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Seasonal and interannual variability of the marine
bacterioplankton community throughout the water
column over ten years

Jacob A Cram, Cheryl-Emiliane T Chow, Rohan Sachdeva, David M Needham,
Alma E Parada, Joshua A Steele and Jed A Fuhrman
Department of Biological Sciences, University of Southern California, Los Angeles, CA, USA

Microbial activities that affect global oceanographic and atmospheric processes happen throughout
the water column, yet the long-term ecological dynamics of microbes have been studied largely in
the euphotic zone and adjacent seasonally mixed depths. We investigated temporal patterns in the
community structure of free-living bacteria, by sampling approximately monthly from 5 m, the deep
chlorophyll maximum (B15–40 m), 150, 500 and 890 m, in San Pedro Channel (maximum depth
900 m, hypoxic below B500 m), off the coast of Southern California. Community structure and
biodiversity (inverse Simpson index) showed seasonal patterns near the surface and bottom of the
water column, but not at intermediate depths. Inverse Simpson’s index was highest in the winter in
surface waters and in the spring at 890 m, and varied interannually at all depths. Biodiversity
appeared to be driven partially by exchange of microbes between depths and was highest when
communities were changing slowly over time. Meanwhile, communities from the surface through
500 m varied interannually. After accounting for seasonality, several environmental parameters
co-varied with community structure at the surface and 890 m, but not at the intermediate depths.
Abundant and seasonally variable groups included, at 890 m, Nitrospina, Flavobacteria and Marine
Group A. Seasonality at 890 m is likely driven by variability in sinking particles, which originate in
surface waters, pass transiently through the middle water column and accumulate on the seafloor
where they alter the chemical environment. Seasonal subeuphotic groups are likely those whose
ecology is strongly influenced by these particles. This surface-to-bottom, decade-long, study
identifies seasonality and interannual variability not only of overall community structure, but also of
numerous taxonomic groups and near-species level operational taxonomic units.
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Introduction

Exploration of long-term diversity and temporal
dynamics of marine microbial communities living
near the sea surface has revealed seasonality, con-
nectivity to ecosystem parameters and co-occurrence
patterns (Fuhrman et al., 2006; Steele et al., 2011;
Gilbert et al., 2012). However, relatively little is
known about whether these characteristics are con-
sistent with or influence subsurface microbial com-
munities, especially those below the euphotic zone.
The mesopelagic region is of great biogeochemical
interest, as it is the site of much of the Earth’s carbon
remineralization (Aristegui et al., 2009; Herndl and
Reinthaler, 2013), as well as the nitrogen (Zehr and
Ward, 2002) and sulfur cycles (Canfield et al., 2010),

particularly in oxygen minimum zones that are found
in association with coastal upwelling (Wright et al.,
2012). The San Pedro Ocean Time Series (SPOT)
provides an opportunity to study the entire water
column, from surface to mesopelagic, in a coastal
seasonal upwelling system that includes an oxygen
minimum at the bottom of the water column. SPOT is
located over the San Pedro Basin, in the San Pedro
Channel, off the coast of Southern California. The
San Pedro Channel has seasonally variable subsur-
face currents characterized by the surfacing of the
California countercurrent during winter months
(Hickey, 1992) and a seasonally variable mixed layer
with maximum depth of 40 m (Chow et al., 2013).
SPOT’s surface shows seasonal environmental and
biological patterns, relationships between microbial
communities and biotic and abiotic parameters, and a
prevalence of putative interactions between
microbes, all of which likely influence community
structure (Fuhrman et al., 2006; Fuhrman and Steele,
2008; Steele et al., 2011; Needham et al., 2013; Chow
et al., 2013, 2014). The physical and chemical
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environment at SPOT is regularly sampled, and
previous work has identified seasonal and
other scales of variability in particle flux (Collins
et al., 2011), nutrient availability and biogeo-
chemistry (Hamersley et al., 2011) and turnover of
water within the San Pedro Basin (Berelson, 1991).
This physiochemical and surface-biological informa-
tion provides a useful background for understanding
the temporal dynamics of bacteria throughout the
water column.

Most surface microbial communities share common
features, including, at a broad level, dominance by
Alphaproteobacteria, especially the SAR11 clade, and
the presence of other common groups, such as
Cyanobacteria, Actinobacteria and Gammaproteobac-
teria (especially the SAR86 clade) (Pommier et al.,
2007; Fuhrman and Hagstrom, 2008). Marine bacterial
communities at the ocean’s surface vary globally
(Rusch et al., 2007; Pommier et al., 2007), at
mesoscales (10–100 km), across ocean fronts
(Pinhassi et al., 2003; Hewson et al., 2006b), at smaller
scales between river plumes, bays and estuaries and
their surrounding environments (Casamayor et al.,
2002; Crump et al., 2004; Fortunato et al., 2011; Yeo
et al., 2013) and even down to the micrometer scale
(Long and Azam, 2001); however, within a given water
mass, at least up to several kilometre wide, commu-
nities are coherent (Hewson et al., 2006b).

Microbes share common community structure but
vary around these common features temporally, as
they do on spatial scales. At the SPOT Station, pairs
of samples taken days, weeks, months or years apart
share many of the same near-species level opera-
tional taxonomic units (OTUs), often at similar
abundances (Needham et al., 2013; Chow et al.,
2013). In fact, most pairs of samples, even those
taken at opposite seasons, many years apart, have on
average at least 36% similarity (Chow et al., 2013).
Overlying this stability, surface assemblages the San
Pedro Channel vary seasonally, with some taxa more
abundant in surface waters in particular seasons.
Seasonal patterns have also been observed in the
surface waters of the Bermuda Atlantic Time Series
(BATS) (Steinberg et al., 2001; Morris et al., 2005;
Treusch et al., 2009; Giovannoni and Vergin, 2012;
Vergin et al., 2013b), the Plymouth Marine Lab
Western English Channel time series (Gilbert et al.,
2012), as well as at other locations (Kan et al., 2007;
Rich et al., 2011). The Hawaii Ocean Time Series has
less variable surface conditions and less defined, but
still detectable, community seasonality (Eiler et al.,
2011; Giovannoni and Vergin, 2012). In the SPOT
data set, at time scales of 1–4 years, samples that
are taken more years apart generally have more
dissimilar community structure. Meanwhile
samples collected more than 4 years apart have
comparable dissimilarity. Seasonal and longer-term
changes in community composition were reduced in
the deep chlorophyll maximum (DCM) layer
compared with surface waters (Chow et al., 2013).
Generally, seasonal patterns appear to be

ubiquitous in surface waters, though they appear
to vary in magnitude between locations. Thus,
seasonality at SPOT is representative of seasonality
elsewhere, making it a good environment to inves-
tigate the less explored topic of subsurface
seasonality.

