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Abstract
In the past decade, thousands of previously unknown methane seeps have been identified on continental

margins around the world. As we have come to appreciate methane seep habitats to be abundant components
of marine ecosystems, we have also realized they are highly dynamic in nature. With a focus on discrete depth
ranges across the Cascadia Margin, we work to further unravel the drivers of seep-associated microbial commu-
nity structure. We found highly heterogenous environments, with depth as a deterministic factor in community
structure. This was associated with multiple variables that covaried with depth, including surface production,
prevailing oxygen minimum zones (OMZs), and geologic and hydrographic context. Development of megafau-
nal seep communities appeared limited in shallow depth zones (� 200 m). However, this effect did not extend
to the structure or function of microbial communities. Siboglinid tubeworms were restricted to water depths
> 1000 m, and we posit this deep distribution is driven by the prevailing OMZ limiting dispersal. Microbial com-
munity composition and distribution covaried most significantly with depth, but variables including oxygen
concentration, habitat type, and organic matter, as well as iron and methane concentration, also explained the
distribution of the microbial seep taxa. While members of the core seep microbiome were seen across sites, there
was a high abundance of microbial taxa not previously considered within the seep microbiome as well. Our
work highlights the multifaceted aspects that drive community composition beyond localized methane flux
and depth, where environmental diversity adds to margin biodiversity in seep systems.

Methane seeps are dynamic marine ecosystems where
chemical-rich fluids (e.g., methane, sulfide) support microbial
processes that create habitat heterogeneity (Cordes et al. 2010)
and food for the surrounding environment (Levin and
Michener 2002; MacAvoy et al. 2002). Once considered to be
oases that stood in stark contrast to an otherwise sparse deep
sea, a much broader “sphere of influence” is now increasingly
recognized for seeps (Levin et al. 2016). In addition, these
environments have been shown to interact with, and be epi-
centers of, a diverse suite of ecosystem functions and services,
ranging from commercial fisheries production to global cli-
mate modulation (Grupe et al. 2015; Seabrook et al. 2019;
Turner et al. 2020).

Chemosynthetic microbial taxa at seep sites work as micro-
bial ecosystem engineers, converting chemical energy into
biomass that can be harvested as food by other organisms
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(Niemann et al. 2013), creating substrate (Luff and Wal-
lmann 2003), and mitigating the release of methane—a potent
greenhouse gas—into the atmosphere (Sommer et al. 2006).
The foundational engineering microbial taxa are a distinct
community collectively known as the “global seep microbiome”
(Ruff et al. 2015). ANerobic MEthane (ANME) oxidizing archaea
are arguably the most highlighted seep microbial taxa and can
work in consortia with bacterial partners (e.g., sulfate-reducing
bacteria) to oxidize up to 90% of methane at marine methane
seeps (Knittel and Boetius 2009). Aerobic methane-oxidizing
(e.g., Methanococcalles) and sulfide-oxidizing (e.g., Camplyo-
bacterales, Beggiatoales) bacteria are also considered important
components of the seep microbiome. Within seep ecosystems,
seep-endemic animals (e.g., siboglinid tubeworms, vesicomyid
clams, mytilid mussels) derive nutrition from thiotrophic and
methanotrophic microbial symbionts and microbial biomass
from chemosynthetic primary production is transferred to non-
seep-specific food webs (e.g., Levin and Michener 2002;
Seabrook et al. 2019). Carbonate precipitation resulting from
anaerobic methane oxidation leads to platforms and boulders
that persist for hundred-to-thousand-year timescales (Kulm
et al. 1986) and provide substrate for a diversity of species (e.g.,
cold-water corals and sponges), impacting marine biodiversity
in a multitude of ways. The development of authigenic carbon-
ate can also act to terminate or shift fluid flow at seepage sites.

The first methane seep was discovered almost 40 yr ago
(Paull et al. 1984; Kulm et al. 1986), and since then, these hab-
itats have increasingly become appreciated as ubiquitous cen-
ters of biogeochemical cycling on continental margins. High
carbon input coupled with burial and/or subduction processes
over geologic timescales has created large reservoirs of reduced
carbon in the subsurface of continental margins (Claypool
and Kaplan 1974). These carbon reservoirs can manifest as
gas-filled reservoirs and/or gas hydrates, which may be identi-
fiable in seismic surveys and have been correlated to free gas
emissions imaged in water column hydroacoustic surveys
(e.g., Greinert et al. 2010). With these methods, thousands of
methane seeps have been found across active (e.g., Johnson
et al. 2015; Watson et al. 2020; Merle et al. 2021) and passive
(e.g., Skarke et al. 2014; Mau et al. 2017) margins. With the
increased quantification of seep abundance, there has been a
concomitant increase in our awareness of the high heteroge-
neity of seep habitats, across depth, latitude, biogeochemical,
and productivity gradients (Levin et al. 2003; Seabrook
et al. 2018). While bottom-up control of seep ecosystems by
fluid flow is evident, the importance and magnitude of other
environmental drivers in shaping the many varied seep sys-
tems of continental margins is less understood.

Across the many newly discovered seep habitats described to
date, enigmatic patterns exist, such as latitudinal patterns in bio-
diversity within the seep microbiome (Seabrook et al. 2018) and
the impact of seepage on defining microbial communities (Ruff
et al. 2015). Here, we explore the drivers of seep structure at the
micro-scale and broader habitat-scale along parallel depth

transects on the Cascadia Margin. We ask (1) how seep structure
varies across the margin environment and (2) how environmen-
tal variables (e.g., depth, oxygen concentration) correlate with
the observed gradients in microbial distributions. Through this
regional-scale analysis, we advance our understanding of the
multifaceted drivers of seep dynamics.

