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Methane oxidation in Cape Lookout Bight,
North Carolina1

Abstract-Aerobic methane oxidation rates
in seawater from Cape Lookout Bight, deter
mined in the laboratory by concentration
changes during incubation at 25° ± 0.5°C, av
eraged O.OlD ± 0.008 /LM d- ' when oxygen
was high (>90 /LM) and dissolved inorganic
nitrogen concentrations were below 14 /LM,
typical of chemical conditions in the bight
water column. When DIN concentrations ex
ceeded 15-16 /LM with oxygen the same, the
methane oxidation rate averaged 0.210
± 0.026 /LM d- 1, suggesting that the methane
oxidizing bacteria isolated from bight waters
were facultative microaerophiles like those
found in freshwaters. The results of an in situ
incubation experiment agreed with those of
the laboratory studies.

Rudd and Hamilton (1975) observed a
wide range of oxidation rates both sea
sonally and with depth in Experimental
Lakes Area (ELA) Lake 227. During sum
mer stratification oxidation was confined
to a narrow zone of activity within the
thermocline where oxygen concentration
was low. From fall overturn through
spring, methane oxidation was relatively
rapid throughout the water column.
Based on further laboratory studies,
Rudd et al. (1976) concluded that the
methane-oxidizing bacteria in Lake 227
could be regarded as facultative mi
croaerophiles. In the presence of oxygen
concentrations >31 p,M bacterial meth
ane oxidation was inhibited when dis
solved inorganic nitrogen (DIN = NH4+
+ N02- + N03-) was low «3 p,M), but
was not inhibited when DIN concentra
tions were above about 20 p,M.

jannasch (1975) determined the rate of
methane oxidation at four depths coincid
ing with the effective layer of oxidation
in Lake Kivu, a stratified African rift lake.
Rates over the 30-35-m depth range var-
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ied from 0.043-0.89 p,M d-1 with a mean
overall value of0.48p,M d- 1

• The rates of
methane production and of oxidative con
sumption appeared to be of the same or
der of magnitude.

We here report the results of a study of
methane oxidation in seawater carried
out during 1975 and 1976 in Cape Look
out Bight, North Carolina (Fig. 1). Pro
duction of methane in the fine-grained
organic-rich sediments accumulating in
this natural harbor is a major source to
overlying waters, as evidenced by direct
observations of extensive bubbling and
associated increases in bottom water con
centrations to above 2 p,M (Martens
1976). Our main objectives were to esti
mate the rate of methane oxidation in the
9-m-deep water column of Cape Lookout
Bight and to determine the influence of
variations in concentrations of oxygen
and DIN on the oxidation rate.

We thank G. Miller, K. Tonnessen, C.
Polimeni, K. Bolster, and V. Klump for
their assistance in the field. We also
thank J. W. M. Rudd for constructive crit
icism of the manuscript.

To establish the rate of summer meth
ane oxidation in Cape Lbokout Bight
water, we gathered samples of bottom
water and transferred them into individ
ual bottles, which were then either al
lowed to incubate in the water, simulat
ing in situ conditions, or brought back to
the laboratory for incubation. The bottles
were opened sequentially for analysis.
Because of the large amount of particu
late matter in the sample water we felt
that "bottle effects" would be negligible.
Because there were no dilutions made
nor any nutrients added, there was no
reason to expect any lag effect in the ac
tivity of the bacterial populations in the
water due to sampling alone. The reac
tion rates observed at the beginning of
the incubation period could therefore be

LIMNOLOGY AND OCEANOGRAPHY 349 MARCH 1978, V. 23(2)



350 Notes

expected to mimic those occurring natu
rally.

Water was collected by SCUBA diver
from the bottom of Cape Lookout Bight
in 20-liter plastic bags and brought to the
surface, where about 40 to 50 liters were
carefully transferred to an 80-liter plastic
container. The container of water was
thoroughly stirred and the water trans
ferred into I-liter Erlenmeyer flasks that
had been modified to accept screwcaps
with plastic syringes mounted in them
(Fig. 2a) to compensate for changes in
volume in the bottles due to slight tem
perature changes. The flasks had been
previously autoclaved and filled with he
lium to prevent biological or gaseous
contamination. We were careful to avoid
air bubbles in the filled flasks. Bottles to
be used for the laboratory experiments
were brought back to the Institute of Ma
rine Science, Morehead City, N.C., and
incubated in the dark at a constant 25°

(b)
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Fig. 2. a-Syringe-equipped incubation flask;
b-water transfer apparatus designed to avoid air
contact with incubation mixture.

± 0.5°C. Bottles to be used for the in situ
experiment were covered with aluminum
foil, attached to wooden platforms, and
lowered to the bottom of station 4 (Fig.
1). Bottles were recovered weekly and
brought to the laboratory for analysis.

