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ABSTRACT

Subterranean estuaries (STEs) are critical ecosystems at the interface of meteoric groundwater and subsurface seawater that are 

threatened by sea level rise. To characterize the influence of tides and waves on the STE microbial community, we collected pore-

water samples from a high-energy beach STE at Stinson Beach, California, USA, over the two-week neap-spring tidal transition 

during both a wet and dry season. The microbial community, analyzed by 16S rRNA gene (V4) amplicon sequencing, clustered 

according to consistent physicochemical features found within STEs. The porewater community harbored relatively abundant 

Proteobacteria, Verrucomicrobiota, and Bacteroidota, as well as members of the archaeal DPANN superphylum and bacterial 

Candidate Phyla Radiation (CPR). Tidal conditions were not associated with microbial community composition; however, a wave 

overtopping event significantly impacted the beach microbiome. As a baseline for environmental change, our results elucidate 

the unique dynamics of a STE microbiome with unprecedented temporal resolution, highlighting the transport of cellular mate-

rial through beach porewater due to waves.

1   |   Introduction

Sandy beaches cover 31% of the Earth's unfrozen shoreline 
(Luijendijk et al. 2018) at the interface of land and sea. Beneath 
the sand surface, subterranean estuaries (STEs) within coastal 
aquifers are critical mixing zones of meteoric groundwater 
and subsurface seawater (Moore  1999; Rocha et  al.  2021). 
STEs regulate the rate and chemical constituents of subma-
rine groundwater discharge (SGD) to the ocean (Robinson 
et  al.  2018), thereby mitigating eutrophication, harmful 

algal blooms, and deoxygenation in coastal waters (Lecher 
and Mackey  2018; Lee et  al.  2010; Liefer et  al.  2009; Moore 
et al. 2024). STEs have been termed natural “biogeochemical 
reactors” (Anschutz et  al.  2009) due to their steep chemical 
gradients and microbially-mediated transformations. Despite 
their importance, the physical, chemical, and biological driv-
ers of these processes remain unclear for STE environments. 
Elucidating the microbial contribution to biogeochemical cy-
cling and physiological response to environmental changes 
will be critical to understanding STE ecosystem services, 
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particularly as rising sea levels modify and erode beach hab-
itats (Brown and McLachlan 2002; Cooper et al. 2020; Defeo 
et al. 2009; Vousdoukas et al. 2020).

In the past decade, there has been increasing interest in char-
acterizing the microbial community within STEs (Archana, 
Francis, and Boehm 2021; Ruiz-González, Rodellas, and Garcia-
Orellana  2021). The steep physicochemical gradients of STEs, 
within tens of meters, are ideal for studying the environmen-
tal controls of microbial populations without the confounds of 
geographic variation present in most surface estuaries. Early 
works targeted mapping the distribution of microbes capable 
of nitrification and denitrification (Rogers and Casciotti  2010; 
Sáenz et al. 2012; Santoro, Boehm, and Francis 2006; Santoro 
et al. 2008). Whole community analyses (Adyasari et al. 2019; 
Chen et  al.  2019; Hong et  al.  2019; McAllister et  al.  2015; Ye 
et  al.  2016) discovered distinct microbial communities from 
fresh and marine groundwater that are impacted by the bidirec-
tional flow and level of connectivity to seawater. The primary 
environmental factors that appear to correlate with variations 
in microbial community composition include salinity, dissolved 
oxygen (DO), temperature, dissolved inorganic nitrogen (DIN), 
and dissolved organic carbon (DOC).

However, there remain several important knowledge gaps 
in understanding what factors structure these communities. 
Despite significant variations in hydrology and chemistry of 
STEs due to tides (Robinson, Li, and Barry  2007; Robinson 
et al. 2018; Heiss and Michael 2014), the microbial community 
dynamics over fortnightly spring-neap, or daily and sub-daily 
tidal fluctuations, have not been investigated. Incorporating 
tidal variation into microbial profiling may be necessary to ac-
curately capture baseline microbial dynamics in order to iso-
late the effects of sea level rise on STEs. Additionally, metrics of 
dissolved organic matter (DOM) quality, such as fluorescence 
(fDOM), have been used to distinguish sources of SGD in near-
shore environments (Nelson et  al.  2015). Application of these 
techniques to characterize DOM across the steep geochemical 
gradients of a STE may provide additional context for microbial 
distributions. Furthermore, only a few studies (Calvo-Martin 
et  al.  2022; Degenhardt et  al.  2020, 2021) have evaluated mi-
crobial diversity of STEs at sandy beaches where the coast is 
exposed to high-energy waves.

To address these critical knowledge gaps, we used 16S rRNA 
amplicon sequencing analysis paired with hydrological and 
physicochemical measurements to characterize a high-energy 
beach STE in Northern California (Stinson Beach, CA, USA). 
We collected samples at fine spatial scale (meter to sub-meter) 
and temporal resolution (sub-daily during high and low tides) 
over the spring-neap tide transition during February (rainy 
season) and October (dry season) of 2022. Previous physico-
chemical characterization of this beach identified freshening 
and nutrification of the coastal ocean during neap tides due 
to the discharge of nutrient-enriched groundwater from the 
STE (de Sieyes et  al.  2008). Stinson Beach also experiences 
approximately six times greater groundwater discharge rates 
during the rainy season compared to the dry season (de Sieyes 
et  al.  2011). While no previous microbial assessments have 
been conducted here, similar studies of high-energy sites 
report diverse yet seasonally consistent core communities 

(Calvo-Martin et al. 2022; Degenhardt et al. 2020, 2021). Our 
primary objectives were to evaluate the spatiotemporal and 
physicochemical controls of the microbial community struc-
ture and composition, as well as the disturbance of a set of 
winter waves (i.e. an overtopping event) on the community 
composition of the Stinson Beach STE.

2   |   Materials and Methods

2.1   |   Study Site

Sample collection was conducted at Stinson Beach, CA, USA 
(N 37.89901°, W 122.64521°) at four sites (“wells”) from the STE 
along a cross-shore transect beginning at Well 1 and extending 
to the high tide line (Figure 1). The beach was surveyed using 
a scope and stick with reference to mean sea level (MSL) on 26 
February 2022 and 12 October 2022 at low-low tide. Along the 
sampling transect, the top of the water table was approximately 
1.5 m beneath the sand surface. Beach sediments were com-
prised of a mixture of very fine sand (6.25–125 μm diameter) to 
very coarse sand (1–2 mm) with heterogeneous ribbons of gran-
ules (2–4 mm) and pebbles (4–65 mm) and a clay aquitard (1–2 m 
beneath MSL).

The beach is an open-ocean, southwest-facing beach with 
mixed semidiurnal tides and a mean tide range of 0.89 m. The 
climate is Mediterranean with rainfall occurring predomi-
nantly between October and April. Two sampling campaigns 
were conducted from 23 February to 3 March 2022 (henceforth 
“February” sampling) and 11–18 October 2022 (“October” sam-
pling). During February sampling, there was a rain event on 
March 3 from 7:00 to 19:00 PST peaking at 10:00 with a total 
accumulation of 8.89 mm. At the time of the October sampling, 
no rainfall had occurred during the preceding 2 months, and no 
rainfall occurred during sampling. The average air temperature 
during February and October sampling was 9.42 and 12.82°C, 
respectively. Households are located on the beach within 60 m 
of the surf with on-site septic systems and holding tanks for 
wastewater disposal.

