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ABSTRACT: An active sea-floor methane seep is present approximately 20 km off the coast of Oregon,
USA, at a depth of 132 m. Preliminary observations in 1989 suggested that biological activity near the
seep was high. In analogy to other seeps, we proposed that the methane served as an energy source
fueling enhanced biological productivity. In 1990, samples of pelagic and epibenthic organisms were
collected near the seep and compared to collections from background sites in terms of abundance of or-
ganisms, community composition, and ratios of the stable isotopes of C, N and S. Vertical profiles indi-
cated greater abundances of bacteria in the near-bottom water over the seep, but no enhancements in
the abundances of several categories of microzooplankton. The 8'3C and 3'°N values of benthic fishes,
crustaceans and sediment organic matter were slightly but consistently lower at the seep, indicating
that the seep provided a minor source of C and N to the local food web.
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INTRODUCTION

In many locations around the world, the continental
shelf is dotted with crater-like depressions (Hovland &
Judd 1988). Such 'pockmarks’ are presumed to form
from the expulsion of fluids, typically containing meth-
ane, from unconsolidated sediments (King & McLean
1970). Pockmarks are generally associated with sub-
surface natural gas reservoirs and are common in areas
with known petroleum or oil deposits, such as the
North Sea. Hovland & Judd (1988) describe a number
of anecdotal reports of high abundances of organisms
associated with pockmarks. It has been proposed that
methane seeping from pockmarks enhances fish pro-
duction in the North Sea (Hovland et al. 1985, Hovland
& Thomsen 1989). Contrary to this proposal, Dando et
al. (1991) and Jensen et al. (1992) demonstrated that
biomass is actually lower near several active North Sea
pockmarks.
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The location of an active methane seep approxi-
mately 28 km southwest of Coos Bay, Oregon, USA
(43°01.84' N, 124°39.90" W) was revealed to Oregon
State University oceanographers by a local fisherman.
The fisherman had seen the images of rising bubbles
on his acoustic fish-finder and deduced their nature
from repeated observations over a period of 7 yr. Our
preliminary observations from a submersible in 1989
indicated that seeping occurred throughout the floor
and walls of a 4 to 6 m deep pockmark. The area imme-
diately surrounding the pockmark consisted of anoxic
sediments smelling of hydrogen sulfide and covered
by a thin layer of oxidized sediment. Extensive bacte-
rial mats and large carbonate slabs were also seen in
the immediate vicinity of the pockmark.

Similar carbonate formations have been found at
deep-water methane seeps on the Oregon continental
slope (Kulm et al. 1986). Isotopic evidence indicates
that methane-derived carbon is incorporated into these
carbonates (Ritger et al. 1987). These deep-water
methane seeps are populated by a megafaunal com-
munity which resembles those found at hydrothermal
vents (Kulm et al. 1986), including vestimentiferan
tubeworms and vesicomyid clams which contain sul-
fide-oxidizing endosymbiotic bacteria (G. Taghon un-
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publ.). It has been proposed that bacterial sulfate re-
duction, using seep methane as the reducing agent,
produces the sulfide necessary for the megafauna. The
methane-derived CO, then precipitates to form the
carbonates (Kulm et al. 1986, Ritger et al. 1987, Suess &
Whiticar 1989). Carbonate formations have also been
found at shallow-water methane seeps in the North
Sea (Dando et al. 1991, Jensen et al. 1992).

Based on the observations made during the 1989 sur-
vey and on what is known about other seep systems, a
more comprehensive, interdisciplinary study was con-
ducted in 1990. The central hypothesis of the biological
part of the study was that methane from the seep pro-
vides, either directly or indirectly, an energy source for
the local food web. If this were the case, we expected
elevated abundances of organisms near the seep. We
used stable isotopes of C, N and S to describe the dis-
tribution of these elements in the pockmark ecosystem.
If sulfide-oxidizing or methane-oxidizing bacteria
were a source of carbon for animals near the seep, the
ratio of 13C/'2C in the tissues of locally collected organ-
isms would be less than if phytoplankton-derived or-
ganic matter were the only carbon source (Fry & Sherr
1984). We expected that analysis of the S-isotope ratio
of organic matter would reveal whether sulfides pro-
duced by local sulfate reduction or dissolved oceanic
sulfate were the primary source of sulfur to the seep
ecosystem (Fry & Sherr 1984). Finally, >N/"N of or-
ganisms within the food web would reveal their rela-
tive trophic status (Peterson & Fry 1987).

