, groundwater, biogeochemistry

INTRODUCTION

Oceanic sandy beaches are dynamic environments teeming with life. Sandy beaches represent 31% of
the world’s unfrozen shoreline (Luijendijk et al., 2018) and are defined as shorelines consisting of
permeable, sandy sediments (Charette et al., 2005). Serving as functional links between land and sea,
sandy beaches provide numerous invaluable ecosystem services (Rocha, 2008), including coastal
protection (Hanley et al., 2014), filtration and purification of water (Brown and McLachlan, 2002),
nutrient mineralization (Schlacher et al., 2007), storage and discharge of submarine groundwater
(Kim and Heiss, 2021), and the provision of nursery and nesting areas for fish and bird species
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Subaerial sands

FIGURE 1 | Diagram of a beach aquifer. Adapted from Robinson et al., 2018 and Ruiz-Gonzélez et al., 2021 (ISC: intertidal saltwater cell).

Mean Sea Level

(Brown and McLachlan, 2002; Defeo et al., 2009). Beaches are also
economically important (Hanley et al., 2014; Dominguez-Tejo
et al., 2018) because they provide a place for recreation and
fishing. In California, a location globally renowned for its beaches,
revenue from beach-related tourism is estimated at $17.6 billion
per year (Eastern Research Group, 2015).

During the past decade, interest in studying sandy beaches has
increased (Dugan et al, 2010). One of the most rapidly
progressing research areas at sandy beaches involves the study
of beach aquifers (located in the subsurface of beaches) and
submarine groundwater discharge from the beach aquifer to
the sea (Robinson et al., 2018).

Characteristics of a Beach Aquifer

The beach aquifer is defined as the region below the surface of the
sandy beach saturated with groundwater (Figure 1). Groundwater in
the beach aquifer consists of land-derived freshwater and saline
water of marine origin, and can be described by three distinct regions
(Abarca et al., 2013): an intertidal saltwater cell (where seawater is
flushed through the beach forced by waves and tides) (Robinson
et al,, 2006; Bakhtyar et al., 2012); an area of terrestrial freshwater
(originating from the upland watershed) (Heiss et al., 2017); and a
deep saltwater wedge (Heiss and Michael, 2014). The interface
between the three water types is termed the subterranean estuary
and has steep physical and chemical gradients, similar to a surface
water estuary (Moore, 1999). Water that is discharged to the coastal
ocean from the beach aquifer is referred to as submarine
groundwater discharge (Robinson et al., 2018). Depending in part
on the geomorphology of the beach, the relative spatial extents of the
different regions in Figure 1 will vary. For example, the presence of
an impermeable layer in the beach aquifer could appreciably affect
this conceptual model.

Beach Aquifers as Biogeochemical
Reactors and Important Pathways to the

Coastal Ocean
The mixing of freshwater and saltwater in beach aquifer was first
described in detail in the landmark work by Lebbe (1981). The

interplay between physical and chemical gradients set up by the
mixing of seawater and freshwater influences the resultant
precipitation of minerals in the beach aquifer (Robinson et al.,
2018). Although early works have reviewed the physical
characteristics of beach aquifers fairly extensively (Michael
et al.,, 2005; Vandenbohede and Lebbe, 2006), in recent years,
geochemical and microbial properties of beach aquifer systems
are gaining attention (Kim and Heiss, 2021). Physical
characteristics such as terrestrial freshwater hydraulic
gradients, waves and tidal inputs of seawater, and general
geometry of the region influence the mixing of seawater and
freshwater within the beach aquifer (Robinson et al., 2007; Beck
et al,, 2011; Abarca et al.,, 2013; Kim and Heiss, 2021). Among
chemical characteristics within the beach aquifer (Charette and
Sholkovitz, 2002; Charette et al., 2005; McAllister et al., 2015),
land-derived freshwater can contribute elevated concentrations of
nitrate, phosphate, dissolved silica and organic carbon (Abarca
et al., 2013; Kim and Heiss, 2021); on the other hand, infiltrating
seawater contributes oxygen, salt, sulfate, and organic matter
(Kim and Heiss, 2021). The existence of physical and chemical
gradients has been documented in several beaches around the
world (Santoro et al., 2008; Beck et al., 2011; Robinson et al.,
2018).

Within the beach aquifer, microbially mediated
biogeochemical processes break down organic matter (Ahrens
et al,, 2020) thereby changing the oxidation state and form of
nutrients (Santoro et al.,, 2006; Bone et al., 2007; Kroeger and
Charette, 2008; McAllister et al., 2015), trace metals (Charette and
Sholkovitz, 2002; Charette et al., 2005), carbon (Dorsett et al.,
2011) and oxygen (Heiss et al., 2017). In fact, a wide range of
biogeochemical reactions has been documented within beach
aquifers (Heiss et al, 2017), including but not limited to
nitrification (Ullman et al., 2003), denitrification (Santoro,
2010; Wegner et al, 2018), anammox (Slomp and Van
Cappellen, 2004; Kroeger and Charette, 2008; Sdenz et al,
2012), iron oxidation-reduction (Charette and Sholkovitz,
2002; Beck et al., 2011; McAllister et al., 2015), manganese
oxidation-reduction (Ahrens et al., 2020), sulfate oxidation-
reduction (McAllister et al., 2015), organic carbon degradation
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et al., 2020, Hong et al., 2019).

