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Abstract
Despite being the largest estuary on the west coast of North America, no in-depth survey of microbial communities in San
Francisco Bay (SFB) waters currently exists. In this study, we analyze bacterioplankton and archaeoplankton communities at
several taxonomic levels and spatial extents (i.e., North versus South Bay) to reveal patterns in alpha and beta diversity. We
assess communities using high-throughput sequencing of the 16S rRNA gene in 177 water column samples collected along a
150-km transect over a 2-year monthly time-series. In North Bay, the microbial community is strongly structured by spatial
salinity changes while in South Bay seasonal variations dominate community dynamics. Along the steep salinity gradient in
North Bay, we find that operational taxonomic units (OTUs; 97% identity) have higher site specificity than at coarser taxonomic
levels and turnover (“species” replacement) is high, revealing a distinct brackish community (in oligo-, meso-, and polyhaline
samples) from fresh and marine end-members. At coarser taxonomic levels (e.g., phylum, class), taxa are broadly distributed
across salinity zones (i.e., present/abundant in a large number of samples) and brackish communities appear to be a mix of fresh
and marine communities. We also observe variations in brackish communities between samples with similar salinities, likely
related to differences in water residence times between North and South Bay. Throughout SFB, suspended particulate matter is
positively correlated with richness and influences changes in beta diversity. Within several abundant groups, including the
SAR11 clade (comprising up to 30% of reads in a sample), OTUs appear to be specialized to a specific salinity range. Some
other organisms also showed pronounced seasonal abundance, including Synechococcus, Ca. Actinomarina, and
Nitrosopumilus-like OTUs. Overall, this study represents the first in-depth spatiotemporal survey of SFB microbial communities
and provides insight into how planktonic microorganisms have specialized to different niches along the salinity gradient.
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Introduction

San Francisco Bay (SFB) is the largest estuary on the west
coast of the continental United States and is surrounded by

approximately 7.8 million people (US Census Bureau 2018).
Intense urban development along the shores and other human
activities such as damming, diking, dredging, historic mining,
and pollution have led SFB to be considered one of the most
anthropogenically altered estuaries in the USA [1]. Long-term
monitoring projects from both federal and state agencies have
also made SFB one of the most extensively studied estuaries
in the world [2], and consequently, SFB has served as a model
for understanding physical, chemical, and biological estuarine
dynamics [3–6]. For five decades, water quality in SFB has
been monitored regularly by the United States Geological
Survey (USGS) [7], showing both gradual and abrupt changes
in water quality due to human activity [8–10] and leading to a
thorough characterization of phytoplankton dynamics
[11–14]. However, in contrast to the in-depth monitoring of
phytoplankton in SFB, bacterioplankton and archaeoplankton
populations are remarkably understudied in this system. In
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fact, only three studies to date have examined pelagic micro-
bial community structure in SFB [15–17], all of which ex-
clude archaea and used molecular approaches with limited
phylogenetic resolution (i.e., DGGE, T-RFLP) or sequencing
depth. Here, we build considerably on this literature, using
deep 16S rRNA gene amplicon sequencing at large spatial
and temporal scales to understand bacterial and archaeal ecol-
ogy in the turbid estuarine waters of SFB and compare the two
connected but distinct arms of the estuary.

SFB is an excellent model system for understanding micro-
bial community dynamics because it encompasses both spatial
(e.g., salinity) and temporal (e.g., temperature) physicochem-
ical gradients [10]. Salinity has been identified as a universal
driver of bacterial and archaeal community structure [18–20],
as well as a key driver of estuarine bacterial community com-
position in numerous studies [21–27]. However, studies in
estuarine environments have also identified drivers of micro-
bial community structure besides salinity, including tempera-
ture, pH, dissolved oxygen, water residence time, organic car-
bon, or nutrient availability [15, 22, 26, 28–30], factors that
have not yet been studied in this system. Here we use the
strong estuarine gradient in North Bay to understand how
communities change along a salinity gradient and also com-
pare samples from similar salinities but in two distinct sub-
estuaries of SFB (i.e., North versus South Bay).

We sampled 12 stations ranging from fresh riverine inputs
to brackish mixing zones to highly marine-influenced regions
along a ~ 150-km transect of the SFB channel in order to
assess microbial biogeography. We sequenced bottom water
samples collected monthly over 2 years, capturing microbial

communities across several seasonal gradients (e.g., tempera-
ture, freshwater flow rate). Amplicon libraries were generated
using two updated 16S rRNA gene primer sets, which amplify
variable region 4 [31, 32] and regions 4 and 5 [32], respec-
tively. In our study, we use this large dataset to compare North
and South Bay microbial community assembly. We calculate
diversity metrics across different taxonomic levels, spatial ex-
tents, and physicochemical extents to better understand how
environmental gradients influence estuarine microbial
communities.

Materials and Methods

Study Site

SFB consists of two distinct but connected arms, generally
referred to as North and South Bay. North Bay receives fresh-
water inputs from the Sacramento and San Joaquin Rivers and
is characterized by a large salinity gradient ranging from fresh
to fully marine with residence times varying from days to
months depending on freshwater flow [33]. South Bay is a
weakly mixed marine lagoon with freshwater inputs dominat-
ed by urban runoff and wastewater and residences times rang-
ing from weeks to several months in the summer [33]. North
and South Bay consist of several sub-embayments (labeled in
Fig. 1) and are connected by a deeper basin, Central Bay,
which is strongly influenced by tidal exchange with the
Pacific Ocean [3].