2.2   |   Sample Collection

Water samples were collected at every well and depth (Figure 1) 
twice daily at high-high (H) and low-low (L) tides to capture 
a spring-neap transition in February and October of 2022. 
Additional samples were collected at ebb tide defined as 1 h after 
H (referred to as M hereafter) in October. All together, a total of 
516 STE porewater and 25 seawater surf samples were collected 
over 9 days in February and 8 days in October. Measurements 
for temperature, salinity, DO, pH, DIN, and dissolved inorganic 
phosphate were performed for all samples. For a select 182 pore-
water and 5 seawater surf samples, measurements for DOC, 
fDOM, microbial cell counts and microbial DNA extractions 
for 16S rRNA gene analysis were performed for 10 time points 
in February and 3 in October. Replicate samples, defined as 
samples collected at the exact same location and time, were not 
collected. One field blank was collected for each of the 13 time-
points where all measurements were performed using MilliQ 
water instead of sample water.
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During the sampling events, slotted PVC wells were installed 
within 2 m of Well 1 (N 37.89901°, W 122.64521°) and Well 4 (N 
37.89888°, W 122.64536°) with pressure transducers (Solinst, 
Levelogger Gold Model 3001) to measure water height every 
5 min during February sampling and every minute during 
October sampling. At each well location, a sampling port was 
installed in the sand at several depths beneath the water table 
in February and October (Figure  1B). Ports consisted of poly-
ethylene tubing with a two-inch screen and stainless-steel tip 
(M.H.E. Products, SedPoint2; Figure A1). Porewater was simul-
taneously pumped from each depth (~100 mL per minute) with 
a multi-head peristaltic pump at each well location and imme-
diately filtered through 80-μm pore size autoclaved nylon mesh 
(McMaster-Carr, Cat. No. 9318 T22) pre-rinsed with sample 
water. The mesh filtrate was collected in polyethylene containers 
that were washed with 10% hydrochloric acid, deionised water, 
and then triple rinsed with sample water.

Sensors and probes were used in the field to measure tem-
perature and salinity (YSI, Model 30-10FT), DO (YSI, Cat. No. 
14-660-204), and pH (Hanna Instruments, Cat. No. HI98107). 
Additional aliquots of the ~2.5 L of mesh filtrate, which was 
stored on ice in a cooler, were processed in an onsite lab 
within 3 h of collection for additional measurements, as de-
scribed below.

2.3   |   Inorganic Nutrient Measurements

Water samples for DIN and phosphate measurements were fil-
tered using 0.22-μm pore size syringe filters (Millipore, Cat. 

No. 13-100-106) and stored in sterile polyethylene containers. 
Samples were then transported on dry ice in a cooler and stored 
at −20°C until processing (within 2 months). Ammonium was 
measured using the colorimetric salicylate-hypochlorite method 
(Bower and Holm-Hansen 1980). Nitrite and nitrate were mea-
sured using the Griess colorimetric assay on a SmartChem200 
Discrete Analyser (Wada and Hattori 1971; Wood, Armstrong, 
and Richards 1967). Orthophosphate was measured using the 
molybdenum blue colorimetric assay (Murphy and Riley 1962; 
Nagul et al. 2015).

2.4   |   Organic Matter Measurements

Water samples for DOC and fDOM were filtered using GF/F 
filters (Whatman, Cat No. 09-874-64) and stored in borosili-
cate vials (Fisher Scientific, Cat No. 02-912-380) that had been 
combusted at 450°C for 4 h prior to sample collection. Samples 
were then transported on dry ice in a cooler and stored at −20°C 
until processing (approximately 10 months). DOC and total dis-
solved nitrogen (TDN) were measured using a Shimadzu High-
Temperature TOC-L Combustion Analyser after acidification to 
pH 2 with hydrochloric acid (Suzuki, Sugimura, and Itoh 1985; 
Suzuki, Tanoue, and Ito  1992). Samples for fDOM were ana-
lyzed using a Horiba Aqualog scanning fluorometer (Nelson 
et al. 2015). Biogeochemically relevant metrics and indices were 
calculated using the fluorescence intensity of known spectral 
peaks in excitation-emission matrices. We used 11 total fDOM 
metrics and indices. Further information is located in “Detailed 
Fluorescent Dissolved Organic Matter Methods” section in 
Appendix A.

FIGURE 1    |    Cross-shore transect at Stinson Beach, CA, USA, used to sample the subterranean estuary. Physicochemical (n = 516) and microbi-

ological (n = 182) porewater samples were collected from four well locations (A) at several depths beneath the water table surface (B). Additional 

seawater surf samples for physicochemical (n = 25) and microbiological (n = 5) analyses were collected as a coastal reference. Sampling was conduct-

ed sub-daily at high-high (H) and low-low (L) tides during a spring-neap tidal transition in February (wet season) and October (dry season) of 2022 

spanning 8–9 days each season. Additional ebb tide (M) samples were collected during October sampling. The yellow line indicates the surveyed sand 

surface. MSL refers to mean sea level. Eskoot Creek is a seasonal creek ~90 m landward of the MSL water line.
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2.5   |   Cell Counts

Samples for cell counts were fixed with 32% paraformaldehyde 
(Fisher Scientific, Cat. No. AA47377-9 M) at a final concen-
tration of 2% for 20 min at room temperature and then flash-
frozen in liquid nitrogen. Samples were then transported on 
dry ice in a cooler and stored at −80°C until processing (ap-
proximately 8 months). DAPI-stained cells filtered onto 0.1-
μm pore size Isopore membrane filters (Millipore, Cat. No. 
VCTP02500) were imaged and counted using a Nikon Eclipse 
Ti inverted epifluorescence microscope at 100 × resolution. 
Further details are outlined in “Detailed Cell Count Methods” 
section in Appendix A.

2.6   |   DNA Extraction

Samples for microbial DNA extractions were filtered onto 
0.22-μm pore size PES filters (Millipore, Sterivex Cat. No. 
SVGP01050) until the filter clogged or ~1.5 L of sample water 
had passed through the filter (volumes ranged from 0.12 to 
1.84 L, median of 1.52 L). The filters were then flash-frozen in 
liquid nitrogen, transported on dry ice in a cooler, and stored 
at −80°C until DNA was extracted (within 2 months). DNA 
extractions were performed using the AllPrep PowerViral 
DNA/RNA Kit (QIAGEN, Cat. No. 28000-50) and QIAcube 
Connect (QIAGEN, Cat. No. 9002864) with manufacturer 
modifications for prokaryotic cell DNA extraction including 
bead beating and chemical lysis. Five sterile filters were run in 
parallel during the sample DNA extractions as negative con-
trols (hereafter, referred to as a ‘kitome’). Further details on 
DNA extractions are provided in “Detailed DNA Extraction 
Methods” section in Appendix A.

2.7   |   16S rRNA Gene Amplicon Sequencing 
and Analysis

V4 16S rRNA gene amplicon sequencing with an Illumina MiSeq v2 
was performed by the University of Michigan Microbiome Core using 
the modified 515 forward (5′-GTGYCAGCMGCCGCGGTAA-3′) 
and 806 reverse (5′-GGACTACNVGGGTWTCTAAT-3′) primers 
(Walters et al. 2015). A total of 200 samples were sequenced in-
cluding 134 porewater samples from February, 48 porewater sam-
ples from October, five seawater surf samples, five field blanks, 
six kitome blanks, and two PCR negatives. Replicates of the same 
location and time were not included. Briefly, sequences were pro-
cessed with the DADA2 pipeline (v1.22.0, Callahan et al. 2016), 
and resulting amplicon sequence variants (ASVs) were assigned 
taxonomic information with the SILVA nr99 database (v138.1, 
Quast et al. 2013; Yilmaz et al. 2014). ASVs with greater frequency 
and prevalence in the kitome and PCR-negative controls were 
deemed contaminants and removed with Decontam (v1.14.0, 
Davis et al. 2018). There were 7,613,584 total reads in the resulting 
dataset with 63,344 total unique ASVs. The median sequencing 
depth was 33,353 reads with a range from 7816 to 92,556 reads 
per sample. Detailed information on sequence processing can be 
found in “Detailed 16S rRNA Gene Sequencing Methods” section 
in Appendix A.

2.8   |   Statistical Analyses

We tested the null hypothesis that there was no effect of location, 
season, or tide on physicochemical measurements and microbial 
communities. All statistical analyses were performed in R (v4.3.0, 
R Core Team 2023). To test the hypotheses for the environmen-
tal physicochemical data, we used the Kruskal-Wallis test (krus-

kal.test function in the base R stats package, R Core Team 2023). 
This non-parametric test was appropriate as untransformed 
and log-transformed data were non-normally distributed as de-
termined using the Shapiro-Wilk test (shapiro.test). All p values 
were adjusted with the Bonferroni method with significance de-
fined by an alpha of 0.05. Pairwise Spearman's rank correlations 
between physicochemical variables were computed with the cor 
function in the stats package and visualised with the pheatmap 
function and package (Kolde 2019). Variables with a correlation 
coefficient over 0.8 were considered collinear, and only one of the 
collinear variables was chosen for downstream analysis to reduce 
model inflation (Figure A2).