The microbial communities of the mesopelagic
ocean (150–1000 m) are generally believed to be less
seasonally variable than those found at the surface.
Subeuphotic zone microbial communities vary
between depths (for example, Garcia-Martinez and
Rodriguez-Valera, 2000 and DeLong et al., 2006) and
between water masses (Hamilton et al., 2008; Galand
et al., 2009a, b; Agogué et al., 2011). Microbial
communities at BATS have been shown to vary
seasonally from the surface down to depths of 300 m
(the deepest depth studied). These patterns are driven
by the winter mixing of the top 200–250 m of water,
and subsequent summer stratification (Morris et al.,
2005; Carlson et al., 2009; Treusch et al., 2009). The
mesopelagic at Hawaii Ocean Time Series also appears
to be seasonally stable (Eiler et al., 2011). Over a
shorter (B1 year) time series, microbial communities
at 300 m in the Northwest Mediterranean Sea vary in
abundance, activity and structure, and reportedly
relate to water stratification, dissolved organic carbon
and transparent exopolymeric particles (Weinbauer
et al., 2013). Previous mid-water work at SPOT
demonstrated repeating patterns in the abundance of
nitrifying organisms including Archaeal groups
and Nitrospina OTUs (Beman et al., 2010). Community
structure measured over 4 years at SPOT at 500 m
has been shown to be quite stable relative to
spatial data sets spanning large regions of the ocean
(Hewson et al., 2006a). Temporal variation occurs in
the context of spatial variability, which is stronger
than temporal variability in some (Fortunato et al.,
2011; Yeo et al., 2013) but not in other sites (Nelson
et al., 2008).

To investigate the natural history of the microbial
community at SPOT, between depths, years and
seasons, at multiple taxonomic levels, we ask the
following questions:

1. What is the degree of change of the (surface to
890 m) microbial community at multiple time-
scales?

2. At what depths and seasons do the highest and
lowest levels of biodiversity occur, in terms of
both richness and evenness?

3. Which environmental and biological parameters
relate to community structure?

4. Which individual OTUs and taxonomic groups
contribute to the seasonal and long-term varia-
bility of the microbial community?

Answering these questions will allow us a novel
perspective of how microbes throughout the water
column change over time and how individual
groups contribute to overall shifts in community
structure at these depths.
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Materials and methods

Sampling
Samples were collected by Niskin bottle from five
depths (5 m, DCM, 150 m, 500 m and 890 m) at the
SPOT Microbial Observatory site (331 330N, 1181
240W) approximately monthly from August 2000 to
January 2011. Sampling at 890 m began in 2003 and
samples from below 5 m were not collected in 2007.

Environmental measurements
An in situ sensor (Sea-Bird Electronics, Bellevue,
WA, USA) measured temperature and salinity.
Oxygen was measured using Winkler titrations from
2000 to 2006 and with an in situ oxygen electrode
(Sea-bird, model 13) over the entire data set. The
electrode oxygen values were linearly related to
Winkler values (R2¼ 0.93). Winkler data were
always used in our analyses when available for the
appropriate depths. If only electrode data were
available, then oxygen values were estimated from
the electrode values using a linear fit of electrode vs
Winkler values.

Nitrate, nitrite and phosphate samples were
stored at � 20 1C and measured by standard colori-
metric techniques (Parsons, 1984). Total bacterial
and viral abundances were determined by SYBR
green epifluorescence microscopy (Noble and
Fuhrman, 1998; Patel et al., 2007). Bacterial hetero-
trophic productivity was measured in triplicate
10 ml seawater samples by [3H] leucine incorpora-
tion with a conversion factor of 1.5� 10� 17 cells per
mol of leucine (Kirchman et al., 1985; Fuhrman
et al., 2006).

We calculated values for cell turnover time
(leucine), and excess phosphate concentration (P*)
as follows:

Cell turnover time (days) ¼ Bacteria concentration
(cells per ml)/Productivity (cells per ml per day).

P* ¼ [Phosphate] Concentration� 16� [Nitrate
þ Nitrite] Concentration (as in Deutsch et al., 2007).

Monthly and 8-day average estimates of surface
chlorophyll a concentration and integrated primary
productivity, 8-day average estimates of photo-
synthetically active radiation, colored dissolved
organic matter and particulate organic carbon con-
centrations were downloaded as satellite data from
NASA. Meteorological data including daily air
temperature, precipitation (measured at Avalon air-
port, Santa Catalina Island, 16 km away), wave
period and height (measured by a buoy in Santa
Monica basin, 40 km away), upwelling and multi-
variate El Niño Southern Oscillation index (MEI)
scores (compiled by National Oceanic and Atmo-
spheric Administration) were downloaded and
synthesized (Supplementary Information).

Bacterial community structure
For each depth, seawater (5 m—10 l, DCM—10 l,
150 m—15 l, 500 m—20 l and 890 m—20 l) was

filtered sequentially through an B1-mm pore size,
A/E filter and a 0.2-mm pore size Durapore filter (both
142 mm in diameter). Bacterial DNA was isolated as
described previously (Fuhrman et al., 1988; Chow
et al., 2013) from the frozen (� 80 1C) 0.2mm
Durapore filter by hot SDS lysis followed by
phenol-chloroform purification (Fuhrman et al.,
1988) and stored in Tris-ethylenediaminetetraacetic
acid solution at � 80 1C. Automated Ribosomal
Intergenic Spacer Analysis (ARISA) was performed
by amplifying 2 ng of bacterial DNA and performing
fragment analysis on 10 ng of the amplified product
as initially described by Brown et al. (2005) and with
modifications described by Chow et al. (2013). As in
both of these articles, technical replicates were
generated by running each sample in two lanes of
the ARISA gel. Peaks were called in DAx (Chow
et al., 2013) and ARISA fragments were normalized
to relative abundances, calculated as proportions of
total abundance, and dynamically binned (Ruan
et al., 2006). Fragments were classified, using clone
libraries, based on Greengenes (DeSantis et al., 2006),
SILVA (Quast et al., 2012), and RDP (Maidak et al.,
2001) taxonomies as outlined previously (Brown
et al., 2005; Needham et al., 2013; Chow et al.,
2013). In brief, we used existing sequenced clone
libraries from SPOT and elsewhere, as well as data
sets that contained both 16S ribosomal subunit and
intergenic spacer (ITS) DNA sequences to map
ARISA fragment sizes to taxonomic identity. Because
we were investigating communities throughout the
water column, we modified earlier protocols assign-
ing identity to peaks by prioritizing clones from the
depths where each ARISA fragment was most
abundant on average, rather than always prioritizing
surface clones (Supplementary Information). To
establish maximum and minimum possible values
of community similarity, we determined the mean
similarity of machine replicates (maximum) and the
statistical difference between 1000 arbitrarily chosen
pairs of samples in which the order of the OTUs had
been randomized (minimum).

Seasonality and interannual variability of
environmental parameters
Each measured environmental parameter was tested
for seasonal and interannual variability by way of a
generalized additive mixed-effects model (GAMM)
(Wood, 2004, 2006) in which data were fit with two
splines, one seasonally cyclic and another that fit
the overall data set (see Wood, 2006, 321–324;
Ferguson et al., 2008). From this model, we report
estimated degrees of freedom and P-values for both
spline functions and identify the month and year of
highest and lowest abundance in the data set.
Seasonal and interannual parameters are defined as
those whose GAMM function’s seasonal or interann-
ual component had a P-value of o0.05, respectively.
We compared this model with another model in
which we attempted to fit the variable using the
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same cyclic seasonal spline and a long-term spline
based on the MEI rather than year (Supplementary
Information).

Seasonality and interannual variability of overall
community structure
Seasonal and interannual patterns were investigated
by determining whether samples taken in similar
times of year (seasonal) or similar years (interannual)
had similar microbial community structure, using
both visual and statistical approaches. Visually, we
compared temporal distance between pairs of samples
(lag) with the Bray-Curtis similarity of those samples.
For each month of possible lag, we calculated mean
and 95% confidence intervals of Bray-Curtis simila-
rities (Supplementary Information). More quantita-
tively, we compared the Bray-Curtis similarity of each
pair of samples to whether the pair of samples was
taken in similar or different times of year (seasonal)
and whether the samples were taken in similar or
different dates (interannual). The relationship between
these temporal and community similarity was eval-
uated statistically using a Mantel test (Supplementary
Information). Depths with seasonally or interannually
variable communities were defined as those with the
corresponding Mantel P-values of o0.05.