657

 649 3 6 9 13

 18

 24

 27
 30

 34
 3637.5

38.0

Longitude

La
tit

ud
e

North Bay South Bay

36

34

30

27

24

18
13

9
6
3

649
657

S
ta

tio
n

8 12 16 20

Temperature

North Bay South Bay

36

34

30

27

24

18
13

9
6
3

649
657

S
ta

tio
n

10 20 30

Salinity

North Bay South Bay

12
04

11
12

05
23

12
08

07
12

09
11

12
10

03
12

11
06

12
12

04
13

01
15

13
02

26
13

03
26

13
04

23
13

07
23

13
08

28
13

09
26

13
10

24
13

10
25

13
11

19
13

12
03

14
01

14
14

02
11

14
03

11

12
04

11
12

05
23

12
08

07
12

09
11

12
10

03
12

11
06

12
12

04
13

01
15

13
02

26
13

03
26

13
04

23
13

07
23

13
08

28
13

09
26

13
10

24
13

10
25

13
11

19
13

12
03

14
01

14
14

02
11

14
03

11

36

34

30

27

24

18
13

9
6
3

649
657

S
ta

tio
n

1.0 1.5 2.0 2.5

log(SPM)

a b

c

d

-122.5 -121.5-122

Fig. 1 Map of San Francisco Bay and USGS water quality stations
sampled in this study (a) and tile plots of salinity in PSU (b),
temperature in °C (c), and SPM inmg/L (d) with the y-axis corresponding

to stations and x-axis to dates (YY-MM-DD) sampled in this study. Plots
are faceted by North (left facet) and South (right facet) Bay
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Sampling and DNA extraction

Microbial biomass was collected for DNA extraction approx-
imately monthly between April 2012 and March 2014 during
United States Geological Survey (USGS)Water Quality mon-
itoring cruises in the channel of the San Francisco Bay estu-
ary. Microbial cells were collected from bottom waters (1-m
above estuary floor) by pressure-filtering 150–1000 mL of
water from Conductivity, Temperature, and Depth (CTD) in-
strument package casts through a 10-μm pore size polycar-
bonate Isopore membrane filter (47-mm diameter; EMD
Millipore, Darmstadt, Germany) in line with a 0.22-μm poly-
ethersulfone Supor-200 membrane filter (47-mm diameter;
Pall, Port Washington, NY), followed by flash freezing on
liquid nitrogen prior to storage at − 80 °C. Bottomwaters were
the focus of this study because while phytoplankton in surface
waters have been well studied, very little is known about mi-
crobial processes/communities below the surface in SFB. Due
to the turbid waters and rapid clogging of small pore-sized
filters, a 10-μm prefilter was used to increase bacterial and
archaeal biomass collection. Only 0.22-μm filters were frozen
at − 80 °C and saved for extraction. DNA was extracted with
the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana,
CA), following the manufacturer’s instructions, with the fol-
lowing modifications: bead tubes were homogenized for 40 s
at speed 6.0 in a FastPrep bead beater (MP Biomedicals, Santa
Ana, CA), and final DNA was eluted into 75 μL 55 °C sterile
DNase-free water. DNA was quantified using the Qubit
dsDNA Broad Range assay (Life Technologies, Grand
Island, NY) and stored at − 80 °C.

Environmental Data

Corresponding water quality data [7] from the exact sam-
pling cruises, stations, and bottom water depth used in this
study was downloaded from the USGS San Francisco Bay
Water Quality and California Day Flow websites, the data
and detailed methodology on measurements are available at
the following links: https://sfbay.wr.usgs.gov/access/
wqdata/query/index.html and http://www.water.ca.gov/
dayflow/. Suspended particulate matter (SPM) was mea-
sured based on optical backscatter and corrected with dis-
crete measurements of dry weight of filtered particles.
Additional ammonium, nitrate, and nitrite measurements
were performed using filtered (0.22 μm pore size) water
that was frozen on dry ice prior to storage at − 20 °C.
Ammonium was measured us ing the sa l icy la te -
hypochlorite method (Bower and Holm-Hansen, 1980).
Nitrate and nitrite were measured using a SmartChem200
Discrete Analyzer (Unity Scientific, Brookfield, CT) fol-
lowing standard procedures. Nutrients were measured with-
in 1 week of sample collection.

Sequencing

Through a DOE Joint Genome Institute (JGI) Community
Science Program (CSP) project, we have assembled 354 16S
rRNA gene Illumina (MiSeq) amplicon libraries from bottom
water samples collected on 20 approximately monthly cruises
at 12 USGS monitoring stations spanning a 150-km transect
(Fig. 1). Of the 180 samples submitted, 177 samples were
successfully amplified with the updated 16S V4 primers [31,
34] (515F-Y GTGYCAGCMGCCGCGGTAA and 806RB
GGACTACNVGGGTWTCTAAT) and 177 samples were
amplified with the 16S V4-V5 primers [32] (515F-Y and
926R CCGYCAATTYMTTTRAGTTT). In total, 174 sam-
ples were amplified by both primer pairs to ensure we cap-
tured as much of the microbial diversity as possible (particu-
larly in the SAR11 clade and Thaumarchaeota, which previ-
ous V4 primers were biased against [31, 32, 34]) and allow us
to compare how these “universal” sets described an estuarine
environmental dataset. Library preparation was performed by
JGI following their standard operating procedures, available
at: https://jgi.doe.gov/user-programs/pmo-overview/
protocols-sample-preparation-information/. Libraries were
amplified at 94 °C for 3 min, then 30 cycles of 94 °C for 45
s, 50 °C for 60 s, 72 °C for 90 s, with a final elongation of 72
°C for 10 min before holding indefinitely at 4 °C. Samples
were pooled and sequenced on an Illumina MiSeq. Sequence
data from this study is available on NCBI SRA under
BioProject PRJNA577706.