A total of 187 samples were analyzed using V4 16S rRNA 
gene sequencing including porewater and seawater samples 
from February and October. Sequencing read counts were 
transformed using the arcsin hyperbolic transform (Huber 
et al. 2002). Trends in results were the same with and without 
rarefaction (random subsampling to the same reads per sam-
ple, data not shown). Non-rarified analyses are reported herein 
(McMurdie and Holmes  2014). Samples with incomplete envi-
ronmental data (n = 4 out of 187) were excluded from analyses 
for consistency between statistical tests. Based on the Bray-
Curtis distance matrix, samples were clustered with the hclust 
function and visualised with the heatmap function using the 
stats package (Figure A3).

Spatiotemporal variation in microbial data was analyzed using 
constrained analysis of principal coordinates (CAP) of the Bray-
Curtis distance matrix computed using the ordinate function in 
phyloseq (McMurdie and Holmes 2013) and capscale function in 
vegan (Dixon 2003; Oksanen et al. 2022). Physicochemical vari-
ables correlated with CAP axes were extracted with the scores 
function in vegan. Scores were considered significant if above 
sqrt (1/n), where n was the number of variables included in the 
analysis.

Physicochemical variables correlated with the microbial com-
munity were additionally analysed using bioenv (Clarke and 
Ainsworth  1993) in vegan. After removal of environmental 
co-variates (Figure A2), 2,047 statistical models were compared 
using all combinations of 11 variables: salinity, temperature, DO, 
pH, nitrate, nitrite, ammonia, phosphate, DOC, HIX (a fDOM 
metric related to humic content and extent of organic matter 
degradation), and Fpeak (a fDOM metric related to phenylala-
nine-like, proteinaceous DOM). The best model uses a set of in-
dependent variables that maximizes the rank correlation of the 
scaled Euclidean distances to the Bray–Curtis dissimilarity ma-
trix of microbial community ASVs based on Mantel tests.

To test the effect of season, tidal regime (spring/neap), and tide 
(H/L), porewater microbial communitites were evaluated for 
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homogeneity of group dispersion (PERMDISP) using betadisper, 
analysis of similarity (ANOSIM) using anosim, and permuta-
tional multivariate analysis of variance (PERMANOVA) using 
adonis2 in the vegan package. ANOSIM and PERMANOVA 
were used in tandem as complementary non-parametric 
rank-based and semi-parametric distance-based approaches 
(Somerfield, Clarke, and Gorley 2021).

Taxonomic shifts between samples were analyzed by map-
ping distributions across the transect through time. Visual 
representations were generated with phyloseq and ggplot2 
(Wickham 2016), where taxa were aggregated at the phylum or 
genus level. For the reported relative abundances, the percent of 
total sequence reads rather than an average across samples was 
used. Indicator ASVs of region clusters and seawater infiltration 
were determined using the DESeq function in DESeq2 (Love, 
Huber, and Anders 2014), which uses the negative binomial gen-
eralised linear model and Wald statistic.

3   |   Results

Physicochemical (n = 516) and microbiological (n = 182) pore-
water samples were collected from four well locations at several 
depths beneath the water table surface along a cross-shore tran-
sect of a high-energy beach in Northern California (Figure 1). 
Additional seawater surf samples for physicochemical (n = 25) 
and microbiological (n = 5) analyses were collected as coastal 
end members to contextualize the STE system. Sampling was 
conducted sub-daily at high-high (H) and low-low (L) tides 
during a spring-neap tidal transition in February (wet season) 
and October (dry season) of 2022 spanning 8–9 days each sea-
son. Additional ebb tide (M) samples were collected during 
October sampling.

3.1   |   Environmental Variability

The Stinson Beach STE is hydrologically dynamic. In 
February, there was a net recharge of the beach aquifer 
during the neap-to-spring tide transition and a net discharge 
in October (Figure  2A). Net recharge was interpreted as an 
increase in the baseline water level for both Wells 1 and 4. 
Net discharge is a decline in the baseline water level. For both 
February and October of 2022, tidal amplitudes were reduced 
at Well 1 compared to Well 4. The difference in water level be-
tween Well 1 and Well 4 was used to calculate the water height 
gradient and the resulting direction of water flow (Figure 2B). 
Flow direction was generally oceanward with landward flow 
primarily restricted to high tides in both seasons. Overall, 
water movement was variable and dynamic over short time 
scales (~ hours).

For all physicochemical variables measured, there was a 
significant difference in values between wells and between 
depths (p values < 0.001; Table  A1). A prominent feature 
consistent across seasons and tides was the significant dif-
ference between Well 4 and Wells 1–3. Well 4 samples had 
higher salinity, lower inorganic nutrient concentrations, and 
lower DOC and fDOM values (Table  1; Tables  A2 and A3), 
confirming enhanced exchange with seawater. Within Wells 

1–3, there were three distinct depth regions consistent across 
seasons and tides, including a shallow, intermediate, and 
deep layer. Notably, the salinity and DIN concentrations were 
unique between the layers. The shallow layer (0.0 to 1.0 m 
above MSL) had low salinity, the highest concentrations of ni-
trate, pockets of high nitrite (maximum 112.2 μM), and low 
ammonia (Table 1, Figure 3). The intermediate layer (−0.5 to 
0.0 m below MSL) had low salinity, intermediate nitrate, in-
termediate nitrite, and low ammonia. The deep layer (−1.0 to 
−0.5 m below MSL) had higher salinity, lower nitrate, lower 
nitrite, and the highest ammonia (maximum 53.0 μM).

There were significant differences between porewater samples 
collected in February and October (p values < 0.001) for tem-
perature, pH, nitrate, nitrite, and ammonia. Nitrate and pH were 
higher for samples collected in February, whereas temperature, 
nitrite, and ammonia were higher in October. There were no 
significant differences between measurements made at H and L 
tides (p value > 0.05), even within each region, season, or tidal 
regime (spring/neap).

The transition from neap to spring tide in February coincided with 
a wave set overtopping at Well 4 during the H tide on the 27th 
of February. Seawater subsequently infiltrated and mixed into 
the STE porewater impacting all wells (Figure 4). Pre- and post-
overtopping, there were significant differences (p value < 0.001) in 
salinity, nitrate, phosphate, and fDOM values. Salinity increased 
post-overtopping while inorganic nutrients and fDOM metrics de-
creased. Notably, there were no significant differences in the deep 
February samples when analyzed independently. No overtopping 
event occurred in October, and there were no significant differ-
ences in physicochemical values between the spring (11–13th of 
October) and neap (14–18th of October) tide conditions.

3.2   |   Microbial Community Variability

3.2.1   |   Microbial Community Structure Varies by 

Location Within the STE

The mean Shannon Diversity Index was 7.10 across all samples 
with a range of 4.08–8.78. Indices were significantly higher in 
porewater versus seawater samples (ANOVA, p value = 0.0037), 
indicating that microbial communities within the STE are more 
diverse than within the adjacent seawater surf.

Beta diversity was evaluated with canonical analysis of prin-
cipal coordinates (CAP), which revealed three primary axes 
of microbial community variation at the ASV level (Figure 5). 
The first axis (CAP1) explained 13.7% of the variation and sep-
arated samples from Wells 1–3, Well 4, and seawater surf sam-
ples. Salinity and phosphate concentration were significantly 
correlated with CAP1 (scores = 0.819 and 0.714, respectively). 
CAP2 explained 10.8% of the variation and captured the over-
all depth gradient for all wells. Nitrate concentration and pH 
were significantly correlated with CAP2 (scores = 0.911 and 
0.816, respectively). CAP3 explained 6.9% of the variation. 
Ammonia and DO concentrations were significantly cor-
related with CAP3 (scores = 0.595 and 0.510, respectively). 
CAP ordinations for each well revealed similar clusters by 
season and depth (Figure A4).
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Spatial and temporal variation of the microbial community 
was investigated using ANOSIM and PERMANOVA (Table 2; 
Figure  A5). Similar to environmental measurements, micro-
bial composition based on Bray–Curtis dissimilarity clus-
tered according to region (shallow, intermediate, deep, Well 4, 
and seawater) within the STE. The region was significant (p 
value = 0.001) and explained 32.5% of the variation in commu-
nity composition. Season and tidal regime were also significant 
(p value = 0.001), but explained only 5.9% and 2.0% of the vari-
ation, respectively.

