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Abstract - -Dis t r ibut ions  and oxidation rates of methane  and ammon ium were investigated during 
two cruises in Saanich Inlet, British Columbia in late summer .  Distributions of inorganic nutrients 
were related to oxygen distribution, exhibiting large gradients associated with the oxic-anoxic 
interface. The depth distributions of oxidation rates were also defined by the oxic-anoxic interface: 
ammon ium oxidation occurred at variable ratcs (up to 121) nM day I ) between thc photic zone and 
the oxic-anoxic interface. Methane oxidation occurred throughout  the oxic layer and increased 
near thc interface. The possibility of interactions such as inhibition and competition between the 
two substrates,  methane  and ammonium,  were investigated in kinetic experiments.  A m m o n i u m  
oxidation rate was independent  of both ammon ium and methane  concentrations.  Methane 
oxidation rates were linearly related to methane  concentration,  both in manipulat ion experiments ,  
and in relation to ambient  methane  concentrations.  There was no evidence of interaction between 
mcthane  and ammon i um as alternative substratcs for methanotrophie  and ammon ium oxidizing 
populations,  which were both present  in the cnvironmenl .  In September,  we observed a bolus-type 
mixing event,  which introduced oxygenated deep water into the inlet beneath a wedge of am~xic, 
methane-r ich water. This kind of event is probably important  in dctcrmining the rate of mcthanc  
loss, due to increased microbial oxidation at the boundaries  of the anoxic wedge. 

I N T R O D U C T I O N  

METHANE and ammonium are analogous compounds in some aspects of the environmental  
carbon and nitrogen cycles, respectively. Both are produced as end products of anaerobic 
metabolism and thus tend to accumulate in anoxic environments. Saanich Inlet is an 
intermittently anoxic fjord on Vancouver Island, British Columbia, Canada, where 
methane and ammonium accumulate in the stratified bottom waters on a seasonal basis. In 
surface waters, both compounds occur at trace levels ([CH4] < 30 riM, [NH4] ~< 100 nM), 
while below the oxic-anoxic interface, concentrations of both increase dramatically 
([CH4] > 100 nM and [NH~] -> 1/~M) (WARD et al . ,  1989b). The ratio [CH4]/[NH4] also 
varies with depth, being greater in the anoxic waters. This site was chosen for investi- 
gations of the possible interactions between methane and ammonium oxidation by 
naturally occurring bacterial assemblages in oxic, anoxic and interface environments. 

Both ammonium and methane are used as chemolithotrophic substrates by select groups 
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of aerobic bacteria, that possess unique abilities for autotrophic growth at the expense of 
these molecules. [Ammonia, rather than ammonium ion, is actually the substrate for 
"'ammonia"-oxidizers (SuzuKi eta l . ,  1974; WARD, 1987a), but we will refer to ammonium, 
because it is the ion actually measured in our nutrient assays. At the pH of seawater, [NH~] 
is estimated as [NH~-]/25 (STUMM anti MORGAN, 1981 ).] Both groups possess characteristic 
intracytoplasmic membrane systems which are assumed to be the sites of enzymes involved 
in lithotrophic metabolism. The intermediates and reaction sequences by which methane 
and ammonium are oxidized exhibit certain similarities: 

NH~ ---+ NHeOH --+ NOH --~ HNO~ 

CH4--+ CH3OH ~ HCOH --, H C O O H  --, CO::. 

Laboratory experiments demonstrate that methanotrophs and ammonium-oxidizers tire 
both capable of oxidizing both substrates to some degree (F~:,RI:,NCl el al.,  1975: O'NEn,I, 
and WU, KINSON, 1977; DALrON, 1977; HYMAN and WOOD, 1983; JONES and MORnA, 1983" 
WARD, 1987a). The kinetic behavior of cultured bacteria suggests that interactions 
between the two substrates, such as competition and inhibition, are possible at naturally 
occurring concentrations (WARD, 199(}). Experiments were designed to identify possible 
interactions between methane- and ammonium-oxidizing populations and to evaluate the 
possible relationships between oxidation rates and substrate concentrations. 