MATERIALS AND METHODS

Samples were collected from both a manned sub-
mersible and a surface ship from the immediate vicin-
ity of the pockmark (these will be termed seep sam-
ples) and, for comparison, from an area approximately
2.4 km to the north which was considered far enough
away to be outside of the seep's influence (background
samples).

Water-column bacteria and microzooplankton.
Water samples for bacteria and microzooplanktion
counts were collected using bottle casts from the sur-
face ship. Ten-liter hydrobottles were lowered on a
new steel cable to depths of 10, 30, 60, 90 and 115 m
(bottom depth at the site was 132 m). Three vertical
profiles were obtained at the seep site (Stns 1 to 3). The
plume of methane bubbles rising from the pockmark to
the sea surface could be seen on the ship's depth re-
corder, as could the descending cable with the at-
tached bottles. The ship was maneuvered until the bot-
tles were within the bubble plume before taking the
samples. Two profiles were taken at the background
site (Stns 4 & 5) approximately 12 h later. While it

would have been more appropriate to collect the sam-
ples closer in time to one another, this was not possible
due to the constraints of supporting multiple sampling
programs from a single ship.

As the hydrobottles were brought on board, they
were gently mixed and then subsampled. Subsamples
were collected in 125 ml plastic bottles half-filled with
4 % ice-cold glutaraldehyde, resulting in a final con-
centration of 2 % glutaraldehyde (Sherr & Sherr 1989).
These bottles were stored in the dark at 4 °C, up to sev-
eral weeks for some samples, before they were pro-
cessed in the onshore laboratory.

The standard epifluorescence direct-count tech-
nique was used to enumerate bacteria and microzoo-
plankton (Hobbie et al. 1977, Sherr & Sherr 1989).
Separate slides for bacteria and microzooplankton
counts were prepared from the same 125 ml subsam-
ple. In each case 3 replicate slides using 1.8 ml actual
volume of seawater were prepared for counting bacte-
ria and 3 replicate slides, 2 using 11.3 ml and 1 using
27.1 ml of seawater, were prepared for counting micro-
zooplankton. Samples were filtered onto black, pre-
stained Nuclepore polycarbonate membrane filters,
0.2 um pore size for bacteria and 1.0 pm pore size for
microzooplankton. Filters for enumerating bacteria
were stained with 4',6-diamidino-2-phenylindole
(DAPI; Porter & Feig 1980) and filters for enumerating
larger organisms were stained with both DAPI and
primulin (Caron 1983, Martinussen & Thingstad 1989).
Autotrophs, which could be distinguished by autofluo-
rescence of chlorophyll, were not enumerated. See
Juhl (1991) for a more detailed description of the
method.

All slides were stored in the dark at —20 °C. Slides
stored in this manner will keep for months without de-
teriorating (Porter & Feig 1980, Bloem & Baer Gilissen
1988). A Zeiss epifluorescence microscope (blue exci-
tation: Zeiss filter set 487709, exciter filter BP 450-490,
chromatic beam splitter FT 510, barrier filter LP 520;
UV excitation: Zeiss filter set 487701, exciter filter BP
365/12, chromatic beam splitter FT 395, barrier filter
LP 397) was used to enumerate the organisms on
the slides. Bacteria and <10 um organisms were
counted at 1000X magnification, 10 to 24 um organ-
isms at 400X, and > 24 pm organisms at 250%.

Stable isotope analysis. Samples of organisms, sedi-
ment and water-column particulate matter were col-
lected for stable isotope analysis.

Epibenthic fishes and shrimps were collected near
the seep and at a background site using an otter trawl
(collection supervised by D. Stein and J. Fisher). For
fishes, only muscle tissues exclusive of scales, skin and
internal organs were analyzed. Whole shrimps minus
their viscera and exoskeleton were analyzed; stomach
contents were removed and analyzed separately.
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Fig. 1 Abundance of >40 pm
microzooplankton. Each panel
corresponds to 1 taxon. Data
points for different stations
are offset slightly to minimize
the degree to which points at
the same depth overlap. Open >
symbols represent vent sam-
ples (O:Stn 1; ©: Stn 2; >; Stn 3)
while closed symbols repre-
sent back-ground samples
(m: Stn 4, e: Stn §)
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dinoflagellates

Several large anemones (Metridium sp.) which were
attached to samples of carbonate rocks brought up
from the seep, were collected. Body-wall muscles from
these anemones were analyzed.

