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ABSTRACT: High resolution profiles of methane concentration and potential methane-oxidation rates 
were used to test the importance of in situ production and oxidation in controlling methane structure 
and dynamics in the southern anoxic basin of the Pettaquamscutt Estuary, Rhode Island, USA. Profiles 
conducted in both April and August showed low but increasing methane concentrations in the surface 
oxic layer, a minor maximum about 0.75 m above the Eh = 0 boundary, a methane minimum just above 
Eh = 0, and a rapid increase to a major maximum about 0.75 m below Eh = 0. Methane concentrations 
in both maxima increased between April and August while concentrations in the methane minimum 
decreased. This methane minimum in the suboxic zone was strongly associated with a minor oxygen 
maximum and a major peak in chlorophyll due to the oxygenic alga Euglena proxima. April incuba- 
tions in the presence of added oxygen at 2°C supported oxidation rates as high as 9% d-' in and just 
below the methane minimum at the Eh = 0 boundary, due to psychrophilic methane-oxidation. Similar 
experiments conducted in August at 22°C showed a similar narrow peak in potential methane- 
oxidation rates in and just below the methane minimum at the Eh = 0 boundary, suggesting that the 
boundary was now dynamically controlled by rapid mesophilic methane-oxidation. Analysis of the 
August incubations at 2°C showed a decline in methane at the depths of the major methane maximum 
for 4 d,  followed by a 4 d increase in methane concentration at the same depths, due presumably to the 
exhaustion of dissolved oxygen and the cessation of the masking oxidation. These results indicate that 
the seasonal increase in the major methane maximum is generated Ln situ by psychrophilic methane- 
production, a production that IS largely masked by a concomitant psychrophilic methane-oxidation. 
The shift from an initial dominance of methane-oxidation to a final dominance of methane-production 
in the same water sample bottles indicates just how sensitive the structure of the major methane 
maximum is to the bacterial processes of methanogenesis and methanotrophy, changes in water 
temperature, and oxygen inputs by in situ primary production and physical intrusions. Such processes 
have made it bfficult to document a major production of methane in the pycnocllne. 

INTRODUCTION 

A small but persistent peak in methane concentration 
has been repeatedly observed in the pycnocline of 
seasonally stratified oceanic waters (cf. Sieburth 1991). 
Among the possible mechanisms for this paradoxical 
anaerobic production of methane in an otherwise oxy- 
genated sea is the possibility of reduced microniches 
(Scranton & Brewer 1977, Burke et al. 1983), but evi- 
dence for this has been lacking (Rudd & Taylor 1980) 
until recently. Schlegel& Jannasch (1981) hypothesized 

that the occurrence of oxygen-hypersensitive anaerobes 
in otherwise aerobic habitats may be due to reduced 
microniches created by their aerobic bacterial consorts. 
The few studies that have cultured methanogens from 
the upper ocean (Oremland 1979, Cynar & Yayanos 
1991) have used chemically reduced media that were 
developed to enrich methanogens from anoxic mud. 
Such media would exclude the aerobic bacterial 
consorts of planktonic methanogens. In anoxic inter- 
tidal muds, methylotrophic methanogens that use the 
methylated amine degradation products of the algal 
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osmolyte, glycine betaine, produce from 35 to 90% of 
the methane (Oremland et al. 1982, King et al. 1983, 
King 1984). The existence of methanogenlc bacterial 
consortia that can use methylated amines to create 
reduced microniches in oxygenated seawater and 
produce both methane and hydrogen sulphide in the 
upper ocean was first reported by Sieburth (1987). 
These methanogenic bacterial consortia accompany 
algae into xenic culture (Sieburth 1988) and peak in 
the pycnocline (Sieburth 1993). In a study to observe 
the distribution of subpopulations of methylotrophic 
methanogens in the water column of the stratified 
Chesapeake Bay, USA, a conventional, chemically re- 
duced methanogen medium (Sowers & Ferry 1983) 
did well only up the estuary, while enrichments made 
from oxygenated seawater samples that were reduced 
by the oxidative bacterial consorts of the methanogens 
became dominant seaward (Sieburth 1993). The latter 
enrichment cu!tures that allow concomitant methano- 
genesis and methanotrophy in the oxic phase appar- 
ently act as surrogate algae and duplicate processes 
in the sea (Sieburth in press). Immunological finger- 
printing of these dominant planktonic methanogens 
indicated that they all are new species and probably 
include new taxa that are distinct from benthic 
methanogens (Sieburth et al. 1993b). More detailed 
studies on the methane cycle in the water column of 
Chesapeake Bay were not practical due to time scale 
variations of estuarine stratification parameters (Tyler 
& Seliger 1989), which preclude the resampling of the 
same vertical water column. 

In order to further study the processes of the methane 
cycle in the pycnocline we chose a captive estuarine 
water column located very close to our laboratories that 
approaches an ideal habitat for studying the tight cou- 
pling between primary production and the processes of 
methane-production and methane-oxidation in the 
water column (Sieburth 1987, 1991). The pycnocline of 
the southern anoxic basin of the Pettaquamscutt Estuary, 
Rhode Island, USA (Gaines & Pilson 1972, Gaines 1975), 
is dominated year round by the oxygenic alga Euglena 
proxirna (Miller 1972). This permanently stratified and 
anoxic estuarine basin is effectively isolated from the 
northern basin by a 1 m sill and from the ocean by the 
shallow, narrow, 6 km long channel that connects it with 
the lower West Passage of Narragansett Bay. As a result, 
the dynamics in the oxic-anoxic transition zone (OATZ) 
occurring between 3 and 5 m in waters of the southern 
bas~n were dominated during the study period by in situ 
vertical processes, i.e. seasonal heating and cooling of 
the surface layer and vertical mixing of deep salty waters 
with fresh water inputs to the surface layer. Although 
advective processes that affect vertical structures can 
occur in this system (Donaghay et al. 1992), such advec- 
tive effects appear to be restricted to episodic events. 