There were challenges in testing community differences be-
tween seasons and tidal regimes. There were significant dif-
ferences in dispersion between the season groups (PERMDISP, 
p value = 0.035), which can be conflated with compositional 
differences when utilizing distance-based significance tests 
(Anderson and Walsh  2013). Furthermore, the transition to 
spring tide in February co-occurred with the significant effect 
of overtopping (p value = 0.001) on community composition. 
Tidal regime for the October dataset alone was not significant 
(p value = 0.485).

FIGURE 2    |    Water height measurements relative to mean sea level (MSL) from Wells 1 and 4 during the sampling period for February and October 

2022 (A). Predicted tide height (grey) from the nearest NOAA station (Bolinas Lagoon 9,414,958, labelled “NOAA”) as a comparison. Well 4 logger was 

inundated by waves on 27 February and removed on 28 February 2022. In (B), the gradient in water height between Well 1 and Well 4. The gradient is 

calculated as the difference in water height relative to mean sea level (Δh) divided by the distance between Well 1 and Well 4 (Δx; 16.7 m in February and 

19.7 m in October). When the water height at Well 1 was greater than Well 4, there was a positive gradient with oceanward flow, and vice versa.
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The effect of tide (H/L) on community composition was tested 
for the February dataset since H and L samples were collected. 
There was no significant difference (p value > 0.05) between H 
and L for all the February samples together or for subsets of the 
February dataset based on region or tidal regime.

3.2.2   |   Microbial Composition Varies With Gradients in 

Salinity, Inorganic Nitrogen, and Organic Carbon

The set of environmental variables with the highest correlation 
to microbial community composition included salinity, tem-
perature, DO, nitrate, ammonia, phosphate, DOC, and HIX 
(Spearman's ρ = 0.685, Table 3). The singular variable with the 
highest correlation was DOC (Spearman's ρ = 0.454), while the 
two variables combined with the highest correlation were sa-
linity and nitrate (Spearman's ρ = 0.572). For various subsets of 
the full porewater dataset, salinity, DIN, DOC, Fpeak, and HIX 
were consistently strongly correlated with variations in the mi-
crobial community composition (Table A4).

3.2.3   |   Taxa Responsible for Shifts in Microbial 

Community Structure

There were 63,344 total unique ASVs and 7,613,584 total reads 
in the full porewater and seawater dataset. Most ASVs were 
classified at the phylum or lower level; however, there were 
3,570 ASVs (2.96% of total reads) assigned to Bacteria and 
119 ASVs (0.09% of total reads) assigned to Archaea that were 
unclassified at the phylum level. The number of unclassified 
reads at the phylum level was disproportionately higher in the 
deep samples (4.53% unclassified bacteria and 0.30% unclassi-
fied archaea) despite having similar total read counts to other 
regions of the STE.

Proteobacteria, Nanoarchaeota, Verrucomicrobiota, 
Patescibacteria (Candidate Phyla Radiation, CPR), and 
Bacteroidota were relatively abundant and prevalent across 
all porewater samples. Respectively, these phyla represented 
26.8%, 19.8%, 10.3%, 7.2%, and 5.8% of the total reads including 
both porewater and seawater samples (Figure A6).

Proteobacteria were relatively abundant in shallow porewater 
as well as seawater samples, with decreasing abundance deeper 
into the STE (Figure  6; Figure  A7). The relative abundance of 
Proteobacteria was positively correlated with DO measurements 
(Spearman's ρ = 0.41; p value < 0.001, Figure A8). There were 8,482 
total ASVs classified as Proteobacteria. Proteobacteria genera with 
the highest relative abundance included Shewanella in the shallow 
and intermediate depth samples, Gallionella in the deep samples, 
and SAR11 Clade Ia in the Well 4 and seawater samples.

Nanoarchaeota within the DPANN superphylum were relatively 
abundant in Well 4 samples with lower abundance in shallow 
porewater samples and seawater samples (Figure 6; Figure A9). 
The relative abundance of Nanoarchaeota was negatively cor-
related with nitrite, ammonia, and DOC (Spearman's ρ = −0.42, 
−0.45, −0.44, respectively; p values < 0.001, Figure  A8). There 
were 10,748 ASVs classified as Nanoarchaeota. All Nanoarchaeota 
ASVs were further classified in the order Woesearchaeales, a 
proposed DPANN phylum Woesearchaeota (Castelle et al. 2015). 
Despite their abundance (nearly 20% of all reads in the dataset), 
Nanoarchaeota ASVs were poorly classified with 61.5% unclassi-
fied finer than order Woesearchaeales and the remaining resem-
bling assembled genomes at the family (GW2011_GWC1_47_15, 
SCGC AAA011-D5, SCGC AAA286-E23, CG1-02-57-44) or 
genus (AR15, AR20) level.

Verrucomicrobiota were particularly abundant in interme-
diate and deep porewater samples (Figure  6; Figure  A9). 

TABLE 1    |    Median values for select physicochemical measurements by region within the subterranean estuary. A total of 516 porewater and 25 

seawater surf samples were collected over 9 days in February and 8 days in October of 2022.

Wells 1–3

Shallow Intermediate Deep Well 4 Seawater

Salinity (PSU) 2.5 1.3 6.0 14.5 32.8

Temperature (°C) 14.2 15.0 17.2 12.6 12.7

DO (μM) 179.7 114.5 139.7 203.9 279.4

pH 8.6 8.2 7.9 8.0 8.0

Nitrate (μM) 288.3 237.0 10.3 90.7 9.6

Nitrite (μM) 5.4 3.2 1.9 0.0 0.3

Ammonia (μM) 1.6 0.5 6.4 0.3 3.1

Phosphate (μM) 24.3 12.7 33.4 4.7 1.9

Cells ml−1 (× 105) 5.6 4.8 4.5 2.2 17.6

DOC (μM) 588.8 534.4 478.5 159.2 85.8

Fpeak (RFU) 0.06 0.04 0.06 0.01 0.00

HIX 16.6 17.7 16.4 13.6 4.2

Abbreviations: DO = dissolved oxygen; DOC = dissolved organic carbon; HIX = humification index.
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Verrucomicrobiota relative abundance was negatively cor-
related with DO (Spearman's ρ = −0.40, p value < 0.001). There 
were 8,449 ASVs classified as Verrucomicrobiota. Of these 
ASVs, 6,110 were classified as class Omnitrophia, represent-
ing 82.1% of Verrucomicrobiota reads, now a separate phylum 
Omnitrophota also within the PVC superphylum. Candidatus 
Omnitrophus was the dominant genus representing 69.3% of all 
Verrucomicrobiota reads.

Patescibacteria, comprising the Candidate Phyla Radiation 
(CPR), had a fairly uniform distribution across porewater 
samples while mostly absent in seawater samples (Figure  6; 
Figure  A9). CPR were negatively correlated with salinity 
and DO (Spearman's ρ = −0.43, −0.54, respectively, p values 

< 0.001). There were 6,685 ASVs classified as CPR. CPR were 
classified to the genus level for Candidatus Paceibacter (2.2% 
of all CPR reads), which were relatively abundant in deep 
samples. The majority of CPR reads were classified to the 
class level as primarily Parcubacteria (25.4%) and Candidatus 
Yanofskybacteria (11.9%).