Data Processing

Raw reads were processed by JGI using the iTagger v2.2
method, which is described in detail at https://bitbucket.org/
berkeleylab/jgi_itagger. Briefly, this method used Usearch v9.
2.64_i86linux32 [35], MAFFT v7.310 (2017/Mar/17) [36],
and QIIME 1.9.1 [37]. Using Usearch, overlapping read
pairs are merged into unpaired consensus sequences; merged
reads are then checked for correct PCR primer orientation and
spacing, evaluated based on read quality scores, dereplicated,
and counted. Next, clusterable sequences were incrementally
clustered starting at 99% identity and increasing the radius by
1% until reaching 97% to define OTUs. Sequences with fewer
than 3 copies were not used to cluster and were later mapped
back to cluster centroids. Cluster centroid sequences were
evaluated with the reference database SILVA 128. OTUs
with no taxonomic classification were moved to an otu.
unknown.fasta file, and contaminating sequences (i.e.,
chloroplast) were removed. After clustering, the V4 dataset
contained 160,616,905 reads (91.7% of original reads) with
an average library size ~ 890,000 and the V4–V5 dataset
contained 111,611,495 reads (91.9% of original reads) with
an average library size ~ 610,000.
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In general, amplicon library processing followed
established protocols for filtering low abundance reads,
transforming read counts, and normalizing library sizes [38,
39]. To prevent high-variance-low-abundance OTUs from
strongly influencing downstream analyses, we removed
OTUs that did not have at least 16 reads in at least 2 samples.
Libraries were normalized using the DESeq2 [40] variance-
stabilizing transformation (VST) method to adjust counts
based on variation in library size and then transformed using
the geometric mean to account for large variation in OTU
counts [39]. All analyses were conducted with R [v3.5.1]
using primarily phyloseq v1.26.1 [38, 39, 41] and vegan
v2.5-4 [42] packages.

Environmental data was centered and scaled prior to corre-
lation testing (scale, cor.test, and ggpairs [GGally v1.4.0]
functions). The natural log was used to transform variables
where values spanned several orders of magnitude (e.g.,
suspended particulate matter, chlorophyll). Samples were
assigned into salinity zones defined as fresh, oligohaline,
mesohaline, polyhaline, and euhaline [Venice system, [43]].
The wet season was defined as December through May and
the dry season as June through November, based on flow rates
from the Delta.

Community Diversity Analysis

Observed OTUs, Chao1, and Inverse Simpson metrics were
calculated for unfiltered (i.e., contain singletons) amplicon
libraries using phyloseq. Beta diversity metrics (e.g., principal
coordinates analysis, distance-based redundancy analysis)
were based on Bray-Curtis dissimilarity unless otherwise not-
ed. For beta diversity analyses within salinity zones, we used
relative abundance transformed libraries. DESeq2 was used
for differential abundance testing between different salinity
zones. The clusGap function [cluster v2.0.7-1] was used to
calculate the gap statistic for “goodness of clusters” and eval-
uated using “TibsSE2001SEmax” and used to confirm that the
number of clusters in adonis tests was appropriate. The bioenv
[vegan] function was used to identify the environmental var-
iables with the best correlation with community dissimilarities
from the following 10 variables: salinity, depth, temperature,
chlorophyll a, chlorophyll a to phaeopigments ratio, nitrate,
nitrite, ammonium, SPM, and freshwater flow rate. In vegan,
analysis of variance was calculated using the anova.cca or
adonis function and dispersions were calculated and tested
using betasdisper and permutest. Significant variables identi-
fied using bioenv test were used in dbRDAs unless a model
with fewer environmental variables could explain more vari-
ance based on anova tests. Procrustes tests were used to com-
pare ordinations quantitatively using the protest function
[vegan], which rotates and stretches ordinations until the dis-
tance between corresponding points is minimized. M2 repre-
sents one minus the squared correlation coefficient (R)

between the coordinates of corresponding points between
the two ordinations being tested. Turnover versus nestedness
components of beta diversity analyses were calculated using
betapart v1.5.1.

Nestedness of samples was calculated using the NODF
statistic (Nestedness metric based on Overlap and
Decreasing Fill), which describes combined column and row
nestedness based on decreasing fill and paired overlap of pres-
ence data in a matrix [44]. To calculate NODF, count tables
were converted to a presence-absence matrix and ordered by
decreasing row sums, then decreasing column sums (decreas-
ing prevalence and decreasing richness, respectively). The
oecosimu function [vegan] was used to calculate the NODF
statistic, which approximates the average percent of taxa from
less diverse samples that occur in more diverse samples. The
null model used was the “c0”model, which holds constant the
column sums (sample richness) but allows row sums to vary
(phyla prevalence) from the original data. Significance testing
was based on default parameters for oecosimu package and set
to test if data values were greater than the null model. Entropy
was calculated using the diversity function [vegan] and de-
fined as the Shannon index of specific taxa (instead of by
sample) based on natural log of relative abundance.

Results and Discussion

Primer Comparison

For the remainder of this text, all analyses presented will be
based on the 16S rRNA gene libraries amplified by the 515F-
Y [32] and 806RB [31] primers. A comparison of this “V4
dataset” and libraries amplified by 515F-Y and 926R [32]
“V4–V5” dataset revealed strikingly similar alpha and beta
diversity metrics (Supplemental Fig. S1). The V4 and V4–
V5 primers also similarly described SAR11 clade bacteria
and Thaumarchaeota distributions along the salinity gradient
(data not shown), in general agreement with rigorous compar-
isons of these primers made in the marine environment [45].