Here we present observations on the seasonal 
variation in methane concentration and potential rates 
of methane-oxidation. They confirm our hypothesis of 
the essential role of oxygenic algae in the oxidation 
of methane in the upper reduced water column (Sie- 
burth 1987). They also confirm our observations on 
methanogenic enrichment cultures (Sieburth 1993) 
that indicated that the production of methane in oxy- 
genated seawater is masked by a concomitant oxida- 
tion of methane until dissolved oxygen is exhausted 
and methane is allowed to accumulate in the absence 
of methane-oxidation. 

METHODS AND MATERIALS 

All samples were collected from a floating platform 
(Donaghay et al. 1992) moored in the deepest part 
of the southern anoxic basin of the Pettaquamscutt 
Estuary, Rhode Island, USA (Fig. 1). The apparatus and 
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Fig. 1 Bathymetry of the southern anoxlc basin of the Petta- 
quamscutt Estuary, Rhode Island, USA. Shallow sills at the 
Bridgeton Bridge to the south and at the connection to the north- 
ern anoxic basin create deep-water anoxia with an interface 
near 4 m where Eh = 0 The profiling and sampling platform is 
moored above the 20 m depression and the mooring hnes keep 

it within the 18 m contour. (Figure from Gaines 1975) 
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procedures for profiling and sampling were described 
by Donaghay et al. 1992). Briefly, vertical profiles of 
temperature, salinity, density, oxygen, pH, Eh, light 
intensity, fluorescence, and light transmission were 
first collected at subcentimeter scales throughout the 
water column. Based on these profiles, 40 depths were 
chosen for discrete samples. Discrete samples, equiva- 
lent to the depths of the original profile, were collected 
by lowering the profiler to a specific density or light 
transmission value and then adjusting the vertical 
position of the profiler to stay within that specific read- 
ing in order to obtain siphoned samples of sufficient 
volume for chemical and microbiological analysis. All 
properties measured by the electronic profiler were 
recorded dunng siphon sampling to document the 
physical and chemical characteristics of the discrete 
samples collected for chemical and microbiological 
analysis. This procedure for tracking specific density or 
bio-optical layers was able to compensate for internal 
waves as large as 25 cm. This allowed discrete samples 
for chemical and biological analysis to be collected 
from discrete layers at vertical scales as small as 5 cm. 

Three different types of samples for chemical 
analysis were collected at discrete depths. First, 
samples for CH, were collected in 50 m1 serum bottles 
using the static headspace method of Johnson et al. 
(1990). All samples were kept on ice in the dark untll 
returned to the laboratory, where the CH, samples 
were equilibrated at a constant temperature prior to 
analysis. Second, when the oxygen electrodes showed 
that the oxygen concentration was undersaturated, 
replicate oxygen samples were collected for analysis 
by the zinc hydroxide modification of the Winkler 
method (Ingvorsen & Jsrgensen 1979). These samples 
were fixed immediately, stored on ice in the dark and 
analyzed upon return to the lab. These samples were 
taken to provide a check on the in situ Sea Bird oxygen 
probe (Donaghay e t  al. 1992). Third, at each depth that 
a Winkler oxygen sample was drawn, samples for 
H2S analysis by the procedure of Cline (1969) were 
collected and immediately fixed for later analysis. 

Potential methane-oxidation rates were estimated 
with a modification of the bottle-calibration static 
headspace method for methane analysis (Johnson et 
al. 1990). In this procedure, 50 m1 serum bottles were 
filled with seawater from a given depth, and a cali- 
brated pipette tip was used to replace 3.83 f 0.07 m1 of 
the water sample with air, before sealing with a serum 
stopper and crimped aluminurn cap, and immediately 
taking each set of bottles to the lab. The samples 
obtained 26 April 1989 were incubated only at 2°C 
while replicates of the samples obtained 16 August 
1989 were incubated at 2 and 22"C, and CH4 concen- 
trations were measured approximately every 2 d over 
an 8 to 12 d period. This allowed the indigenous 

methanotrophs capable of metabolism at the tempera- 
ture of incubation to oxidize methane with the excess 
oxygen in the added air. The % change in CH, con- 
centration was used as an index of potential methane- 
oxidation. 

Water samples for microbiological analysis were 
preserved by the addition of glutaraldehyde (1 % final 
concentration), and refrigerated until processed. The 
direct microscopic enumeration of Euglena proxima 
Dangeard 1901 used recently collected preparations 
that were examined at 160x with phase contrast light 
microscopy, and counted the narrow 10 X 75 pm green 
pigmented cells on dried and immersion oil-cleared 
cellulosic filters using the N-count program (Cynar et 
al. 1985). The bacterial plankton was obtained from 
discrete water samples from 20 October 1987, that 
were passed through a 20 pm nytex screen, concen- 
trated into pellets by centrifugation, embedded, thin- 
sectioned, and examined by transmission electron 
microscopy (Sieburth et al. 1987). 

