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ABSTRACT: Benthic accumulations of ﬁlamentous, matforming bacteria occur throughout the oceans where bisulﬁde
mingles with oxygen or nitrate, providing key but poorly
quantiﬁed linkages between elemental cycles of carbon,
nitrogen and sulfur. Here we used the autonomous underwater
vehicle Sentry to conduct a contiguous, 12.5 km photoimaging
survey of sea-ﬂoor colonies of ﬁlamentous bacteria between 80
and 579 m water depth, spanning the continental shelf to the
deep suboxic waters of the Santa Barbara Basin (SBB). The
survey provided >31 000 images and revealed contiguous,
white-colored bacterial colonization coating > ∼80% of the
ocean ﬂoor and spanning over 1.6 km, between 487 and 523 m
water depth. Based on their localization within the stratiﬁed
waters of the SBB we hypothesize a dynamic and annular
biogeochemical zonation by which the bacteria capitalize on periodic ﬂushing events to accumulate and utilize nitrate.
Oceanographic time series data bracket the imaging survey and indicate rapid and contemporaneous nitrate loss, while
autonomous capture of microbial communities from the benthic boundary layer concurrent with imaging provides possible
identities for the responsible bacteria. Based on these observations we explore the ecological context of such mats and their
possible importance in the nitrogen cycle of the SBB.

■

INTRODUCTION
Oceanic waters face oxygen depletion when aerobic respiration
exceeds the capacity for reoxygenation by mixing, photosynthesis and atmospheric exchange. Important to ocean
biogeochemistry and ecology, this situation occurs both by
human inﬂuence, for example, so-called dead zones, and
through natural processes, for example, oxygen minimum zones
(OMZs).1,2 When faced with oxygen limitation marine
microbiota ﬁrst turn to nitrate as an alternative electron
acceptor, oxidizing organic and inorganic substrates with
concurrent reduction of nitrate to nitrite, ammonium, nitrous
oxide or dinitrogen.3,4 Denitriﬁcation refers to the loss of
bioavailable nitrogen from the ecosystem through the subset of
these processes for which the nitrogenous products are in
gaseous form,5 for example, nitrous oxide or dinitrogen;
denitriﬁcation is prevalent in areas where oxygen concentration
is kept below ∼5 μM, and serves as the primary global sink of
© 2016 American Chemical Society