Methods
Setting

Gas seepage across the Cascadia Margin, the continental
margin offshore British Columbia to Northern California, is
widespread (Johnson et al. 2015) and substantial (Riedel
et al. 2018), with thousands of seeps identified (Merle
et al. 2021) to date with dozens studied in more detail
(e.g., Baumberger et al. 2018 and references within). The pres-
ence of gas reservoirs at depth and the prevalence of gas
hydrate deposits has been well documented in seismic data as
well as by scientific ocean drilling in this margin (e.g., Tréhu
et al. 2004b). The Cascadia Margin is characterized by a persis-
tent oxygen minimum zone (OMZ) between the depths of
about 650–1100 m (Guilini et al. 2012), with the boundaries
of the OMZ defined here as regions with oxygen concentra-
tions below approximately 22 μmol L�1 (Gooday et al. 2010;
see Supporting Information Fig. S6 for full water column
profiles of oxygen concentration across the sites studied
here). Prevailing oceanographic conditions create shifts
in upwelling-supported primary production (e.g., Spitz
et al. 2003). Episodic runoff inputs from both a major river sys-
tem (i.e., the Columbia River) and small mountainous
river systems influence fluxes of dissolved and particulate car-
bon (Goñi et al. 2013). Earthquakes, faulting, and volcanic
activity, as well as bathymetric changes, are associated with the
geodynamics of this active subduction zone (e.g., Goldfinger
et al. 2003). Furthermore, seafloor processes along the Cascadia
Margin provide ecosystem service value that benefits humans,
including the fisheries market that depends on the productivity
of the whole system. Notably, methane seeps are increasingly
considered part of these human benefits, as evidenced by the
inclusion of methane seeps as essential fish habitats in the
region (Shester et al. 2021).

Study area
In this study, we focused on three regions along the

Cascadia Margin in the Northeast Pacific Ocean: (1) Astoria
Canyon (AC); (2) Heceta Banks (HB); (3) Coquille (CQ) (Fig. 1;
Supporting Information Table S1). Within these three regions,
we defined four distinct depth ranges between 150 and
1400 m, including shallow (100–200 m), mid (400–800), the
minima of the OMZ (< 6 μmol L�1 and 750–800 m here), and
deep sites (1000–1400 m). Of the sites explored within this
study, we were able to retrieve sediment samples from all but
the shallow Heceta Banks site, due to the benthos at the shal-
low Heceta Banks being unsuitable for coring. In this paper,
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these sites will be referred to by their name and mean depth
(e.g., AC190; Supporting Information Table S1). The site
descriptions provided, including seep megafauna and structure
observed, are qualitative observations from the time spent
exploring the seep sites with the ROV. The time spent at each
site collecting these observations (on bottom time) is provided
in Supporting Information Table S1.

Water column geochemical measurements
Sensors onboard the ROV Hercules were used to measure

metrics in the water column above the seep sites. Oxygen con-
centration was measured by an oxygen optode (Aanderaa
3830), and the values provided are from approximately 0.5 m
above the seafloor. Temperature, depth, and conductivity were
measured with a Sea-Bird FastCAT 49. Data provided in
Supporting Information Table S1 is averaged from all data col-
lected while on the bottom at the seep sites and rounded to
the nearest significant figure provided.

Sediment and geochemical sampling
Samples were collected during cruises NA095 and NA072

aboard the EV Nautilus. Push core samples (internal diameter
6.4 cm) were taken by the ROV Hercules from seep habitats at
each of the sites (Fig. 1; Supporting Information Table S1). Sam-
ples were collected from the representative microbial mat, clam
bed, and “background” sediment habitat zonation’s within each
site whenever possible. Background sediments were defined as
areas a minimum of 100 m away from the last observed signa-
tures of active seepage (e.g., microbial mats, bubbles, carbonates,
reduced sediment, and seep fauna). Upon retrieval, cores were
extruded and sectioned at 1 cm intervals, with the sides of the
cores discarded to avoid smearing and frozen at �80�C. Select
cores were sampled for porewater using Rhizon samplers before
extrusion. Sediment porewaters were preserved and analyzed for
various metrics, including methane, sulfide, and sulfate, as
described in Supporting Information (also see Supporting Infor-
mation Tables S2, S3 for a complete list of metrics analyzed).

Following porewater extraction, sediment slices (at cm
increments) were preserved for microbial analysis (described
below), organic matter, and chlorophyll concentration.
Organic matter was measured by loss on ignition (following
Heiri et al. 2001), and chlorophyll was measured by fluorome-
try on a Turner Designs model 10-AU fluorimeter (following
Holm-Hansen et al. 1965).

Microbial analysis
DNA was extracted from 0.25 to 0.30 g of sediment from

the vertically sectioned push core samples with the DNeasy
PowerSoil Kit (Qiagen) following manufacturer’s instructions.
The V4 region of the 16S rRNA gene was PCR-amplified with
HotStart Taq Plus MasterMix (Qiagen) in triplicate with 515fb
and 806rb primers that were bidirectionally barcoded to facilitate
multipl exed sequencing following the Earth Microbiome Proto-
col (Caporaso et al. 2012; Apprill et al. 2015). Amplicons were

Fig. 1. Map of study sites included in this paper. Sites explored on both
the NA072 (red dots) and NA095 (blue dots) cruise aboard the EV Nauti-
lus with Ocean Exploration Trust are indicated. Green dots are bubble
streams identified by EV Nautilus from 2016 to 2018, yellow dots indicate
bubble streams published by Johnson et al. (2015).
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pooled, quantified using a Qubit, and cleaned using the Qiaquick
PCR purification kit (Qiagen). Bidirectional sequencing was per-
formed on the Illumina MiSeq platform using the V2 chemistry
(2 � 250 bp) at the Center for Quantitative Life Sciences (CQLS)
at Oregon State University. The 16S rRNA gene sequences are
archived in the National Center for Biotechnology Information
public database under accession SRP107137 (https://www.ncbi.
nlm.nih.gov/bioproject/PRJNA386387).