RESULTS 

Vertical physical structure of the southern anoxic 
basin of the Pettaquamscutt Estuary 

The -waters in the basin in April (Fig. 2a) were charac- 
terized by a shallow, low-salinity surface mixed layer, a 
very strong pycnocline that underwent a 13 sigma-theta 
change m 3 m, and a deep pool of cool, high-salinity 
water below 4 m. Between April and August 1989, the 
temperature of the surface mixed layer increased from 
12.5 to 25OC while the halocline, thermocline, and 
pycnocline deepened (Fig. 2b). The strength of the 
pycnocline also increased during seasonal warming 
with maximum gradients rising from 0.18 to 0.29 sigma- 
theta cm-'. The temperature and salinity of the deep 
water (below 7 m) remained remarkably constant over 
the 4 mo period at 8°C and 26.5 ppt, respectively, while 
water temperature at the upper limit for psychrophiles 
(120°C) extended to a depth of 4.25 m.  The strong 
pycnocline in this system is also a region of extremely 
sharp transitions in the chenlical environment as indi- 
cated by changes in Eh potential. In April (Fig. 2a), for 
example, Eh changed from +34 to -119 mV in only 
10 cm between 4.1 and 4.2 m. The horizontal line at  
4.2 m is the depth at  which Eh = 0, and provides a re- 
peatable reference point for the oxic-anoxic interface. 

The particle structure of the water column showed 
relatively little change between April and August 
(Fig. 3). In both cases, vertical structure was dominated 
by 2 extremely narrow turbidity maxima in the steepest 
part of the pycnocline, the OATZ. The narrower upper 
particle extinction peak lacking a companion peak of 



6 Mar. Ecol. Prog. Ser. 100: 3-15, 1993 

TEMPERATURE f "C) 
SALINITY (PPm 

DENSITY (SIGMA THETA) 

light by the particle maxima is also reflected in a sharp 
bend in the slope of the photosynthetically active radia- 
tion vs. depth curve (Fig. 3a) and a decline in light levels 
to less than 1 % of the surface by 4.5 m. 

Methane, oxygen, and hydrogen sulfide structure in 
the OATZ 
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Fig. 2. Centimeter scale profiles of the physical structure 
(temperature, salinity and density) and the Eh potential for the 
upper 8 m of the southern anoxic basin of the Pettaquamscutt 
Estuary, obtained (a) 26 April and (b) 15 August 1989. Note 
that the water column in April up to the oxic-anoxic interface 
(Eh = 0) was below g°C, the optimal temperature for obligate 
psychrophiles Warming by August still did not exceed 20°C 
at Eh = 0, the maximal temperature for psychrophiles The 
temperature in the mixing layer increased from 10.8 In April 
to 24.8 "C in August thereby permitting rnesophiles to develop 

fluorescence was dominated by protozoan and meta- 
zoan grazers. The larger and broader lower particle 
extinction peak lay largely below the Eh boundary and 
coincided with a maximum in fluorescence. This large 
particle extinction peak is the zone of bacterial accumu- 
lation and activity, and its fluorescence is due to over- 
lapping population~ of an upper oxygenic green alga, 
Euglena proxima, and a lower undescribed spiral 
shaped brown-green anoxygenic photobacterium that 
uses H2S for photosynthesis. This fluorescing particle 
maximum in the OATZ was so turbid that it reduced 
light transmission levels to extremely low values of 10 to 
15 % m-', compared to the relatively low levels of 55 to 
65 % m-' in the surface layer. This rapid absorption of 

Vertical profiles of methane, oxygen, and hydrogen 
sulphide were dominated by very sharp chemoclines 
that occurred in the pycnocline between 3.5 and 4.5 m 
(Fig. 4a, b). The slopes of the chemoclines for methane, 
oxygen, and hydrogen sulphide were very similar with 
a maximum rate of change that exceeded an order of 
magnitude in 20 cm for each of the 3 gases. Compared 
to the chemocline zone, the concentrations of the gases 
in the surface and bottom layers had slowly changing 
or relatively constant concentrations. A very important 
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Fig 3. Centimeter scale proflles of particle structure (pigment 
fluorescence and extinction coeffici.ent) for the upper 8 m of 
the southern anoxic basin of the Pettaquarnscutt Estuary, 
obtained (a) 26 April and (b) 15 August 1989. The turbidity 
maximum is the limit of penetration of useful light. Note the 
single lower peak in fluorescence and the bimodal distribu- 

tion of part~cles in the m~crobial accumulation zone 
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o terized by a minor maximum at the base of the 
oxic layer about 0.75 m above Eh = 0, a minimum 

- 1 in the micro-oxic zone near Eh = 0, followed by a 

- 2 rapid increase to a major maximum about 0.75 m 
A below the Eh = 0 boundary. Methane concentra- E 

-3 
I tions in both maxima increased between April 
t 
l& - 4  Eh.0 

and August while methane concentrations in the 
minimum decreased (Fig. 4). This indicates a 

- S dominance of methane-production above and 
below the Eh = 0 boundary and a dominance of 

- 6  
methane-oxidation at or near the boundary. 

- 7 Active methane-oxidation would probably also 
l o" 1 o1 1 02 I o3 be required to counterbalance an upward diffu- 

sive methane-flux so as to maintain the steep 
0 

slope of the methanocline. The strong associa- 
- 1 tion of this methane minimum, the methan- 

ocline, and a small local maximum in oxygen 
- 2 within the biomass peak of Euglena proxima 

E 
1 - 3  

suggest that photosynthesis by this alga must 

t Eh=O 
provide the oxygen required to support such a 

- 4  major in-situ oxidation of methane. 