bioavailable nitrogen. Nitrate reduction and denitriﬁcation are
also key drivers of carbon remineralization in the ocean,6 being
prevalent in areas of high productivity or restricted
circulation,6−8 notably along continental margins where an
oceanic OMZ intersects high rates of sedimentation.9,10 The
silled Santa Barbara Basin is an example of such an area11 and
previous studies using stable isotopes at this location
demonstrate that at least 75% of nitrate utilization occurs
within the sediment.12
While many bacterial groups are capable of denitriﬁcation,
marine sediments can host abundant communities of
ﬁlamentous, mat-forming bacteria, for example, Beggiatoa,
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m and a velocity of 0.71 ms−1, for purposes of conducting a
high-resolution multibeam survey of the imaged terrain. The
duration of the survey was 13.5 h.
Depth distributions of physical properties and chemical
concentrations were provided by the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) for a single station
in the SBB, occupied on three occasions: 16 April 2013; 16 July
2013; and 24 November 2013. The data was downloaded from
http://www.calcoﬁ.org/data.html and included concentration
proﬁles of oxygen, nitrate, nitrite, ammonium, phosphate, as
well as depth distributions of temperature, salinity, and
potential density. Depth distributions for nitrate, nitrite,
ammonium, and phosphate were interpolated from the
available data using cubic spline and linear ﬁts that preserved
the absolute values and the overall trends of the measured
points.
The color imagery was processed as a stack.28 Images that fell
within 0.25 m of the target altitude were used to calculate the
mean and standard deviation per pixel position. Over the stack
of images we assume that the distribution of intensities for any
pixel position should be the same regardless of the pixel
position. In practice, they are not since illumination tends to
drop oﬀ toward the edges of the image. To compensate for this
eﬀect, at each pixel position, a gain and oﬀset per channel was
applied to match a target mean and standard deviation (that of
the central pixel). However, images higher than the altitude
band will appear darker and shifted toward blue/red given the
preferential attenuation of reds with increased range. Images
below the altitude band will appear brighter and shifted toward
red. To compensate for this eﬀect, an exponential as a function
of altitude was robustly ﬁt to the average intensity per channel
for each image. Using these empirical attenuation coeﬃcients
we were able to express the average intensities at a standard
altitude of 3.5 m.
Bathymetric, chemical, and color spatial analyses were
performed using the ∼30 m resolution U.S. Coastal Relief
Model (CRM) freely available from the NOAA National
Geophysical Data Center (www.ngdc.noaa.gov/mgg/coastal/
crm). Average image color (AUV Sentry) and interpolated
chemical depth proﬁles (CalCoﬁ) were projected onto the
corresponding bathymetric depths throughout the SBB to
create 2-D and 3-D spatial representations of the data. In
addition, the ∼30 m bathymetry was used to perform
calculations with volume and surface area components (i.e.,
nitrogen uptake by sediment and water column denitriﬁcation).
Autonomous collection of bacterial communities was
conducted in the benthic boundary layer to identify organisms
potentially sourced from the sea ﬂoor. Collection was
performed with the AUV-mounted SUPR sampler, used to
ﬁlter microbes from seawater at three depths: 574−575 m,
327−357 m, and 90−95 m. Each sample was collected 3.5 m
from the sea ﬂoor, onto a 0.2 μm poresize ﬁlter (142 mm
diameter, poly(ether sulfone)). Filtration was concurrent with
the photoimaging survey, and samples were frozen at −80 °C
immediately following the completion of the survey. Stored
DNA was extracted from the ﬁlters and sequenced for 16S
rRNA amplicons by Illumina MiSeq (300 nucleotide length
paired-end reads using the v3 platform) according to the
manufacturers speciﬁcations.29 Sequence taxonomies were
assigned by aligning processed reads with the SILVA small
subunit rRNA database.30 Closely related and identically
classiﬁed sequences were pooled into operational taxonomic
units (OTUs). OTUs closely related to known bioﬁlm-forming,

Thioploca, and Thiothrix,13 that are capable of reducing nitrate
to nitrite or ammonium but not necessarily to molecular
nitrogen or nitrous oxide.14 These mat-forming communities
can host a rich assortment of bacterial phyla that collectively
couple oxygen or nitrate reduction to sulﬁde oxidation.15 Large
ﬁlamentous bacteria can also physically host anaerobic,
ammonium-oxidizing (annamox) bacteria16,17 that complete
the denitriﬁcation process through coupling of nitrite and
ammonium. Due to commonalities such as a ﬁlamentous
appearance, gliding motility, chemotrophic metabolism, and
accumulation of elemental sulfur granules, as well as
uncertainties with respect to the range of physiological
capabilities exhibited by each genus,18 ﬁlamentous sulfur
bacteria are often considered as a collective. However, other
aspects of physiology distinguish these groups, notably, the
ability of some strains to hyperaccumulate nitrate in storage
vacuoles−to concentration of at-least 500 mM,15 distinctive
speciﬁcity for oxygen, and distinctive modes of chemotaxis.14
These physiologies enable sulﬁde-oxidizing bacterial mats to
poise themselves along stable redox gradients, to capitalize on
ﬂuctuating environmental redox conditions, or to migrate
between disconnected substrate supplies.19
The SBB is known to host mats of nitrate accumulating,
ﬁlamentous sulfur bacteria near its depocenter20−22 where
sediment becomes rapidly sulﬁdic.23−25 However, the mats’
spatial extent, temporal persistence, and contribution to
sediment nitrate utilization12 are not established. In this
work, we set out to use autonomous underwater vehicle
(AUV) technology to document changes in benthic communities along the strong redox gradient that forms during periods
of stratiﬁcation in the SBB. In doing so, we identiﬁed
unexpected depth zonation of bacterial mat at the sea ﬂoor
that is suggestive of an important and dynamic role modulating
nitrogen biogeochemistry in this environment. The present
report focuses on the distribution of microbial communities in
the SBB including the benthic mats and the overlying benthic
boundary layer. These observations are placed in a dynamic
context using oceanographic time-series data to explore broader
implications for the biogeochemistry of the SBB and the
ecology of the microbial community.