16S rRNA gene sequences were quality filtered, aligned, and
assigned using the Qiime2 pipeline as described in Thurber
et al. (2020) with the pipeline provided in Supporting Infor-
mation. Amplicon sequence variants (ASVs) were assigned tax-
onomy using Silva V138 (see Supporting Information), and we
followed the taxonomic nomenclature within that version.
Beta and alpha diversity metrics were determined in Qiime2
and plotted both in Qiime2 and R (Version 1.4.1717) as appro-
priate. After running Qiime2 analysis on the 16S sequences,
the PiCRUST2 extension for Qiime2 was used to generate
predicted KEGG pathways, using the standard parameters. The
list of predicted KOs was incorporated into further analyses. ASV
tables were analyzed in PRIMER7, and statistical analysis, includ-
ing ANOSIM and DistLM, was performed on the ASVs. ANOSIM
allowed testing of the significance of between-group differences
associated with our hypothesis, while DistLM explored the
explanatory power of environmental variables. PiCRUST2 and
ASV data were interpreted within R to visualize patterns in envi-
ronmental gradients, geochemistry, ASVs, and KO abundance.
The heatmap function in R’s stats package, as well as the R pack-
ages phyloseq and ggplot, were used to create figures and
perform statistical analysis. This includes NMDS plots using
Bray–Curtis distance calculations generated from the ASV tables.
Selected KO identifiers representing genes relevant to methane,
nitrogen, and sulfur metabolism were also highlighted.

Results
Ecosystem structure across the margin environment
Qualitative habitat structuring along water depth gradients

We observed heterogeneity across all seep ecosystems, with
water depth appearing to be a structuring feature across the
three regions (Fig. 2; Supporting Information Table S1).

i. The three shallow (< 200 m) sites (AC190, HC100, and
CQ150) had no observable seep megafauna nor exposed car-
bonates, with the only indications of seepage being sparse
microbial mats and patches of reduced sediment, along with
small “bubble-bursts” from the seafloor.

ii. At the three mid-depth (450–650 m) locations (AC500,
HC500, and CQ620), carbonate platforms extend across
the sites below a shallow sediment layer, with some of
these carbonates protruding above the sediment surface
(notably at CQ650). Extensive clam beds were found
along with patchy microbial mats and reduced sedi-
ments. A large field of bubble plumes was seen at AC500,
and sporadic bubble plumes were recorded at the other
mid-depth sites.

iii. At the apparent center of seep activity of the two sites
that intersected the oxygen minima of the prevailing
OMZ (CQ750 and AC800), there were prevalent
pockmarks, reduced sediments, and microbial mats on
the seafloor. There were no observable seep fauna or
exposed carbonates in the seep center. However, clams
and carbonates were seen on the periphery of the
CQ750 seep. Seepage in the periphery did not appear as
intense as in the core of this site, with no characteristic
reduced sediments, microbial mats, or pockmarks.

iv. At the three deeper (> 1000 m) locations (AC1350,
HC1250, and CQ1400), abundant seep characteristic

Fig. 2. Schematic of the occurrence of marine methane seeps included in this study from the Cascadia Margin. Representative photos from each site are
provided, with a correlation to the indicated depth groupings. The small black arrows indicate either the migration of fluids from depth on recently acti-
vated faults (upwards arrows), or the potential migration of onshore thermogenic sources (horizontal seaward arrows; e.g., Torres et al. 2009).
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features were observed. Extensive clam beds and microbial
mats covered the seafloor. Large and dense vestimentiferan
tubeworm bushes were present and carbonate structures
and boulders were also common, resulting in a high struc-
tural seafloor rugosity. Exposed gas hydrate was observed
at HC1250 along with apparent pockmarks and intermit-
tent bubble streams.

Geochemical gradients along the margin
Bottom water oxygen concentrations varied across sites

(Supporting Information Table S1), with the highest concen-
trations found at the shallow sites (54.4–86.3 μmol L�1),
declining toward our mid-depth sites (10.0–20.1 μmol L�1)
to a minima at the core of the OMZ (4.9–5.1 μmol L�1)
and then increasing with depth to our deeper sites
(13.5–25.7 μmol L�1). Sediment geochemical parameters
were not available consistently across all sites, but, when
available, notable variability was observed (Fig. 3;
Supporting Information Tables S2, S3). Elevations in sedi-
ment organic matter and chlorophyll a (Chl a) pigments
include high organic matter at the oxygen minima site
AC800 (14.4% compared to an average of 8.4%) and high
Chl a concentrations at sites CQ620 and CQ730 (7.8 and
8.0 μg mg�3, respectively, compared to an average of
3.9 μg mg�3). The lowest Chl a concentrations were

observed at the Astoria Canyon deep site (AC1350; 6.0%
organic matter and 1.6 μg mg�3 Chl a) and the Coquille
shallow site (CQ150; 3.5% organic matter and 3.1 μg mg�3

Chl a). The porewater concentrations of methane, sulfide,
and sulfate (Fig. 3; Supporting Information Table S2), as
well as other geochemical parameters, including trace
metals, (Supporting Information Table S3), were highly var-
iable across sites and habitat types.

General trends in microbial communities across sites
The microbial community was characterized with > 2800

sequences of the V4 region of the 16S rRNA gene per sample,
after quality control. On average, 7% of all recovered
sequences belonged to Archaea and 91% to Bacteria. Samples
from microbial mats had the highest percentage of Archaea
(9% of sequences on average), with nearby non-seep sedi-
ments having the lowest (3%).