Alpha diversity
For each time point and depth, Shannon index and
inverse Simpson index (ISI) were calculated using
the ‘diversity’ function in the ‘vegan’ R-package
(Oksanen et al., 2013). Sample richness was esti-
mated by quantifying, at each depth, the number of
OTUs with a relative abundance of more than
0.01%, 0.1% and 1% of the total community. For
subsequent analysis, we used 0.1% as our richness
cutoff because it was well above our ARISA
detection threshold of 0.01%, giving us good
confidence that the OTUs were indeed present in
our data set. Pielou’s evenness was calculated as
‘H/ln(S)’, where H is the Shannon Index, S was the
number of OTUs found with greater than 0.1%
relative abundance. For each depth, we calculated
mean values and 95% confidence intervals of each
of these metrics. Analysis of variance was applied to
determine whether there was statistically significant
difference in richness and ISI between depths
(Supplementary Information). We also determined
whether richness and ISI related to season, long-
term trends, the degree of change of community
structure, or the similarity of community structure
between depths (Supplementary Information).

Environmental parameters and community structure
Partial Mantel tests were applied to determine
which environmental parameters relate to commu-
nity structure at each depth. To identify which
environmental variables could predict community
structure beyond seasonal effects, we statistically
removed the effects of seasonality and long-term

variability from this environmental variability ana-
lysis (Supplementary Information).

Temporal dynamics of microbial taxa over time
Relative abundances for each taxon (at multiple
taxonomic levels) were determined in each sample
by summing the relative abundance of all ARISA
OTUs within that group. GAMMs were used to model
the abundance of taxonomic groups’ relative abun-
dances using cyclic seasonal splines and interannu-
ally variable splines. This GAMM approach was
similar in structure to that applied to environmental
variables (see above). These GAMMs determined
which taxonomic groups, and which of the 100 most
abundant OTUs at each depth, showed seasonality
and long-term variability. They also identified the
months and years in which these groups were most
and least abundant (Supplementary Information).

Results

Variability of environmental and biological parameters,
between seasons, years and depths
Temperature and salinity varied seasonally at
several depths throughout the water column, but
showed greater variability in surface waters than
deeper water (Figure 1, Supplementary Figure S1,
Supplementary Table S1). Satellite measurements of
surface chlorophyll a, primary productivity, parti-
culate organic carbon concentration, colored dis-
solved organic matter concentration and sea surface
height were all seasonally variable with the highest
concentrations or rates in the spring. Mixed layer
depth, upwelling, wave height, average wave per-
iod, dominant wave period, precipitation, daily
maximum and minimum air temperatures and wind
speeds all varied seasonally.

Nutrient concentrations varied with depth and
season (Figure 1, Supplementary Figure S1,
Supplementary Table S1). Notable among these
variations was the seasonality of nitrite, despite its
low abundance, at 890 m (Supplementary Figure S1,
Supplementary Table S1) and the interdepth varia-
bility of oxygen which ranged from saturated
(4200 mM) in surface waters to strongly hypoxic at
the bottom of the water column (o10 mM) and were
seasonally variable at 5 and 150 m, but not so at
other depths.

Bacterial abundances were about threefold higher
in the euphotic zone (5 m and DCM, B1� 106 cells
per ml), where they varied seasonally, than in
deeper waters (150 m, 500 m, 890 m, B3� 105 cells
per ml) where they did not show seasonal varia-
bility. Bacterial growth rates, as measured by leucine
uptake, varied seasonally at all depths except 500 m.
Estimated average doubling times of bacteria were
around 5 days in the euphotic zone, considerably
faster than the estimated average doubling time of
around 100 days in the deeper depths. At all depths,
many parameters showed long-term variability over
the course of the data set at most depths, showing
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increasing, decreasing or non-linear trends
(Supplementary Table S1). There were very few
cases in which using MEI rather than year to predict
long-term variability, improved statistical signifi-
cance of a GAMM suggesting that the El Niño
Southern Oscillation had minimal effect on envir-
onmental variables in our data set, likely because
there were no strong El-Niño years during the time
these data were collected.

Bacterial community data overview
In all, 332 distinct OTUs were detected over the
entire data set, where OTU was considered only if
their peak in the electropherogram constituted at
least 0.01% of the total ARISA peak area in at least 1
month. We assigned taxonomic identities to 131
OTUs. The most abundant OTUs tend to be the most
easily identified via our clone libraries and
sequence databases, and we assigned identity to
OTUs that cumulatively comprised B90% of the
bacterial community (5 m, 93%; DCM, 91%; 150 m,
86%; 500 m, 90%; 890 m, 85%).

Seasonal variability in microbial community structure
At all depths, samples taken 1 month apart were
between 50% and 60% similar. In contrast, machine
replicates (same sample) averaged 78% similar,
while simulated random unrelated samples aver-
aged 6.5% similar. As has been reported previously
at the surface (Hatosy et al., 2013; Chow et al., 2013),
when temporal difference between samples was
plotted against Bray-Curtis dissimilarity, we

observed a sinusoidal pattern with maximum Bray-
Curtis similarities at multiples of 1 year, suggesting a
seasonal repetition. We observed this sinusoidal
pattern at 890 m but not at the intermediate depths
(Figure 2). In contrast, at the DCM and 150 m,
samples taken 6 months apart were not statistically
dissimilar from samples taken 1 month apart
(Table 1). A Mantel test comparing the Bray-Curtis
dissimilarities with seasonal difference confirmed
these seasonal patterns at the surface and 890 m, and
suggested weaker but still statistically significant
seasonality at the DCM. Meanwhile, the Mantel test
did not suggest seasonality at 150 or 500 m (Table 1).

Interannual variability in microbial community
structure
In surface waters, communities sampled less than a
year apart averaged 50% Bray-Curtis similarity while
samples taken 1–2 years apart had only 45%
similarity, a statistically significant decrease
(ANOVA F¼ 12.84, DF¼ 11, Po10�15; Tukey cor-
rected t-test Po10�6). Samples taken farther apart in
time appeared to be less similar up through 4 years
apart (Figure 2), as was found previously (Chow
et al., 2013), with samples taken 4 years apart
statistically significantly less similar than samples
taken 2 years apart (Tukey corrected t-test Po10�4).
All pairs of samples 4 or more years apart tended to
be B37% similar on average, while oscillating
seasonally. In contrast, at the DCM, 150 m and
500 m depths, communities 1 year apart were roughly
as similar as communities sampled 2 and 6 years
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apart. Communities sampled more than 7 years apart
were less similar than those taken fewer than 7 years
apart at these intermediate depths (ANOVA F¼ 6.11
DCM, 4.59 150 m, 14.37 500 m, DF¼ 11, Po10�6;
Tukey corrected t-test Po0.05). At 890 m there was a
weaker but still statistically detectable decrease in
similarity between samples taken 1 year apart and
samples taken 4–5 years apart (ANOVA F¼ 2.95,
DF¼ 8, Po0.01, Tukey corrected t-test Po0.05)
(Figure 2). At all depths except 890 m, Mantel tests

suggested that there was a statistically significant
relationship between the temporal distance of sam-
ples and their Bray-Curtis distance, further indicating
the presence of a long-term trend (Table 1).