METHODS 

Experiments were performed on two cruises to Saanich Inlet in August and September 
1986. All samples were collected at one central up-inlet station [48°33. I 'N, 123°32.7'W; 
Sta. B of EMERSON et al. (1979)]. Samples were obtained in 5- or 30-liter Niskin bottles, 
equipped with teflon-coated springs and silicone O-rings. Bottles from low oxygen waters 
were plumbed for a slight overpressure of nitrogen gas during sampling. 

Methane  concentrat ions 

Dissolved methane concentration was measured on l-liter samples by a gas extraction 
technique using flame ionization gas chromatography [HERR and BARGER (1978), as 
modified by M. I. SCRANTON, personal communication]. Repeated assays on subsamples 
from the same 30-liter Niskin yielded a coefficient of variation of 2.5%. We did not 
determine the detection limit, but concentrations less than 1 nM could be rcproducibly 
assayed. 

Methane  oxidation rates 

A thick-walled teflon tube was used to fill several 160-ml serum bottles (without 
introducing bubbles), each overflowed approximately 2 volumes, from Niskin samplers. 
Bottles were sealed without bubbles using solid black rubber stoppers and aluminum 
crimp seals. Radiolabeled methane (200/~1 of gas, mostly hydrogen, containing 10.4 ul 
CH4; 55 uCi ,nmol 1; biogenically produced by the method of DAN1EI,S and ZFIKUS, 1983) 
was injected through the stopper using a second needle to accept overflow as the gas 
displaced liquid. Tracer  additions formed a small bubble in the bottles, which were 
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vigorously mixed following tracer addition. Dissolved methane concentrations in the 
bottles were computed from the equation of RUDD and HAMII,TON (1975). Concentrations 
in the kinetic experiments varied (see below); concentration in standard time course 
experiments was about 0.3#M. At each time point (approximately 1,4, 8 and 18 or 24 h for 
the time course experiments; 12 or 24 h for the kinetic experiments) incubations were 
processed for labeled particulates (by filtration through 47 mm diameter, 0.3 ,urn pore- 
sized Millipore filters) and labeled COx (by acidification and capture on phenethylamine 
soaked filters, with a recovery efficiency of 80%). Efficiency of the HCO_, recovery was 
previously reported as 50% (using a shorter recovery period; WArD et al., 1987) but the 
standardized and improved method used in the present study has resulted in increased 
recovery with good reproducibility. Samples were shielded from light during all manipu- 
lations, and were incubated in running seawater incubators in the dark. Incubation 
temperature was 20°C in August and 13°C in September. Reported rates are not corrected 
for in sire temperature.  Filters were assayed by liquid scintillation counting within one 
week. Oxidation rates were calculated from the linear regression of the time course data (~z 
< 0.05) or by assuming linearity in the single end-point kinetic experiments. Measured 
oxidation rates were found to be linearly dependent  upon substrate concentration (see 
below), so results from standard time course experiments were corrected for altered 
substrate concentration due to label addition based on this linear relationship. 

In addition to the standard time course experiments, we also performed single end-point 
experiments to investigate substrate dependence of the rate reaction. Twenty-two bottles 
were filled from a single Niskin sampler and sealed as above. Tracer additions were varied 
by adding different volumes of HCH,, and 12CH4, resulting in incubation methane 
concentrations from 100 nM to 1 t~M (computed as above). Incubation was terminated 
after 12 h for all treatments, and radioactivity in particulate and CO:  fractions was 
analysed as above. In some experiments, the amount of IaCH4 added was constant while 
ammonium concentration was varied (final concentrations 0.2-100 uM). All treatments in 
the methane oxidation kinetic experiments were performed in replicate. 

A m m o n i u m  oxidation 

Samples for 15N tracer experiments were collected in 30-liter Niskin samplers, which 
were pressurized with nitrogen gas during sampling as described above. Incubation 
experiments were carried out in 4-liter Pyrex bottles covered with light-tight black plastic. 
In order  to preserve as closely as possible the in situ oxygen concentration, incubation 
bottles were filled and overflowed, directly from the Niskin sampler. The standard tracer 
addition was designed to increase ambient substrate levels by 0.2 ,uM [(15NH4)2SO4, 99 
atom-%]. Carrier solution, Nal4NO2, resulting in an increase over ambient levels of 0.25 
uM, was added prior to incubation. After addition of label and carrier solutions (total 
volume < 1.0 ml, cooled below sample temperature so that additions sank and were not 
displaced by the capping procedure),  the bottles were sealed with plastic stoppers and 
electrical tape and mixed vigorously before being placed in the darkened,  running 
seawater incubator. 