FIGURE 2 | Geographic locations of globally sampled beach aquifers. Note - some dots overlap with others (Sources: Santoro et al., 2006; Santoro et al., 2008;
McAllister et al., 2015; Ye et al., 2016; Lee et al., 2017; Adyasari et al., 2019; Chen et al., 2019; Jiang et al., 2020; Chen et al., 2020; Adyasari et al., 2020; Degenhardt

LEGEND

. Sampled beach é
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(Kroeger and Charette, 2008; Sirois et al, 2018), and
methanogenesis (Adyasari et al, 2020). Therefore, the beach
aquifer can essentially be viewed as a “biogeochemical reactor”
(Anschutz et al., 2009) where mixing of freshwater and saltwater
has dramatic effects on microbial elemental cycling (Kroeger and
Charette, 2008).

Work to date suggests that the above mentioned
biogeochemical processes may modulate the flux of chemicals
to the coastal ocean (Boehm et al., 2006; Santos et al., 2009; Kim
et al., 2012; Santos et al., 2014; Yang et al., 2015; Robinson et al.,
2018; Welch et al., 2019; McKenzie et al., 2020) when coupled to
the inflow and outflow of groundwater to and from the beach
aquifer as well as oceanic forcing (Kim and Heiss, 2021). Indeed
some field studies demonstrate elemental fluxes from submarine
groundwater discharge of beach aquifers that are on par with
those from large nearby river systems (Moore, 2010).

While it is understood that microbes play a role in these various
processes in the beach aquifer, there is a paucity of studies describing
the distribution, diversity, and function of microbes there. Further,
recent work has highlighted the importance of the interplay of
physical and chemical processes in controlling the distribution and
transformation of chemicals in the beach aquifer, and their flux to
the coastal ocean (Robinson et al., 2018), but similar work exploring
the added (and critical) role of microbes is scarce. Therefore, the goal
of this study is to review the literature on microbes in the beach
aquifer to identify knowledge gaps and future research directions.
While this paper was in review, a complementary review by Ruiz-
Gonzélez et al. (2021) on the microbial dimension of submarine
groundwater discharge was published.

LITERATURE REVIEW

We conducted literature searches on 23" December 2020 using
the web-of-science search terms [(beach or subterranean estuary)

and microorganisms] and [submarine groundwater and beach] to
identify published studies that have investigated the beach
microbiome, and we also identified seemingly relevant
references within those papers. Papers were included if they
described the microorganisms in the beach aquifer. We
excluded papers that were not specifically carried out in the
aquifers of sandy beaches. Papers describing research in tidal flats,
intertidal beach sands, subtidal sediments, or impermeable
sediments were excluded, as they were not within the scope of
this study.

We identified only 12 studies that have investigated the
distribution, diversity, or function of microorganisms in the
beach aquifer (Figure 2; Table 1). However, we identified a
number of papers that examined microbial diversity in
subtidal sands (sands consistently bathed in seawater at the
bottom of the water column, yet not within the beach aquifer)
and in intertidal sands (sands exposed to air at low tide and
underwater at high tide, also not within the beach aquifer); we
briefly review those papers here, due to their potential relevance
to the beach aquifer microbiome given the close proximities of
these environments and similar physical characteristics.

In subtidal sands, researchers have identified a diverse group
of bacteria capable of many potential metabolic functions
(Urakawa et al., 2000; Rusch et al., 2003; Hunter et al., 2006;
Serensen et al., 2007; Mills et al., 2008; Boer et al., 2009; Gaidos
et al,, 2011; Gobet et al., 2012). They show that despite their low
carbon content, subtidal sands could harbor a diverse and robust
microbiome. Beck et al. (2011) documented microbial abundance
and metabolic rates in sediment cores in a tidal flat to contrast
paleo-environmental imprints and modern-day processes.

In intertidal sands, a few studies have characterized the
diversity of microbes associated with several potential
metabolic functions, as well as potential human pathogens
(Yamahara et al., 2007; Cui et al., 2013; Staley and Sadowsky,
2016; Romao et al,, 2017). In these studies, the intertidal sands
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TABLE 1 | Summary of findings on microbial communities in beach aquifers.

Source

Hong et al.
(2019)

Jiang et al.
(2020)

Degenhardt
et al. (2020)

Chen et al.
(2020)

Adyasari et al.
(2020)

Adyasari et al.
(2019)

Chen et al.
(2019)

Leeetal. (2017)

Study site

Gloucester point, VA,
United States

Beach in sanggou bay
national

Spiekeroog island,
Germany

Shengsi island, China

Mobile bay, gulf of
Mexico

Jepara, Indonesia

Qinzhou bay, China

Gongcheonpo beach,
jeju island, korea

Main findings

1) aerobic-anaerobic transition zone (AATZ)
had the highest diversity of microbes

2) AATZ was a hotspot for biogeochemical
processes in the subterranean estuary (STE)
1) active carbon turnover in the STE

2) seasonality affects microbial activity that
stimulates DOC production and removal

3) porewater flow rate influences DOC
production and removal by microbes

4) heterotrophic species abundance
accelerates carbon transformation rates (in
higher temperatures)

1) No clear correlation of the microbial
community composition with STE salinity
gradients along a sandy high-energy beach
2) equilibrium state of microbial diversity
down to a depth of 1 m defined as “core”
community

3) prevalence of generalist microorganisms,
adapted to quickly changing environmental
conditions

1) diversity of dominant bacteria in coastal
well water and porewater is different

2) main species present in sample types
participate in the degradation of organic
pollutants and utilization of nitrate in STEs
1) higher microbial diversity was found in the
coastal pore water than the surface water
samples