Alpha diversity relates to season and certain
community structure patterns
Both average richness (number of OTUs with 40.1%
relative abundance) and ISI varied between depths
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(Richness: ANOVA F¼ 3.81, DF¼ 4, Po0.01; ISI:
ANOVA F¼ 37.37, DF¼ 4, Po0.001) (Figure 3a). The
150-m depth had the highest mean richness and ISI,
which was statistically significantly higher than the
richness at 5 m only (Tukey corrected Po0.01) and ISI
at all depths except 890 m (Tukey Po0.01) (Figure 3a).
At 5 m and the DCM, ISI (but not richness) was highest
in the winter, while at 890 m both richness and
ISI values were highest in the spring (Figure 1,
Supplementary Figure S1, Supplementary Table S1).
In the DCM layer, richness was highest in winter
while ISI did not vary seasonally. At 150 m and 500 m
neither richness nor ISI varied seasonally.

We observed a positive correlation at all depths
between either richness and ISI and the similarity of
that sample to communities at most other depths. As
an example, in months when community structure
at 150 and 500 m were similar, the 150 m community
had a high ISI (Figure 3b). This finding is also
true of most other pairs of depths (Figure 3c,
Supplementary Figure S2). We further observed
that, at 150 m and 500 m, months in which commu-
nity structure had changed little in the past month
also had higher richness and ISI than months that
had undergone larger changes in the past month
(Figure 3c; Supplementary Figure S2).

Environmental parameters relate to community
structure
After seasonal and long-term variability were fac-
tored out, similar surface communities generally
were characterized by similar monthly mean
chlorophyll a concentrations, monthly mean
primary productivity, particulate organic carbon
concentration, virus abundance and leucine

incorporation rates (Po0.01) (Table 2). At the
DCM, 150 m and 500 m, no environmental parameter
related significantly to community structure with
Po0.01. At 890 m, the depth of the mixed layer and
the amount of precipitation on the day of sampling
related to community structure (Po0.01). For these
observations in which Po0.01, the false discovery
rate (Q-value) was 3% in the surface and 9% at
890 m, providing us with reasonable confidence in
the result, despite the multiple comparisons. Con-
versely, use of Po0.05 had higher false discovery
rates (variable between depths but below 25% in all
depths except 500 m) suggesting a proportion
(though still a less than a quarter) of the weaker
correlations are due to random chance. Notable
statistically weaker (Po0.05) factors relating to
community structure included the abundance of
bacteria and the dominant (but not average) wave
period at 5 m, the DCM and 150 m; surface chlor-
ophyll a and surface primary productivity as
measured by satellites to the DCM community; and
the mixed layer depth to the 150 m community. The
false discovery rate of 65% at 500 m suggests that the
one positive relationship observed at that depth is
probably due to random chance and that no
measured environmental parameters explained
community variability at 500 m.

Dynamics of dominant marine bacteria clades
The relative abundances of several taxonomic
groups were examined both at phylum to class
(Figure 4a) and at family levels (Figure 4b) at each
depth (Table 3, Supplementary Figure S3). Further-
more, the subset of taxa that showed seasonal
variability differed between depths.

Table 1 Summary of metrics of community seasonality at each depth

DSim_1mon–6mon P Seasonal
Mantel

P % SeasOTUs
(Ro0.1)

% SeasOTUs
(Ro0.2)

Temporal
Mantel

P % YearOTUs
(Ro0.1)

% YearOTUs
(Ro0.2)

5 m 9.8% o0.001 0.123±0.020 o0.001 37 13 0.139±0.059 o0.001 33 12
DCM 5.3% 0.058 0.038±0.031 0.026 23 7 0.113±0.070 0.007 26 10
150 m 4.1% 0.129 0.020±0.036 0.156 9 3 0.100±.008 0.019 18 5
500 m 6.9% 0.028 �0.006±.0033 0.584 7 4 0.150±0.078 0.001 26 11
890 m 9.9% o0.01 0.079±0.038 0.002 20 9 0.054±0.075 0.115 27 10
w2 37.6 9.7 9 3.4
DF 4 4 4 4
P o0.001 0.046 0.062 0.5

Abbreviations: DCM, deep chlorophyll maximum; OTU, operational taxonomic unit.
DSim_1mon-6mon is the decrease in mean similarity between all pairs of samples taken 1 month apart and all pairs of samples taken 6 months
apart. P-value is for an associated independent t-test investigating whether the groups of pairs have statistically significantly different means.
Seasonal Mantel reports the R-value ± 95% confidence intervals of the Mantel test correlating seasonal distance (distance apart in time of year of
two samples) against the Bray-Curtis distance of the community structure of all pairs of samples. Temporal Mantel reports the R-value ± 95%
confidence intervals of the Mantel test correlating the number of days apart pairs of samples were collected against the Bray-Curtis distance of the
community structure of all pairs of samples. The corresponding P-values are from permutation tests of the Mantel statistics. %SeasOTUs are the
number, out of the top 100 most abundant OTUs that are shown to be predictable from a non-parametric regression model with R-values above a
threshold (0.1 or 0.2 depending on column) and whose seasonal spline functions differed statistically significantly from the null model (Po0.05).
%YearOTUs are the number, out of the top 100 most abundant OTUs that are shown to be predictable from a non-parametric regression model
with R-values above a threshold (0.1 or 0.2 depending on column) and whose spline functions following year to year variability differed
statistically significantly from the null model (Po0.05). w2, DF and P rows specify the chi-squared statistic, degrees of freedom and P-value of the
test of whether the differences in numbers of seasonal or long-term variable taxa are more different between depths than would be predicted by
chance alone. Bold values signify tests with corresponding P-values of o0.05.
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Alphaproteobacteria, dominated by the SAR11
clade, were the most abundant class at every depth.
The AEGEAN-169 clade, which is closely related to
SAR11 (Alonso-Sáez et al., 2007), was most abun-
dant in deeper depths where SAR11 was less
abundant (Figure 4b, Table 3, Supplementary
Figure S3B). Different clades of SAR11 showed
different patterns with the dominant Surface 1 clade
abundant regardless of season at most depths, and
the less abundant Surface 2 and Surface 4 subclades
seasonally variable at several depths. SAR11 Deep 1
was abundant in 150 and 500 m waters. SAR11
Surface 1 was primarily comprised of three OTUs:
OTU_666.4, OTU_686.9 and OTU_670.5 (in order of
abundance, and where the number indicates ARISA
fragment length) (Supplementary Figures S4B and
S5B) and several other less abundant OTUs. Each
Surface 1 OTU seemed to exhibit different seasonal
and interannual patterns from each other.

Gammaproteobacteria were abundant at all depths
(Figure 4a, Table 3). They were dominated by the
SAR86 group in the surface, and other OTUs such as
SUP05 in deeper waters (Figure 4b, Table 3). Actino-
bacteria, dominated by the OCS155 clade, Cyanobac-
teria, which were predominantly Prochlorococcus,
and Chloroplasts, from eukaryotic picophytoplank-
ton, were all more abundant in surface waters than in
deep waters (Figure 4). Both Cyanobacteria, most
abundant in late fall, and Chloroplasts, abundant in
late winter and early spring, were seasonal in the
surface waters (Supplementary Table S2).