- 5 

EUGLENA (CELLS I ML) 
OXYGEN (JJM I KG) 
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Fine structure of rates of potential 
methane-oxidation 

Potential methane-oxidation varied with 
depth in the April 2 "C incubations (Fig. 5). The 
rates of potential methane-oxidation were low 
in the surface layer ( ~ 2 %  d-l), then rapidly 
increased in the oxvcline to maximum levels of 

Fig. 4 Relationship of the large biomass of the oxygenic alga Euglena g % d-l, then declined in deeper waters to levels 
proxima to the distribution of oxygen and the reduced gases methane of a few % d - ~ .  This psychrophilic 
and hydrogen sulphide in the upper 7 m of the water column in the 
southern anoxic basln of the Pettaquamscutt Estuary on (a) 26 April methane-0xidizers were concentrated in and 
and (bl 15 ~ u c r u s t  1989. Note that the Eualena peak overlaps the mi- just above the methanodine. An examination . . 
cro-oxic region where oxygen and hydrogen sulphide CO-occur. Also by transmission electron microscopy of thin 
note that the Euglena peak correlates with minor peaks in O2 of pelleted populations of the natural 

( t h s  figure), and Eh (Fig. 2)  bactenoplankton obtained from 4 m showed the 
presence of cells with the characteristic ultra- 

feature of this chemical transition zone was that the structure of Type I methane-oxidizers (Davies & 

chemoclines for methane, oxygen, and hydrogen Whittenbury 1970) in which the cytomembranes are 
sulphide were vertically offset from one another in arranged in stacked lamellae (Fig. 6) (Sieburth et al. 
both April and August. In both cases the methanocline 1987). Overlays of methane profiles before and after 
occurred in the micro-oxic zone between the oxycline incubation indicated that it was possible for in situ 
and the sulphidocline. The position of the major methane-oxidation to control the steep slope and loca- 
methanocline above the sulphidocline in the photic tion of the primary methanocline and the persistent 
water column is reversed from the usual position of the methane-minimum at the base of the oxycline. This 
methanocline below the sulphidocline reported for assumes that in situ oxygen production and oxygen 
anoxic sediments. Such a reversal is clearly inconsis- transport by physical processes is sufficient to supply the 
tent with current sediment-based methane models. required oxygen in the southern basin of the estuary. 

High resolution profiles of methane, oxygen, and Potential methane-oxidation in August varied with 
hydrogen sulphide revealed considerable fine structure depth, temperature and the length of the incubation 
that was highly correlated with a large peak in the bio- period (Fig. 7a, b).  The peak in potential methane- 
mass of the oxygenic alga Euglena proxima. Methane oxidation measured at 22°C in August was displaced 
profiles collected in both April and August were charac- below Eh = 0, but showed a sirmlar pattern to rates 
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measured at 2 "C in April. Rates were low in the surface, 
increased to a maximum of 0.3 mM d-'  just below the 
Eh = 0 boundary, then decreased at  deeper depths to 
about 0.1 mM d-l. In terms of percent of ambient con- 
centration per day, these rates increased from less than 
1 % d-l in surface and deep waters to a peak of 14 % d-' 
just below the Eh = 0 boundary. This peak in potential 
methane-oxidation rates corresponds to the region of 
net decease of in situ methane concentrations (Flg. 7c) 
during the 4 mo between April and August profiles. This 
similarity of results between incubated bottles and in 
situ changes leaves little doubt that methane-oxidation 
was focused just below the Eh = 0 boundary. 

The potential methane-oxidation rates measured 
in August at 2°C were very different from those 
measured in August at 22°C or in April at  2°C 
(Fig. 7b). During the first 4 d of incubation, potential 
methane-oxidation rates were very low in the surface 
layer, then gradually increased through the Eh = 0 
boundary reaching a maximum of about 0.1 mM d-' 
between 4.5 and 5.5 m. This peak in potential 
methane-oxidation was located below that observed 
at  22°C in August and is in the same region as the 
major methane maximum. The vertical displacement 
of the peak in potential methane-oxidation measured 

at 2°C below the peak measured at 22OC 
in August indicates that there are 2 pop- 
ulation~ of methane-oxidizers; a mesophilic 
population associated with the warmer 
waters above 4.2 m and a psychrophilic 
population persisting in the colder waters 
below 4.2 m. 

During Days 4 to 8 of the August in- 
cubations at 2"C,  methane concentration 
increased in all bottles from below the 
Eh = 0 boundary, indicating a dominance of 
methane-production over methane-oxidation. 
Methane-production rates (indicated in 
Fig. 7b as negative oxidation rates) reached 
about 0.1 rnM d- '  in the region of the major 
methane maximum below the Eh = 0 
boundary. The high rates of potential 
methane-oxidation occurred in exactly the 
same region where methane concentrat~ons 
were observed to increase in situ between 
April and August (Fig ?c). There is little 
doubt that the mid-water methane maximum 
below the Eh = 0 boundary was the result of 
dominance of in situ methane-production 
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over in situ methane-oxidation. It is also very 
Fig. 6.  A cell (arrowhead] from the natural population of bacterial plank- 
ton at 4 m in the methane minimum showna  the characteristic ultra- evident that this dominance of methane- 
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structure of a Type I methane-oxidizer, in whigh the cytomembranes are production is up0n Oxygenic 
arranged in stacked lamellae. The cell is approximately 0.5 X 1.0 pm photosynthesis. 