Four bottles were incubated for each standard rate experiment. Incubation was 
terminated (one bottle each at approximately 2, 5, 10 and 24 h) by filtration through 
precombusted GF/F filters. Filters were dried and stored over desiccant. A portion of the 
filtrate was frozen and nitrogenous nutrient concentrations were determined in this 
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subsample by standard methods a few weeks after the cruise (see below). The remaining 
filtrate (about 4 liters) was extracted at sea by procedures described previously (OI~SON, 
1981a; WARD et al., 1982). Nitrogen isotopic ratios of the extracted nitrite and of 
particulate material on the filters were determined on a JASCO emission spectrometer 
after combustion using a modified micro-Dumas procedure (BARSDAJE and DUGDAI;E, 
1965). 

Initial atom-% of the substrate pool was calculated from the measured ambient 
ammonium concentration and standard tracer addition. The equations of Dt~(~)a~,l~ and 
GOE~ING (1967) were used to calculate the amount of nitrite produced. Rates of 
ammonium oxidation were calculated from linear regressions of the time course data. 
Rates reported here are derived from experiments with at least three points defining the 
regression (a _< 0.05). The coefficient of variation of isotope ratio determination on 
rcplicate subsamples of nitrite extracts averaged 6.7% in the data set from timc course 
experiments. The limit of detection under these conditions is about 0. I nM day 

In addition to the standard time course experiments, we also performed single end-point 
experiments to investigate substrate dependence of the rate reaction. Fifteen bottles were 
filled from repeated casts to the same depth (oxygen and methane concentration were 
measured on each sample to ascertain that the same depth was being sampicd). Aftcr 
tracer addition [(15NH4):SO4, 50 atom-% : up to final concentration of 62 uM in August, 
and 150 uM in September,  total concentration achieved by combination ol' labeled and 
unlabeled substrate in equal amounts], methane (unlabeled) was added to some treat- 
ments. Gaseous additions were made by injection through a black serum stopper sealed 
into a clear silicone stopper, which was used to seal the bottles (without bubbles) for 
kinetic experiments, instead of plastic caps (see above). Incubation was terminated after 
12 h for all treatments, and nitrite extracted as above. Average coefficient of w~riation for 
atom-% measurements in the kinetic experiments was 9.5%. 

Water chemistt 3' 

Nitrate, nitrite (STRICKI,AND and PARSONS, 1972) and ammonium (KoRoI£1:v, 1983) 
concentrations were measured in frozen subsamples after the cruise by standard methods. 
Oxygen concentration near the oxic-anoxic interface was measured using the colorimetric 
method of BROENKOW and CLINE (1969) on samples collected by syringe immediately after 
the bottles came on deck. Sulfide was assayed by the methylene blue method as described 
by CIANE (1969). Temperature  was measured using reversing thermometers  on the Niskin 
samplers and thermometric depth corrections were computed. 

RESULTS 

Results describing the depth distribution of methane oxidation in August 1986 have 
been published (WARt) et al., 1989b). The reader is referred to that paper for hydro- 
graphic, methane concentration and oxidation rate data from August 1986, which will not 
be repeated here. 

Hydrographic characteristics 

[n September 1986, upon arrival at station, 2(1 samples evenly distributed over the water 
column were collected immediately so that the oxic-anoxic interface and other possible 
features of interest could be identified in aid of planning incubation experiments. The 
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dissolved methane profile (obtained within a few hours of arrival on station: Fig. 1 ) implied 
that a mixing event might have occurred in the interval since the August cruise to the same 
site. Distributions of oxygen (real time microcolorimetric method)  and nutrients (ob- 
tained from analysis of frozen nutrient samples after the cruise) (Fig. 2) confirmed that a 
mixing event was indeed occurring during the September  cruise. Methane concentration 
did not exhibit a subsurface maximum in September ,  as has usually been found in the inlet 
(LII,I,EY et al., 1982). We attribute this to the weather:  in August,  we had detected such a 
feature (WARD et al., 1989b) at 30 m. At that time, the upper water column was 
temperature  stratified, with a very warm (20°C) layer on top. By September ,  the surface 
water was much cooler and stormy weather  prevailed. 