■

EXPERIMENTAL SECTION
The AUV Sentry was used for these studies. Sentry is a custom
built AUV, owned and operated by the National Deep
Submergence Facility at Woods Hole Oceanographic Institution,26 made available for this study through the University
National Oceanographic Laboratory System. Mission programming for Dive 204 was conducted immediately preceding
launch on 7 October 2013 and involved four primary
components. First was a 12.5 km transit from the deep SBB
to the continental shelf at an altitude of 3.5 m and a velocity of
0.38 m s−1. Second was a concurrent photo survey, involving
the Serpent stereo camera system, consisting of two AVT
Prosilica GC1380 (one monochrome, one color) triggered
simultaneously. The cameras have a ﬁeld of view of 42° × 34°
and baseline of approximately 90 mm. The imagery was
acquired at 1 Hz, with two triggered LED pucks providing
illumination. At the target altitude and speed the imagery had
approximately 82% overlap. Third was the collection of
particulate matter and pelagic bacteria at diﬀerent locations
along the transit, using a custom in situ pump and ﬁltration
system, the SUPR sampler.27 Fourth, was a 12.2 km transit
from the continental shelf to the deep SBB at an altitude of 30
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Figure 1. (A) Bathymetry of the Santa Barbara Basin derived from the ∼30-m resolution Coastal Relief Model and overlaid with the photoimaging
survey track collected by AUV Sentry and the CalCOFI sampling site. (B−I) Color images and their depths collected along the Sentry transect: (B)
kelp fall and associated drag marks in the deep basin; C) initiation of spotted mat coverage on otherwise barren seaﬂoor; (D-F) increasing mat
coverage culminating in near full contiguity; (G-I) transition from near complete mat coverage to absence of mats and marked presence of abundant
macrofauna. Horizontal image scales: B = 2.70 m; C = 2.65 m; D = 2.56 m; E = 2.60 m; F = 2.71 m; G = 2.50 m; H = 2.50 m; I = 2.55 m. Full
resolution versions of panels B, F and I are provided in Figure S1.

Figure 2. (A) Average sea ﬂoor color as a function of depth. The averages were determined from 31,209 color images taken during the AUV Sentry
survey. (B) Average RGB values projected onto the bathymetry between depths of 80 and 579 m. The red contours indicate the upper and lower
depth contours of the survey; coloration <80m and >579m is shown as being constant and matching to the nearest 1m interval for which images are
available. The track of the imaging survey is shown as a white line.

generate a single contiguous photomosaic image along this
redox gradient; collection of bacteria and suspended particulate
matter from the benthic boundary layer by ﬁltering large
volumes of water in situ during transit; and a high-resolution
bathymetric survey from the continental shelf back to the
central basin. The photoimaging portion of the AUV Sentry
operation described here was 12.5 km in length and captured
>31 000 stereopaired images of the sea ﬂoor, at a target altitude
of 3.5 m. The images captured dense faunal assemblages in the
oxygenated zone, in contrast to a paucity of fauna in the suboxic

nitrate-reducing, sulfur-oxidizing bacterial taxa (NR-SOB), and
other putative sulfur-cycling groups, were compared between
samples.

■

RESULTS AND DISCUSSION

An Expansive Community of Mat-Forming Bacteria.
The mission plan for this operation included: a photoimaging
survey from the deep (579 m), suboxic SBB to the oxygenated
continental shelf (80 m), with suﬃcient image overlap to
11059
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Figure 3. (A−G) Depth distributions from CalCOFI data sets collected July 16, 2013 and November 24, 2013, for (A) Nitrate, (B) Nitrite, (C)
Ammonium, (D) Phosphate, (E) Temperature, (F) Dissolved Oxygen, and (G) Sigma Theta. (H) Three data sets overlaid on the bathymetry of the
southern margin of the SBB (10x vertical exaggeration) and average seaﬂoor color from the AUV Sentry survey (from Figure 2), including the
estimated mat coverage (%) along the photo survey transect (strip 1), the diﬀerence in nitrate deﬁcit (eq 1) between July and November (strip 2),
and the habitat depth range of the endosymbiont-bearing bivalve Lucinoma aequizonata (strip 3).32