2) distinct archaeal communities dominated
the peat-dominated and sandy-dominated
SGD samples

1) microbial community composition varied
with salinity

2) fecal indicators and potential pathogens
were identified

3) microbial community composition varied
with hydrology

1) microbial community composition varied
with size fraction

2) some key microbial groups from the two
size fractions were utilized in the
transformation of carbon, nutrients and iron
3) microbial communities have important
roles in carbon, nitrogen and iron cycling in
STEs

1) less diverse microbial groups were
detected in seawater-dominated samples
when compared with groundwater-
dominated samples

2) significant relationships between
environmental factors and microbial
communities were observed

3) community composition varied significantly
with tidal fluctuation

Sample type

Sediment core (100 cm in length),
groundwater samples (between 25 cm and
100 cm below surface of sand, adjacent to
sediment core)

Sediment core (22 cm in length), porewater
samples (between 0 cm and 20 cm below
surface of sand, adjacent to sediment core)

Sediment core (100 cm in length), porewater
samples (at 0 cm, 10 cm, 30 cm, 50 cm and
100 cm below surface of sand, adjacent to
sediment core)

Well water, pore water (100 cm from surface)

Sediment core (150 cm from surface of sand),
river water (from surface), inland groundwater
(800 cm from surface), coastal pore water
(2500 cm from surface), bay water (from
surface)

Dug wells, pore water, seepage meters, river
water, seawater (pore water and seepage
meter samples were categorized as submarine
groundwater discharge samples). All samples
were collected with vertical profiles between
0 cm to 20 cm below surface of sand

Well water (at 4 m depth below surface of
sand)

Coastal water samples, and black sand
samples (collected according to tidal stage)

The Beach Aquifer Microbiome

Method

Target:V4
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V1-V3
16S rRNA gene-based
pyrosequencing

(Continued on following page)
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TABLE 1 | (Continued) Summary of findings on microbial communities in beach aquifers.

Source Study site

Ye et al. (2016)  Yellow sea coast,

China

McAllister et al.

(2015) Delaware

Santoro et al.
(2006)

Huntington beach,
California,
United States

Santoro et al.
(2008)

Huntington beach,
California,
United States

sampled were from a location where one might place a beach

Cape shores, lewes,

Main findings

1) less diverse bacterial groups were
detected in well water samples when
compared with those detected in pore water
samples

2) well water samples were associated with
bacterial communities that were involved in
nitrate cycling, while brackish porewater
samples were associated with microbes
involved in ammonium cycling

3) bacterial communities were correlated with
the salinity gradient

4) distinct bacterial communities were
detected among different porewater samples
1) microbial communities significantly
influenced Fe and S mineralization

2) hydrological fluctuations affect the location
of Fe & S mineralization

1) first study characterizing N-cycling
functional genes and denitrifier community
composition in the beach aquifer system

2) geochemistry (nitrate and salinity) plays an
important role in shaping denitrifying bacterial
communities

3) nonequilibrium state of coastal aquifers is
likely playing a vital role in shaping the
microbial community

1) pioneering study documenting the
abundance and community composition of
both AOA and AOB (and nitrification genes) in
the beach aquifer

2) salinity appeared to be responsible for the
shift from an AOA-dominated community at
low-salinities to an AOB-dominated
community at the most marine site

3) AOA diversity was high at all sites and time
points, while AOB was extremely low

Actinobacteria,

Sample type

Pore water in unconsolidated deposits (15 m
from surface of sand), bedrock fissure water
(0.3-0.4 m from surface of sand), beach
coarse sand pore water (0.5 m-1.5 m from
surface of sand)

Porewater samples from long-term multilevel
sampling wells (390 cm-3600 cm from
surface of sand)

5 cubic cm of sediment, pore water

5 cubic cm of sediment, pore water

Firmicutes,

and Vernucomicrobia.

The Beach Aquifer Microbiome

Method

Target: V4-V5
16S rRNA-based illumina
MiSeq sequencing

Target: V1-V3 SSU; 454
pyrosequencing

Target: nirk, nirS

ABI 3100 or ABI 3730
capillary sequencer (PE
applied biosystems)

Target: Bacterial amoA,
archaeal amoA

ABI 3730XL capillary
sequencer (PE applied
biosystems)

Within

towel; many of these studies sought primarily to understand
whether human pathogens are present in beach sands.

Below we summarize the 12 papers on microbial distribution,
diversity, and function in the beach aquifer. Our summary is
guided by the following questions 1) what do we know about the
beach aquifer microbiome? 2) what are the biggest challenges for
characterizing and reporting microbial communities and
associated metabolisms in beach aquifers? and 3) which future
research directions warrant attention?

WHAT DO WE KNOW ABOUT THE BEACH
AQUIFER MICROBIOME?

Microbial Community Characteristics in the
Beach Aquifer

Nine of the 12 studies investigated the microbial community
using 16S rRNA amplicon sequencing (Table 2) and these studies
found that Proteobacteria dominated all samples. Chloroflexi and
Bacteroidetes were the next most dominant phyla. Other

documented phyla were Planctomycetes, Acidobacteria,

Proteobacteria, genus-level identification revealed members
belonging to Alphaproteobacteria, Betaproteobacteria and
Gammaproteobacteria, which varied in proportion among
saline groundwater and brackish/fresh well water samples. Less
commonly  observed  were  genera  belonging to
Epsilonproteobacteria and Zetaproteobacteria (only noted in
McAllister et al. (2015)). More commonly observed genera
were  Sphingobium,  Pseudoalternomonas,  Flavobacterium,
Limnohabitans, ~ Rhodobacter, — Aquiluna,  Pseudomonas,
Marinobacterium, and Nitrospira. Although some genera were
consistently observed globally, at the species-level, data were not
provided in all the publications.