A total of nine Bacterial phyla dominated 77% of total
sequences, with remaining phyla rare (< 1%) within the over-
all microbial community (Fig. 3). Proteobacteria comprised
52% of sequences, followed by Bacterioidetes (7%), Epsilonba-
cteraeota (6%), Chloroflexi (6%), Plantocymeycetes (4%),
Acidobacteria (2%), Atribacteria (1%), and Actinobacteria
(1%). Few differences were seen between habitat types,
although Epsilonbacteraota and Atribacteria, rare in nearby

Fig. 3. Geochemical characteristics and microbial community relative abundances across all sites, grouped by region and subdivided by depth range.
Samples are averaged by vertical depth in sediment (e.g., 0–5, 5–10 cm), sulfate methane transition zones (SMTZs; as indicated by geochemical down-
core data) are indicated when present, and habitat type is provided (e.g., microbial mat vs. clam bed). Boxes on the left-hand side show geochemical
characteristics associated with the microbial relative abundances on the right-hand side. Geochemical characteristics include chlorophyll and organic mat-
ter from sediment cores as well as methane, sulfide, and sulfate data from porewater extracted from the sediment cores. Oxygen data from water column
measurements 0.5 m above the seafloor was also provided. Corresponding raw geochemical data is provided in Supporting Information Table S2. The
microbial community, from the sediment cores, is divided into Bacterial and Archaeal orders, with ANME taxa separated for visualization purposes.
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non-seep sediments (0.2% and 0.03%, respectively), were
more prevalent in seep sediments (7% and 2%, respectively).
Euryarchaeota was the most dominant Archaeal phylum
throughout, followed by Nanoarchaeota—the remaining
Archaeal phyla comprised less than 1% of total sequences.

The Proteobacteria that dominated these sequences were
largely attributed to two classes, Deltaproteobacteria (25%) and
Gammaproteobacteria (22%). Camplyobacteria, Bacteroidia, and
Anaerolinaea classes were also abundant across most samples
(> 1%). Methanomicrobia was the only Archaeal class to com-
prise more than 1% of total sequences.

The most dominant bacterial orders were Desulfobacterales
(16%) and unknown Gammaproteobacteria (8%) across all
samples. Campylobacterales (9%) was dominant in all micro-
bial mat and clam bed sediments but comprised a rare por-
tion (0.1%) of nearby non-seep sediments. The aerobic
methanotrophic Methylococcales was highly variable in
abundance across seep samples (ranging from 10% to 0.1%)
and negligible in nearby non-seep sediments (0.6%).

Gammaproteobacteria were not limited to the aforemen-
tioned unclassified order and others present included
B2M28, Cellvibrionales, and Thiomicropsirales, which
made up > 1% across all samples. In addition to the most
abundant Deltaproteobacterial order, Desulfobacterales,
there were also other orders present within this
class, including Myxococcales, Desulfarculales, NB1-j,
and Desulfuromondales; these groups were all common at

> 1%. Other bacterial orders, such as Anaerolineales,
Bacteroidales, Thermoanaerobaculales, and Flavobacteriales,
were also common (> 1%) across all samples. While ANME-1
was the most dominant archaeal order, this was largely driven
by select samples (i.e., AC190) and other notable archaeal
orders throughout, including Methanosarcinales (1.2%),
unknown Woesarchaeia (0.3%), and Marine Benthic Group D
and DHVEG-1 (0.3%).

Microbial variance across sites and environmental
conditions

Multiple variables were considered when assessing the
structure and distribution of the microbial communities found
across the seep sites reported here (Fig. 4). Depth explained
the highest proportion of observed variance in the microbial
communities, explaining 11% of patterns in beta diversity as
well as 15% of alpha diversity patterns (DistLM marginal tests;
Supporting Information Tables S4–S7). A clearer correlation
between variations in water depth and beta diversity can be
seen when we consider only the upper 0–5 cm sediment frac-
tion (Fig. 4b), which avoids the clear influence of redox gradi-
ents in lower sediment fractions (Fig. 4a). Depth was also
found to be a significant variable in ANOSIM testing, and dis-
similarity between depth groupings was strongest between the
deep and shallow sites based on ANOSIM (Supporting Infor-
mation Tables S8, S9). Some orders were notably absent at cer-
tain depths (e.g., Desulfarculales was absent at shallow sites),

Fig. 4. NMDS plots of Bray–Curtis distance calculations for (a) all samples included in the study and (b, c) only samples within the 0–5 cm sediment
fractions. (a) Depth below the seafloor of each sample is indicated by the provided color gradient. Habitat is indicated by shape, with sediment (squares)
representing samples from “background” sediments that appeared to not be influenced by seep activity. Environmental vectors are fit to the ordination
space and represent environmental data from both sediment, sediment porewaters and water column sampling or measurements (as indicated in Fig. 3).
(b) Ordination of 0–5 cm sediment fractions colored by depth. (c) Ordination of 0–5 cm sediment fractions colored by region.
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and similarly, certain taxa appeared differentially abundant
within specified depth groupings (e.g., Milano-WF1B-44 pre-
dominantly found within deep sites; SIMPER analysis;
Supporting Information Table S10).

Changes in depth often covaried with changes in oxygen
concentration (Fig. 2; Supporting Information Table S1); how-
ever, the effect of oxygen and depth in the NMDS ordination
space was in opposing directions (Fig. 4). Oxygen was a signifi-
cant explainer of beta diversity variance based on DistLM
analysis, but only explained 3.9% of the variance (Supporting
Information Tables S4, S5). Oxygen was a significant driver of
differences between samples based on ANOSIM analysis, but
varied dissimilarities were seen between oxygen categories
(Supporting Information Tables S8, S11). The effect of water
depth on the ordination of ASV assignment was in the same
direction as the effect of salinity and organic matter percent
(Fig. 4), but only organic matter was also a significant
explainer of patterns in beta diversity, explaining 4.3% of the
variance (Supporting Information Table S4).

Samples did not cluster as clearly by region even when just
considering the shallower sediment fractions (Fig. 4c). From a
spatial and categorical analysis (ANOSIM), only the Heceta
Banks and Astoria Canyon regions were significantly different
from each other (Supporting Information Table S12). Latitude
was not a significant variable for explaining patterns of beta
diversity or alpha diversity in DistLM testing (Supporting
Information Tables S4–S7).