Fig. 5. Fine-scale structure and dynamics of 
methane in samples obtained 26 Apnl 1989. 
Data are shown in (a) as overlays of concen- 
tratlon profiles collected at 2 times during 
incubation, Days 1 and 9, and in (b) as net 
methane oxidation rates (% methane oxida- 
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POTENTIAL METHANE POTENTIAL METHANE NET METHANE INCREASE 
OXIDATION RATE (pMlDAY) OXIDATION RATE (uM1DAY) (pM1DAY IN SlTU 

(8 DAYS @22 "C) (DAYS l to 4 81 4 to 8 @Z°C) 26 Apr to 16 Aug 1989) 

Fig. 7. Fine-scale structure and dynamics of methane in samples obtained 16 August 1989. (a) Samples used to obtain potential 
methane-oxidation rates at 22OC show a mesophilic oxidation peak just below Eh = 0. (b) Samples used to obtain potential 
methane-oxidation rates at 2 "C show a small net decrease below Eh = 0 over the total 8 d incubation, but when divided into two 
4 d periods, Days 1 to 4 show positive values and therefore oxidation, while Days 4 to 8 show negative values and therefore 
methane production. (c) Net methane increase per day between the April and August profiles shown in Fig. 4. Except for the 
decrease in methane concentration at the minimum near Eh = 0, methane concentration increased in both the minor methane 

peak above and the major methane peak below the Eh = 0 line 

Differential changes in the methanocline 
and sulphidocline 

Important differential changes occurred in the distri- 
bution of methane and hydrogen sulphide relative to 
seasonal changes in salinlty (Fig. 8b, c). The maximum 
salinity of low (<0.3 mM) methane water decreased 
from 22 ppt in April to 12.5 ppt in August (Fig. 8b). This 
means that methane concentrations at a given salinity 
increased dramatically over the 4 mo period between 
April and August. Such increases cannot be explained 
by equal rates of upward mixing of salt and methane 
from deep water sources. Plots of methane versus 
salinity (Fig. 8b) were divided into 3 segments in both 
April and August, going from left to right: (1) a slowly 
increasing linear segment above the oxic-anoxic 
boundary, (2)  a steeply increasing segment in the 
primary methanochne, and (3) a curvilinear section at 
and below the major methane maximum. In contrast, 
hydrogen sulphide was divided into 2 segments: (1) a 
slowly increasing linear segment above the Eh 
boundary, and (2) a steeply increasing segment below 
(Fig. 8c). Very different processes are controlling the 
methanocline and the sulphidocline. 

Temperature-salinity (T-S) and methane-salinity plots 
were used to examine the potential role of physical 
processes in generating the pycnocline methane maxi- 
mum. T-S plots from April and August were identical 
in deep water (i.e. low temperature, high salinity) and di- 

verged smoothly with increasing temperature (Fig. 9). 
The nearly linear nature of these T-S plots indicated that 
the changes In vertical structure were dominated by 
vertical mixing. T-S plots (Fig. 9) were also examined to 
determine whether the methane peak in the pycnochne 
could have been induced by lateral advection. In this sys- 
tem, 1 m sills greatly restrict such lateral advection in 
deep waters (below 4 m), except in cases where high den- 
sity water is advected up the channel, and intrudes into 
the deep basin along an  isopycnal surface (Donaghay et 
al. 1992). In Apnl, the T-S plot was linear at salinities 
above 12.5 ppt except for a small dip at 25 ppt. This dip 
was most likely the result of a cold water intrusion. Inter- 
estingly, this dip corresponded to the salinity of the 
pycnocline peak in methane in April. In contrast, the Au- 
gust T-S plots showed no evidence of recent intrusions. 
The only inflection in the August T-S plot was a gentle 
curve at the pycnochne that would be expected from the 
hgher  rate of diffusion for temperature than salt. These 
results are consistent with the earlier evidence for the ma- 
jor methane maximum in the pycnocline being formed by 
in situ microbiological processes. 

DISCUSSION 

The case has been well made that the peak of dis- 
solved methane in the oceanic pycnocline is particle- 
asssociated (Scranton & Brewer 1977, Burke et al. 1983, 
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Fig. 8. (a) Seasonal changes in the vertical proflles of salinity 
and corresponding changes in the fine-scale distribution of 
(b) methane and (c) hydrogen sulphide plotted as functions of 
salinity. Data are shown for both April and August, 1989. The 
dotted lines have been drawn by eye to indicate reasonably 
linear regions of covariance of methane (b) and hydrogen 
sulphide (c) with salinity. The arrows in (b) and (c) denote the 
positions of the methane maxima. Note the dramatic increase 
in methane and hydrogen sulphide in low-salinity waters 