Four of the 12 studies characterized archaea in the beach
aquifer. Santoro et al. (2008) characterized the archaeal
community composition in a beach aquifer, focusing
specifically on ammonia-oxidizing Thaumarchaeota. Other
studies (Chen et al., 2019; Hong et al., 2019; Jiang et al., 2020)
characterized the archaeal community composition in addition to
the bacterial community composition using amplicon
sequencing. Hong et al. (2019) documented Crenarchaeota
(60%), Euryarchaeota (30%) as the dominant archaeal phyla
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TABLE 2 | Summary of microbial communities in beach aquifers. The organisms listed were extracted from figures and tables provided in the original study, the lists include all
the organisms in the study.

Study

Hong et al.
(2019)
Jiang et al.
(2020)

Degenhardt et al.

(2020)

Chen et al.
(2020)

Adyasari et al.
(2020)

Adyasari et al.
(2019)

Chen et al.
(2019)

Bacteria

Proteobacteria, Chloroflexi, Planctomycetes, Bacteroidetes,
Acidobacteria, Cyanobacteria, unclassified phyla
Proteobacteria, Actinobacteria, Bacteroidetes, and
Firmicutes

Pseudoalteromona, Marinobacter, Colwellia, Sphingobium,
Thioprofundum, Gp10, and llumatobacter

Acidobacteria,

Actinobacteria, Chloroflexi, Planctomycetes, Proteobacteria,
Verrucomicrobia, Bacteroidetes,

Latescibacteria, and Firmicutes

Gillisia, Lewinella, Aquibacter, Sediminicola, Winogradskyella,
Nitrospira, Fuerstia, Sulfurifustis, Persicirhabdus,
Planococcus, Bacillus and Planomicrobium, and several
unclassified genera

Gemmatimonadetes, Armatimonadia, Elusimicrobia,
Cyanobacteria, SAR202_clade, Nitrospira, Acidobacteria,
Planctomycetacia, Sphingobacteriia, deltaproteobacteria,
cytophagia, Gammaproteobacteria, Flavobacteriia,
Actinobacteria, Alphaproteobacteria, Betaproteobacteria
Marivivens donghaensis, Pseudoalteromonas hodoensis,
Pseudomonas pseudoalcaligenes, Acinetobacter populi,
Pelagibacterium nitratireducens, Enterobacter tabaci,
Flavobacterium jejuense, Erythrobacter citreus, Halomonas
zhaodongensis, Vibrio toranzoniae, Acidovorax soil strain
BL21, Rhodobacter ovatus, Novosphingobium naphthae
Acidimicrobiia, Actinobacteria, Alphaproteobacteria,
Anaerolineae, Bacteroidia, Dehaloccoidia,
Deltaproteobacteria, Gammaproteobacteria, Holophagae,
Methanomicrobia, Oxyphotobacteria, Parcubacteria,
Planctomycetacia, Thermodesulfovibrionia, Thermoleophilia,
Verrucomicrobiae, unclassified

Acinetobacter, Catenococcus, Cutibacterium, Cyanobium,
Flavobacterium, Gaiellales, Massilia, Mesorhizobium,
Methylobacter, Nocardioides, Pirellulaceae,
Polynucleobacter, Rheinheimera, Sphingomonas,
Spirosoma, Turicella, Verrucomicrobium, Vogesella,
unclassified

Gammaproteobacteria, Alphaproteobacteria, Bacteroidia,
Oxyphotobacteria, Actinobacteria

Burkholderiaceae, Novosphingobium, Limnohabitans,
Pseudarcicella, Sediminibacterium, Methylomonas,
Methylomonaceae, Flavobacterium, Marivivens, Acidovorax,
Synechococcus, Marinobacterium, Halomonas
Limnohabitans, Gallionella, Terrimonas, Perlucidibaca,
Ferruginibacter, Sphingobium, Polynucleobacter,
Pseudomonas, Sphingopyxis, Simiduia, Flavobacterium,
Novosphingobium

Limnohabitans australis, Limnohabitans parvus,
Novosphingobium pentaromativorans, Sphingopyxis soli,
Flavobacterium chungnamense, Flavobacterium columnare,
Polynucleobacter necessarius, Pseudomonas
extremorientalis, Perlucidibaca piscinae, Acinetobacter
vivianii, Caulobacter virbioides, Sphingobium cupriresistens,
Ferruginibacter profundus, Terrimonas lutea,
Methanococcus mairipludis

Archaea

Crenarchaeota, Euryarchaeota, Parvarchaeota, and
unclassified phyla

Nitrosopumilus

Methanobacterium, Methanosaeta, unclassified
Parvarchaeota, unclassified Bathyarchaeota, unclassified
Woesearchaeota

Methanosaeta concilli, Methanobacterium lacus,
Nitrosopumilus maritimus, several other OTUs with > 98%
similarity with clones found in groundwater from studies
listed in Chen et al. (2019)

Taxonomic
classification level

Phylum

Phylum

Genus

Phylum

Genus

Class

Species (OTUs with >98%
similarity)

Class

Genus

Class

Genus

Genus

Species (OTUs with >98%
similarity)

(Continued on following page)
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TABLE 2 | (Continued) Summary of microbial communities in beach aquifers. The organisms listed were extracted from figures and tables provided in the original study, the

lists include all the organisms in the study.