Considering ASV assignments across all samples, the influ-
ence of habitat is indicated with non-seep sediments cluster-
ing closely together, contrasting with clam bed and microbial
mat samples, which are more distributed (Fig. 4). Habitat type
was a significant variable when partitioning variance to the
various patterns and explained 7.5% of the variance observed
in beta diversity (DistLM analysis; Supporting Information
Table S4); however, ANOSIM analysis indicated that while
both microbial mat and clam bed samples were significantly
different from non-seep sediment samples, they were not sig-
nificantly different from each other (Supporting Information
Table S13). The abundance of Camplyobacterales in the micro-
bial mat and clam bed samples was notably differential when
compared with non-seep sediments, while NB1-j and Sva0485
were distinguishing taxa in non-seep sediments (based on
SIMPER analysis; Supporting Information Table S14).

Clustering by vertical depth below the sediment surface
was also apparent (Fig. 4), with this supported by significant
differences in DistLM analyses (Supporting Information
Tables S4, S5). Methane and sulfide concentrations and the
depth below the seafloor strongly fit with the direction of
the ordination of deeper sediment fractions of microbial mat
samples, while the direction of sulfate and oxygen concentra-
tion effects aligned more strongly with shallower fractions.
Overall, downcore profiles displayed high variability among
sites, even within those collected at similar water depths or
habitat types (Supporting Information Figs. S1–S5). However,

close associations were seen between sediment geochemistry,
predicted gene functions, and indicator microbial taxa. Peaks
in methane concentration often corresponded to a drop in
sulfate and increases in sulfide, the mcrA gene (anaerobic
methanotrophy or methanogensis), and various ANME types.
Samples from within SMTZs were distinguished from samples
outside of the SMTZ in SIMPER analysis with influential taxa,
including ANME-1 and JS1, more dominant within SMTZs
(Supporting Information Table S15). The SMTZs were highly
variable in sediment depth, strength (e.g., concentration of
methane/sulfide, abundance of relevant taxa), and
characteristics.

Discussion
Cascadia Margin seep microbiomes in the context of
global patterns and paradigms

While many of the microbial taxa that are ascribed to the
“global seep microbiome” were found across the sites reported
here, there was a notable uniqueness both within sites and
between sites. Much of the variability that has been reported
in seep microbiomes to date has been attributed to differences
in bottom-up controls (e.g., methane flux); however, here we
see the potential influence of other environmental variables
(e.g., depth, overlying oxygen concentrations, and
organic matter concentrations) in shaping microbial commu-
nities at seep sites. While the phylum’s Atribacteria and
Epsilonbacteraota have not been highlighted as core members
of global seep microbiomes (Ruff et al. 2015), they have been
commonly found at seep sites, and are seen throughout the
samples presented here. Atribacteria ASVs were dominated
by an unknown genus of the order JS-1 and were more com-
mon in deeper sediment fractions within or below the
SMTZ. Often found in high abundance in deep subsurface
biospheres, JS-1 Atribacteria have been found elevated in
hydrate-bearing sediments in the region (Glass et al. 2021)
and elsewhere (Ruff et al. 2015; Marlow et al. 2021), and
have been shown capable of entering seep habitats through
upward advection with fluid flow (Hoshino et al. 2017). A
high proportion of Epsilonbacteraota ASVs within seep sam-
ples were the Campylobacterales genus Sulfurovum, a non-
mat forming sulfide-oxidizing bacteria that has been found
in abundance at other seeps in the region (Marlow
et al. 2014; Seabrook et al. 2018).

There was a high relative abundance of other taxa that are
not frequently considered core components of a methane seep
microbiome. Anaerolineales (in the phylum Chloroflexi),
Bacteroidales, and an unknown Bacteroidia (both in the phy-
lum Bacteroidetes) in addition to MSBL-9 and Pirellulaes (both
in the phylum Planctomycetes) were all notable members of
the seep microbial community. While their role in methane
seep microbiomes remains rather elusive, these taxa have been
observed in high abundance in other seep environments
(Seabrook et al. 2018; Marlow et al. 2021) and are considered
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heterotrophs potentially involved in hydrocarbon metabolism
(Sherry et al. 2013). Bacteroidales and the class Bacteroidia may
be involved in hydrocarbon degradation at seeps (e.g., Miller
et al. 2019). The Planctomycetes MSBL-9 has been associated
with anoxic, hypersaline cold seeps (Maignien et al. 2013) and
Pirellulales are associated with nitrification and denitrification
in subsaturated oxygenated conditions (Cohen et al. 2021).

While ANME has often been associated with sulfate-
reducing bacterial partners, they can also form partnerships
with iron and manganese reducers, and nitrogen fixation
genes are present within ANME aggregates (Beal et al. 2009;
Dekas et al. 2014). Here, we saw close coupling between
predicted genes for anaerobic methane oxidation and nitrogen
fixation as a key pattern within the seep (Dekas et al. 2014);
however, targeted omics approaches are needed to confirm
this predictive pattern. Denitrification and sulfide oxidation
genes closely followed each other in vertical profiles of some
sediment cores as well. Denitrification coupled to anaerobic
methane oxidation has been indicated as a potentially impor-
tant pathway in seep settings (Jing et al. 2020), and the cou-
pling of sulfide oxidation with denitrification has been seen in
industrial settings and at hydrothermal vents as a route to
remove hydrogen sulfide from a system (Trembath-Reichert
et al. 2019).

Drivers of variability across the margin environment
Clear depth gradients were seen in the overall structure of

seep habitats on the Cascadia Margin described here, includ-
ing both the microbial community structure and the qualita-
tive observations of seep-endemic megafauna present. We
posit that the heterogeneity observed on the Cascadia Margin
results from a myriad of different interacting processes, includ-
ing the significant role of environmental variables in shaping
the community structure at seep sites, which in some cases
may imprint over methane flux variability. This makes assign-
ment of a given parameter to a specific ecosystem response
very challenging. For example, increasing water depth coin-
cides with less surface production and shifts in geologic and
oceanographic settings. Our results indicate that multiple
depth-correlated processes act together to create unique seep
communities along depth gradients throughout the Cascadia
Margin (Fig. 5). These include competition of chemosynthetic
production with (1) photosynthetic/surface production;
(2) bottom water oxygen gradients; (3) geologic, oceano-
graphic, and fluid flow dynamics; and (4) seep episodicity.
Many of these provide a glimpse into the many variables
impacting seep structure and successional stages, as discussed
below.