between April and August 
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Sieburth 1983, 1991). If there really is significant pro- 
duction and consumption of methane in the upper 
ocean, then it must be closely associated with the main 
site of primary production and in situ organic matter 
decay in the chlorophyll maximum of the pycnocline 
(cf. refs. in Sieburth 1988, 1991). In the southern anoxic 
basin of the Pettaquamscutt Estuary, the turbidity max- 
imum also coindides with the fluorescence maximum. 
Methane maxima occur on either side of the central 
Eh = 0 boundary, while the methane minimum occurs at 
or near the Eh = 0 line where it is influenced by the 
oxygenic photosynthesis of Euglena proxima. The re- 
sults of this study might be dismissed as characterizing a 
very specialized habitat. Other captive estuarine water 
columns that are permanently stratified are the land- 
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locked bays or oyster polls in Norway (Strarm 1936). An 
example is the Hunnenbunnen that is permanently 
anoxic and also contains a species of Euglena that 
occurs year round in the interface between the 
oxygenated and hydrogen sulphide containing layers 
that it controls (Braarud & Fsyn 1958). In addition there 
are other permanently stratified anoxic basins scattered 
throughout the world like Lago Faro, near Messina in 
Sicily (Genovese 1963, Triiper & Genovese 1968). Other 
permanently stratified waters are the fjords like 
Lake Nitinat in British Columbia, Canada (Atkinson & 
Richards 1967) and Framvaren in Norway (Lidstrom 
1983) and larger bodies like the Black Sea (Reeburgh et 
al. 1991). In addition there are many seasonally stratified 
and anoxic water bodies like the coastal estuarine lakes 
on h a n d ,  Finland (Lindholm 1982) and the Chesapeake 
Bay (Officer et al. 1984, Seliger et al. 1985, Malone 
1991). To these water bodies the observations may apply 
directly. But the processes in well ventilated but strati- 
fied oceanic waters must be similar, the main difference 
being that dissolved oxygen is never exhausted and 
therefore the methane remaining from planktonic 
methane production is just a trace due to the con- 
comitant oxidation of methane along with methane 
production. 

Our estimates of vertical profiles of potential methane- 
oxidation are qualitatively similar to profiles of methane 
oxidation rate measured using 14C methane addition 
techniques. For example, Scranton et al. (in press) found 
a maxima in 14C methane oxidation rates in the redox 
boundary of the Pettaquamscutt Estuary in August 
1991. This should not be surprising since it is well estab- 
lished that aerobic methane oxidation in aquatic 
systems tends to be focused in the redox boundary 
where both oxygen and methane are present (Large 
1983). Although qualitatively similar. vertical profiles of 
methane-oxidation potential and profiles of methane 
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oxidation rate measured using 14C methane addition 
techniques can be expected to differ quantitatively from 
each other. 14C methane addition techniques measure 
that methane-oxidation which can occur with the 
amount of dissolved oxygen in the sample at  the time of 
collection. As a result they ignore the potential flux of 
oxygen by intrusion and oxygenic photosynthesis that 
could occur in situ over the incubation period. Therefore 
great care should be taken in making quantitative com- 
parisons between the results of the 2 techniques. 

Vertical profiles of potential methane-oxidation and 
profiles of methane I4C methane oxidation rate may 
also differ quantitatively from true in situ oxidation 
rates. If true in situ aerobic methane-oxidation rates 
are dependent upon the concentration of methane and 
oxygen and the thermal types of methane oxidizers 
able to grow at in situ temperatures, changes in any 
of these variables between in situ and the bottle incu- 
bations will result in an under- or overestimation of 
true rates. For example, we have observed oxygen 
concentrations in the micro-oxic zone to vary between 
0.1 and 4 mg 1-l depending upon the daily cycle of in 
situ oxygenic photosynthesis or the recent occurrence 
of a lateral intrusion of oxygenated water (Donaghay 
unpubl. data). Under such circumstances, potential 
methane oxidation rates measured at in situ tem- 
peratures may be a better estimate of average in situ 
rates than short-term I4C incubations in the dark. 

Our observations on the CO-existence of oxygen and 
hydrogen sulphide is consistent with earlier observations 
in the OATZ of the Black Sea (Sorokin 1972), a marine 
lagoon (Ingvorsen & Jsrgensen 1979), marine sediments 
(Iversen & Jsrgensen 1985), and algal mats (Canfield 
& DesMarais 1991). In our system, elevated potential 
methane-oxidation was measured in the reduced water- 
column coincident with the distribution of the oxygenic 
alga Euglena proxima. This lends support to the hypo- 
thesis that methane-oxidation would occur in the re- 
duced zone due to an in s i t ~  production of oxygen by 
E. proxima (Sieburth 1987). This process is analogous to 
that previously described by King et al. (1990), in which 
oxygen produced by benthic photosynthesis had a 
marked effect on the die1 profiles of methane in sedi- 
ments. Just as this process would have a major impact on 
the magnitude of atmospheric fluxes of methane from 
the Everglades (Florida, USA), the algae in the dim 
pycnocline of stratified waters where a methane peak 
occurs (Sieburth 1988) may be playing a much larger role 
(Sieburth, 1991) than commonly accepted (Ciccereone & 
Orernland 1988, Oremland 1988). 

The central message of this report is embodied in 
Fig. 7. That a major methane-production that occurs 
in the pycnocline, whose vestigial remains in the open 
sea is just a very minor methane peak, is all but masked 
by a simultaneous and nearly equal in situ methane- 

oxidation. This is the same process that occurs in sealed 
containers of oxygenated seawater when added mono- 
methylamine enriches 02-tolerant, anaerobic, methylo- 
trophic methanogens whose reduced microniches are 
created by their 02-consuming aerobic bacterial con- 
sorts (Sieburth 1993). Long before dissolved oxygen 
becomes exhausted in the bulkwater and methane can 
accumulate in the headspace, a thin pellicle of methane- 
oxidizing bacteria that develops at the gadliquid inter- 
face signals an appreciable but inapparent production 
of methane. This bacterial biomass of methane-oxidizers 
represents a secondary bacterial production that can be 
significant (Hessen & Nygaard 1992) and voraciously 
grazed by bacterivores (Sieburth et al. 1987). 