Study Bacteria

Lee et al. (2017)  Alphaproteobacteria, Gammaproteobacteria, Flavobacteria,
Betaproteobacteria, Sphingobacteria, Planctomycetacia,
Deltaproteobacteria, Chloracidobacterium, Chroobacteria,
Anaerolineae, Acidimicrobiia, Rhotdothermus, Bacteroidia,
Coscinodiscophyce, Actinobacteria, Unclassified
Loktanella, Pelagibacter, Roseovirus, Polaribacter,
Shwanella, Pseudomonas, Flavobacterium, Sterolibacterium,
Blastocella, Dechloromonas

Ye et al. (2016) Proteobacteria, Actinobacteria, Bacteroidetes,
Planctomycetes, Acidobacteria, Cyanobacteria
Comamonas, Limnohabitans, Flavobacterium, Flectobacillus,
Novosphingobium, Rhodobacter, Sediminibacterium,
Perlucidibaca, Aquabacterium, Hydrogenophaga,
Simplicispira, Fluviicola, Pseudarcicella, Polynucleobacter,
Winogradskyella, Chryseolinea, Blastopirellula,
Acinetobacter, Prochlorococcus, Rhodopirellula, Nitrospira,
Lentibacter, Erythrobacter, Leisingera, Loktanella, Glaceicola
Rhodoluna lacicola, Rhodoluna limnophila, Aquiluna rubra,
Polynucleobacter acidophobus, Calothrix desertica, Karenia
brevis, Prochlorococcus marinu, Vibrio splendidus,
Pseudoalteromonas marina, Rhodopirellula baltica

McAllister et al. Deltaproteobacteria, Epsilonproteobacteria,
(2015) Gammaproteobacteria, Betaproteobacteria,
Zetaproteobacteria

Desuilfovibrio, Desulfopila, Desulfurispora, Geopsychobacter,
Geobacter, Sulfurimonas, Acidiferrobacter, Ferritrophicum,
Thioclava, Mariprofundus, Ferritrophicum

Santoro et al. Betaproteobacteria (Nitrosospira-like)

(2008)

Santoro et al. Unknown denitrifiying bacteria. Sequences were more closely
(2006) related to other environmental sequences than known

cultivated denitrifiers

and Parvarchaeota as a minor phylum at the study site. Chen et al.
(2019) also noted Euryarchaeota as a dominant archaeal phylum,
in addition to Bathyarchaeota, Woesearchaeota and
Parvarchaeota. Jiang et al. (2020) noted a change in the
abundance of Thaumarchaetoa to changing seasons in
comparison with the major phylum-Proteobacteria.

Adyasari et al. (2019) documented the first evidence of the
distribution of potential pathogens (1%-10% of total microbial
community composition recorded) in beach aquifers, with
potential implications on the water quality of the coastal
ocean. The dominant genera were Vibrio, Prevotella,
Staphylococcus, Leptospira, and members of the family
Enterobacteriaceae.

To date, there is no evidence for the presence of endemic
microbes in beach aquifer systems, although previous work on
terrestrial aquifers suggests this may be a strong possibility
(Anantharaman et al., 2016).

Functional Characteristics of the Beach

Aquifer Microbiome
Five of the twelve studies (Santoro et al., 2006; Santoro et al., 2008;
McAllister et al., 2015; Chen et al., 2019; Hong et al., 2019) aimed

Archaea Taxonomic
classification level

— Class

— Genus

— Phylum

- Genus

- Species (OTUs with >98%
similarity)

— Class

- Genus

Thaumarchaeota (Nitrosopumilus- and Nitrosarchaeum- amoA-based OTUs with

like) >95% identity

- nirK or nirS-based OTUs
with >95% identity

to provide substantive insights into the functional diversity of
microbes in the beach aquifer. Two of those (Santoro et al., 2006;
Santoro et al., 2008) investigated microorganisms involved in the
nitrogen cycling using quantification and/or sequencing of
functional genes involved in denitrification and nitrification,
and three (McAllister et al., 2015; Chen et al, 2019; Hong
et al, 2019) inferred microbial function from 16S rRNA
amplicon sequencing.

Nitrogen cycling was investigated in the beach aquifer
extensively by Santoro et al. (2006), Santoro et al. (2008).
Santoro et al. (2006) characterized the diversity of denitrifying
bacteria by sequencing nirS and nirK nitrite reductase genes
(using Sanger sequencing). Little community compositional
overlap between sampling sites was observed, suggesting high
denitrifier diversity along small spatial scales (<40 m). Santoro
et al. (Santoro et al,, 2008) investigated the relative diversity and
abundance of betaproteobacterial ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) in the same
beach aquifer using sequencing and quantitative polymerase
chain reaction (qPCR) analysis of the functional gene
encoding ammonia monooxygenase subunit A (amoA).
Interestingly, a clear transition from an AOB-dominated
community to an AOA-dominated community was observed

Frontiers in Environmental Science | www.frontiersin.org

7 April 2021 | Volume 9 | Article 653568



Archana et al.