More abundant in deeper waters were Deltaproteo-
bacteria, Flavobacteria and the Marine Group A
(MGA) phylum (Figure 4a, Table 3), all of which were
seasonally variable. Within these classes, bacteria from
the NS9 (Flavobacteria), Nitrospina (Deltaproteobac-
teria) and Arctic 96B-7 (MGA) groups appeared to
drive the seasonal variability of the broader taxonomic
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Figure 3 (a) Mean biodiversity index scores by depth. X axis labels are the biodiversity metrics under evaluation. Richness is mean
number of species in a given sample with greater than 1%, 0.1% and 0.01%. Inverse Simpson (ISI) and Shannon H are biodiversity
indexes and Pelou J measures evenness. Y axes are the values for each metric (OTUs for richness and inverse Simpson’s index, unitless
for Shannon Biodiversity and Peilou’s evenness. Symbols represent depths and are described in the legend. Bars represent 95%
confidence intervals from the mean. (b) Similarity between communities at 150 and 500 m (x axis) compared with the ISI of the
community at 150 m (y axis). Each point represents the relationship between ISI and similarity between depths for a single month. The
solid line is a trend line and the dashed lines represent 95% confidence intervals of this trend. The R-value of this correlation is 0.49 with
associated confidence intervals from 0.30 to 0.64. This R-value and its confidence interval correspond to the darkened symbol and bar in
(c). This figure is provided as an example of correlations seen between depths and ISI shown in (c). Other pairs of depths, shown in (c),
show similar trends. (c) R-values of correlations (y axis) between inverse Simpson index (ISI) values for each depth given as a symbol,
and its similarity to other depths or to the previous month (x axis). Symbol shapes signify depth at which the biodiversity was measured.
The first five parameters signify the Bray-Curtis similarity between that the depth measured (indicated by symbol) and each other depth
(vs5m, vsDCM, vs150m, vs500m, vs890m). Higher R-values represent a stronger correlation between the biodiversity at the measured
depth and its similarity to the depth given by the x label. For instance, the y value of the darkened diamond shape is 0.32, corresponding
to slope of the relationship between biodiversity at 150 m and interdepth similarity between 150 m and 500 m depicted in (b). The
‘vsLastMonth’ column represents the relationship between ISI and the Bray-Curtis similarity between that sample and a sample taken at
that same depth collected in the previous month. Bars represent 95% confidence intervals for the R-value. Confidence intervals not
overlapping the x axis indicate statistically significant correlations.
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groups (Figure 4b, Table 3). Arctic96B-7 also showed
seasonal variability at 150 and 500 m, while SAR324
appeared to drive seasonality of Deltaproteobacteria at
500 m. Investigation of genus level groups of MGA and
clades Flavobacteria showed diverse seasonal and
interannual patterns (Supplementary Tables S4 and
S5). In addition to seasonal variability, many taxa

showed long-term increases, decreases or non-linear
changes in abundance.

Dynamics of abundant marine bacterial OTUs
Non-parametric regression models, using seasonal
and long-term splines to fit the data, showed that for

Table 2 Rho values of Mantel tests relating community similarity to environmental and biotic parameters, after factoring out the effects
of seasonality and depth

5 CMAX 150 500 890

Physical/Chemical
Temperature 0.100* 0.109 0.066 0.019 � 0.082
Salinity � 0.094 � 0.045 �0.102 0.201* � 0.108
NO2 0.08 0.022 �0.036 � 0.075 � 0.033
NO3 0.034 0.034 �0.033 0.054 0.093
PO4 0.016 0.02 �0.066 � 0.127 � 0.107
P* 0.0161 0.0099 �0.0657 � 0.1688 � 0.079
O2 0.115* 0.068 0.039 0.059 � 0.049

Satellite
Chl_A 0.203** 0.112* �0.058 � 0.058 � 0.185
Prim_Prod 0.175** 0.151* 0.028 � 0.029 � 0.11
Chl_A8 0.086 0.032 �0.079 � 0.059 � 0.104
Prim_Prod8 0.066 0.091 �0.033 � 0.069 � 0.031
POC 0.1682** 0.0719 �0.0064 � 0.0276 � 0.0523
CDOM 0.052 0.041 0.098 0.028 0.037
PAR � 0.1028 � 0.1498 0.0323 � 0.0071 0.0274
SSHD_Sat 0.06 0.095 0.073 � 0.042 � 0.015

Surface
MLD 0.024 � 0.02 0.115* 0.061 0.249**
Cmax_Depth 0.042 0.035 0.033 0.12 � 0.03
Svd � 0.0549 � 0.0069 �0.0674 0.0452 0.0039
Upwelling 0.0022 0.0056 0.0665 � 0.0849 � 0.0292
WaveHeight � 0.012 0.027 �0.079 � 0.075 � 0.016
AvgWavePd � 0.072 � 0.074 0.04 0.063 0.08
DomWavePd 0.087* 0.120* 0.101* 0.019 0.036
PRCP 0.019 0.173* 0.117 0.118 0.319**
TempMax 0.032 0.03 0.06 0.074 0.088
TempMin 0.018 0.058 0.073 0.048 0.029
AvgWind 0.025 � 0.076 �0.042 � 0.065 � 0.072
WindGust 0.0033 � 0.0928 �0.011 0.0822 � 0.0601

Global Biotic
MEI 0.0011 � 0.0641 �0.063 � 0.0704 0.0903
Bact 0.16245* 0.13242* 0.22517* � 0.00091 � 0.05753
Vir 0.162** 0.082 0.166* 0.024 � 0.04
VBR 0.015 � 0.033 0.08 � 0.077 � 0.03
Leu 0.250*** 0.088 �0.083 0.139 0.131
TurnoverLeu 0.0636 0.1099 �0.0051 0.0365 0.0896

False discovery
Q: Po0.01 3.45% NA NA NA 9.1%
Q: Po0.05 9.6% 24.8% 21.4% 65.0% 9.1%

Abbreviations: AvgWavePd and DomWavePd, average and dominant wave periods; AvgWind, average wind speed; Bact, bacterial abundance;
CDOM, colored dissolved organic matter to chlorophyll ratio; Chl_A_Sat, chlorophyll A, monthly average; Chl_A_Sat8, ibid eight day average;
Cmax_Depth, depth of the chlorophyll maximum; Leu, growth rate as measured by leucine incorporation; MEI, Multivariate El Niño Southern
Oscillation index; MLD, mixed layer depth; NO2, nitrite; NO3, nitrate, O2, oxygen concentration; PAR, photosynthetically active radiation; POC,
particulate organic carbon; PO4, phosphate; PRCP, precipitation; Prim_Prod, primary productivity estimate, monthly average; Prim_Prod8, ibid eight
day average; P*, excess phosphate; SSHD, sea surface height differential; Svd, Sverdrup transport; TempMax and TempMin, maximum and
minimum daily air temperature; TurnoverLeu, cell turnover time as measured by leucine incorporation and bacterial abundance data; VBR, virus-to-
bacterial abundance ratio; Vir, virus abundance; WindGust, maximum two minute wind gust speed.
Higher values indicate that samples with similar values for a given parameter generally have similar community structures (as measured by Bray-
Curtis similarity), and that samples with different values for that parameter have different community structures. Surface Satellite and Global values
are measured for the entire water column and Chemical and Biotic values are measured at each depth. Stars indicate P-value*¼ 0.05 and **¼ 0.01.
Bold entries highlight parameters with Po0.01.
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the 100 most abundant OTUs at each depth, 5 m,
the DCM and 890 m had the highest fraction of
seasonal OTUs, while 150 and 500 m had fewer
seasonal OTUs (Table 1, Supplementary Table S5).
The abundances of the five most abundant bacteria
at each depth (Supplementary Figure S6) reflect the
patterns seen for the 100 most abundant OTUs,
with seasonal bacteria present at the surface and
bottom of the water column but not at the middle
water column. The five most abundant bacteria at
each depth show differences in their distribution
patterns across depths, with some abundant at
multiple depths (for example, most abundant
AEGEAN-169 OTUs), and others only abundant at
one depth (for example, SAR406 with ITS length of
709.4). Chi-squared analysis confirmed that the
depths did have statistically significant differences
in the number of seasonal bacteria, and not in the
number of bacteria that showed long-term varia-
bility. The subset of the 100 most abundant bacteria
that were determined to be seasonal or interannu-
ally variable included OTUs from many abundant
phylogenetic groups, including groups that taken

as a whole did not vary seasonally or interannually
(Supplementary Table S5).