visualize this predicted pattern by averaging the altitudecorrected image color in 1 m depth bins and extrapolating the
colors as overlay on the bathymetric contours of the SBB
(Figure 2). The resulting extrapolation yields a contiguous,
annular bacterial mat with a circumference of 106 km (Figure
2B), and an area of 265 km2, situated between 487 and 523 m
water depth. If the extrapolation is accurate, this structure could
represent the largest contiguous bacterial growth yet mapped.
While this distribution must be treated as a hypothesis,
additional support for the vertical stratiﬁcation of benthic
communities at this depth in the SBB comes from reports of
the endosymbiont-bearing bivalve Lucinoma aequizonata
(Figure 3), found in the sediments of the SBB at a narrow
range of water depth, 500 ± 10 m.32
Do Mat-Forming Bacteria Modulate Regional Nitrogen Biogeochemistry? To assess the biogeochemical context
of the observed bacterial mats we looked to bracket our
observations with repeat surveys performed by the California
Cooperative Oceanic Fisheries Investigations (CalCOFI)
program,33 which typically include the occupation of one
station in the central SBB. We found that our survey was well
bracketed by these occupations, which occurred on 16 April, 15

zone. In the deep suboxic water, images captured dark linear
features, seemingly from detrital material dragged across the sea
ﬂoor, as well as kelp falls and mats of ﬁlamentous bacteria.
Figure 1 displays Sentry’s mission track and exemplary images.
Surprisingly, the images from this survey revealed a thick
span of bacterial mat 2.3 km in length, within the discrete depth
interval of 479−532 m. Based on the images within this interval
we estimate that mats residing between 487 and 523 m covered
more than 80% of the sea ﬂoor and seemingly formed a single
interconnected structure. At depths greater than 532 m the
distribution of mats was patchy and the abundance decreased
with increasing depth. Similarly, the distribution of mats was
patchy and decreased between 479 and 450 m, and mats were
absent at depths shallower than 450 m. Figure 2A displays the
average color of the sea ﬂoor as a function of depth,
highlighting the zone inhabited by the white-colored, matforming bacteria.
The clear association of mat appearance with known redox
stratiﬁcation of the SBB23,31 water column leads us to predict a
similar depth distribution of mat throughout the basin, at the
time of the survey−a so-called “bathtub ring”. While not
explicitly tested through additional surveys, we attempted to
11060
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Figure 4. Hypothesized rates of nitrogen removal in the SBB by sedimentary processes and water column denitriﬁcation. (A) Areal view of calculated
nitrogen uptake rates to the sediment between depths of 368 and 566 m assuming no vertical mixing of the water column and fractional biological
nitrate transport to sediment of 75%. (B) Depth proﬁle displaying the calculated nitrogen uptake rate used to populate panel A and CalCOFI
dissolved oxygen proﬁles (expanded from Figure 3F) from July and November. (C) Column-integrated rate of (water column) denitriﬁcation
assuming 75% fractional loss to sediment.

The vertical banding of the bacterial mats in the SBB was
observed concurrent with depletion of nitrate within the same
depth interval and with the upward expansion of the
chemocline (Figure 3A, 3H). While these observations are
insuﬃcient to distinguish water column versus sedimentary
processes, sediments of the SBB have long-been suspected as
the primary nitrate sink37 and authors of a previous study in the
SBB12 provide evidence that “sedimentary denitriﬁcation
accounts for more than 75% of the nitrate loss within the
suboxic SBB”. While we are unable to distinguish nitrate uptake
to bacterial mats versus other sedimentary processes, we are
able to estimate rates of benthic nitrate uptake (presumably
leading to nitrogen loss by annamox/denitriﬁcation) and water
column denitriﬁcation in a spatially resolved manner (Figure
4). We therefore estimated nitrate removal from the change in
water column nitrate deﬁcit (i.e., eq 1) between 15 July and 24
November by assuming: a linear decrease over this interval; that
75% of the nitrate deﬁcit was through sedimentary processes;12
and that nitrate was sourced laterally (i.e., horizontal motion ≫
vertical motion) (Figure 4A). These calculations for sediment
nitrate uptake (Figure 4A) and (water) column-integrated
denitriﬁcation (Figure 4C) provide estimates for loss of ﬁxed
nitrogen in this environment: up to 11.7 mmol N d−1 m−2
(1.65 kg N d−1 ha−1) by the mat-coated sediment situated
between 479 and 532 m water depth and up to 3.9 mmol N d−1