Bacteroidota were relatively abundant in shallow porewater and 
seawater samples (Figure  6; Figure  A9). Bacteroidota relative 
abundance was positively correlated with nitrate (Spearman's 
ρ = 0.41, p value < 0.001). There were 2,078 ASVs classified as 
Bacteroidota. Bacteroidota genera with the highest relative 
abundance included Fluviicola in the Well 4 as well as shallow 
and intermediate depth samples, Maritimimonas in the deep 

FIGURE 3    |    Dissolved inorganic nitrogen concentrations across the beach transect highlighting depth structure within Wells 1–3 for February 

and October. Panels are distinguished by the date (day-month abbreviation) and tide (H = high-high). General features were consistent across dates 

and tides for nitrate (A), nitrite (B), and ammonia (C). Interpolation was performed using IGOR Pro (Wavemetrics). MSL = mean sea level.
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samples, and members of the NS5 marine group in the family 
Flavobacteriaceae in the seawater samples.

3.2.4   |   Taxonomic Indicators of STE Region

Phyla and ASVs enriched in each STE cluster region (shallow, 
intermediate, deep, Well 4, and seawater) were identified using 
DESeq. Based on log 2 fold change, Firmicutes had the high-
est enrichment in the shallow region, Methylomirabilota in 
the intermediate region, Campylobacterota in the deep region, 
Nanoarchaeota in Well 4, and Actinobacteriota in seawater 
(Table  A5). There were 353 ASVs significantly enriched (ad-
justed p values < 0.05) in the shallow, 345 in the intermediate, 
181 in the deep, and 317 in the Well 4 STE regions with relative 

abundance over 0.01% of total reads. The top 10 most enriched 
ASVs from each region, based on the log 2 fold change relative to 
all other samples, are presented in Figure A10.

3.2.5   |   Overtopping Surface Waves Impact Community 

Composition in the STE

There were 16 ASVs significantly enriched in seawater samples 
compared to porewater samples prior to February 27, when a 
wave set overtopped Well 4 and infiltrated the landward STE 
(Figure 4). These 16 ASVs were used as tracers of a seawater 
community within the porewater post February 27. They be-
longed to the genus Amylibacter (ASV 12), SAR11 Clade Ia 
(ASVs 8, 15, and 321), SAR86 clade (ASVs 42 and 90), SAR92 

FIGURE 4    |    Cross sections of the beach transect showing infiltrating seawater following the wave overtopping event at Well 4 during the 27 

February high-high tide. Salinity (A) and percent seawater tracer amplicon sequence variants (ASVs) (B) across the beach transect for select dates 

and tides. Panels are distinguished by the date (day-month abbreviation) and tide (H = high-high and L = low-low). Percent seawater tracer ASVs was 

calculated as the sum of the reads assigned as seawater tracer ASVs divided by the total reads for each sample. Taxonomic identification of the ASVs 

is in the text. Interpolation was performed using IGOR Pro (Wavemetrics, Portland, OR). MSL = mean sea level.
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clade (ASV 379), SUP05 cluster (ASVs 49 and 101), NS4 ma-
rine group (ASV 109), NS5 marine group (ASV 462), NS2b ma-
rine group (ASV 155), OM182 clade (ASV 188), OM60(NOR5) 
clade (ASV 992), Planktomarina (ASV 76), and Synechococcus 
CC9902 (ASV 926).

The initial detection of the wave overtopping impact on the 
STE microbial community occurred at the shallowest depths 
at Well 4 during the February 27 H tide (Figure 4; Figure A11; 
Figure  A12). At this time, reads from seawater tracer ASVs 
alone comprised 42.1% of all reads within the shallowest Well 

4 sample. There was a delayed impact of the seawater infil-
trating deeper and horizontally reaching Well 2 by March 3 
H tide. Reads from tracer ASVs reached 18.8% in the deepest 
Well 2 sample. Well 1 remained unaffected throughout the 
times sampled with seawater tracers reads < 1%. The relative 
abundance of seawater tracer ASVs declined after the initial 
delayed impact. This wave overtopping event and seawater 
infiltration disturbed the distinct separations of microbial 
communities by region within the Stinson Beach STE, but the 
effect was transient and minimal landward within the STE 
porewater.

FIGURE 5    |    Constrained analysis of principal coordinates (CAP) using the Bray–Curtis dissimilarity matrix of microbial ASV data and the 

reduced subset of environmental variables. Axes 1 and 2 (A) and axes 2 and 3 (B) are shown with the percent of variation explained on each axis. 

Samples are plotted as circles (February 2022) or triangles (October 2022). The color of each sample represents the region (A) or depth in meters to 

mean sea level (B). Grey samples (B) are seawater surf samples that were not subterranean. Temp = temperature; DO = dissolved oxygen; DOC = 

dissolved organic carbon; HIX = humification index; MSL = mean sea level.
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4   |   Discussion

The findings of this study provide important new insights into 
the spatial and temporal microbial dynamics in a STE that, to our 
knowledge, have not been observed at such fine resolution. We 
attempted to characterize how dynamic changes in hydrology 
and physicochemistry of the STE at various spatial and temporal 
scales affect the microbial community. To accomplish this, we 
collected 187 samples for V4 16S rRNA gene amplicon sequenc-
ing from 17 locations (4 wells each with 3–5 depths) and 13 time 
points spanning two seasons and several tidal conditions at the 
STE located at Stinson Beach, California, USA.

4.1   |   Predominant Spatial Heterogeneity 
of the STE Environment and Microbial Community

Despite dynamic tidal variation across our sampling time points, 
there were temporally stable physicochemical gradients within 
the Stinson Beach STE. From the most landward to oceanward 
sampling wells, there were dramatic decreases in DIN, DOC, and 
fDOM metrics in addition to the increase in salinity. For exam-
ple, concentrations of nitrate exceeded 500 μM in Wells 1–3 while 
rarely above 100 μM in Well 4 and 10 μM in seawater samples. 
Similarly, concentrations of DOC exceeded 900 μM in Wells 1–3 
while rarely above 300 μM in Well 4 and 90 μM in seawater sam-
ples. There are likely physical and biological processes account-
ing for these discrepancies as meteoric groundwater mixes with 
seawater. For instance, in addition to dilution, denitrification 
could contribute to the decline in nitrate and DOC as nutrient-
rich groundwater discharges to the ocean.

Overlayed with this horizontal structure from land to sea, there 
were distinct depth gradients within Wells 1–3. Shallow, fresher 
porewaters were enriched in nitrate, while deeper, saltier wa-
ters were enriched in ammonia. Intermediate depths repre-
sented a transition zone with occasional hotspots of high nitrite 
concentrations. At other STEs (Rogers and Casciotti  2010; 
Santoro 2010; Schutte et al. 2018; Wilson et al. 2023), these fea-
tures have been associated with a shallow oxic layer and a deep 
anoxic salt wedge. While we did not detect anoxic conditions at 
any location, DIN distributions suggest possible transient anoxic 

conditions, anoxic microsites, or seepage from the deeper con-
fined aquifer below.

The microbial community composition is neatly segregated by 
these spatial regions within the STE. The unique horizontal 
and vertical structure, within tens of meters and stable between 
seasons, could have important implications for microbially-
mediated biogeochemical reactions and ecological interactions 
between microbial populations. For example, the high concen-
trations of DOC, DO and nitrate, and likely sulfate from sea-
water suggest sufficient, if not excessive availability of electron 
donors and acceptors for respiration. Additionally, nitrification 
and denitrification processes could contribute to the separation 
of nitrate and ammonia pools with depth.

Spatial heterogeneity also affects the distribution of microbial 
populations. Particular ASVs were associated with these regions 
within the STE, even within the same genus, suggesting that 
populations may be somewhat isolated. This spatial structure 
could be used as a baseline biomarker for changing conditions 
in subsequent assessments.

4.2   |   Minimal Seasonal and Tidal Variation

Compared to spatial gradients, temporal variations had smaller 
effect sizes on the physicochemical and microbial commu-
nity composition. On average, there were seasonal differences 
in porewater temperature and DIN concentrations as well as 
overall microbial community composition between February 
and October of 2022. Due to logistical constraints, samples 
from February and October were collected from slightly dif-
ferent depths, which might account for some of the observed 
differences. Other STE studies have found both seasonally 
resilient (Calvo-Martin et  al.  2022; Degenhardt et  al.  2020) 
and seasonally-variable communities (Chen et  al.  2020; Jiang 
et al. 2020; McAllister et al. 2015; Wu et al. 2023). In this tem-
perate location during a year with low rainfall, there was only 
an average 4°C warming in porewater between February and 
October. Further investigation should be conducted in locations 
with more dramatic climatic changes to capture the range of 
possible seasonal effects.