The Beach Aquifer Microbiome

TABLE 3 | Relationships between beach aquifer microbiota and environmental parameters (Empty grey cells refer to measured environmental data, Grey cells with “X”
indicates authors reported, statistically significant relationship between microbiome community composition and the environmental parameter; Empty white cells
indicate parameters that were not measured by a given study. DO = dissolved oxygen, Temp = Temperature, ORP = Oxidation-Reduction Potential, Size fraction = Chen
etal. (2019) was the only study that used cellulose acetate filters to generate two size fractions: 0.2-0.45 pm and >0.45 pm and study its relationship with the environment,
N = nitrogen concentration, P = phosphorous concentration, C = carbon concentration, Fe = iron concentration, S = sulfide concentration, Si = silicate concentration).

Study DO | Salinity | pH | Temp | ORP | Size fraction | N | P C |Fe |S Si
Hong et al 2020 X

Jiang et al 2020 X X

Degenhardt et al 2020 X X X

Chen et al 2020 X

Adyasari et al 2020 X X X | X

Adyasari et al 2019 X X

Chen et al 2019 X

Lee etal 2017 X X X X X X

Yeetal 2016 X X X

McAllister et al 2015 X X X X
Santoro et al 2008 X X

Santoro et al 2006 X X X

as the location of the brackish mixing zone in the beach aquifer
shifted seaward with a change in the season. This study also
revealed a striking difference in relative bacterial and archaeal
amoA gene diversity at all stations and time points. The study
demonstrated an intimate link between microbial community
composition, physicochemical gradients (e.g., especially salinity),
and groundwater hydrology.

A broad suite of microbially mediated elemental cycling in the
beach aquifer was investigated by McAllister et al. (2015), Hong et al.
(2019), and Chen et al. (2019). McAllister et al. (2015) identified
putative iron-cycling microbes (2.5% of the groundwater community)
and sulfur-cycling microbes (29% of the groundwater community)
based on the metabolic characteristics of the closely related (>98%
OTU similarity) microbes documented in literature in other habitats.
Hong et al. (2019) inferred metabolic functions (nitrogen, methane,
and sulfur metabolism) from classified 16S rRNA OTUs using the
bioinformatics program, PICRUSt (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States), along a
redox gradient in the beach aquifer. Their results indicated the
presence of an erobic-anaerobic transition zone where microbial
diversity was the highest. Chen et al. (2019) also noted the
dominance of the archaeal phylum Bathyarchaeota, which may
play a significant role in anaerobic carbon metabolism in groundwater.

Linkages Between Environmental Factors
and Microbial Community Composition in
the Beach Aquifer

Among the 12 papers, authors investigate associations between
the microbial community and various physical (temperature, size
fraction, sediment lithology and sample retrieval depth) and
chemical properties (pH, salinity, concentrations of dissolved
oxygen, nitrogen, phosphorous, iron, silica, sulfur, and carbon)
of the sampling location (summarized in Table 3).

Among the physical properties, authors presented evidence of
links between the microbial community and sample retrieval depth
from surface (Hong et al., 2019), size fraction (Chen et al., 2019),
sediment lithology (Adyasari et al.,, 2020) and temperature (Santoro
et al., 2006; Lee et al,, 2017; Adyasari et al., 2019; Jiang et al., 2020).
Temperature was the most commonly investigated physical
parameter. Adyasari et al. (2019) found that temperature
explained the patterns of microbial diversity. Lee et al. (2017) also
observed a significant positive correlation between microbial
community composition and temperature measurements, but only
for groundwater samples collected at low tide. Although Santoro et al.
(2006) measured temperature in the groundwater samples, selection
for microbial communities and nitrogen cycling genes based on this
variable was not apparent. Temperature might also be linked to other
environmental parameters such as subsurface salinity gradients
(Geng et al,, 2016). Complementarily, Jiang et al. (2020) observed
a link between sediment microbial activity and carbon
transformations in groundwater samples with higher temperatures.

Among the chemical properties, which were more extensively
investigated compared to the physical properties, two of the most
commonly reported factors that affected the composition of the
microbiome were salinity and oxygen. Eight of the 12 studies
(Table 3) reported a significant relationship between salinity and
microbial community composition. Contrastingly, Degenhardt
et al. (2020) did not observe a correlation between microbial
community composition and salinity gradients in the aquifer of a
sandy high-energy beach in Spiekeroog Island. Hong et al. (2019)
also did not observe clear patterns of bacterial or archaeal
community shifts with variation in salinity. Chen et al. (2019)
and Jiang et al. (2020) measured salinity, but neither study
reported any significant relationships with microbes within the
beach aquifer systems. In this case, salinity could be tightly linked
to other environmental parameters such as concentration of
organic matter, temperature, and pH (Rath et al, 2019). For
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example, when salinity decreases, it promotes the adsorption of
dissolved organic carbon to sediment and may cause a reduction
in groundwater dissolved organic carbon concentration (Setia
et al., 2013; Jiang et al, 2020). Contrastingly, when salinity
increases, groundwater dissolved organic carbon concentration
may increase (Setia et al., 2013; Jiang et al., 2020).

Six of the 12 studies (Table 3) concluded that dissolved oxygen
plays a vital role in regulating microbial distribution and function.
Three studies highlighted the importance of dissolved oxygen in
governing the distribution of bacterial communities (Santoro
et al., 2008; McAllister et al., 2015; Degenhardt et al., 2020).
One study (Hong et al., 2019) showed a dissolved oxygen profile
drove the distribution of distinct erobic microbial groups
(Gammaproteobacteria, — Betaproteobacteria,  Acidobacteria,
Flavobacteria, Thaumarchaeta) and anaerobic microbial
groups (sulfate-reducing bacteria, methanogenic archaea).
Adyasari et al. (2020) also observed changes in microbial
community composition with oxygen distribution. Lastly, Lee
et al. (2017) showed that microbial community composition was
significantly correlated to dissolved oxygen concentration, but
only in samples collected at high tide.