July, and 24 November of 2013. These time series data indicate
that the SBB experienced typical ﬂushing31,34 in the Spring of
2013 but that conditions in the deep basin were again suboxic
by 15 July and through 24 November (Figure 3; Figure S2−
S4). In contrast to the minor change in oxygen concentration
between 15 July and 24 November (Figure 3F), nitrate
concentration decreased dramatically (Figure 3A), clearly
deﬁning its importance as the primary terminal oxidant
metabolized during this interval. The extent of nitrate loss
was calculated from interpolated depth proﬁles of nitrate,
nitrite, ammonium and phosphate (including a correction for
preformed phosphate−deﬁned as phosphate present independently of organic matter decomposition that occurred after the
water left the sea surface35), with the nitrate deﬁcit calculated
from the deﬁciency in bioavailable nitrogen−relative to
phosphate,36 as follows:
nitrate deficit = 16 × [PO4 3 −] − [NO3−] − [NO2−]
− [NH4 +]

(1)

Depth distribution of the change in nitrate deﬁcit is displayed
in Figure 3H, representing the removal pattern of bioavailable
nitrogen from the water between 15 July and through 24
November.
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Figure 5. Microbial community composition of the benthic boundary layer as sampled by AUV. (A) Filtration rate, depth, and location along
transect. (B) Bacterial community structure of the SBB benthic boundary layer at 574−575m. The call-out bar displays the further breakdown in
relative abundances of putative sulfur-oxidizing bacteria. (C) Neighbor-joining tree of sequences from putative SBB sulfur-oxidizing bacteria (red
branch tips) within a broader context of bacterial phylogeny (black tips). Branch labels with “MM” refer to environmental microbial mat samples.
(D) Depth distribution of sequences closely related (>98%) to either known nitrate-reducing, sulﬁde-oxidizing bacteria (NR-SOB) or to
environmental samples from thiotrophic microbial mats.

m−2 (0.55 kg N d−1 ha−1) integrated through the full depth of
the water column. The calculated values for nitrate uptake to
sediment exceed rates of denitriﬁcation observed in other
environments.38,39 Based on observations of persistent suboxia,
signiﬁcant nitrate decline, and expansive coverage of microbial
mats, and combined with a known capacity for microbial mats
to accumulate nitrate and observations that >75% of
denitriﬁcation in the SBB occurs in the sediment,12 we suggest
that microbial mats are potentially important to nitrogen
biogeochemistry in the SBB.
Ecological and Thermodynamic Factors That May
Aﬀect Mat-Forming Bacteria. Within the depth range of 487
and 523 m the observed mat-forming bacteria coated the sea
ﬂoor with implications for their ecology and the biogeochemistry of the underlying sediment. To provide a conceptual
framework for their clear success in this environment we
developed a working hypothesis of their ﬁtness landscape

(Figure S7). By this perspective we explore the qualitative
importance of two key factors potentially contributing to the
success of the mat community observed here, with relevance to
other marine environments.40 First, by occupying the entire
surface of the sediment and even extending into the overlying
water the observed bacteria are expected to overcome the
diﬀusion limitation for supply of nitrate into the sediment,19
which, based on established physiology, could eﬀectively enable
them to choke the supply of nitrate into the sediment. Previous
studies at the depocenter of SBB have clearly demonstrated
hyper-accumulation of nitrate by this mechanism,25,41 albeit
without the spatial context captured by our AUV survey.
Second, the heterotrophic microbial communities underlying
these thick mats are thus expected to be deprived of nitrate as
oxidant, as has been observed for SBB’s depocenter,25,41
limiting metabolism to lower-energy redox couples and
fermentation. Abundant sulfate reduction is expected for this
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Thiotrichales (OTU 1 and OTU 2) and those closely related to
Arcobacter (OTU 3), each of which includes known matforming, chemolithotrophic, sulﬁde-oxidizing bacteria.44,45
Other relevant taxa in this sample, including SAR406 and
SUP05 (Figure 5B), contain putative sulfur-oxidizing bacteria,
though not necessarily mat-associated.46−49 The presence of
potential mat-forming taxa at 0.27% relative abundance in the
undisturbed benthic boundary layer of the deep SBB points to
the potential for biological exchange of sediment-hosted and
planktonic bacterial communities. Furthermore, the capacity to
autonomously sample microbial communities in the benthic
boundary layer in the deep ocean is noteworthy because
common sampling tools are often problematic for this purpose
(e.g., rosette sampling typically halts at 5 m altitude for safety
purposes and submersibles frequently alter the benthic
boundary layer by sediment disturbance).
The research presented here provides a ﬁrst detailed look at
the depth-related distribution of microbial mats for the SBB
and suggests a potentially important role for mat-forming
bacteria in driving its nitrogen biogeochemistry, with links to
sulfur and carbon biogeochemistry. Still, important questions
remain about these communities including their cycle of
disturbance and renewal driven by ﬂushing events, the
importance of ecological feedbacks, the niche partitioning of
diﬀerent bacterial groups, the coupled spatiotemporal dynamics
of their activity, and their impacts on the geologic record as
retained in the sediment.