Apparatus designed to avoid air contact
was used to transfer the contents of the
I-liter flasks to airtight smaller vessels for
the various analyses (Fig. 2b). All sub
samples were either frozen or held no
more than 6 h before analysis. Pressur
ized helium was used to purge the con
tents of the flasks through thick-wall plas
tic tubing into these receiving vessels,
which could thus be rinsed, filled, and
flushed just as with Niskin bottles. This
system was also used to fill the plastic dis
posable syringes used to store samples
briefly for methane analysis. Its effective
ness in eliminating any appreciable con
tact with the atmosphere is shown by the
fact that several samples contained no
dissolved oxygen after having been trans
ferred out of sample bottles through the
system, indicating no exchange with at
mospheric gases. The plastic syringes
had no significant loss of methane during
the 2-h maximum storage.

The oxidation of methane in a given
closed volume of water can be followed
by the changes in its concentration along
with associated changes in oxygen and
carbon dioxide. During the in situ exper
iment we measured all three: dissolved
oxygen by micro-Winkler titration (Car-

ATLANTIC
OCEAN

38' 16'32' 31'

Fig. 1. Station locations.

1000 m ,

r::::J< 2 m depth

31'

36'



351

o
II

o

o -O.l76tO.027

o 0 :;/ I'-M'd"

o
o

Fig. 4. O2 consumption, methane oxidation, and
DIN production during second laboratory experi
ment. Average percent difference of replicates from
mean values plotted as individual points was 2.61%
for CH. and 0.64% for O2 ,
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Fig. 3. O2 consumption, methane oxidation, and
DIN production during first laboratory experiment.
Average percent difference of replicates from mean
values plotted as individual points was 2.91% for
CH. and 1.26% for O2 ,

penter 1965); total carbon dioxide and
dissolved methane by liquid-stripping
gas chromatography (Weiss and Craig
1973; Swinnerton et al. 1962). The rela
tively high methane concentrations al
lowed for direct injection of the stripped
gases into the gas chromatograph. During
the constant temperature laboratory ex
periments only dissolved oxygen and
methane were determined.

In addition to the dissolved gas analy
ses, ammonia, nitrite, and nitrate were
measured during the laboratory experi-
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ments and pH, reactive phosphate, ni
trate, nitrite, and sulfate during the in
situ experiment. Reactive phosphate and
ammonia were determined according to
Strickland and Parsons (1972), nitrate and
nitrite by the hydrazine-copper sulfate
reduction technique (Mullin and Riley
1955). These four analyses were done on
samples that had been filtered through
0.40-jLm polycarbonate filters, preserved
by freezing, and later thawed. Sulfate
was determined gravimetrically as bar
ium sulfate filtered on 0.40-jLm Nucle
pore polycarbonate filters.

Methane-oxidizing bacteria were iso
lated with an apparatus described by
Hutton and ZoBell (1949) in the mineral
medium of Bokova et al. (Rodina 1972).
This medium contains 9.89 mM nitrate,
ensuring that the bacteria would not be
nitrogen limited by oxygen inhibition of
nib·ogenase. A I-ml inoculation of bight
water into 20 ml of media avoided the
problems resulting from the lack of es-
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Table 1. Initial methane and oxygen concentrations, oxygen consumption, and methane oxidation rates.

Exp

Lab 1
Lab 2

Temp
°C

25tO.5
25::0.5

Initial
CH 4

1. 60
1. 25

Initial
O2

190
193

Final*
O2

95
132

Initial 02
consumption
rate ~M ·d- l

14.2
11. 7

CH4 Oxidation rates, ~~'d-l
DIN <14 ~M DIN >14 ~M

days oxidation days oxidation
rate rate

0.75-5.8 0.017~0.010 7.71-12.5 0.240::0.025
0-6.80.004±0.005 6.84-12.750.176tO.027

Mean oxidation rate ~M.d-l
(days 7-17)

0.053
In situ 23-27 0.74 123 o 10.8

* Mean concentration following initial decrease.

sential factors found by Rudd et al. (1976)
for freshwater bacteria. Isolates from the
enrichment procedure were grown on
marine tryptocase soy agar (TSA) both
with and without a methane-enriched at
mosphere. As suggested by Patt et al.
(1974), the enriched atmospheres con
tained air-methane mixtures in a ratio of
about 4:1.