The transition to anoxic waters below 120 m was signalled by the rapid increase in 
ammonium and methane concentrations, and the coincident decreases in nitrate and 
oxygen concentrations. However ,  these trends were reversed by 160 m, and the bot tom 
water  below about 18(I m was similar in characteristics to the subsurface water just above 
the interface. From these observations, we infer the occurrence of a bolus mixing event 
(ANDERSON and DEVOL, 1973), in which cold surface water outside the inlet flows in over 
the sill and sinks, displacing the anoxic deep water. Over  the period of 4 days, several casts 
to the interface region were assayed for dissolved methane.  These profiles document  the 
vertical displacement of the methane peak on the scale of 20 m (Fig. 1 ). 

Depth distribution o f  ammonium and methane oxidation 

Ammonium oxidation rates vailed by about 6-fold over  the oxygenated water column. 
Absolute rates (up to 120 nM day 1 in August) were generally higher than observed in 
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coastal and oceanic waters previously studied. The August data (Fig. 3) cover the water 
column between the euphotic zone and the oxic-anoxic interface (about 14(1 m). In 
September,  only three depths were sampled for standard rate measurements,  and many 
more kinetic experiments were done (see below). 

Methane oxidation rates also were measured at only three depths in September 1986 
(Fig. 3). Rates were lowest at 30 m (two experiments) and highest at 112 m. The two 30-m 
experiments in September differed significantly from each other (see also kinetic experi- 
ment results below). The two experiments were separated by 4 days of stormy weather, 
during a mixing event. Different populations may have been present at 30 m on different 
days due to displacement of the water column caused by influx of water over the outer sill. 
A more detailed depth distribution of methane oxidation in August 1986 can be found in 
WARD et al. (1989b). 

Meanwhile oxidation rates are reported as total oxidation, the sum of label accumulated 
in particulate matter (presumably cells) plus that in CO~, The fraction which appears in 
cells varied from 0.3 to 0.7 (one point outside this range). There was no systematic 
variation in the fraction which was incorporated into cells, either in relation to ammonium 
concentration (Fig. 4) or to total methane oxidation rate. The fraction incorporated into 
cells was correlated with [CH4] within individual experiments (see Discussion) but 

0 

-40 

~" -80 

x= 

-120 

-160 

-20C 

September 1986 

o 

o 

o 

Ixo 
A 

IX 
A o 

IX 

. . . .  t . . . .  i . . . .  

5 1 0  

r°c, [02] pM 

o 

-40 

40 

- 1 2 o  

-160 

-200 
0 

0 
0 
0 

0 
0 
0 c 

O 0  
% 

O 

O 
O 

i i 

10 20 30 

[NO3] pM 

0Z 'A 

Z A 
-40 A 

A 
A 
A 

= lX 
B_ IX 
gl20 A 

IX 
A 

-160 IX 

-200 
U.0 

A 

A 

J i 

0.1 0.2 0.3 

[N O2.] I~M 

0 

-50 

-100 

-150 

-200 
0 

@ 

i i i 

1 2 3 

[NH4] pM 

Fig. 2. Hydrographic data from September  1986, Saanich Inlet. (a) Tempera ture  ( ° C ) ,  (2): 
oxygen (uM), [] and A [casts 51 (2(/55, 22 September  1986) and 52 (2355, 22 September 1986) ]: and 

+ [cast 65 (1722, 24 September  1986)]. (b-d)  Nutrient profiles, data from casts 51 and 52. 



Relationship between substrale concentration in a stratified water column I 199 

Fig. 3. 

4O 

8O 

g 
v 

- 120 

- 1 6 0  

o A o / 

20C L 
4 0  8 0  120  

O x i d a t i o n  Rate nM d 1 

Distribution of ratcs, nM day ]. £,, Ammonia oxidation in August 1986: A . a m m o n i a  
oxidation in September 1986: C', methane oxidation in Scptcmbcr 1986. 

this correlation was not evident in the pooled data (Fig. 4). The fraction was much more 
variable at low rates (greater variability among samples from 30 m) than at higher rates 
(nearly constant among samples at 112 m). 