TABLE 2    |    Spatial and temporal variation of microbial community composition. The Bray–Curtis dissimilarity matrix was generated using ASV-

level data for all porewater samples.

Homogeneity of group 

dispersion (PERMDISP)

Analysis of similarities 

(ANOSIM)

Permutational analysis of 

variance (PERMANOVA)

Explanatory variable n F statistic p Global R p R2 p

Region (shallow, 
intermediate, deep, well 4)

178 0.560 0.649 0.829 0.001*** 0.325 0.001***

Season (February, October) 178 4.524 0.035* 0.221 0.001*** 0.059 0.001***

Tidal regime (spring, neap) 178 0.444 0.508 0.060 0.001*** 0.020 0.001***

Overtopping (pre, post) 130a 0.103 0.756 0.062 0.014* 0.022 0.001***

Tide (H, L) 130a 0.017 0.909 −0.012 0.889 0.004 0.988

Note: n = number of observations; Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.
aFebruary dataset only.
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There are no previous reports on the effects of tidal conditions on 
STE microbial communities. The physicochemical environment 
and microbial community composition were not significantly 
different between tidal regimes (spring/neap) or tides (H/L). The 
tidal influence may be muted within the Stinson Beach STE due 
to limited water displacement from tidal forcing. Using Darcy's 
Law and a hydraulic conductivity (Kh) of 3.85 × 10−4 m/s (de 
Sieyes et al. 2011) and a gradient range of 0.01–0.04 for a gener-
ous estimate of 6 h, the maximum tidal displacement during our 
sampling was estimated to be between 0.08 and 0.30 m. This dis-
placement is much smaller than the 5–10 m between wells along 
the 20 m transect.

4.3   |   Significant Impact of Overtopping Waves

Although tidally driven transport is limited, we captured the 
impact of overtopping waves significantly altering the physi-
cochemical environment and transporting marine microbes 
into the STE. Following the overtopping event at Well 4 during 
the high-high tide on February 27, the salinity significantly in-
creased while DIN, phosphate, and fDOM metrics significantly 
decreased within the STE. We identified 16 ASVs as tracers of 
this wave impact and subsequent infiltration. Tracer ASVs in-
cluded marine members from the Flavobacteriaceae family 
(NS4, NS5, and NS2b), Rhodobacteraceae family (Amylibacter, 

Planktomarina), Pseudomonadales order (SAR86, SAR92, 
OM182, OM60), SAR11 clade, and Synechococcus cyanobacteria. 
Few studies (Boehm, Yamahara, and Sassoubre  2014; Russell, 
Yamahara, and Boehm  2012) have documented the transport 
of microbial cells through beach sands. Previous studies have 
noted the potential of inoculation from the marine environment 
into coastal aquifers (Adyasari et al. 2019; Chen et al. 2019; Unno 
et al. 2015). While Chen et al. (2019) proposed Oceanospirillales 
and Alteromonadaceae as potential indicators of seawater in-
trusion, Unno et  al.  (2015) proposed Rhodobacteraceae and 
Flavobacteriaceae similar to our own findings.

There are important ecological and biogeochemical ramifica-
tions of seawater infiltration due to overtopping waves. This 
event shows that porewater can be a conduit for the exchange 
of cellular material through the beach STE. The infiltrating sea-
water has very different chemical characteristics and microbial 
constituents, disrupting the spatial structure of the STE. Thus, 
these events can be used to study both connectivity and distur-
bance. Within a few tidal cycles at Stinson Beach, the 16 tracer 
ASVs alone comprised nearly 20% of the total microbial commu-
nity within the landward Well 2 site. However, the impact was 
restricted from reaching Well 1 and deeper depths. Shallower 
depth communities are likely more connected to the ocean and 
potentially more resilient to these transient events. Wave over-
topping events are more likely to occur during particular tidal 
regimes and times of the year, such as winter spring tides, when 
water levels are heightened. The impact of overtopping waves 
can be a lens to the near future as sea levels rise and storm surges 
become more intense due to climate changes.

Follow-up research to determine the activity of these trans-
ported cells, such as transcriptomics, will be necessary to fully 
characterise this impact and the impact of other stochastic 
events such as rainfall. Regardless, our observations confirm T
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the transport of cellular material through the STE environment 
over a few days.

4.4   |   Taxonomic Diversity Within the STE

Taxonomically, a notable portion of our ASVs and sequencing 
reads were unclassified at the phylum level, particularly in the 
deep samples. Groundwater aquifers have been shown to har-
bor a diversity of unknown taxa (Anantharaman et  al.  2016; 
Castelle et al. 2013). Among the classified reads, Proteobacteria 

were relatively abundant as well as several phyla considered 
“ultrasmall”. Patescibacteria (CPR), members of the DPANN ra-
diation, Omnitrophota (previously within Verrucomicrobiota), 
and Actinomarinales have characteristically small cell sizes 
and reduced genomes (Castelle and Banfield  2018; Castelle 
et  al.  2015; Dombrowski et  al.  2019; López-Pérez et  al. 2020; 
Sakai et  al.  2022; Seymour et  al.  2023). Previous STE studies 
have reported the presence of CPR (Adyasari et al. 2020; Ruiz-
González et  al.  2022), members of the DPANN superphylum 
(Adyasari et al. 2020; Calvo-Martin et al. 2022; Chen et al. 2019; 
Degenhardt et  al.  2020; Ruiz-González et  al.  2022), and 

FIGURE 6    |    Relative abundance of phyla for each porewater (n = 182) and seawater (SW) sample (n = 5). Replicate samples were not collected. 

Individual phyla displayed are over 0.16% of the total sequencing reads and ordered by contribution to total reads. These phyla represent 95% of total 

reads collectively and 26/80 of the total classified phyla. Other phyla are grouped into the “Other” category. Samples are sectioned into each well and 

binned by region (shallow, intermediate, deep, Well 4, or seawater). Within each bin, samples are ordered by depth (m to MSL) and then sequentially 

by date and tide. October samples are labelled in italics.
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Omnitrophota (Adyasari et al. 2020; Calvo-Martin et al. 2022), 
but at lower relative abundances than found within our sam-
ples. Although it is possible that our methods of sampling pore-
water rather than sand selectively captured these taxa, Stinson 
Beach may also harbor uniquely abundant populations of these 
“ultrasmall” taxa.

In other high-energy sandy beach STEs, the microbial com-
munity was comprised of a core set of abundant generalists, 
independent of transect location and sampling depth, that 
were persistent over seasons within beach sands (Degenhardt 
et al. 2020). Calvo-Martin et al. (2022) noted the ubiquity of abun-
dant cosmopolitan taxa between two beaches with seasonally-
resilient communities specific to their shallow (0.29 m relative 
to the sand surface) and deep (1.78 m) porewater samples. These 
cosmopolitan taxa within the Proteobacteria, Thaumarchaeota 
(now Nitrososphaerota), Nanoarchaeaeota, and Chloroflexi 
phyla were similar to those found across intertidal beach sand 
samples spanning the California coast (Boehm, Yamahara, and 
Sassoubre  2014). While the microbial members present at the 
Stinson Beach STE were taxonomically similar to those identi-
fied previously, the community was heterogeneous by location 
and temporally variable.