Discussion

Seasonality is strongest at the surface and bottom of
the water column
Seasonal patterns appeared to be strongest at the
surface (5 m), weak in the middle water column
(DCM, 150 m and 500 m), and strong again just above
the sea floor (890 m) according to a number of
metrics:

1. Community Structure: Samples collected in the
same season across years were similar but
samples collected from different seasons were
dissimilar at 5 and 890 m (Figure 2).

2. Biodiversity: Richness and ISI were highest in the
winter at 5 m and in the spring at 890 m
(Figure 3).

3. Taxonomic Groups: Several broad taxonomic
groups of organisms were seasonal, especially at
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Figure 4 Heat map of relative abundances of bacteria from class and phylum level taxonomic groups (a) as well as family and order level
groups (b). Each panel represents a different taxonomic grouping. The x axis indicates months and y axis indicates sampled depths (not
to scale). Colors correspond to the summed relative abundance of all OTUs identified as falling within that taxonomic group, averaged by
month. Relative abundance scores for each color are given in the scale bar at right; note that abundances are on a log scale.
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the surface (such as SAR11 and Prochlorococcus)
and at 890 m (such as Nitrospina and NS9
Flavobacteria) (Figure 4, Table 3, Supplementary
Figures S2 and S3).

4. Individual OTUs: There were more seasonal
individual OTUs at the surface, DCM and 890 m
than at 150 or 500 m (Table 1, Supplementary
Table S5).

Seasonality of surface communities is consistent
with previous findings, both at this site (Fuhrman
et al., 2006; Chow et al., 2013) and elsewhere
(Morris et al., 2005; Carlson et al., 2009; Treusch
et al., 2009; Gilbert et al., 2012; Vergin et al., 2013b),
and is likely governed by strong seasonality in
several environmental factors. Photosynthetically
available radiation, day length, nutrient concentra-
tions, seawater temperature and mixing of the water
column all vary seasonally in the surface (Figure 1,
Supplementary Figure S1, Supplementary Table S1)
and many or all of these factors likely influence the
bacterial community. However, covariance of these
variables precludes identifying their individual
relative contributions to seasonality. Primary pro-
ductivity and concentration of chlorophyll a are also
seasonally variable, and appear to relate to commu-
nity structure even beyond this seasonal effect, that
is, after seasonality is factored out (Table 2).

At intermediate depths, the decrease in season-
ality below the photic zone is consistent with
findings at Hawaii Ocean Time Series and BATS
(as reviewed in Giovannoni and Vergin, 2012). Light
levels, temperature and turbulence are less season-
ally variable at SPOT’s deeper depths. At 500 m,

temperature is stable and light intensity is insuffi-
cient for photosynthesis. Unlike BATS, the mixed
layer at SPOT is almost always above 40 m, so the
150m, 500m or 890m depths likely never mix with
surface water directly (even though mixed layer
depth does appear to relate to community structure
at 890 m; Table 2).

Seasonality of the deepest depths has not been
seen previously, even in a prior analysis of a shorter
subset of the SPOT 890 m data (Hatosy et al., 2013),
either because the additional samples gave this
study more statistical power, or because the statis-
tical tests employed in this study are more sensitive.
Particle flux, which varies seasonally in magnitude
and composition (Collins et al., 2011), likely con-
tributes to the observed seasonality at 890 m, which
is at the bottom of the water column. Particles are
believed to be the source of key substrates for
bacteria in the deep ocean and likely transport
organic nutrients from the surface to the bottom,
where they may become entrained in the nepheloid
layer or land on the sea floor, degrade and affect
nearby overlying waters (Francois et al., 2002;
Herndl and Reinthaler, 2013). Therefore, the longer
residence time of particles and their associated
organic matter at or near the sea floor, compared
with mid-water, likely leads to stronger seasonality
there. Note that our study assessed the free-living
bacterial communities and not those attached to
larger particles at the time of sampling. Further-
more, many particles are heavily colonized by
bacteria (Simon et al., 2002) and may transport
bacteria to bottom waters where they may be
released (Sohrin et al., 2011). The presence of

Table 3 The abundance and temporal characteristics of taxonomic groups seen in Figure 4

Taxon Resol. 5 m DCM 150 m 500 m 890 m

Actinobacteria Phylum 17.8±(10.5)% 19.5±(10.4)% 3.3±(1.9)% 1.7±(0.9)% 0.9±(0.7)%
4OCS155 Clade 17.4±(10.7)% 19.4þ (10.6) 2.4±(1.6)% 0.3±(.3) 0.3±(0.3)
Flavobacteria Class 4.7±(3.6)% Feb 7.5±(4.3)% 10.4±(3.1)% 8.8±(2.7)% 13.9±(3)% Aug
4NS9 Clade 0.6±(0.7)% 0.7±(0.8)% 4.2±(2.2)% D 3.8±(1.6)% N 3.5±(1.3)% Aug
Cyanobacteria Phylum 2.8±(3.1)% Nov:I 1.4±(1.4)% 1.1±(0.6)% I 1.1±(0.7)% I 0.8±(0.5)%
4Prochloro. Genus 1.6±(2.0) Nov:I 0.8±1.0 Nov:N 1.0±.5 1.0±0.6 0.7±0.5
Chloroplast Organelle 3.8±(4.4)% Feb:I 3.4±(4.1)% Feb 0.8±(0.7)% Apr 1.2±(0.6)% 0.3±(0.4)% Jan
a-proteobacteria Class 38.7±(7.2)% 35.8±(6.4)% 42.2±(5.4)% 43.4±(6.7)% 25.2±(9.5)% Jan
4SAR11 SilvaTag 27.5±(7.4)% 24.0±(7.3)% 24.2±(6.1)% 20.3±(6.1)% 13.9±(5.2)%
44Surface_1 Ecotype 18.8±(7.4)% 18.5±(5.8)% 12.5±(5.6)% 7.1±(4.5)% D 5.8±(2.7)% Feb
4AEGEAN-169 Clade 7.5±(2.9)% 6.5±(2.3)% 12.6±(5)% N 17.8±(6.1)% 7.9±(3.3)%
g-proteobacteria Class 9.4±(3)% Aug 9.0±(3)% 8.5±(2.7)% May:N 7.5±(2.6)% N 8.4±(2.9)%
4SAR86 SilvaTag 6.9±(2.6)% 6.4±(3.3)% 1.6±(1.1)% 0.5±(0.5)% 0.7±(0.7)%
4SUP05 Clade 0.03±(0.04) 0.1±(0.2) 2.0±(1.4) 1.5±(0.9) Jun:N 1.7±(1.6)
d-proteobacteria Class 2.4±(1.8)% 3.9±(3.4)% 8.1±(2.4)% 9.9±(3.8)% Dec:D 22.3±(9.1)% Aug
4Nitrospina Genus 1.3±(1)% Oct:D 1.4±(1.3)% 4.9±(1.7)% 5.2±(2.3)% 14.4±(8)% Aug:N
4SAR324 Clade 0.3±(0.4)% Mar:D 0.9±(1.1)% Apr 3.2±(1.6)% D 4.2±(2.3)% Dec:D 7.5±(3.1)%
Marine Group A Phylum 2.1±(1.4)% 2.7±(1.7)% Nov:D 8.2±(3)% Oct:D 6.3±(2.4)% 12.2±(3.5)% Aug
4Arctic96B-7 Order 0.9±(0.8)% Nov:D 1.9±(1.6)% 5.9±(3)% Oct:D: 2.4±(1.1)% Jan:D 8.4±(3.6)% Aug
4ZA3648c Order 1.1±(0.9)% 0.9±(0.8)% 2.2±(0.8)% 3.6±(2.1)% 3.1±(2)%