Kinetics o/" methane and ammonium oxidation 

Methane oxidation rate increased in response to increased methane concentration up to 
1 ,uM. Rates increased on the order of 5-fold in response to an increase in methane 
concentration of about 10-fold. The data are in reasonable agreement  with the Michaelis- 
Mentcn interpretation, i.e. double reciprocal plots are approximately linear (Fig. 5). 
Kinetic constants derived from these experiments  are given in Table 1. Methane oxidation 
rates were not affected by ammonium concentration in the range from 0.2 to I(),,M nor at 
I()[)/~M NH~ (Fig. 6). 

Two ammonium oxidation kinetic experiments  were performed in August with water 
from just below the photic zone. No systematic variation in rate with substrate concen- 
tration was observed in two separate experiments  covering overlapping substratc ranges 
from low (0.2-2.(}/~M) to high (0 .2-62#M) ammonium levels (Fig. 7a and b, respectively). 
Error bars in the low ammonium range experiment  include only error due to a tom-% 
measurement .  Including error from other sources would only increase the amount  of 
overlap among samples. Similar experiments covering the ammonium concentration 
range up to 150/lM were per formed in September  at depths representing the bot tom of the 
euphoric zone, mid-depth and the oxic-anoxic interface. No systematic variation in rate 
with substrate concentration was observed (Fig. 8). In both August and September ,  sets of 
replicate bottles from each ammonium range received varying amounts of methane.  There 
was no discernible difference among treatments  that received methane (up to 200 nM, 
measured in incubation bottles) and those that received no methane (Figs 7 and 8). 
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D I S C U S S I O N  

Two sampling dates one month apart demonstrated the seasonal nature of trace gas and 
nutrient distributions in Saanich Inlet, due to the transition from stratified summer 
conditions to autumn mixing conditions in the interim. The transition between oxygenated 
and anoxic waters was slightly shallower in September (about 120 vs 140 m). The thin 
warm surface layer of August had been replaced by a cooler surface layer in the process of 
mixing deeper  with autumn weather,  and the subsurface methane concentration maximum 
present in August was not detected in September. Methane, oxygen and nutrient 
concentration in the upper layer were, however, otherwise similar in August (WARD et al. ,  

1989b) and September. The characterstics of the deep water were radically different 
between the two sampling dates, due to the intrusion of cold oxygenated water below the 
anoxic layer. Our observations are consistent with the bolus-type mixing suggested by 
ANDERSON and DEVOL (1973), who drew their conclusions on the basis of nitrate 
distributions. We observed the effect of such a mixing event on methane distributions, and 
suggest that discrete mixing events like these have significant impact on the distribution 
and fate of methane originating in the anoxic sediments. We did not follow the methane 
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distribution long enough to quantify its dispersion by mixing; however,  it is likely that 
enhanced mixing would lead to enhanced oxidation as oxygenated and methane-rich 
waters are mixed at the edges of  the distributions. ANDERSON and DEvoL (1973) concluded 
that mixing at the lower boundary between the old bottom water and the bolus was 
minimal and that nitrate acted in a conservative manner on the time scale of  the mixing 
event. We suspect that we observed the beginning of seasonal weakening or destruction of 
the anoxic boundary, eventually leading to mixing of methane with adjacent oxygenated 
waters. Seasonal mixing on this scale is analogous to autumn overturn in lakes. Also by 
analogy, this suggests that much of the methane which accumulates in the deep water over 
the summer stratification season is vented over a very short time in the autumn. 
Ventilation may mix methane up into contact with oxygenated waters where it is oxidized 
in situ, or, less likely, it could be directly vented to the atmosphere.  