Influence of surface production
The deposition of surface production can provide a signifi-

cant energy source that, in high enough concentrations, can
obscure the extent of the influence of a seep. Competition
(i.e., from photosynthetic production) can limit the growth of

seep-specific animals and microbes (Sahling et al. 2003; Römer
et al. 2014). In shallow seeps, the transitional gradient, or eco-
tone, that extends away from a seepage site has been reported
to be sharper and smaller than deeper sites—an effect attrib-
uted to shallower sites having a larger photosynthetic input
resulting in a heterotrophic rather than in situ autotrophic
community. Indeed, the only seep fauna observed at the shal-
low sites in this study were patchy microbial mats.

While our observation of no symbiont-bearing megafauna
(e.g., vesicomyid clams, bathymodiolin mussels, and
siboglinid tubeworms) at seeps shallower than 200 m water
depth was qualitative, this is an effect well supported in the
literature. Previous studies have suggested the exclusion of
symbiont-bearing megafauna at these shallow seep sites is due
to the increased abundance of predators at shallower depths
and/or increased photosynthetic input (Sahling et al. 2003;
Römer et al. 2014). Intriguingly, this depth-related effect on
seep-endemic megafauna does not appear to extend to the
core seep microbiome in our study. Despite the sparse micro-
bial mats and no observable seep megafauna at the shallow
sites studied here, the communities present were rich with
seep-associated microbes. In fact, the highest abundance of
ANME (over 30% of the overall community) seen among all
sites was seen at the shallow Astoria Canyon site (AC190).
This suggests that metazoan competition, likely driven by
energy availability and potential quality, is divested from
microbial structures and leads to this pattern.

Interactions with oxygen gradients
OMZs can be deterministic on the distribution of biological

communities on margins. For example, mega-, macro-, and
meiofauna have been shown to have decreased abundance
and diversity within OMZs (e.g., Sellanes et al. 2010; Bryant
et al. 2012). This impact is not limited to metazoan taxa as
microbial phylogenetic and trait diversity has been shown to
decrease in OMZs (Bryant et al. 2012), with active research
quantifying microbially facilitated functions (i.e., nitrogen fix-
ation) in pelagic and benthic OMZ ecosystems (e.g., Bandekar
et al. 2018). OMZs do not have a unidirectional impact on
seep environments, though, with local factors, including sul-
fide concentrations and fluid flow, being important for shap-
ing the communities as well as oxygen (Levin et al. 2010;
Guilini et al. 2012).

In this study, oxygen concentrations covaried with patterns
in microbial community structure; however, water depth, hab-
itat type depth within the sediment, organic matter loading,
and the concentration of methane and sulfate appeared more
significant. We note the absence of ANME-1 in the OMZ sites,
despite being common at other seep locations in the region,
and the higher relative abundance of ANME-2; while this is
notable there is not necessarily a causative link. While certain
microbial taxa (e.g., NC10 and ANME-2d) and functions
(e.g., anammox and increased coupling of nitrate reduction to
methane oxidation) have been seen at other OMZ sites, we
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did not observe an abundance of those taxa here (Thamdrup
et al. 2021). Although Planctomycetes, associated with ana-
mmox, were observed, they were not elevated at the OMZ sites
and predictive gene analysis did not reveal the presence of
anammox-related genes.

The impact of oxygen availability on the distribution of
microbes in OMZs may be obscured in highly reducing envi-
ronments such as seeps. In these habitats subsurface fluid
flow can shift redox gradients over a scale that is more

critical to microbial niches, where hypoxia to near anoxia is
normal even within mm of the surface sediment. This is in
line with observations across seeps for other faunal groups
suggesting that other factors, including the impact of vari-
able fluid flow, may be driving the structure and distribu-
tion of the communities, at least within the sediment
(e.g., Levin et al. 2010). The impact of oxygen availability
on the distribution of seep megafauna, however, may be
more apparent.

Fig. 5. Schematic of the hypothesized dominant influencing variables discussed within the text for each major depth grouping. (a) In shallow sites
(< 200 m), competition with surface production limits the development of seep megafauna and a sharp ecotone between seep and non-seep environ-
ment is observed. ANME and MOB are common. (b) At the feather edge of hydrate stability, bubble-turbation and bioturbation oxygenate deeper sedi-
ment layers, pushing the sulfate methane transition zone (SMTZ) below what is measured in our samples and leading to an abundance of aerobic
methanotrophs throughout sampled cores. (c) Within the minima of the oxygen minimum zone (OMZ), hypoxic conditions limit seep megafauna, with
this potentially exacerbated by methane oxidation in the water column further drawing down oxygen concentrations. (d) Geologically stable conditions
create late-successional stage seeps, with abundant seep megafauna and carbonates.

Seabrook et al. Environmental diversity shapes varied seep systems

1226



The apparent reduced prevalence of vesicomyids observed
in the seep center of the oxygen minima sites could indicate a
low-oxygen limitation that is reached nearer to the seep center
of the OMZ minima, where seep activity could be further
depleting the oxygen concentration in the benthic boundary
layer that the animals inhabit (e.g., Boetius and
Wenzhöfer 2013). However, the driving factors in siboglinid
distribution are potentially more complex. In line with previous
work along the Cascadia Margin, we observed no siboglinid
tubeworms shallower than 1000 m across all sites (Seabrook
et al. 2018). While it is conceivable that the hypoxic conditions
within the oxygen minima of the OMZ in Cascadia may limit
siboglinids in this zone, there are also no siboglinid assemblages
at the mid-depth (490–620 m) sites despite having similar bot-
tom water oxygen concentration to the Cascadia deep sites
(> 1000 m deep). In addition, these taxa have been observed
occurring in this mid-depth range in other global locations
(e.g., at the 540 m water depth seep at Bush Hill in the Gulf of
Mexico; MacDonald et al. 1989). We suggest that the distribu-
tion of siboglinid on the Cascadia Margin may more broadly be
limited by impacts of the prevailing OMZ on factors such as lar-
val recruitment and connectivity across the margin; however,
future work would be required to explore this.