North Bay

Environmental Data

Water column samples within this dataset correspond to salin-
ities ranging from fresh (minimum 0.07 practical salinity units
[PSU]) to euhaline (maximum 32.42 PSU) and temperatures
from 6.8 to 22.1 °C (Fig. 1). Stations typically falling into the
Venice salinity zones [43] are as follows: station 657 was
fresh (< 0.5 PSU), station 649 is oligohaline (0.5 to < 5
PSU), station 6 was mesohaline (5 to < 18 PSU), station 13
was polyhaline (18 to < 30 PSU), and station 18 was euhaline
(30 to < 40 PSU) (Supplemental Fig. S2). Chlorophyll a
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concentrations were typically low (median = 2.5 μg/L) with
peaks concentrations occurring in March (Supplemental Fig.
S3). Ammonium concentrations were highest in riverine sam-
ples (Supplemental Fig. S3) due to inputs from the
Sacramento Regional Wastewater Treatment Plant [46].
Agricultural runoff into the Delta can be a major source of
nutrients, particularly nitrate, in North SFB [46].

Salinity Dominates Changes in Beta Diversity

Salinity is a key factor shaping microbial communities at a
global scale [18–20] and in a wide variety of estuaries [22, 25,
26, 47, 48]. We used several different metrics to assess beta
diversity across the strong salinity gradient in North Bay.
First, we used ordination analyses to assess beta diversity at
the OTU level. An unconstrained PCoA shows that 65.9% of
community dissimilarity is explained by the first three axes
(Supplemental Fig. S4). Salinity is strongly correlated with
PC1 (r2 = 0.92), PC2 is most strongly correlated with SPM
(r2 = 0.40), and PC3 is most strongly correlated with temper-
ature (r2 = 0.50). Given the strong structure based on salinity,
we assessed the relevance of salinity zones for defining clus-
ters. Centroids of salinity zones are significantly different
(adonis, p < 0.001, Supplemental Fig. S4); however, beta dis-
persions are also significantly different between the three
“brackish” zones (oligo-, meso-, and polyhaline) and euhaline
and fresh samples (permutest, p = 0.001). This supports that
different brackish (oligo-, meso-, and polyhaline) communi-
ties are distinct from fresh and marine end-members but also
distinct from each other. We were also interested in under-
standing clusters observed in PC2 and PC3 and found that
samples cluster significantly into slightly overlapping wet
and dry season groups (adonis, p = 0.001, Supplemental Fig.
S4). We then sought to understand how variation in commu-
nities could be explained by changes in environmental factors.

Salinity, temperature, chlorophyll a, and ratio of chlorophyll a
to phaeopigments have the highest rank correlation with the
Bray-Curtis dissimilarity matrix (bioenv, ρ = 0.55). A dbRDA
using these same factors was also performed but we found that
a constrained dbRDA using only 3 environmental factors (sa-
linity, temperature, and SPM) could explain more community
variation (52.2% versus 55.2%, respectively) (Fig. 2; adonis, p
< .001). Salinity has by far the strongest influence on commu-
nity structure in the dbRDA with a marginal effect of 41.0%
(ANOVA, p = 0.001), followed by SPM (8.2%, ANOVA, p =
0.001) and temperature (6.2%, ANOVA, p = 0.001). Both
constrained and unconstrained ordinations reveal a strong in-
fluence of salinity, followed by changes in SPM, and seasonal
changes such as temperature, on community dissimilarity
(Fig. 2 and Supplemental Fig. S4). While it is perhaps not
surprising that community structure was so strongly tied with
salinity along the gradient, these analyses highlight the unique
“brackish” communities found at intermediate salinities.
However, these analyses also highlight the importance of
SPM dynamics, which will be discussed in further detail in a
later section.

Salinity Tolerance Varies at Different Taxonomic Levels

To further understand how communities change along the
strong salinity gradient in North Bay, we looked more deeply
at the two components of beta diversity, nestedness (i.e., “spe-
cies” loss) and turnover (i.e., “species” replacement)[44], and
taxa entropy (i.e., site specificity) [19]. Here “species” means
a taxonomic group and “site” means sample. We used the
NODF statistic (approximate average percent of taxa from less
diverse samples occurring in more diverse samples) to calcu-
late nestedness. We find that communities are highly nested at
coarser taxonomic levels (e.g., phylum, class) and become
substantially less nested and not significantly different from
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the null at the finest taxonomic level examined, OTUs (Fig. 3).
We also used the betapart package to confirm that turnover
(“species” replacement [49], beta.SIM= 0.96) is a much larger
component than nestedness (“species” loss [49], beta.SNE =
0.0084) in community dissimilarity metrics (beta.SOR =
0.97). These findings highlight that “species” loss is an im-
portant process at coarser taxonomic levels, while “species”
replacement is important at the OTU level.

We used the Shannon index to calculate the entropy of
taxa, which we used as a measure of site specificity. Taxa
can be present or abundant in many samples (high entropy/
low site specificity) or a few samples (low entropy/high site
specificity). Entropy of taxa is high at the coarsest taxonomic
level (i.e., phylum) with a median entropy of 4.14 and de-
creases with finer taxonomic resolution, particularly at the
OTU level, which has a median entropy of 2.94 (Fig. 3),
indicating that OTUs have high site specificity. Examples of
taxa with high entropy include phyla such as Bacteroidetes
(4.85), Proteobacteria (4.84), and Actinobacteria (4.83), or-
ders (see Fig. 4) such as Flavobacterales (4.76) and SAR11
clade bacteria (4.72), and many highly abundant OTUs in-
cluding OTUs 6, 14, 21, 39, and 56 (Fig. 4, Supplemental
Table S2). Taxa with lower entropy (high site specificity) tend
to occur in or have high abundance in a small number of
samples; examples include phyla such as Thermotogae
(2.71), Gracilibacteria (2.51), and Cloacimonetes (1.97), or
the order Vibrionales (2.86), which is low abundance in most
samples (< 0.2 %) except during October 2013 when it
reaches up to 10% abundance at Station 649. To further un-
derstand the distribution of organisms across samples, we also
used differential abundance testing to understand how taxa
abundance varies between salinity zones. Differential abun-
dance testing shows that many taxa (from 30% at the OTU

level to 75% at the phylum level) across all taxonomic levels
have significant changes in abundance between the five salin-
ity zones (Fig. 3). Thus, while many phyla are present in
samples across the salinity gradient (high entropy), the abun-
dance of most phyla varies significantly, supporting that there
are still ecologically meaningful adaptations based on salinity
even at the coarse phylum level.