Sediment samples were collected by the submersible
from the seep and a background site. A submersible-
mounted slurp gun was used to collect bacterial mats
at the seep.

Water-column particulates were collected on What-
man GF/C filters. Because of financial constraints only
1 sample each from the seep and the background site
were analyzed. Several samples were pooled in order
to amass sufficient material. In total, the particulate
matter which could be collected from 40 1 of water was
analyzed for each of the 2 sites. After subsampling for
the microbial population, the contents of hydrobottles
from 90 and 115 m from Stns 2 & 3 for the seep sample
and Stns 4 & 5 for the background sample were filtered
after prescreening through a 200 uym mesh net.

All samples were analyzed for stable isotopes of car-
bon, and those which had sufficient material were also
analyzed for stable isotopes of nitrogen and sulfur.
Stable isotope analysis has been used in a wide range
of ecological studies (see review in Petersen & Fry
1987). The values of stable isotope ratios are reported
in standard & notation as parts per thousand (ppt) dif-
ference relative to an established standard. The stan-
dard for carbon is PeeDee Belemnite (a limestone de-
posit), the nitrogen standard is the atmospheric
reservolr of N, and the standard for sulfur is the
Canyon Diablo meteorite. Typical measurement preci-
sion is usually 0.1 to 0.2 ppt.

All samples collected for stable isotope analysis were
immediately frozen upon collection. Later they were
either freeze-dried or dried at 60 °C in an oven. Where
necessary, the samples were acidified to remove car-
bonate. All samples were analyzed by Coastal Science
Laboratories, Inc. The 8'3C for the methane gas and

> 40 uym heterotrophic
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RESULTS
Microzooplankton counts

Microzooplankton were split into 4 size classes, > 40,
24 to 40, 10 to 24 and <10 pm. The 3 largest classes
were additionally separated into the 3 taxonomic cate-
gories of heterotrophic dinoflagellates, ciliates and
other heterotrophic protists; the 10 to 24 pum size class
had the additional category of choanoflagellates. The
smallest microzooplankton ({the <10 pm size class)
were counted as a single category.

The general pattern was similar for organisms within
the 3 largest size classes (Figs. 1 to 3). Abundance was
highest by as much as an order of magnitude near the
surface and then generally declined with depth.
Across-depth comparisons, particularly at the greatest
depths, would be the most straightforward way of find-
ing differences between the seep and background
sites. Only near the surface did large differences occur
consistently between the 2 sites in several groups of or-
ganisms; the background abundance was higher than
the seep stations in several cases. At the other depths
one cannot distinguish between the seep and back-
ground stations based on these 3 largest classes of
microzooplankton.

Size structure within the planktonic community is
important in determining carbon flow pathways (e.g.
Carpenter et al. 1987). In order to see more clearly any
potential changes within the size structure of the com-
munities present at both sites, all organisms were sep-
arated into the same 4 size classes above but were not
separated taxonomically. The same patterns were evi-
dent despite the lumping (Fig. 4).
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The <10 um size class consisted almost entirely of <4
um heterotrophic flagellates. Their abundance was
quite high at both sites compared to typical oceanic
values (Fig. 5). Within the seep stations, there was a
trend towards increased abundance at depth relative
to the background values. This trend was not statisti-
cally significant for any of the stations except Stn 1.
The mean abundance determined at the greatest
depth (115 m) for Stn 1 was significantly greater than
the combined mean of the background stations at the
0.01 level (¢t-test).

Water-column bacteria counts

Abundance at the background stations was highest
at the surface and declined steadily with depth, with
the near-surface value approximately twice that of the
deepest sample (Fig. 6). Similar to the <10 um hetero-
trophs, the abundance of water column bacteria at the
seep was high relative to background at the greatest
depth (115 m). In this case, however, the relationship
was stronger; at the 115 m depth the combined mean
of all the seep samples was significantly greater than
the combined mean of the background samples at the
0.01 level (¢-test).