Similarly, the consistent absence of mytilid mussels across
the Cascadia Margin in all studies undertaken to date in the
region is notable. We suggest that the prevailing OMZ could
similarly be deterministic in this widespread absence. Mytilid
mussels have been shown to have double the respiration rate
of vesicomyid clams (33 μmol g�1 dry weight h�1 compared to
16.1 μmol g�1 dry weight h�1, respectively), largely attributed
to the commensal scaleworm in the mytilids (Khripounoff
et al. 2017). This higher respiration rate of mytilid mussels
could limit their development in methane seeps on the more
oxygen-limited Cascadia Margin, as well as potential interac-
tions of the OMZ on larval dispersal, similar to what we sug-
gest with the siboglinid tubeworms. The differences in
distribution between siboglinids and vesicomyid clam beds,
and the notable absence of mytilid mussels on the Cascadia
Margin, may provide a meaningful insight into connectivity
and factors driving seep megafauna dispersal patterns in the
region, which could potentially be explored with targeted
eDNA studies of relevant larvae around the region
(e.g., Hil�ario et al. 2015).

Influence of geologic, oceanographic, and fluid flow
dynamics

The depth-related variances in seep ecosystems observed
here across the Cascadia Margin co-occur with prevailing vari-
ations in geologic and hydrographic regimes. Oceanographic
conditions impact primary productivity and bottom oxygen
concentrations across the Cascadia Margin, where methane
seep ecosystems also intersect a geologic setting characterized
by accretion of thick Pleistocene Astoria and Nitinat fan sedi-
ments. The well-known expulsion of hydrocarbon-bearing

fluids on this, and other active continental margins, is driven
by dehydration and compaction of the sediment column dur-
ing accretionary wedge development. Analyses of gas venting
from seeps have been shown to be dominated by methane
(Baumberger et al. 2018 and within). The relative contributions
of biogenic vs. thermogenic sources, as well as the role of
mixing and oxidation processes, act in concert to generate var-
iations in the molecular and isotopic composition of the
venting hydrocarbons, which cannot be directly attributed to
depth or location along the margin (Baumberger et al. 2018),
and could contribute to variations in the microbial commu-
nity (Orcutt et al. 2010).

Investigations have also provided insights into different
fluid and gas migration pathways and the factors that modu-
late gas discharge, including spatial variations, along the mar-
gin. Since the earliest Cascadia Margin investigations,
methane discharge at cold seeps was known to be co-located
with the low wedge taper and widely spaced accretionary
thrusts that characterize the broad accretionary prism off
Washington and northern Oregon. The co-location with sur-
face expressions of these faults is particularly evident in the
deeper sites, originally referred to as the First Accretionary
Ridge (Suess et al. 1985). These well-defined faults channel
methane-bearing fluids to the seafloor at the deeper, appar-
ently later successional stage, seep sites described in this
study.

Methane discharge in the Second Accretionary Ridge, now
known as Hydrate Ridge (� 800 m water depth), exhibits a
wider range of episodicities, from tidal modulations on the
Northern Hydrate Ridge (Torres et al. 2002) seeps, to decadal
(30–50 yr) transient fluid flow at southern Hydrate Ridge, in
response to pressure fluctuations in the gas reservoir underly-
ing the regional hydrate stability zone at the southern Hydrate
Ridge (Daigle et al. 2011). Here, methane is thought to migrate
along a stratigraphically defined coarse sediment conduit and
by pressure-driven hydrofracturing (Tréhu et al. 2004a; Daigle
et al. 2011). On longer timescales, Bangs et al. (2005) docu-
ment methane pulses associated with gas hydrate dynamics
on glacial–interglacial periodicity. In addition to these drivers
of flow, earthquakes have been shown to trigger methane
release in other margins (Fischer et al. 2013), and given the
level of seismic activity in Cascadia, it is likely that earthquake
activity also contributes to modulating methane fluxes. Such
variances in fluid routing mechanisms and methane flux epis-
odicity can impact the diversity of the microbial community
present at the seep site, through mechanisms such as the
advection-assisted transport of deep biosphere microbes to
shallow seep sediment systems at some sites (Chakraborty
et al. 2020) or variances in the fluid and gases seeping at the
site impacting the microbial community present (Vigneron
et al. 2017).

Among the various variables related to geologic influences,
perhaps the most widely invoked is the formation and dissoci-
ation of gas hydrate. Mid-depth seeps studied here occur
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toward the upper featheredge of the gas hydrate stability zone,
which in this margin is found at approximately 500 m water
depth (Johnson et al. 2015; Baumberger et al. 2018). At this
critical depth, subtle shifts in pressure and temperature can
modulate the release of free gas from these gas hydrate reser-
voirs (Torres et al. 2009; Baumberger et al. 2018). Extensive
and vigorous bubbling was often encountered at sites AC500
and HB500, supporting past suggestions that widespread gas
hydrate dissociation at this featheredge fuels highly advective
methane flux (Johnson et al. 2015; Baumberger et al. 2018).
Geochemical data is only available for site HB500, but samples
from a clam bed habitat at this site had the highest methane
concentrations observed across all sites. This observation
should be taken as a minimum value given the fact that
obtaining methane concentration values at sites with meth-
ane supersaturations is not possible with conventional coring
techniques as samples degas significantly on their way to the
ocean surface.