Patterns in community nestedness, entropy, and abundance
support that at the phylum level organisms have broader salin-
ity tolerance (i.e., can be found in samples across a wide range
of salinities) but organisms at the 97% identity level are adapted
to a specific salinity range. Taken together with the large turn-
over (i.e., “species” replacement) component of beta diversity
metrics, our results support that turnover is high along the sa-
linity gradient and that related organisms replace their more or
less salt-tolerant relatives along the gradient. Bar plots reveal
clear patterns in each salinity zone (Fig. 4), with a gradual
distinction between freshwater and euhaline sites at the class
and order levels, followed by more specific mesohaline com-
munities emerging at the genus and OTU levels. The most
abundant organisms in our study at the phylum (i.e.,
Proteobacteria, Bacteroidetes, Actinobacteria) and class (i.e.,
Alpha-, Beta-, andGammaproteobacteria) levels have frequent
transitions between marine and freshwater environments [20].
Our study strongly supports the existence of distinct brackish
bacterial communities and that closely related organisms
specialize/adapt to distinct salinity regimes [20, 26, 50, 51];
furthermore, it also highlights how adaptation to intermediate
salinities could allow for transitions between marine and fresh
environments. Interestingly, metagenomic analysis of the
Baltic Sea found a distinct brackish microbiome comprised of
organisms containing streamlined genomes [52]. These organ-
isms were distinct from those of freshwater and marine

a b c

Fig. 3 Diversity metrics for North Bay, including the NODF statistic at
different taxonomic levels (a)as a measure of nestedness for each sample
and compared to a null model with constant column sums (sample
richness) but changing rows (taxa prevalence). *A value is greater than
null NODFwith a p < 0.05. b Entropy calculated as the Shannon index of

taxa. Violin plots are scaled to have the same width and horizontal lines
indicate the 50th quartile based on point distribution. c The% of taxa with
significant (p value < 0.01) log2-fold changes in abundance across the 5
salinity zones calculated using DESeq2

606 Rasmussen A. et al.



systems, and closely related organisms were found within in-
termediate salinities of estuarine systems around the globe.

Biogeography of Abundant Microbial Taxa

In North Bay, Proteobacteria is the most abundant phylum
and is widely distributed along the gradient. Within the
Proteobacteria, we observe decreasing Betaproteobacteria
and increasing Alpha- and Gammaproteobacteria with in-
creasing salinity, as observed in other estuaries [16, 21, 26,
53–55]. At the order level, Oceanospirillales and

Rhodobacterales are more abundant in marine-influenced
samples whereas Burkholderiales dominates in freshwater
end-member stations (Fig. 4). SAR11 clade bacteria
(Alphaproteobacteria) are abundant along the entire salinity
gradient and are some of the most abundant organisms at the
order level, genus level (i.e., Pelagibacter), and OTU level
(OTUs 2, 1, 7, and 22; Figs. 4 and 5). Previous studies in
SFB found SAR11 clade bacteria to be ubiquitous [16] and
freshwater SAR11 (LD12-like organisms) to occur solely in
fresh sites [17]. In our study, we find that SAR11 clades are
very abundant and highly structured along the salinity
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Fig. 4 The % relative abundance of the 16 most abundant orders (a), 20
most abundant genera (b), and 36 most abundant OTUs (c) at 5 stations
representative for the five salinity zones in North Bay. The y-axis shows
the relative abundance of taxa in the whole community (note the

difference in scale in c), and the x-axis of each panel corresponds to the
date (YY-MM-DD) of 20 approximately monthly cruises from April
2012 to March 2014, with the station indicated at the top of the panel.
The colors do not correspond between a, b, and c
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gradient in North Bay. Interestingly, the distribution of LD12-
like organisms in our study aligns well with recent findings
from the first cultured isolate from this low-salinity group
[56], with peak LD12 abundances occurring in primarily fresh
and oligohaline sites (salinity < 5 PSU; Fig. 5). LD12 are
proposed to be specialized to freshwater environments
through the loss of key compatible solute genes [56],
highlighting one way this group may have differentiated itself
from its relatives and adapted to a specific niche. A family
identified as the “Chesapeake-Delaware Bay clade” (SAR11
IIIa [55]) is most abundant at mesohaline and oligohaline
sites, while “Surface 1” (SAR11 Ia [57]) OTUs dominate at
poly- and euhaline sites. These brackish organisms, including
OTU 2 and OTU 22, are 100% identical to sequences from
Chesapeake Bay (accession nos. EU802173 and EU802224
[58], respectively; Supplemental Fig. S5). While the domi-
nance of LD12 organisms at fresh sites, Chesapeake-
Delaware Bay clade at mesohaline sites, and Surface 1 and 2
in poly/euhaline sites has been observed in other estuaries [55,
59, 60], our extensive spatiotemporal dataset clearly high-
lights how the abundance of these groups corresponds to sa-
linity across the gradient and provides further insight into the
preferred salinity niches of key estuarine SAR11 groups.