WHAT ARE THE BIGGEST KNOWLEDGE
GAPS AND DATA NEEDS FOR
CHARACTERIZING AND REPORTING
MICROBIAL COMMUNITIES AND
ASSOCIATED METABOLISMS IN BEACH
AQUIFERS?

Lawton (1999) stated “although details of single organisms matter
and are of great interest, ecologists would profit most from
uncovering underlying patterns, rules and laws”. Beach
aquifers are vulnerable global hotspots for microbe-mediated
biogeochemical cycling. Yet, there are limited studies to-date
that characterize the microbial community (“who is there?”) in the
beach aquifer. Questions that remain unanswered are “what are
they doing there?” and “how did they get there?” Further,
biogeochemical cycling estimates in beach aquifers remain
fragmented. Therefore, the biggest challenge is the lack of data
on the controls of the beach aquifer microbiome, or the “rules of
life” of this environment. For the purpose of this study, we have
identified knowledge gaps informed by our review and highlight
corresponding data needs that warrant attention for future research.

Going Beyond Community Characteristics
Although the 12 studies identified in our review are extremely
valuable, there is plenty of room for further investigation into the
“potential function” of the microbiome using metagenomics
(where the total community DNA is sequenced) and the
“actual function” (or “expressional activity”) of the
microbiome using metatranscriptomics (where the total
community mRNA is sequenced). Recently, Anantharaman
et al. (2016) applied metagenomic sequencing, assembly, and
binning approaches to examine the genetic and metabolic
potential of sediment and groundwater bacteria and archaea
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within a shallow aquifer near the Colorado River. Results
demonstrating tremendous novelty in the aquifer system
highlight the potential of this approach for biological discovery
in subsurface beach aquifers as well. Moran et al. (2013) argued
that instantaneous inventories of mMRNA can be highly
informative about ecologically relevant processes. When
metagenomics is coupled with metatranscriptomics, these
approaches can advance beach aquifer microbial diversity/
function research.

Complexities in Sampling

Among the studies identified in our review, there was
considerable variability in the sample type, sampling method,
frequency, depth, location, and storage. First, the studies reviewed
undertook sampling at different points along the shoreline
(defined as mean sea level). Most samples were collected
within +50 m from the shoreline. Only a few studies sampled
beyond +100 m from the shoreline (Ye et al., 2016; Chen et al.,
2019; Degenhardt et al., 2020). Second, several types of samples
were collected for microbial community analysis with varying
terminologies—e.g., well water, groundwater, pore water,
sediment. Well water, groundwater, and pore water represent
water collected from within the porous media of the beach aquifer
which we refer to as “groundwater” here. Third, samples were
collected at varying depths beneath the surface of the sand. Often,
when sediment cores were used to sample sediment, water
adjacent to the sediment core was also sampled at varying
depths. Sediment cores were usually 100 cm in length, except
in Jiang et al. (2020) where they were 22cm in length.
Groundwater was extracted from anywhere between 0 cm and
3600 cm below the sand surface and were obtained using push-
point piezometers and peristaltic pumps or pre-rinsed
polyethylene syringes (Charette and Allen, 2006), except one
study that used an in-situ profiler (0-20 cm) (Ibanhez et al,
2011). Fourth, the frequency of sampling varied-from hourly to
weekly and monthly. Finally, once collected, samples were stored
at —20°C (Ye et al., 2016; Adyasari et al., 2019; Chen et al., 2020;
Degenhardt et al., 2020; Jiang et al., 2020), or —80°C (Santoro
etal,, 2006; Santoro et al., 2008; McAllister et al., 2015; Chen et al,,
2019; Hong et al, 2019) or -70°C (Lee et al, 2017) for
downstream analysis.

Free-Living Versus Attached Microbes in
Beach Aquifer Systems

Among the papers we reviewed, the microbial ecology of the
beach aquifers targeted prokaryotes in both groundwater (free-
living) and sediments (attached). However, to date there are no
direct comparisons between the free-living and attached
microbial communities documented in coastal aquifer
systems (Ruiz-Gonzalez et al, 2021). Specifically, no study
has directly compared groundwater and sediment microbial
communities in beach aquifer systems. Some works did report
differences in the microbial communities with changes in
particle size fraction (for example: Chen et al, 2019).
Therefore, addressing the difference in the microbial diversity
of suspended versus attached communities will form an
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important part of future microbiome research in beach aquifer
systems.

Variability in Analytical Methods

The papers we reviewed relied heavily on 16S rRNA gene amplicon
sequencing. Downstream analysis for microbial community
composition and functional characteristics consistently targeted
the hypervariable V4-V5 region of the 16S rRNA gene on the
MiSeq Illumina sequencing platform, except McAllister et al
(2015) and Lee et al. (2017), which adopted tagged
pyrosequencing of the V1-V3 region. However, the fusion-
primers targeting the regions were different among the papers
reviewed. We observed consistency in the usage of forward
primers (515F: (Ye et al., 2016; Adyasari et al,, 2019; Chen et al,
2019; Hong et al., 2019; Chen et al., 2020). However, the same studies
used different reverse primers (926R-(Adyasari et al., 2019, 2020);
907R~(Ye et al.,, 2016; Chen et al., 2019, 2020); 541R-(Lee et al.,
2017); 806R-(Hong et al., 2019)). Degenhardt et al. (Degenhardt
et al., 2020) used a unique set of forward and reverse primers as per
Klindworth et al. (2013). Overall, this variability in the primers and
variable regions used for 16S rRNA amplicon sequencing makes
comparisons across studies (and field sites) challenging. To date, no
published studies have used metagenomics or metatranscriptomics
to characterize the beach aquifer microbiome. Such studies have the
potential to yield extremely valuable and unprecedented information
on the metabolic functions of microbes in the beach aquifer, rather
than relying solely on inferences made using 16S rRNA gene
amplicon sequencing.