Microbial community analyses at AC500 and HB500, sug-
gest that anaerobic methane oxidation is not a dominant pro-
cess throughout most of the cores, with ANME types and
predicted mcrA genes lower in abundance than other sites
(e.g., AC190) with similarly elevated methane concentrations.
In contrast, aerobic methane oxidation by Methylomonacea,
also indicated with elevated pmoA gene abundance, is more
common within the cores. This perceived anomaly may be
the result of significant bubble-turbation (vigorous bubbling
disturbing redox gradients; Seabrook et al. 2018) and bioturba-
tion by megafauna (Sahling et al. 2002) in aerating sediments
enough to restrict anaerobic methane oxidation. Bioturbation
and irrigation can shift microbial community perturbations
toward aerobic methane oxidation leading to high flux at
methane seeps where significant macrofauna colonizes the
seafloor (Thurber et al. 2013), and our results at AC500 and
HB500 point to this intriguing possibility.

Notably, while gas hydrate disassociation is likely to be
occurring at this feathered edge of the gas hydrate stability
zone (FEGHS; Baumberger et al. 2018; Merle et al. 2021), the
extensive carbonate pavements we observed at these sites indi-
cate that methane discharge is not a recent anthropogenically
driven occurrence at these depths, as has been previously
invoked (Johnson et al. 2015). More significant, perhaps, may
be the temporal shifts in fluid flow and associated gas release
that would occur at the FEGHS as the margin experiences
changes in bottom water conditions and subduction-related
uplift over geologic timescales. Such change could include
anthropogenic warming of the bottom water, which has been
observed in the region (Hautala et al. 2014) and may induce
variations in the rate of methane release as has been observed
elsewhere (Ketzer et al. 2020). While methane has been
released here for a long period of time, the rate and dynamics
are likely driven by a combination of processes occurring
across a geologic time scale and those that can be influenced
by human activities.

Methane episodicity in shaping seep structure
Methane supply at seep sites experience fluctuations at

many timescales. These methane fluctuations encompass tidal
(Torres et al. 2002; Römer et al. 2016), seasonal (Ferré
et al. 2020; Dølven et al. 2022), and climatic (Ruppel and
Kessler 2017; Skarke et al. 2014; Sultan et al. 2020) changes as
well as methane reservoir dynamics that can operate in
decade-long (Daigle et al. 2011) to geologic (Baumberger
et al. 2018; Himmler et al. 2019) timescales. Except for the
recent time-series data from seafloor observatories (Römer
et al. 2016), discrete samples or observations at a seep commu-
nity represent a snap-shot view of the habitat, that is, a time-
slice of the episodic variability that undoubtedly occurs over
time at the site. A recent analysis coupling molecular, geo-
chemical, and numerical approaches using data and samples
collected over various seeps offshore Svalbard by Klasek et al.
(2021) demonstrates a tightly coupled microbial response to
shifting methane fluxes among seeps in various stages, rang-
ing from well-established steady-state conditions to various
transitional stages.

The high variability we observe across vertical sediment
profiles likely reflects the influence of these many episodic var-
iables. Indications of past methane flux conditions are appar-
ent (Supporting Information Fig. S1A), where sulfate is
depleted by 50% and sulfide is elevated, but methane concen-
trations are low and the methanotrophic abundance is mini-
mal. Apparent active methane flux conditions at the time of
sampling (Supporting Information Fig. S1B) occur where the
sulfate decrease is nicely coupled to sulfide accumulation and
with an elevated methanotrophic community. Non-
steady-state conditions with potentially rapidly pulsing meth-
ane flow (Supporting Information Fig. S1C) could occur where
multiple peaks of methanotrophs are seen throughout the
core, but sulfate depletion tied to sulfide accumulation con-
tinues below the depth of the core may also suggest a deep
SMTZ and presently decreasing methane flux. While our sam-
pling resolution is not enough to fully resolve the episodicity
in such a highly variable system, the variation that we see is
still notable. None of the sampled seep sites appears character-
istic of a steady state; the magnitude and timing of the meth-
ane flux appear different across all cores, and each microbial
community seems to be responding to different states of per-
turbation. However, it is intriguing to consider that episodicity
could be an inherent part of the steady state at marine meth-
ane seeps. To explain the biodiversity of chemosynthetic eco-
systems, perhaps a similarly diverse range of varying
influences should be considered, from episodicity in methane
flux to variables such as seasonality in OMZ distribution or
even the episodic deposition of POC on the seafloor.

Conclusion
As climate change impacts threaten food delivery to the

deep from surface production, nutrient cycles become altered
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by eutrophication and changing land–sea–atmosphere dynam-
ics, and OMZs build in size and persistence the role of envi-
ronmental variance in shaping the structure and function of
methane seep ecosystems become ever more important and
intriguing.

Depth is a clear driver of variance in seep microbial com-
munities of the Cascadia Margin; however, the many, varied
environmental variables that covary with depth appear deter-
ministic in the trends observed. The combined roles of pri-
mary productivity and water depth determine the organic
carbon flux to the seafloor, while varied geologic regimes
impact fluid and gas delivery and hydrographic regimes drive
change through, most notably, the prevailing OMZ in the
region. Considering our observations of the varied structure of
seep habitats described here, we posit that dissolved oxygen
may be deterministic in limiting the distribution of seep fauna
on the margin, such as with the apparent depth limitation of
siboglinids to depths below 1000 m. The apparent influence
seen here of the persistent OMZ on the dispersal of seep-
endemic animals is notable and should be considered as a
potential ramification of the expansion of OMZs under future
climate change scenarios.

Our work highlights the multifaceted aspects that drive
community composition beyond localized methane flux and
depth, where environmental diversity adds to margin biodi-
versity in seep systems. The heterogeneity that we see in seep
habitats and microbial communities across the Cascadia Mar-
gin points to potentially meaningful differences in ecosystem
function that we are yet to fully understand. As the regions in
which methane seeps occur (and methane seeps themselves)
are increasingly targeted or considered for exploitation it is
essential that we understand inherent variabilities and sensi-
tives to change.

Data availability statement
All data included within the manuscript is available either

within the main text or Supporting Information, or will be
provided upon request to the corresponding author.
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