Bacteroidetes are also abundant in North Bay, particularly
Flavobacteriia, which are important for the breakdown of
organic matter in estuaries and coasts [61, 62]. Bacteroidetes
is the second most abundant and second richest phylum in the
dataset (Supplemental Fig. S1), in agreement with previous
findings that marine Flavobacteria have high global and local
diversity [63]. Flavobacteriales is one of the most abundant
orders in the dataset (Fig. 4) and, like SAR11, is generally
broadly distributed across the salinity gradient. The “NS5

marine clade” genus of Flavobacteriaceae is among the top
genera (Fig. 4). The uncultivated NS5 group has been associ-
ated with phytoplankton blooms or the breakdown of dis-
solved organic matter [64–68]. In fresh end-member stations,
the families Chitinophagaceae, Cytophagaceae, and “NS11-
12marine group” [63] dominate (Fig. 4). Brackish stations are
dominated by the family Cryomorphaceae, while marine end-
member stations are dominated by Flavobacteraceae.

Actinobacteria is the third most abundant phylum in SFB.
Candidatus Actinomarina and “hgcI clade” [69] are among
the most abundant genera (Fig. 4), with diverse “hgcl clade”
(order Frankiales) organisms dominating (~ 20% abundance)
fresh and oligohaline stations and Ca. Actinomarina like
OTUs (order Acidomicrobiales ) dominating (~ 15% abun-
dance) in poly- and euhaline sites (Fig. 4). Other estuarine
studies have found high diversity and specialization of
Actinobacteria across environmental gradients [59, 70, 71],
which were observed in SFB as well. Actinobacteria richness
is most strongly correlated to SPM (r2 = 0.55), but also strong-
ly negatively correlated with salinity (r2 = 0.30). While there
appears to be more OTU-level diversity in the freshwater sta-
tions, a single Ca. Actinomarina-like OTU (OTU 0) domi-
nates the most marine-influenced station (18), and two
OTUs (0 and 8) dominate polyhaline station 13. Both fresh
and marine planktonic Actinobacteria have been described as
photoheterotrophs, and some are capable of degradation of
recalcitrant organic matter [72], highlighting their potential
functional role in SFB.

Cyanobacteria are generally low abundance in our dataset;
however, Synechococcus-like organisms reach a peak abun-
dance of 4–6% in the late summer in mesohaline sites (Fig. 4).
SFB is characterized by spring phytoplankton blooms

Fig. 5 The % relative abundance of SAR11 OTUs (with family indicated
in parentheses) over 0.2% abundance throughout SFB. The y-axis shows
the relative abundance of taxa in the whole community, and the x-axis of
each panel corresponds to the date (YY-MM-DD) of 20 approximately

monthly cruises from April 2012 to March 2014, with the station
indicated at the top of the panel. Below the SAR11 abundance is a bar
plot indicating the salinity of a given sample
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dominated by larger phytoplankton cells, while smaller phy-
toplankton dominate in summer months [73, 74], in agree-
ment with our findings. Many coastal and estuarine studies
observe peak Synechococcus abundances in mid or late sum-
mer [75–78]. We observe a coinciding peak abundance of Ca.
Actinomarina OTU 8 with Synechococcus OTU 59 in late
summer in brackish stations. Metagenomes of Ca.
Actinomarina organisms suggest they are very small, free-
living photoheterotrophic organisms with streamlined, low-
GC genomes (containing novel rhodopsins), which often co-
occur with Synechococcus in marine photic zones [79, 80].

While Archaea are generally at low abundance (0.02–
0.2%) in freshwater sites of SFB, Euryarchaeota are season-
ally abundant in poly- and euhaline sites, comprising roughly
6% of reads. Euryarchaeota are most abundant in summer in
marine dominated sites and are primarily Marine Group II
(MGII) organisms, which may be proteorhodopsin-based
photoheterotrophs (e.g., degrading algal biomass) as observed
in other coastal sites [81, 82]. Thaumarchaeota genera and
OTUs are distinct at the fresh and marine end-member sites,
w i t h o r g a n i sm s g e n e r a l l y c o n s i d e r e d f r e s h
(Nitrosarchaeum-like) [83, 84] populating station 657 and
marine (Nitrosopelagicus) [85] populating station 18.

South Bay

Environmental Data

South Bay samples were either poly- or euhaline
(Supplemental Fig. S2) and had a much shallower salinity
gradient than North Bay, with salinity ranging from 20.8 to
32.3 PSU. Chlorophyll a concentrations were typically low
but slightly higher than in North Bay (median 4.3 μg/L) with
peak concentrations occurring in February and March
(Supplemental Fig. S3). Nitrate concentrations were highest
in Lower South Bay due to the San Jose-Santa Clara Regional
Wastewater Facility (Supplemental Fig. S3; [46]). Wastewater
treatment plants are by far the dominant source of nitrate and
ammonium from Central to Lower South Bay [46]. Nitrite
also occasionally reached high concentrations (> 9 μM) in
South Bay (Supplemental Fig. S3), consistent with previous
reports of elevated nitrite in this region of the bay [86, 87].