5   |   Conclusions

This research is the first to target daily and sub-daily tidal 
variation of the microbial community within a STE. Our re-
sults highlight three main findings regarding the structure 
of the microbial community in the high-energy, sandy beach 
STE: (1) the region within the STE was a primary determi-
nant of community composition, while transitions between 
high and low tides had no discernible impact; (2) salinity, 
DIN, and DOC were significant environmental correlates of 
community composition, with additional variation explained 
by DOM quality, particularly the humification index (HIX); 
and (3) transport of microbial cells in the porewater is possible 
via the disturbance of surface waves and subsequent infiltra-
tion of seawater. The abundance of completely unclassified 
bacteria and archaea, as well as “ultrasmall” taxa, warrants 
further investigation. These findings have important implica-
tions for the impacts of sea level rise, which are projected to 
fully inundate Stinson Beach by 2100, as well as the capacity 
for the beach aquifer to process pollutants from human activ-
ities. Follow-up research using techniques targeting specific 
metabolic capabilities, ecological roles, and activity measure-
ments will further enhance our understanding of these unique 
subterranean communities.
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Appendix A

Detailed Fluorescent Dissolved Organic Matter Methods

Sample excitation (240–500 nm) and emission (250–825 nm) matrices 
were subtracted from deionized water blanks. Fluorescence values were 
scaled to Raman units by dividing sample values by the intensity of 
excitation at 350 nm in averaged deionised water blanks over an inte-
grated emission range of 381–426 nm. Fluorescence intensities at spe-
cific excitations and emissions were taken from the literature. Coble A, 
B, C, M, and T are derived from Coble (1996) and Coble (2007). Coble A 
(450 nm emission intensity at 320 nm excitation) and Coble C (445 nm, 
345 nm) are associated with terrestrial humic-like substances. Coble 
M (410 nm, 310 nm) is associated with autochthonous humic-like sub-
stances in marine and freshwater systems. M:C is the ratio of Coble 
M to Coble C, predominantly marine to terrestrial humics (Burdige, 
Kline, and Chen  2004). Coble T (340 nm, 275 nm) is associated with 
aromatic tryptophan-like substances. Coble B (305 nm, 275 nm) is as-
sociated with tyrosine-like substances. Fpeak (299 nm, 240 nm) is as-
sociated with phenylalanine (Yamashita and Tanoue 2003). Stedmon D 
(305 nm, 390 nm) is associated with terrestrial fulvic acid (Stedmon and 
Markager 2005). Emissions at 435 nm with 360 nm excitation are associ-
ated with optical brighteners (Hussain et al. 2012). Emissions at 360 nm 
with 240 nm excitation are associated with lignin (Hernes et al. 2009). 
FI (ratio of emission intensity at 450 nm to that at 500 nm obtained with 
an excitation of 370 nm) is an index to distinguish between microbially-
derived fulvic acids (value of 1.9) and terrestrially-derived fulvic acids 
(value of 1.4) (McKnight et al. 2001). HIX (ratio of two spectral region 
areas from 300–345 nm to 435–480 nm at an excitation of 254 nm) is an 
index for the degree of humification and degradation of organic mat-
ter with higher values indicating more complex molecules like high 
molecular weight aromatics (Huguet et al. 2009; Zsolnay et al. 1999). 
BIX (ratio of emission intensity at 380 nm to that at 430 nm obtained 
with an excitation of 310 nm) is an index that signifies the presence of 
the b fluorophore indicating autochthonous biological activity (Huguet 
et al. 2009). BIX values over 1 correspond to the predominantly autoch-
thonous origin of DOM.

Detailed Cell Count Methods

Samples fixed with paraformaldehyde were thawed at room temperature 
immediately prior to capturing the cells on a 0.1-μm Isopore membrane 
filter (Millipore, Cat. No. VCTP02500). Cells were prepared for micros-
copy by vacuum filtering 1 mL of sample was mixed with 1 mL of Milli-Q, 
then washed with 2 mL of PBS followed by 2 mL of a 1:1 PBS to ethanol 
solution. Finally, 2 mL of ethanol was added to the filter and incubated 
for 5 minutes before running through the filter. A quarter of the filter was 
mounted onto a slide and stained with 3 μL of DAPI, then kept in the dark 
for at least 15 min prior to imaging. DAPI-stained cells were imaged using 
a Nikon Eclipse Ti inverted epifluorescence microscope at 100 × resolu-
tion. Cells were counted in at least three separate images using ImageJ 
(v1.53t). Prior to analyzing cell counts, each image had the background 
removed with a rolling ball radius of 50.0 pixels, the thresholds were set 
to remove grid lines and remaining noise for each image, cells were filled, 
and then the image was converted to a mask before separating clumped 
cells with the watershed function. Cells were counted using analyzer 
Particles with a size threshold of 10 square pixels. Cell counts were con-
verted to cells per volume of sample, and mean cell counts from all anal-
ysed images were adopted as the cell density in each sample.
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Detailed DNA Extraction Methods

Immediately prior to extraction, filters in their casing were thawed on 
ice, and then the casing was removed with PVC cutters sterilized with 
70% ethanol. Half of the filter was cut into strips with a sterile scalpel 
and placed in a bead-beating tube. The remaining half of the filter was 
immediately returned to −80°C storage. 600 μL of Solution PM1 and 
6 μL of DL-1, 4-Dithiothreitol (Fisher Scientific, Cat. No. AC426380100) 
were added and briefly vortexed. Bead beating occurred twice for 30 s at 
5.5 m/s with 5 min of rest with a FastPrep-24 Classic (MP Biomedicals, 
Cat. No. 116004500). Chemical lysis was performed by adding 200 μg/
mL of proteinase K (Millipore Sigma, Cat. No. 71-049-3) and incubating 
for 1 h at 55°C on a roller table. The remainder of the DNA extraction was 
performed to prepare samples for processing with a QIAcube Connect 
(QIAGEN, Cat. No. 9002864) using the manufacturer's protocol. Five 
sterile, unused filters were run in parallel during the sample DNA ex-
tractions as negative controls (‘kitome’). To verify extractions were suc-
cessful, DNA concentrations were immediately measured using 2 μL 
of the template with the Qubit dsDNA HS Assay (ThermoFisher, Cat. 
No. Q33230) according to manufacturer instructions. DNA extracts 
were stored at −80°C until shipping for amplicon sequencing (within 
2 months).

Detailed 16S rRNA Gene Sequencing Methods

16S rRNA gene (V4) amplicon sequencing for samples and “kitome” 
controls was performed by the University of Michigan Microbiome 
Core. 96-well plates were loaded with DNA extracts where DNA con-
centrations were diluted to less than 5 ng/μL when necessary with 
nuclease-free sterile water (QIAGEN, Cat. No. 129112). Plates were 
sealed and frozen overnight at −80°C before being shipped on dry 
ice to the sequencing core. At the core facility, samples were stored 
at −80°C (approximately 2 months) until PCR amplicons were gen-
erated for the V4 region of the 16S rRNA gene using the modified 
515 forward (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806 reverse 
(5′-GGACTACNVGGGTWTCTAAT-3′) Earth Microbiome Project 
primers (Walters et  al.  2015). DNA amplicons were sequenced across 
two separate runs on a 2  ×  250 Illumina MiSeq v2. Per plate, a nuclease-
free sterile water PCR negative control and a mock community posi-
tive control (ZymoBIOMICS, Cat. No. D6306) were included by the 
Microbiome Core in addition to field blanks and extraction blanks 
(‘kitome’).

Sequences were provided in demultiplexed fastq files. The forward and 
reverse reads were trimmed at 240 base pairs (bp) and 200 bp, respec-
tively. Reads underwent quality control where reads were removed if 
ambiguous bases were present, contained more than two expected er-
rors, or originated from PhiX, and reads were truncated after the first 
occurrence of a base with a Q-score less than two. Using the DADA2 
pipeline (v1.22.0, Callahan et  al.  2016), reads were then dereplicated, 
denoised, and merged. Singletons, chimeric sequences, and reads with 
lengths less than 250 bp or greater than 260 bp were removed. Resulting 
amplicon sequence variants (ASVs) were assigned taxonomic informa-
tion with the SILVA nr99 database (v138.1, Quast et al. 2013; Yilmaz 
et al. 2014). Decontamination of ASVs with greater frequency and prev-
alence in the kitome and PCR negative controls was performed with 
Decontam (v1.14.0, Davis et al. 2018) using the ‘either’ method and a 
threshold of 0.1. Decontamination removed 857 ASVs while retaining 
65,719 ASVs. ASVs identified as chloroplasts or mitochondria were also 
removed from the dataset (1,425 ASVs), retaining 63,344 total unique 
ASVs for analysis. There were 7,613,584 total reads in the resulting 
dataset. The median sequencing depth per sample was 33,353 reads 
(range = 7816–92,556 reads).
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TABLE A5    |    Phyla, over 0.1% of the total sequencing reads, paired with the region where they were significantly enriched based on DESeq 

analysis. Log 2 fold change in the region compared to all other regions, standard error (linear discriminant analysis effect size, lfcSE), the Wald 

statistic, and Benjamini-Hochberg adjusted p values are reported.