Methane-oxidizing bacterial cells were conspicuous 
in the preparations from 4 m in the methane minimum 
(Fig. 6). The cytomembranes of these cells occurred as 
the stacked lamellae of the Type I methanotrophs, but 
were distinct from those of the type species, Methylo- 
monas methanica, and our oceanic species, Methylo- 
monaspelagica (Sieburth et al. 1987). This is in agree- 
ment with our immunofluorescence study of estuarine 
and oceanic methane-oxidizers which indicated that 
estuarine cultures are distinct from oceanic cultures 
(Sieburth et al. 1993a). In our enrichment cultures 
(Sieburth 1993), methane accumulates only when 
dissolved oxygen becomes exhausted and methane- 
oxidation slows and ceases. The early oxic stage of the 
enrichment cultures apparently duplicates what occurs 
in the well-ventilated open sea, while the anoxic stage 
of enrichment cultures apparently duplicates what 
happens in poorly ventilated water bodies such as the 
anoxic basin in this study. When methylfluoride, an in- 
hibitor of methane-oxidation, was added to methano- 
genic sediments, methane-oxidation was shown to 
consume over 90% of the methane produced (Orem- 
land & Culbertson 1992). This has been our contention 
of why the potential of the upper ocean methane cycle 
(Sieburth 1987, 1991) has not been recognized (Orem- 
land 1988) for the major process that it is. This possi- 
bility is now being recognized (Hessen & Nygaard 
1992). Similar studies to that of Oremland & Cul- 
bertson (1992) are indicated for the pycnocline of well 
stratified oxic and anoxic water columns. 

Our observation of seasonal differences in the 
temperature optima for potential methane-oxidation is 
consistent with observations on the seasonal selection of 
thermal bacterial types in the adjacent waters of Narra- 
gansett Bay (Sieburth 1967). In this earlier work, the 
optimum temperature for growth of the dominant flora 
from 4.8 'C water in April ranged from 8 to 20 "C, while 
that from 22.7 "C water in September ranged from 17 to 
30°C. The April and August waters above Eh = 0 in this 
study had similar seasonal excursions in temperature 
and thus could be expected to have similar changes in 
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the thermal types of methane-oxidizers. This is exactly 
what we found. The spread out particle layer in April 
had an active psychrophilic methane-oxidation that 
occurred largely above Eh = 0. This is because cold 
water conducive to psychrophiles occurred throughout 
the water column. When psychrophilic water tempera- 
tures only occurred below 4.2 m in August, psychro- 
philic methane methane-production and oxidation were 
restricted below 4.2 m. There was only a thin layer of 
potential mesophilic methane-oxidation between the 
Eh = 0 line at  3.8 m and the psychrophilic methane- 
oxidation occurring below 4.2 m. There is just a hint in 
the literature that psychrophilic methanogens could 
exist. Zeikus & Winfrey (1976) found that methano- 
genesis was most active throughout the sampling year 
in Lake Mendota (Wisconsin, USA) sediments at their 
deepest station of 18 m. In Zinder & Brock (1978), their 
Fig. 2 indicates that methane production below 20°C 
was about 70 % of the maAuLmum from similar Lake Men- 
dota sedirnents. Conversely samples from intertidal mud 
flats that would undergo episodic warming periods that 
would prevent psychrophile development (Seshadri & 
Sieburth 1975), failed to show activity at  4 'C (Vogel 
et  al. 1982). 

The existence of seasonal changes in methane oxi- 
dation potential at 2°C has important implications 
for measuring methane concentrations. In the original 
headspace method (Johnson et al. 1990), it was as- 
sumed that methane oxidation in the sample bottles 
does not alter the concentration during the time 
required for the bottles to equilibrate at 2°C (< 1 d) .  
The August results reported here show that the persis- 
tence of psychrophiles are at variance with the summer 
tests of this assumption run during the development of 
this method. Our results indicate that significant errors 
can result in rate measurements if samples from waters 
containing psychrophiles such as the April and August 
samples are allowed to equilibrate for more than a few 
hours without the addition of a bactericidal agent. As a 
result, we have modified our collection procedure by 
adding mercury bichloride (Scranton et al. in press). 
Although such psychrophilic oxidation can cause 
errors in estimates of vertical profiles, the resulting 
errors are barely perceptible in systems with strong 
vertical concentration gradients. 

The conventional model for microbial processes oc- 
curring in anoxic basins is largely based on studies in 
meromictic lakes. Although some 70 % of the carbon 
produced in lakes never makes it to the bottom (Rudd 
& Taylor 1980), this is ignored and organic matter 
decay including methanogenesis is believed to be 
restricted to anoxic sediments (Hanson 1980, Large 
1983, Brock 1985, Reeburgh et al. 1991). In the ocean, 
the amount of primary production regenerated in situ 
is closer to 90% (Eppley & Peterson 1979, Angel 1984, 

Fowler & Knauer 1986, Karl et al. 1988, Cushman 
1989). It is commonly believed that methane diffuses 
out of the benthos, mixes upward to help form the 
anoxic hypolimnion, and at the oxic-anoxic interface in 
the metalimnion methane is consumed by aerobic 
methane oxidizers with oxygen derived from vertical 
mixing. This conventional model is clearly inconsistent 
with the observations of a methane maximum in the 
pycnocline of the open ocean (Scranton & Brewer 1977, 
refs. in Rudd & Taylor 1980), with our microbiological 
data from stratified upper Chesapeake Bay (Sieburth 
1993, Sieburth et al. 1993a, b), with that of stratified 
fjords (Lidstrom 1983, Ward et al. 1989) and with the 
data presented here. 