Seasonal Variations Dominate Beta Diversity Changes
in South Bay

In South Bay, PCoA ordinations reveal separate clustering of
samples based on wet versus dry season (adonis, p = 0.001,
Supplemental Fig. S6). Wet and dry season clusters also gen-
erally correspond with polyhaline and euhaline clusters,
though clusters by salinity zone slightly overlap (adonis, p =
0.001, Supplemental Fig. S6). These patterns highlight how
salinity varies strongly by season in the lagoonal South Bay;

warm summers with low freshwater flow lead to long resi-
dence times and euhaline salinities, and cooler wet seasons
lead to predominantly polyhaline salinities (Fig. 1 and
Supplemental Fig. S2). There is also significant clustering
by region, with South Bay and Lower South Bay having dif-
ferent centroids (adonis, p = 0.001, Supplemental Fig. S6).
Salinity, temperature, depth, nitrate, and SPM have the highest
rank correlation with community dissimilarity matrix (bioenv,
ρ = 0.71). A dbRDA using these same factors can explain
47.1% of community variation (Fig. 6), with significant mar-
ginal effects only for SPM (13.7%, ANOVA, p = 0.001),
salinity (4.6%, ANOVA, p = 0.001), temperature 3.9%,
ANOVA, p = 0.001), and depth (3.7%, ANOVA, p =
0.001). These analyses highlight the complex combination
of factors shaping South Bay communities, including varia-
tions in SPM, seasonal changes in salinity and temperature, as
well as regional variations between South and Lower South
Bay in nitrate concentrations and water column depth
(Supplemental Fig. S7).

Biogeography of Abundant Microbial Taxa

In South Bay, dominant taxa include members of
Proteobacteria, Actinobacteria, Bacteroidetes, and
Thaumarchaeota (Fig. 7, Table S2). Because sites are either
poly- or euhaline, we find abundant marine-associated organ-
isms such as Oceanospiralles , Rhodobacterales ,
Flavobacteriales, Ca. Actinomarina, Pelagibacter, and NS5.
SAR11 clade organisms in South Bay resemble those of North
Bay polyhaline sites; however, there is also a SAR11 organ-
ism (OTU 94) that is more abundant in South than North Bay
(Fig. 5) and is identical to environmental sequences from
coastal sites such as Newport Harbor, RI (accession no.
EU799850 [58]), the Lagoon of Venice (accession no.
FN435239 [88]), and the Gulf of Mexico (accession no.
MK603665) (Supplemental Fig. S5). There is a high abun-
dance of Ca. Actinomarina (~ 20%) in South Bay, and a sea-
sonal peak of OTU 8 at Station 27 that does not co-occur with
Synechococcus (as was observed in North Bay), warranting
further exploration of these potentially phototrophic
Actinobacteria in SFB (Fig. 7).

We also observe a “bloom” of Thaumarchaeota in South
Bay, with a putative Nitrosopumilus-like sequence (OTU 30)
comprising up to 20% of the total reads, which has not been
previously described for this system (Fig. 8). Blooms of
Thaumarchaeota have been reported in other estuaries in sum-
mer [89–91], but also in coastal areas in fall [92, 93] or winter
[94, 95]. This SFB bloom is associated with nitrite accumula-
tion (r2 = 0.79, Fig. 8), a phenomenon observed in other
coastal and estuarine sites [90, 93]. Notably, warmer temper-
atures between 20 °C and 30 °C have been proposed to ex-
plain the decoupling of ammonia and nitrite oxidation in other
systems [90]; however, this SFB bloom occurs in the mid to
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late fall when temperatures are generally at or below 20 °C
and decreasing. Nitrite accumulation can also occur in low
oxygen environments, as observed after wind events stimulate
ammonia but not nitrite oxidation over the stratified
Chesapeake Bay water column [91]. This apparent decoupling
of ammonia and nitrite oxidation in the well-oxygenated wa-
ters of South San Francisco Bay is intriguing and warrants
further investigation. The high abundance of these
Thaumarchaeota could also have significant implications for
nitrogen cycling; indeed, nitrification rate measurements for
this region of the bay are limited [87], but activity could be
high during these blooms.

Assessing SFB as a Whole

Seasonal and Regional Variations Apparent Within Salinity
Zones

Clustering in a PCoA of North Bay samples (Supplemental
Fig. 4) and of all samples has significantly different centroids
between all salinity zones (adonis, p < 0.001), supporting that
salinity zone definitions are ecologically relevant for mi-
crobes. We leveraged this finding to assess diversity within
salinity zones (regardless of region), since spatial/salinity gra-
dients can overwhelm seasonal variations in estuaries [25].
PCoA ordinations reveal non-overlapping wet and dry season-
al clusters in fresh, oligohaline, and mesohaline zones, though

freshwater samples also have significantly different disper-
sions (Supplemental Table S1). It is worth noting that because
South Bay only had poly- or euhaline samples, analyses of
lower salinity zones are only from North Bay samples. In
ordinations of all polyhaline or all euhaline samples from the
entire Bay, there are significant non-overlapping clusters
based on region (North vs. South Bay, Supplemental
Table S1). By assessing communities within salinity zones,
we are able to reveal stronger seasonal or regional variations.

Given the strong regional differences observed in the beta
diversity of poly- and euhaline samples, we wanted to further
examine why microbial communities were distinct in North
and South Bay despite being in the same salinity zone. To do
so, we calculated community dissimilarity including poly- and
euhaline samples from both North and South Bay but exclud-
ed station 18, the most tidally influenced station. In both
PCoA and dbRDA plots, we note three clusters corresponding
to the following: South Bay dry season samples, a mix of
South Bay wet season and North Bay dry season, and North
Baywet season samples (Supplemental Fig. S8). These group-
ings also correspond to expected residence times on the order
of months, weeks, and days, respectively [1]. Residence time
is important for the formation of distinct brackish communi-
ties in other estuaries [22, 26], so it is worth noting that North
and South Bay communities can be similar when residence
times are expected to be of similar magnitude and they are
within the same salinity zone. In addition to clusters based on