Metadata Reporting

Metadata reporting, including site description, access to the
sediment, and relevant properties of the beach aquifer system,
were fragmented or inconsistent across many of the studies
identified in our review. For instance, not all studies report
groundwater flow rate and/or velocity, and properties of the
sand (such as texture, grain size) were often not mentioned. In
cases where sediments are not homogenous and contain iron-
containing minerals, it might not be possible to isolate the effect
of groundwater chemistry on the microbiome, since sediment
mineral composition co-varies with groundwater chemistry (Luo
et al., 2018). Detailed sediment and site characterization can help
document potential confounding effects.

Taxonomic Levels of Classification of

Microbial Data

Some studies have chosen to report microbial community data
only at the phylum or class level. While this provides high-level
details regarding microbiome composition of beach aquifers, in
the future, whenever possible it will be important to document
evidence at the genus and/or species level to provide more insight
into the function of microbiome. For example, there is increasing
evidence to suggest the presence of aquifer microbes that are
distinct from other microbes found in sediments or surface waters
(e.g., iron-cycling, sulfur-cycling microbes; (Anantharaman et al.,
2016; Probst et al., 2017; Probst et al., 2018; Kadnikov et al., 2020).
Yet, it continues to remain unclear as to whether these differences
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are apparent at the genus and/or species level, as studies often
report data at higher taxonomic levels of classification. Moreover,
some phyla (e.g., Proteobacteria) are known to be extremely
diverse with numerous members when compared to other
phyla. Therefore, phylum-level classification may not provide a
fine enough description of the community composition.

Microbial Transport Within the Beach
Aquifer

It is likely that the microbiome is readily transported with water
as it moves over wave-, tidal- and seasonal time scales through the
beach aquifer. To date, experiments on microbial transport in the
subsurface have focused primarily on the movement of pathogens
in relation to the protection of water resources (de Sieyes et al.,
2016). Boehm et al. (2014) tested whether the microbiome can be
transported from seawater through unsaturated, intertidal sands
and the vadose or unsaturated zone to the aquifer. While the
groundwater surrounding the sediment may contain the same
microorganisms as the sediment (suggesting a constant exchange
of microbes between the sediment and groundwater), this does
not mean that microorganisms in the groundwater can be readily
transported through the subsurface. Surface-surface interactions
caused by electrostatic, hydrophobic, and steric forces between
sediments and microorganisms, or straining, may impede their
transport through the porous media and cause their transport to
be retarded (Bradford et al., 2002; Bradford et al., 2003; Bradford
et al.,, 2013). Therefore, even if there is exchange of microbes
between sediment and groundwater, this does not imply microbial
transport can occur. Indeed, investigation into the potential for
immigration of microbes between different regions (via transport
through sands and adaptations to changes in groundwater
chemistry) in the beach aquifer is required to understand the
mechanisms controlling microbial structure.

Quantifying Rates of Elemental Cycling
Within Beach Aquifer Systems

Data on the rates of key microbially mediated biogeochemical
processes (e.g., nitrification/denitrification) in beach aquifer
systems is lacking. For example, denitrification (the
transformation of nitrate to nitrogen gas) in the beach aquifer is
vital to reduce the nitrogen load in groundwater that gets discharged
to the coastal ocean (Galloway et al, 2003). Organic carbon
mineralization is tightly linked to nitrate-rich freshwater
denitrification (Anschutz et al, 2009) and quantifying the
reduction of sulfate to sulfide is also important, as sulfur cycling
is closely linked to nitrogen cycling (Heiss et al., 2017). Therefore,
nuances of the reactive and dynamic nature of the beach aquifer
(quantitative measurements of rates of elemental cycling) in the
context of its microbial diversity needs further investigation.

Beach Aquifers and the Global Carbon
Budget

One of the emergent issues in beach aquifers is the behavior and
lability of terrestrially derived dissolved organic matter, as well as
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the source-sink dynamics of carbon (Waska et al,, 2021). In a
thorough review on groundwater, Griebler and Lueders (2009)
highlighted the important association between microbial
communities and dissolved organic carbon as a driver of free-
living versus attached communities in addition to other variables
such as the availability of nutrients, sediment grain size and
minerology. Further, Dittmar et al. (2001) noted that subsurface
fluxes of organic matter are significant, yet quantitative estimates
of transformations of organic matter through microbially
mediated cycling need further investigation. This highlights
the importance of beach aquifers as potential sources of
organic and inorganic carbon and their need to be
incorporated into global climate system models. It is possible
that investigating carbon cycling in beach aquifers can potentially
alter the global estimates of CO, outgassing to the atmosphere, as
current budgets underestimate the flux of CO, from groundwater
to the atmosphere (Ward et al., 2017).

CONCLUSION

Although there has been advancement in the knowledge and
understanding of beach aquifer systems, there is presently a
paucity of data on the beach aquifer microbiome. The
mechanisms that control the beach aquifer microbiome or

the “rules of life” for this environment need attention.
Specifically, the extent to which the environment
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