scenario, which is perhaps self-evident given the quantity of
sulﬁde needed to support the observed density of microbial
mat.
In the context of the sulﬁde supply needed to support the
observed 1.6 km-long span of microbial mat, we modeled its
thermodynamic ecology, focusing ﬁrst on the partitioning of
Gibbs Free Energy between sulﬁde-oxidizing bacteria and the
underlying sediment-hosted community containing sulﬁdogenic
anaerobes. A simple thermodynamic approach based on
balanced metabolisms for model compounds at steady state
conditions (Table S1) demonstrates that by this mechanism
bacterial mats have the potential to harvest a majority of the
Gibbs Free Energy, leaving the minority to be shared among
the underlying community of strict anaerobes. This simpliﬁed
approach provides insight into the uneven resource partitioning
in the observed mat-coated ecosystem driven by a combination
of redox stratiﬁcation and the vast physical coating of mats, but
is of limited utility insomuch as it ignores dynamic ﬂuxes of
substrates and does not account for denitriﬁcation, for example,
by annamox bacteria. Nonetheless, these calculations support
the expectation that signiﬁcantly more energy is available to
nitrate-reducing bacterial mats than to the underlying
community of fermentative, syntrophic, methanogenic, methanotrophic and sulﬁdogenic anaerobes.
While thermodynamic modeling provides some insight into
the SBB’s observed mat community, limitations of our
observational approach leave open an important ecological
question. Is the clear success of this mat community purely
opportunistic, or do they beneﬁt from positive ecological
feedbacks? More speciﬁcally, do these mat communities actively
promote the dissimilatory sulfate reduction that shunts
reducing equivalents from heterotrophic remineralization
through their primary substrate, sulﬁde? The capacity of these
mat communities for environmental manipulation leading to
the eﬀective subjugation of anaerobic metabolisms could
facilitate their success in the SBB, but remains an open
question.
Microbial Mats Are Dynamic Features. Microbial mats
respond to rapidly changing environmental conditions, as
observed in various settings.10,42,43 The vertical banding of mats
we observed in the SBB occurred in the redoxcline, and serves
as a snapshot within a time interval of nitrate removal from the
water column (Figure 4). However, the SBB experiences
regular cycles of oxygen/nitrate rejuvenation followed by
stagnation and gradual reestablishment of the vertical redox
gradient, from the depocenter upward. These physical
dynamics directly impact the redox conditions at the sediment−water interface and are expected to similarly structure
the basin-scale dynamics of microbial mat communities. For
example, the coverage of microbial mat at the sediment−water
interface may be predicted to follow the upward expansion of
the redoxcline, bracketed by complete nitrate depletion on the
lower bound and oxygenation (leading to faunal activity and
biotubation) at the upper bound. Recruitment of mat-forming
bacteria to the sediment−water interface can occur from within
the sediment via motility, and our observations indicate a
further possibility for seeding from the waters of the benthic
boundary layer (Figure 5).
The suggestion that mat dynamics could include recruitment
from the water column is consistent with the presence of
putative chemolithotrophic bacteria in the benthic boundary
layer, as sampled by the AUV (Figure 5). Taxa enriched in the
deepest waters sampled (Figure 5D) include those within
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