Abbreviation: DCM, deep chlorophyll maximum.
Bold cells have relative abundance greater than 5%, while italicized cells have relative abundance greater than 2%. Abundance scores are given
as a medians ± one median adjusted deviation. Month abbreviations (e.g., Dec) correspond to the month of the year that a taxon has the greatest
relative abundance according to fit by a cyclic spline function in a general additive model. A letter code (D—Decreasing: I—Increasing, N—Non-
linear) identifies interannual trends in the data. Codes are only provided for splines that differ statistically significantly from a flat line (P40.05)
and are part of an overall general additive model with overall R240.10. Further statistics for the general additive models are shown in
Supplementary Tables S2–S4.
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cyanobacteria (presumably photosynthetic) at 890 m
reflect similar findings in other systems (Sohrin
et al., 2011) and further suggests bacterial transport.
Particles have been shown to sink at a rate averaging
about 83 m per day (Collins et al., 2011), which
suggests that it should take about 11 days to travel
from the surface to the bottom of the water column.
Differences in sizes and densities between particles
cause different compounds or organisms to be
transported from the surface to the deep at different
rates. Currents in the region vary with both depth
and season, (Hickey, 1991, 1992) and likely cause
spatial separation between the locations where
particles are generated and where they settle.
Particle flux variability across space (Buesseler
et al., 2009) may interact with these seasonal
currents, resulting in seasonally variable particle
delivery to the sea floor at SPOT. Water below the
sill of the San Pedro basin at 750 m is primarily
trapped (Berelson, 1991), suggesting that currents
alone seem like an unlikely explanation for the
greater seasonality at 890 m than at intermediate
depths.

In addition to sinking particles, crustaceans and
other zooplankton likely influence the subsurface
communities by consuming organisms and marine
aggregates at the surface and egesting rapidly
sinking fecal pellets, in conjunction with diel
vertical migration (Steinberg et al., 2000, 2002;
Wilson and Steinberg, 2010). Other organisms that
may transport nutrients or bacteria include cnidar-
ians (Schnetzer et al., 2011) and larvaceans (Hansen,
et al., 1996, Robison et al., 2005). These pelagic
organisms together link the entire water column
such that features of any one depth may affect other
depths.

Interannual variability is apparent throughout the
water column
Interannual variability of the microbial community
in conjunction with observations of long-term
stability may reflect seasonal trends and environ-
mental factors vary from year to year but maintain a
common ‘average’ microbial community. At all
depths, long-term processes may be related to
interdecadal processes such as the El Niño Southern
Oscillation Index or Pacific Decadal Oscillation
index. We were not able to detect a relationship
between the MEI and community structure in this
study (Table 2), likely because this study is only one
decade long and does not encompass any major El
Niño events. As time series studies continue, the
longer data sets will provide information to better
resolve these long time-scale trends.

Alpha-diversity patterns differ between depths
The seasonality of biodiversity at 5 m (Table 1,
Supplementary Table S1) parallels trends seen in
the Western English Channel (Gilbert et al., 2012)

and at BATS (Vergin et al., 2013b), while the
biodiversity’s seasonality at 890 m is an original
observation, to our knowledge. The biodiversity
maximum in the mid-water column at 150 m
(Figure 3a) reflects patterns seen elsewhere in the
ocean for other organisms including copepods,
ostracods (Angel, 1993; Lindsay and Hunt, 2005)
and fish (Badcock and Merrett, 1976). Biodiversity is
often highest at ecotones, the interface between
different environments, (Angel, 1993; Barton et al.,
2010; Ribalet et al., 2010) and the 150 m depth is
such an interface between the euphotic and dis-
photic zones.

The correlation, at most pairs of depths, between
high similarity and high biodiversity at those depths
(Figures 3b and c, Supplementary Figure S2)
suggests mixing of communities between depths or
immigration of microbes from one depth to another
may drive increased diversity at those depths. For
instance, diversity may be highest in the surface in
the winter (when storms may mix water to B40 m)
because the deeper, mixed in or upwelled, water
layer brings microbes from what had been in the
stratified waters below the mixed layer into the
surface. Higher biodiversity at 150 and 500 m,
among those samples that changed least from month
to month (Figures 3b and c), suggests that particu-
larly low disturbance allows for more niche differ-
entiation and thus higher diversity.

Environmental variability relates to community
structure

At the surface. The relationship between microbial
community structure and chlorophyll a concentra-
tions, particulate organic carbon concentrations,
primary productivity, heterotrophic productivity
and viral abundance at the surface (Table 2) extends
Chow et al.’s (2013) observations of particular
environmental variables relating to the abundance
of certain OTUs by identifying variables that relate
to community structure beyond the effects of
seasonality. For instance, while Chow et al. (2013)
observed that nitrate was related to community
structure, both nitrate and community structure are
seasonally variable, and in this study we were not
able to differentiate nitrate effects away from
seasonal effects statistically. Thus, we do not know
whether nitrate itself or some other seasonal factor
shapes community structure. Conversely, chlorophyll
a concentrations and heterotrophic productivity
(leucine incorporation) are related to the community
when de-convoluted from seasonality, suggesting
links between these parameters beyond season, even
though these parameters also show seasonality.

Chlorophyll a concentrations likely relate to
community structure because bacteria consume
phytoplankton exudates (Obernosterer and Herndl,
1995; Fouilland et al., 2014), live symbiotically with
phytoplankton (Caron, 2000; Aota and Nakajima,
2001) and/or respond to unmeasured variable(s)
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along with phytoplankton (Steele et al., 2011;
Chow et al., 2014). Community structure may relate
to leucine incorporation because some OTUs are
more metabolically active than others. Bacterial
abundance and viral abundance, but not virus-to-
bacteria ratios, relate to community structure,
suggesting that denser communities contain differ-
ent members than less dense communities. This
difference may result from greater numbers of
interactions between bacteria, grazers and viruses
in more dense communities. Alternatively, particu-
lar sets of environmental conditions may favor both
dense microbial communities and particular micro-
bial groups. Particulate organic carbon has been
implicated as an important substrate for many
marine bacteria (Azam, 1998; Simon et al., 2002)
and it seems likely that the bacteria that
co-occur with particles at the surface may be
directly associated with (living on or eating) these
particles.