Phylum Region log 2 fold change lfcSE Wald statistic Adjusted p

Firmicutes Shallow 3.26 0.38 8.58 9.88E-17

Bdellovibrionota Shallow 2.45 0.21 11.77 1.70E-30

Bacteroidota Shallow 1.72 0.21 8.38 4.10E-16

Proteobacteria Shallow 1.26 0.16 7.83 2.20E-14

Thermoplasmatota Shallow 1.21 0.40 3.07 4.94E-03

Methylomirabilota Intermediate 2.63 0.54 4.90 8.28E-06

Elusimicrobiota Intermediate 1.46 0.27 5.42 1.03E-06

Nitrospirota Intermediate 1.32 0.32 4.10 1.42E-04

Acidobacteriota Intermediate 1.09 0.20 5.44 1.03E-06

Myxococcota Intermediate 0.88 0.20 4.47 3.44E-05

Planctomycetota Intermediate 0.67 0.15 4.47 3.44E-05

Patescibacteria Intermediate 0.54 0.13 4.30 6.61E-05

Verrucomicrobiota Intermediate 0.42 0.16 2.67 1.91E-02

Campylobacterota Deep 4.54 0.70 6.51 3.17E-10

Desulfobacterota Deep 3.91 0.24 16.18 1.68E-57

Chloroflexi Deep 2.40 0.18 13.31 2.70E-39

Aenigmarchaeota Deep 1.72 0.35 4.93 2.56E-06

Nitrospirota Deep 1.14 0.33 3.45 1.27E-03

Verrucomicrobiota Deep 0.87 0.15 6.00 6.91E-09

Acidobacteriota Deep 0.75 0.21 3.57 9.08E-04

Desulfobacterota Deep 0.51 0.19 2.75 1.06E-02

Planctomycetota Deep 0.46 0.16 2.98 5.63E-03

Nanoarchaeota Well 4 1.40 0.18 7.82 1.60E-13

Desulfobacterota Well 4 0.98 0.18 5.53 3.25E-07

Myxococcota Well 4 0.72 0.21 3.41 2.01E-03

Actinobacteriota Seawater 3.22 0.35 9.15 2.51E-18

Bacteroidota Seawater 1.84 0.62 2.95 1.54E-02
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FIGURE A1    |    Images from porewater sample collection at Stinson Beach, CA STE. (A) View to surf from Well 4 during L in February. (B) Peristaltic 

pump to collect porewater using SedPoint2 (M.H.E. Products) polyethylene tubing installed subsurface at each well location. (C) Installation tools 

(SedPoint Installer and hand-operated sand auger) and slotted PVC pipe before installation. (D) SedPoint2 halfway inserted into SedPoint Installer 

showing the two-inch screen and stainless steel tip.
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FIGURE A2    |    Pairwise correlation matrix between environmental variables to assess multicollinearity. If two variables were highly correlated 

(Pearson's correlation coefficient > 0.8), one variable was chosen as a representative for downstream statistical analyses. The variables selected are 

shown in bold. Correlation computed with the cor function in the stats package and visualised with the pheatmap function and package. DOC = dis-

solved organic carbon. fDOM = fluorescent dissolved organic matter. Total nitrogen = inorganic and organic measured together by TOC-L.
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FIGURE A3    |    Hierarchical clustering of samples based on Bray–Curtis dissimilarity of ASV data for each sample (each row and column). 

Clustering is computed with the hclust function and visualised with the heatmap function both in the stats package. SW = seawater samples.
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FIGURE A4    |    Constrained analysis of principal coordinates (CAP) using the Bray–Curtis dissimilarity matrix and the reduced subset of environ-

mental variables for each well analyzed separately (A–D). Samples are plotted as circles (February 2022) or triangles (October 2022). The color of each 

sample represents the depth in meters to mean sea level (MSL).
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FIGURE A5    |    Convex hull depictions using principal coordinates of microbial community variation (Bray–Curtis dissimilarity matrix generat-

ed using ASV-level data for each sample) showing groupings of region (A), season (B), tidal regime (spring/neap) (C), and tide (H/L) (D). Labels are 

positioned at the centroid, where increasing overlap decreases dissimilarity between groups. Seawater (SW) samples are shown in A for comparison 

but not included in the temporal comparisons (B, C, or D) or statistical tests in Table 2. The tide (H/L) comparison (D) was only possible during the 

February sampling.
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FIGURE A6    |    Rank-abundance curve of the phyla with abundance over 0.1% of the total sequencing reads for all samples (n = 187) and ordered by 

contribution to total reads. These phyla represent 95.4% of total reads collectively and 30/80 of the total classified phyla.
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FIGURE A7    |    Relative abundance of Proteobacteria taxa out of the total sequencing reads for each porewater (n = 182) and seawater (SW) sample 

(n = 5). Taxa displayed are over 0.5% of the Proteobacteria reads and ordered by overall abundance. These taxa represent 19.8% of total reads. Samples 

are separated by well and then ordered by depth, date, and tide, where depth is a 0.25 m depth bin relative to mean sea level (MSL). Samples collected 

in October are highlighted in red text. Well 4 is closest to the surf zone where seawater samples were collected. Clustered regions are noted vertically 

along the side of each panel. uncl. = unclassified at the genus level with the finest taxonomic resolution following.
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FIGURE A8    |    Pairwise Spearman's rank correlation matrix of the phyla with abundances over 0.1% of the total sequencing reads with the reduced 

subset of environmental variables. Clustering for the dendrogram is hierarchical based on the matrix results. DO = dissolved oxygen. DOC = dis-

solved organic carbon. HIX = humification index.
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FIGURE A9    |    Relative abundance of non-Proteobacteria taxa out of total sequencing reads for each porewater (n = 182) and seawater (SW) sample 

(n = 5). Taxa displayed are individually over 0.25% of total reads and collectively represent 50.8% of total reads. Samples are separated by well and 

then ordered by depth, date, and tide, where depth is a 0.25 m depth bin relative to mean sea level (MSL). Samples collected in October are highlighted 

in red text. Well 4 is closest to the surf zone where seawater samples were collected. Clustered regions are noted vertically along the side of each panel. 

uncl. = unclassified at the genus level with the finest taxonomic resolution following.
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FIGURE A10    |    Heatmap of the relative abundance (per cent of total reads per sample) of the STE region indicator ASVs across all porewater and 

seawater surf samples. Samples were clustered based on the Bray–Curtis dissimilarity matrix of all 63,344 ASVs. The hierarchical cluster dendro-

gram is displayed with the region labels. Seawater (SW) samples cluster with a branch of the Well 4 samples that were impacted by the overtopping 

event in February 2022. uncl. = unclassified at the genus level with the finest taxonomic resolution following.
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FIGURE A11    |    Cross-sectional maps of percent seawater tracer ASVs (sum of the reads assigned as seawater tracer ASVs divided by the total reads 

for each sample) through time. ASVs are defined in the text. Panels show progressive time points during sampling from the L tide on 23 February to 

the L tide on 3 March 2022. Overtopping water due to waves occurred at Well 4 during H tide on 27 February.

 1
4
6
2
2
9
2
0
, 2

0
2
4
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://en
v
iro

m
icro

-jo
u
rn

als.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/1

4
6
2
-2

9
2
0
.7

0
0
0
9
 b

y
 S

tan
fo

rd
 U

n
iv

ersity
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

9
/0

1
/2

0
2

6
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



35 of 35

FIGURE A12    |    Seawater tracer ASVs depicting the spread and rate of influence of the wave set in February 2022. Relative abundance out of 

the total sequencing reads per sample. These 16 ASVs were identified with DESeq2 as significantly enriched in seawater versus porewater prior to 

February 27. Samples are organised by Well (columns) and Depth (rows), where depth is relative within each well. The x-axis is the date and tide 

(H/L) in order of sampling. No samples were collected at greyed out locations.
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