Fig. 6 South Bay beta diversity shown through dbRDA plots based on
Bray-Curtis dissimilarity and four environmental factors. The first three
axes are shown and point shape corresponds to season (circle for dry,
square for wet). The wet season is defined as the months December
through May based on increased flow rates due to rain and snowmelt;

the dry season is defined as June through November based on lower flow
rates during sampling years. Each CAP axis is a constrained ordination
axis based on a linear combination of the environmental variables used in
the model
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Fig. 7 The % relative abundance of the 12 most abundant orders (a), 15
most abundant genera (b), and 24 most abundant OTUs (c) at 2 stations
representative of South Bay (27) and Lower South Bay (36). The y-axis
shows the relative abundance of taxa in the whole community and the x-

axis of each panel corresponds to the date (YY-MM-DD) of 20 approx-
imately monthly cruises from April 2012 to March 2014, with the station
indicated at the top of the panel. The colors do not correspond between a,
b, and c
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expected residence time, salinity, temperature, nitrate, and
SPM have the highest rank correlation (bioenv, ρ = 0.59)
and can explain 42.0% of the variation in community dissim-
ilarity in poly/euhaline sites (Supplemental Fig. S8). We did
not explicitly measure residence times and rely on values from
the literature, highlighting an important need to further ex-
plore the impacts of water residence time on brackish commu-
nity formation in SFB. It has been observed in other estuaries
that long residence times do indeed lead to distinct brackish
communities [22, 26, 71]. However, we point out that brack-
ish communities in oligo-, meso-, and polyhaline zones are
distinct from fresh and marine end-members and also that
“species” replacement (rather than “species” loss) is dominant
in SFB. Distinct communities are robust in the Bay even
though residence times vary from days to months, in agree-
ment with findings that there is a specialized brackish
microbiome found in estuaries around the globe [71].

SPM is Important for Both Alpha and Beta Diversity in San
Francisco Bay

SPM concentration influences both alpha and beta diversity of
bacterio- and archaeoplankton communities throughout SFB.
Measures of richness were most strongly correlated with
SPM, including the observed OTUs (r2 = 0.58), Chao1 (r2 =
0.53), and Inverse Simpson (r2 = 0.14) (Supplemental Fig.
S9). None of these measures were significantly correlatedwith
salinity or library size and were similar whether North and
South Bay were analyzed separately or together. In dbRDAs
of both North and South Bay, SPM has the second and first
largest marginal effect size, respectively (Figs. 2 and 3). SPM

could be important for microbial community composition be-
cause it provides nutrients for organisms and/or has a long
residence time that allows unique, particle-associated commu-
nities to form on or around particles in SFB [15]. Indeed,
phytoplankton dynamics and bacterioplankton activity have
been linked to SPM dynamics in SFB [11, 15, 29, 96] and
other estuaries [97–99]. Microbes associated with resuspend-
ed sediments could also explain the potential distinction be-
tween low- and high-SPM-associated communities. This idea
is supported by the negative correlation between observed
OTUs and the ratio of active chlorophyll a to degraded
phaeopigments (r2 = 0.35). The USGS uses a low ratio of
active chlorophyll a to phaeopigments as an indicator for
strong resuspension of bottom sediments, which are rich in
degraded algal material. Our study does not differentiate be-
tween “free-living” and “particle-associated” organisms as in
Hollibaugh et al. [15] and includes all organisms small enough
to pass through a 10-μm filter but captured by a 0.22-μm
filter. Hollibaugh et al. [15] found free-living and particle-
associated communities were very similar in surface waters
of SFB, though studies in other estuaries have found differ-
ences in community composition between different size frac-
tions [21, 30, 99–101]. While the correlation between SPM
and richness in our study could indicate that particle-
associated communities (due to either resuspension of sedi-
ments or enhanced growth of organisms on/around particles in
the water column) are more diverse and distinct from free-
living communities at the OTU level, this hypothesis must
be explicitly tested. Further studies are necessary in order to
directly assess differences between various size fractions of
SFB planktonic communities at the OTU level, as well as to

Fig. 8 The % relative abundance of Nitrosopumilus-like OTU 30 at
South Bay station 27 is shown in purple bars and the corresponding
nitrite concentration is shown in pink. The x-axis of each panel
corresponds to the date (YY-MM-DD) of 20 approximately monthly

cruises from April 2012 to March 2014. Note the y-axis has two scales,
the left corresponding to nitrite concentration and the right to % relative
abundance
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tease apart the relationships between microbial community
composition and SPM quantity, quality, and source.

Conclusions

This is the first in-depth spatiotemporal survey of microbial
communities in SFB. Overall, we leveraged diversity metrics
across and within salinity zones and at different phylogenetic
resolution to acquire insights into the biogeography of
bacterioplankton and archaeoplankton in North and South
SFB. Salinity is a key driver of community structure; howev-
er, communities do show beta diversity patterns linked with
seasonal variations, regional variations (North vs. South Bay),
and changes in SPM concentration. In North Bay, the broader
distribution of organisms at coarse taxonomic levels, and the
predominance of turnover, low nestedness, and high site spec-
ificity of OTUs indicate that closely related organisms have
specialized to different salinity ranges along the gradient.
Dominant taxonomic groups in SFB (e.g., Proteobacteria,
Bacteroidetes, Actinobacteria, SAR11) are abundant across
the salinity gradient; however, at finer taxonomic levels
(e.g., families, genera, and OTUs) within these groups, we
see specialization to narrower salinity regimes. Some taxa
can be seasonally abundant, including Synechococcus, Ca.
Actinomarina, and especially Nitrosopumilus-like organisms,
which form an intriguing but previously unrecognized
ammonia-oxidizing archaeal “bloom” within this estuary.
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