Stable isotopes

3!3C and 8'°N values of organisms and organic mat-
ter in the water column and sediments from the seep
area were consistently less (lighter) than similar sam-
ples from the background site (Table 1). This differ-
ence was statistically significant (1-tailed Wilcoxon
signed-ranks test: p = 0.016 for 3C values and p =
0.039 for 8'°N values). Interestingly, the 2 exceptions to
the trend were juvenile fishes. The lowest §°C value
was from the bacterial mat. The range of values for
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Fig. 3. Abundance of 10 to 24 um microzooplankton. Symbols
asin Fig. 1

31N was lower than expected since the samples from
the 2 sites were predicted to span several trophic

levels.
There was not a significant difference between the
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background but much less than a value of
>700 nM measured in 1989 (Taghon et al.
1990). This corresponds to our subjective
impressions, based on direct observations
from a submersible, that the seep was less
active in 1990 than in 1989.

Abundances of bacterioplankton and
<10 um heterotrophs were greater in the
bottom water directly over the pockmark,
relative to the background stations. While
this trend was exactly what one would pre-
dict if the seep methane was promoting
microbial activity, we believe that these
results are not good evidence for an impor-
tant enhancement of biological activity

Fig. 5. Abundance of <10 um heterotrophic protists. Symbols as in Fig. 1
Where present, error bars represent one standard deviation calculated from

replicate slides (2 or 3) of the same seawater sample

3**S values of seep and background samples (Table 1).
Except for the anemone collected near the seep, all
values from both sites were lower than would be pre-
dicted for typical oceanic organic matter (+17 to
+21 ppt; Peterson & Fry 1987).

DISCUSSION

Water-column profiles showed, not surprisingly, that
the highest methane concentrations were directly over
the seep (R. Collier & M. Lilley unpubl.). Methane con-
centration was also considerably higher downstream
from the seep than upstream. At both the seep and the
downstream site, elevated methane concentrations
persisted in the water column for at least 50 m above

due to the seep. The increase in abun-
dance at the seep stations was small rela-
tive to the range seen in natural microbial
populations. Estimates of natural abun-
dance of small marine flagellates (Porter et
al. 1985) and free-living bacterioplankton (Ducklow
1983) vary over several orders of magnitude. Bacterial
abundance may reach 10° cells ml™' near hydrother-
mal vents (Corliss et al. 1979). Compared to this poten-
tial, the increase we observed was minor.

Bacterial productivity was not measured but could
have been higher near the seep than at background
stations if predation was higher at the seep. One would
predict that this would result in higher standing stocks
of bacterivorous microzooplankton, unless they were
also being consumed, and so on up the food chain.
While this scenario is possible, it seems unlikely. The
microorganisms enumerated varied in size over 3 or-
ders of magnitude, spanned several trophic levels and
almost certainly covered a wide range of growth rates.
If bacterial productivity was enhanced substantially at
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the seep, one would expect to see some
organisms within the microbial food chain
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them.

Because of the time lag between the col-
lection of the seep and background sam-
ples it is possible that the background
samples do not truly represent the back-
ground microbial community at the time
the seep samples were collected. While
this possibility cannot be excluded, the
similarity, particularly at depth, between
the 2 sets of counts of large microzoo-
plankton leads us to believe that the same
microbial community was sampled.

The benthic environment may be the
most likely place to find an influence of
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the seep. The concentration of methane
was several orders of magnitude greater
in porewaters than in the water column
(up to 1300 um in 1990) and high rates of
aerobic methane oxidation were meas-
ured in the pockmark sediments (R.
Collier & M. Lilley unpubl.). Unfortunately, due to
equipment failure, no samples of benthic infauna were
collected. Collections of epibenthic fishes and crusta-
ceans made at the seep and at background sites with
an otter trawl revealed no influence of the pockmark
on the abundance of any fish species or on total abun-
dance (D. Stein unpubl.).