An alternate model has been proposed (Sieburth 
1991) to explain the methane maximum that occurs at 
the base of the photic zone in the lower parts of the 
chlorophyll a maximum regardless of whether it is 
lacustrine, estuarine or oceanic. In this published 
model, methane production can occur in anoxic micro- 
sites in the pycnocline of stratified waters where most 
of the primary production is regenerated in situ. This 
is analogous to the existence of the anaerobic process 
of sulphate reduction within reduced microniches of 
oxidized marine sediments (Jsrgensen 1977). This 
model has been amplified to account for distinct sub- 
populations of methanogens observed in Chesapeake 
Bay (Sieburth 1993). 

The beauty of our study site in the Pettaquamscutt 
basin is that the OATZ in the photic water column 
extends over a distance of 2 m. This is in sharp contrast 
to the OATZ of sediments that occur on a scale of cm, 
and the OATZ in suspended particulates that occur on 
a scale of mm. Similar processes probably occur in the 
OATZ's of suspended particulates, stratified estuaries, 
and anoxic sediments. Therefore the OATZ in our 
water column, with a greatly expanded scale that can 
be profiled and sampled on a fine scale, gives us an 
ideal site for studying the spatial relationships of the 
complex microbial assemblages and their processes in 
a typical photic OATZ. Such assemblages are much 
more difficult to study spatially in sediments, sus- 
pended particulates, and in estuaries with their hori- 
zontal motion. Our observations of potential methane- 
production and potential methane-oxidation in the 
headspace bottles with added oxygen clearly confirms 
the existence of oxygen tolerant methane-producers 
that coexist with their aerobic bacterial consorts, so 
that these process can coexist in the pycnocline, just 
as they do in methanogenic bacterial enrichments 
(Sieburth 1993). 

The development of techniques for simultaneous 
profiling and sampling of the fine-scale biological, 
chemical, and physical structure of the stratified waters 
(Donaghay et al. 1992) played a key role in defining 
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Fig 10 Vertical dlstnbutlon of oxygen, methane and hydro- 
gen sulphide in Lake Nitlnat, British Columbia, June  1965 
Data redrawn from Atkinson & Richards (1967) Note that thls 
profile fortuitously picked up the minor methane maximum 
occurring In the oxic zone discussed In this paper that IS 

usually missed by coarse sampling, 01 ignored as  an outlier 

much of the structure we observed in the OATZ. For 
example, many of the primary features of the micro- 
oxic zone and methane and hydrogen sulphide 
maxima are sufficiently fine-scaled that they would 
be completely missed by conventional meter scale 
sampling, as discussed by Sieburth (1991) and 
Donaghay et  al. (1992). Worse yet, they might appear 
as single data points that would be rejected as outliers. 
Such outliers are commonly observed in methane pro- 
files near the Eh boundary (e .g .  Atkinson & Richards 
1967, Ward et al. 1987, 1989). As an  example, we have 
redrawn a profile from Atkinson & Richards (1967), 
also obtained from a n  anoxic captive water column of 
a British Colunlbian fjord, and show it as Fig. 10. It is 
strikingly like the fine scale methane peak reported in 
this paper and includes both the minor and major 
methane maxima. We strongly suspect that the failure 
to define distinct water column methane minima and 
maxima as well as a thin zone of oxygenic algae in the 
OATZ of other studies, may be the result of sampling 
on too coarse a scale. Final resolution of the current 
controversy over the existence of significant upper 
ocean methane and hydrogen sulphide cycles (Sie- 
burth 1991) will depend upon applying high resolution 
techniques to a diversity of systems in an  effort to 
determine the generality of our findings. 

We cannot emphasize too strongly that the plank- 
tonic methanogens in the water column are very dis- 

tinct from benthic methanogens (Sieburth 1993). We 
have hypothesized that methanogens in the ocean are 
mainly planktonic in nature and that most depend 
upon their aerobic bacterial consorts to create reduced 
microniches wherein they can function and thrive. We 
go on to speculate that the nearshore benthos where 
methanogens occur in anoxic sediments is really an  
envlronlnent where the high suphide concentrations 
exclude the usual aerobic consorts of planktonic 
methanogens. If this is correct, then the Eh potential of 
the habitat of planktonic methanogens must be less 
than the -200 to -300 mV that occur in pure cultures 
(Mah et  al. 1977). Psychrophilic methane-production 
was observed to occur in this study from -300 mV up to 
Eh = 0. This would include methanogens that can grow 
on the Regimens 2 and 3 of Sieburth (1993). If the 
minor methane maximum is the result of in situ pro- 
duction, then the methanogens occurring from 0 to 
+l00 mV could be the H2S-sensitive methanogens 
cultured in Regimen 1 of Sieburth (1993). A much 
higher Eh potential of the planktonic methanogens is 
also indicated by the methanocline posed above the 
sulphidocline both in our data (Fig. 4 )  and that in Lake 
Nitinat (Fig. 10 redrawn from Atkinson & Richards 
1967). The mechanisms in the water column that con- 
trol the sulphidocline must be very different from those 
that control the methanocline (Fig. 8).  The mechanisms 
responsible for the Inverted position of the methan- 
ocline and sulphidocline in the water column in con- 
trast to that in the sediment deserve further study. 
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