At 890 m. The relationship between 890 m com-
munity structure and mixed layer depth and
precipitation further suggests that conditions at the
top of the water column contribute to variability at
the bottom of the water column. Mixed layer depth
is known to influence the range of depths at which
organisms can produce biomass and the types of
dominant phytoplankton and zooplankton
(Sverdrup, 1953; Bissett et al., 1994; Arrigo et al.,
1999; Eslinger et al., 2001) and this variation in
surface productivity and plankton community struc-
ture likely in turn influences the rate of particle
production, particle type and delivery to the sea
floor. Collins et al. (2011) found that there was no
direct correlation between rainfall and mid-water
particle flux nor between rainfall and particulate
carbon to nitrogen ratios, suggesting that links
between rainfall and deep water community struc-
ture are by way of some process other than surface to
bottom particle flux. Precipitation may trigger
turbidity flows in which sediment influx from land
after rainfall rapidly moves down submarine can-
yons, such as nearby Redondo Canyon (see
Sholkovitz and Soutar, 1975). These turbidity flows
likely transfer sediment to bottom waters and/or
distribute it into the lower water column by
entrainment (Drake and Gorsline, 1973; Drake,
1974). Correlations to rainfall on the day of sampling
may relate to the observation that major rainstorms
last multiple days.

Mid-water column. The absence of observed para-
meters strongly relating to community structure at
the DCM, 150 m and 500 m depths, in combination
with lack of seasonality at those depths, suggests
that mid-water community structure variability is
due to unmeasured influences. These influences
could include unmeasured environmental factors,
interactions between microorganisms, neutral

processes (see Chave, 2004), or interactions between
multiple environmental influences.

Variability of specific taxonomic groups drives overall
community variability
We saw different seasonally variable taxonomic
groups at the surface, middle and bottom of the
SPOT water column (Table 3, Supplementary Tables
S2–S4). The seasonal surface groups, like the surface
community as a whole, likely respond to seasonality
in light levels, mixing and nutrient levels. Prochlor-
ococcus are adapted to oligotrophic stratified warm
water conditions (Partensky et al., 1999) and tend to
occur during the summer and fall (Figure 4), when
Chlorophyll a levels are lowest (Supplementary
Figure S1), as a result of this adaptation. The
appearance of Prochlorococcus in deep waters may
reflect transport of this organism from surface waters
(see Sohrin et al., 2011). Alternatively, since no
Cyanobacteria were found in our 890 m clone
libraries, other bacteria with the same ITS length
as cyanobacteria may inhabit the mesopelagic. The
depth structure and seasonal patterning of SAR11,
and their sister clade AEGEAN-169 (Supplementary
Figure S4A, Supplementary Table S4) reflect pat-
terns seen at BATS (Carlson et al., 2009, 11; Vergin
et al., 2013a). The seasonality of individual OTUs
within the non-seasonal SAR11 Surface 1 clade
(Supplementary Tables S4, S5) suggested that this
finer resolution is important in understanding the
dynamics of this abundant group.

Seasonal taxa at 890 m are likely related indirectly
to seasonally variable surface parameters. Flavobac-
teria remineralize particles and complex organic
molecules (Kirchman, 2002) and are likely seasonal
because the flux and content of particles or other
food sources are also seasonally variable. Nitrospina
are likely nitrite oxidizers (Fuessel et al., 2012) and
have been implicated as drivers of nitrite oxidation
in subsurface layers in much of the ocean (Mincer
et al., 2007; Beman et al., 2013). At SPOT they have
been shown to respond to variability of nitrite and
ammonia oxidizing Archaea (Beman et al., 2010).
Seasonal variability at 890 m of their substrate,
nitrite, (Supplementary Figure S1, Supplementary
Table S1) further supports this finding. Seasonality
of clades of MGA and SAR324 at different mesope-
lagic depths is interesting as some strains are
reported to oxidize reduced sulfur or methane
(Swan et al., 2011). Because Nitrospina and
SAR324 and MGA are thought to be chemoauto-
trophic, seasonality in these organisms’ abundances
likely reflects seasonally variable biogeochemistry.

Despite these seasonal patterns, one remarkable
feature of broad taxonomic groups is their stability.
While communities, evaluated on an OTU level,
vary significantly between months, seasons and
years, communities within a given depth appear to
be dominated consistently by a common set of
broader taxa at similar relative abundances.
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Individual OTUs drive community variability
All depths, regardless of overall seasonality, contain
some OTUs that are seasonally variable and others
that are not. The prevalence of non-seasonal OTUs
at depths with overall community structure season-
ality suggests that there are many OTUs that interact
with their environment in ways not affected by this
variability. Conversely, at depths in which most
OTUs do not vary seasonally, there are always at
least a few OTUs, making up a smaller subset of
community variability, that have a seasonally vari-
able niche. These seasonal OTUs at non-seasonal
depths indicate mid-water seasonality of at least
some environmental properties, such as flux of
certain kinds of particles. During phytoplankton
blooms, Teeling et al. (2012) observed that finer
level taxonomic level groups of bacteria adapted to
different ecological niches by expressing different
metabolic processes. The observation that non-
seasonal taxa contain seasonal OTUs (Table 3,
Supplementary Tables S2–S5) supports this idea of
niche differentiation within the broader taxa and is a
compelling reason to focus future ecological analy-
sis of community structure on fine, rather than
coarse taxonomic groups, in order to discern
mechanisms.

Advantages and considerations of using ARISA
The ARISA technique is well suited to analysis of
this data set, because its reliance on the finely
resolved length of the hypervariable 16S-23S ITS
region allows resolution of closely related OTUs
(Brown et al., 2005), often better than current next-
generation 16S tag sequencing approaches (Chow
et al., 2013). It is nevertheless important to consider
that any PCR-based technique, including this one,
has biases, such as over-representing some DNA
fragments (for example, shorter ones), meaning that
our relative abundance estimates may have biases
toward some taxa and against others. Fortunately,
any such bias is likely consistent from sample to
sample, suggesting that the conclusions drawn from
the seasonal and interannual dynamics, the main
focus of this report, are justified. All of the statistics
used to find patterns in this study are generally
insensitive to such biases. It is also important to
consider that this version of ARISA detects neither
Archaea nor bacteria from the Planctomycetes and
SAR202 phyla, all of which are members of many
marine microbial communities, especially deep
ones (Woebken et al., 2008; Treusch et al., 2009).
It is also inevitable that some OTUs will contain
members of more than one unrelated group, so the
dynamics of any OTU may be the combined
dynamics of any groups that share a common ITS
length. Although some ARISA OTUs (B10% of the
community, on average) are currently unknown, as
they do not have corresponding clones in our clone
libraries, they represent a minority of our commu-
nity fingerprint data. Despite being a nearly decade

old, this ARISA and clone library combined
approach, as shown by Brown et al. (2005) and
subsequent studies, is still an effective method
capable of generating high quality data suitable for
this type of study.

Conclusion

Seasonal variability is most evident at 5 and 890 m
while long-term variability is evident throughout the
top 500 m of the water column. After seasonal and
interannual variability had been factored out, sev-
eral environmental parameters further explained
community variability at 5 and 890 m but not at
intermediate depths. These patterns suggest links
between the surface environment and deep water
communities, possibly driven by rapidly sinking
particles and migrating plankton. This variability in
community structure appears to be driven by
particular OTUs and sometimes broader taxonomic
groups, and likely reflects OTU-specific or group-
specific responses to environmental variability. The
patterns reported here present a useful initial set of
expectations for similar sites, including coastal
basins and oxygen minimum zones.
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Fengzhu Sun and Sergio Sañudo-Wilhelmy for advice.
This work was supported by NSF grant numbers 0703159,
1136818 and from the Gordon and Betty Moore Founda-
tion Marine Microbiology Initiative through grant
GBMF3779, and the Wrigley Institute for Environmental
Studies.

References
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