Chemical data-Figure 3 shows the re
sults of the first constant temperature ex
periment. Day 0 (on which the water was
collected) for this experiment was 9 June
1976. Dissolved oxygen levels decreased
at a very reproducible rate until about
day 5 and then remained fairly constant.
Dissolved methane concentrations
changed very little until about day 7 (see
below), abruptly decreased at a faster rate
until about day 12, and then remained
low. All points on Figs. 3, 4, and 5 rep
resent means of duplicate or triplicate
analyses. Methane and oxygen disap
pearance rates (Table 1) were calculated
from these data by least-square best fits.
The oxidation rate of 0.017 ± 0.010 JLM
d- 1 calculated for days 1 through 7 is
quite low but appears statistically signif
icant.

The dissolved oxygen concentration
after day 5 (see below) remained fairly
constant at a level above that inhibiting
nitrogen fixation by methane-oxidizing
bacteria (Rudd et al. 1976), allowing us
to determine the fixed nitrogen concen
trations necessary for bacterial oxidation.
All three of the dissolved inorganic nitro
gen species increased steadily through

day 10 of the experiment as a result of
decomposition processes. The DIN con
centration in the laboratory experiment
reached about 16 JLM before methane ox
idation began on day 7 (Fig. 3).

A second constant temperature labora
tory experiment was started on 27 August
1976 to check these results (see Fig. 4).
The initial dissolved oxygen concentra
tion was about the same as in the first
experiment, as was the initial rate of ox
ygen consumption. The initial dissolved
methane concentration, however, was
lower than in the first experiment, as was
the oxidation rate after day 7. A statisti
cally significant oxidation rate of about
0.004 ± 0.005 JLM d- 1 was observed be
fore day 7. The calculated rates are sum
marized in Table 1. In both of these
experiments the linear methane con
centration from day 0 to day 7 argues
against logarithmic growth of the meth
ane-oxidizing population as a cause for
the rapid oxidation rate during day 7 to
day 13. In the second experiment the dis
solved oxygen concentrations leveled off
at a higher value than in the first, and
DIN concentrations were about 14-15
JLM at the beginning of rapid methane
oxidation at day 7. The leveling off of dis
solved oxygen concentrations after ap
proximately the fifth day of each experi
ment (Figs. 3 and 4) may be related to the
amount of readily degradable particulate
organic matter present.

An additional incubation of filtered
seawater in syringe-equipped flasks
spiked with HgClz to inhibit biological
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Fig. 5. O2 consumption, methane oxidation, and
changes in N02- and N03- concentrations observed
during in situ experiment.

sentially constant during the course of
the experiment, sulfate at 30 ± 1 mM, to
tal inorganic carbon at 2.3 ± 0.1 mM, and
pH at 8.05 ± 0.05.

Bacterial isolation data-Thin surface
films could be seen in the enrichment
culture jars under the methane-enriched
atmosphere within 2 weeks after inocu
lation. These surface films of methane
oxidizers appeared more quickly in en
richment subcultures than in the original
ones, presumably because the bacteria
were in logarithmic growth phase when
they were transferred from one enrich
ment culture to the next. All of the iso
lates were Gram negative rods and grew
on marine TSA agar with or without the
presence of methane gas. The cultures
have not yet been identified.

Discussion-Rudd et al. (1976) dem
onstrated the facultative microaerophilic
nature of methane-oxidizing bacteria in
freshwater lakes, but did not determine
the threshold level of dissolved inorganic
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activity was carried out to test for possi
ble diffusive gains and losses of O 2 and
CH 4 • Initial concentrations of O2 and CH4

were 70 and 3 /LM. We found no signifi
cant changes in concentrations of either
gas over 20 days (measurements in qua
druplicate at 5-7-day intervals) at the
0.05 confidence level.

Figure 5 shows the results of the in situ
experiment started on 19 August 1975.
Dissolved oxygen decreased rapidly un
til about day 17, remained detectable but
below 7 /LM until day 32, then decreased
to zero. Initial concentrations of both
methane and dissolved oxygen in this ex
periment were significantly lower than in
the two laboratory experiments. Methane
oxidation took place while the dissolved
oxygen concentrations remained low,
and stopped when the dissolved oxygen
disappeared.

The in situ experiment shows that the
processes controlling methane oxidation
in the laboratory also operate under the
conditions in Cape Lookout Bight. Meth
ane and oxygen concentrations on days 7
and 17 yield a calculated mean oxidation
rate of 0.053 /LM d- I in the presence of
an average oxygen concentration of 26
/LM. Possible high DIN concentrations
may also have enhanced the rate of oxi
dation: nitrate and nitrite concentrations
during the experiment are shown in Fig.
5; ammonia, which in the previous ex
periments quickly became a major frac
tion of DIN during the incubations, was
not determined. The oxidation rate cal
culated between day 7 and 17 presum
ably represents a minimum value as rap
id oxidation probably began at some
unknown time during this period. The
rate is 3.3 to 4.5 times lower than the lab
oratory rates observed at high DIN con
centrations, while initial methane con
centrations are 46 to 58% lower (see
Table 1).