Symbols

Fig. 6. Abundance of heterotrophic, free-living water column bacteria.

as in Fig. 1. Where present, error bars represent 1 standard

deviation calculated from replicate slides (usually 3) of the same seawater

sample

The stable carbon isotope signatures of epibenthic
samples indicate that the seep provided a minor source
of light carbon to local organisms (Table 1). Typically,
marine organic matter has a 3'3C of —-18 to -24 ppt (Fry
& Sherr 1984), reflecting the carbon isotope ratio of
phytoplankton. Methane from the seep has a 8°C of
-29 ppt (Lilley et al. 1990), an unusually high value for

Table 1 Stable isotope analyses. Unless indicated, only single samples were available for analysis. Mean (SD) reported for
species where 2 samples were analyzed. —: no data. POM: particulate organic matter; OM: organic matter

Sample §13C
Vent Background

Water-column POM -24.3 -23.5
Sediment OM -23.7 -22.7
Bacterial mat -24.7 -
Small shrimp Crangon communis

Body tissue (2) -17.4 (0.3) -16.3 (0.6)

Stomach -224 -22.4
Pink shrimp Pandalus jordani

Body tissue (2) -18.8 (0.1) -18.2 (0.6)

Stomach (2) -23.2 (0.6) -

Stomach - -23.2
Adult flounder

Atheresthes stomias -19.6
Adult rockfish

Sebastes elongatus -19.5 -19.1
Adult slender sole

Lyopsetta exilis -19.5 -17.6
Juvenile slender sole -19.7 -19.7
Juvenile rex sole

Glyptocephalus zachirus -18.4 -18.4
Anemone

Metrnidium spp. -19.2 -

31N 84S

Vent Background Vent Background
13.7 (0.4) 14.4 (0.1) 7.8 (0.2) 11.1 (0.0)

12.2 12.7 - -
12.8 (0.1) 13.4 (0.4) 14.1 (0.7 13.7 (0.3)
11.8 (0.4) - 13.6 (0.1) -

- 12.6 -

13.8 11.5

15.0 15.0 13.8 14.9

13.8 154 14.1 8.5

12.1 12.0 14.3 15.3

15.6 153 6.2 1.1

149 - 18.0 -
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methane. A possible explanation is that the seeping
gas represented the remnant of a subsurface reservoir
which had been extensively oxidized during its up-
ward migration through the sediments, as hypothe-
sized by Suess & Whiticar (1989) for deeper seeps on
the Oregon margin. Thus the slight shift in carbon iso-
tope values in samples from the seep may indicate a
contribution from the methane. The high methane oxi-
dation rates support this scenario. Alternatively, sul-
fide-oxidizing bacteria could also serve as a source of
3C-depleted organic matter (Ruby et al. 1987), as oc-
curs at other seep sites. Although the 3C values of
seep samples are lower than the corresponding back-
ground samples, the magnitude of the difference re-
veals that the light carbon end-member serves as a
minor source of carbon to the seep fauna. The primary
source of carbon was most likely phytoplankton.

The 3'°N values of the majority of seep samples were
lower than the corresponding background samples.
Nitrogen isotopes are primarily used as information on
trophic status and it cannot be predicted what values of
3!°N one might find in a system. Therefore, the consis-
tent difference in nitrogen isotopes can be interpreted
in 2 ways; either the organisms near the seep were
feeding slightly lower in the food web, or, more likely,
there was a different nitrogen end-member near the
seep. For example, a decrease in the rate of denitrifica-
tion near the seep would result in a lower 3!°N value
for the local nitrate reservoir. The sediment porewaters
near the seep are highly enriched with NH,* (R. Collier
& M. Lilley unpubl). Although this does not relate di-
rectly to the question of whether seep-derived materi-
als and energy were entering the local food web it does
indicate that there was a difference between the seep
and background sites.

The seep was distinguishable from the surrounding
area by the expulsion of gas and by the presence of
bacterial mats and carbonate formations. However, we
found no evidence of increased abundances of micro-
zooplankton, macrozooplankton, or fishes. There may
be a slight increase in abundance of bacterioplankton
associated with the seep plume. The isotope data indi-
cate that the seep provided a limited source of light C
and N for the local food web. Although detectable,
these seep-associated sources of C and N are minor,
which is the best explanation for the lack of an in-
crease in the abundances of animals. This is essentially
the same conclusion reached by Dando et al. {1991) in
their study of a North Sea pockmark. The lack of a seep
effect on local foodwebs in these 2 studies of shallow-
water methane seeps provides an intriguing contrast to
deep-water seeps on the Oregon continental rise.
There may be considerable temporal variation in ebul-
lition rates of shallow and deep seeps. Since the back-
ground organic loading in shallow nearshore waters is

high, relative to deeper waters, it may be that only du-
ring periods of highest activity do shallow seeps pro-
vide a source of energy which is large compared to the
background.
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