The nitrate data confirm the absence of
dissolved oxygen from those bottles after
day 17. Before this, aerobic decomposi
tion produced a net increase in nitrate
concentration; after this, conditions be
came anoxic and nitrate reduction began.
The other determinations remained es-
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nitrogen necessary to enable the bacteria
to oxidize methane actively under high
oxygen conditions. They showed that
DIN levels of 3 ILM are too low to support
methane oxidation and that in ice-capped
winter lakes DIN concentrations above
20 ILM can support methane oxidation. In
our constant temperature laboratory ex
periments, with oxygen concentrations in
the range of 90-160 ILM (2.0-3.6 ml li
ter-I), appreciable methane oxidation be
gan only after DIN levels exceeded 14
16 ILM (Figs. 3 and 4). These levels fall
well within the range of values reported
by Rudd et al. (1976) and thus suggest
that the methane-oxidizing bacteria iso
lated from Cape Lookout Bight waters
are also facultative microaerophilic or
ganisms. Our results also indicated that
at low DIN concentrations, oxygen con
centrations below 90 ILM were high
enough to inhibit methane oxidation; this
agrees with the value of 31 ILM found by
Rudd and Hamilton (1975) to be inhibit
ing in ELA Lake 227.

The rates of methane oxidation that we
measured at high DIN concentrations
(> 14 ILM) are within an order of magni
tude of the maximum rates found in
freshwater lakes. Rudd and Hamilton
(1975) showed that methane concentra
tions below 10 ILM in ELA Lake 227 can
significantly limit oxidation; however,
this substrate limitation normally oc
curred in low oxygen «31 ILM) zones.
Jannasch (1975) also noted that the low
est oxidation rates in his Lake Kivu sam
ples coincided with the lowest methane
concentrations. We observed a similar
correlation between initial methane con
centration and oxidation rates in the two
laboratory experiments (Table 1).

Within a fairly narrow range of meth
ane concentrations (e.g. 0.5-3 ILM) the
rate of aerobic methane oxidation by the
bacteria in Cape Lookout Bight waters,
and thus its quantitative significance in
the overall methane budget, should be
primarily controlled by the range of ox
ygen and DIN concentrations. Oxygen
concentrations measured biweekly dur
ing daytime from May through October
in 1975 and 1976 in the water column

near stations 1 and 3 (Fig. 1), and several
times over 24-h periods at the same sta
tions in late summer of 1976, were gen
erally above 130 ILM (K. Bolster unpub
lished data). Ammonia concentrations
were generally below 2 ILM, with a near
bottom maximum of 4 ILM at the same
stations (V. Klump unpublished data). It
may be that oxygen is low and DIN high
within a few centimeters of the bottom,
especially in interior areas of the bight
where sulfate reduction is extremely rap
id and macroinfauna are absent (Martens
1976). However, water samples collected
within 1-10 cm of the sediment-water
interface with a dialysis sampler (Hes
slein 1976) indicate no change in nutrient
concentrations down to 2 cm above the
sediments.

The summertime rate of methane oxi
dation in the bulk of the water column,
with oxygen in excess of about 30-90 ILM, .
should approximate the rates observed
during the initial 7 days in our laboratory
experiments carried out under similar
chemical conditions at 25°C (the mean
water temperature in the bight from June
through September). The laboratory rates
range from about zero to 0.017 ± 0.010
ILM d-I, the uncertainty in the rates re
sulting primarily from analytical uncer
tainties and differences between dupli
cate flasks. Further work by the
radiotracer method of Rudd et al. (1974)
is needed in marine waters to quantify
such low rates.

In addition to methane concentration,
we must know both oxygen and DIN con
centrations to estimate methane oxida
tion rates in coastal waters, as has been
done for lakes by Rudd et al. (1976). Be
cause nitrogen is frequently limiting to
primary productivity in the coastal envi
ronment (e.g. Ryther and Dunstan 1971),
aerobic methane oxidation should be
most important where DIN concentra
tions are unusually high or oxygen is low
as a result of poor circulation or high ox
ygen demand (e.g. Frankenberg 1976).

Aerobic methane oxidation in surface
sediments where measurable oxygen
concentrations are maintained because of
low respiration rates, by physical mixing
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processes, or by irrigation by macroin
fauna should depend on similar factors.
Methane was undetectable in the upper
10-30 cm of heavily irrigated Long Is
land Sound sediments in the presence of
low oxygen concentrations (Martens and
Berner 1977), apparently as a result of
such aerobic oxidation.

Francis J. Sansone
Christopher S. Martens

Curriculum in Marine Sciences
University of North Carolina
Chapel Hill 27514
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