Ambient  ammonium concentration was sampled only once in September,  on the initial 

Table  I. Kinet ic  constant,s der ived  [)'om 

L i n e w e a v e r - B u r k  tran,s jbrmations o f  C H  4 oxidat ion 

rate vs [CH4] .  N = 8 / o r  each exper iment .  V~ ..... = 

m a x i n u # n  oxidat ion  rate, K~ = ha i l  saturat ion 

donstaHt 

"~/11111X /~.', 
D e p t h ( m )  ( n m o l t l  i )  ( r i M )  R 2 

3(1 0 .043  463 0 .90  

30 0.(153 68 fl.74 

80 0 .203  222 fl,85 

112 11.426 129 U.52 
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vertical profile cast. Its distribution was very similar to that of methane,  and clearly shows 
the accumulation of ammonium in the anoxic wedge. Ammonium oxidation cxpcriments  
were concentrated in the oxygenated upper  layer, including one time course and two 
kinetic experiments  in the ammonium gradient tit the upper  edge of the anoxic wedge. The 
distribution of ammonium oxidation rates in August in Saanich Inlet differed from that 
found in oceanic sites, in that there was no regular decrease with depth below the cuphotic 
zone. [The extent of the photic zone, estimated from the chlorophyll distribution (M,x IR,u 
and VErTt:R, 198{4), was taken to be about 30 m.] Lowest rates were found just above the 
oxic-anoxic interface, with one high point in the interface (130 m). This one point nlighl 
suggest a rate maximum in a narrow interface region, but more complete coverage would 
be necessary to test this hypothesis, in September ,  the variability among replicate samples 
in kinetic experiments (Fig. g) ensures that the oxidation rate in the interface region (112 
m) was indistinguishable from rates measured at 30 and 8() m. 

The August ammonium oxidation rate distribution is simihtr to the pattern found in the 
Cariaco Trench (WARD and KI I .PAIR]CK,  submitted),  where variable rates wcrc found 
throughout the oxygenated layer. Highest rates detected in the Cariaco Trench wcrc 48 
nM day I. Measured ammonium oxidation rates in Saanich Inlet (up to 120 nM da \  i in 
August,  40 nM day ~ in September)  were in the same range as rates reported for most 
coastal and oceanic environments by simihir methods. Highest rates detected in the 
Southern California Bight were 40 nM day i {WARD, lgg7b) and in the eastern tropical 
North Pacific oxygen minimum zone about 60 nM day i (WARD and Zxvmu)u,  1988). 
Rates reported for the subsurface water overlvin,,, e the stron,,> oxygen, nf in in]um zone off 
Peru exceeded those measured here, reaching nearly 300 nM day i (WARD el a/., 10g0a). 

The kinetic behavior of the natural ammonium oxidizing population was consistent with 
previous observations in marine systems (Ol,sox, 19glb: WARD, 1986). That is, there was 
no apparent  relationship between oxidation rate and experimentally altered ammoniunl  
concentration. Although cultured ammonium oxidizers sometimes exhibit conventional 
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Michaelis-Menten kinetics (CAR1,UCC1 and STRICKI,ANI), 1968: SuzuKI et al . ,  1976: HYMAN 
and WOOD, 1983), such behavior  is rarely observed in natural populations (HAsnIMOTO et 
al. ,  1983). The ranges of ammonium concentration tested in the Saanich Inlet samples are 
the same concentrations that elicit a normal kinetic response in cultured Nitro,soco~'ct~s 

oceanus ,  a marine ammonium oxidizing bacterium (WARD, 1987a). Lack of kinetic 
response by natural populations is not understood, but has several possible explanations: 
the most obvious possibility is that the bacterial strains studied in the laboratory arc not 
representative of members  of the natural population, and that the substrate ranges that 
elicit reponses in the laboratory are inappropriate for natural populations. This hypothesis 
is very difficult to test at present due to limitations of the bN methodology used to measure 
in situ rates, if natural populations have effective saturation constants below our measure- 
ment capabilities, ammonium may not be the limiting component .  Light and oxygen 
concentration are known to influence ammonium oxidation rate (HORRI(',AN CI gt[., 1981: 
OLSON, 1981b, WARD, 1985, 1987a, b), but these variables were constant at physiologically 
acceptable levels in the kinetic experiments  described here. Another  alternative ex- 
planation derives from the autotrophic nature of ammonium oxidizers. This behavior is 
consistent with the characteristics of strict chemoautotrophs  (WHIH'ENBt.IRY and KEIEX, 
1977). Obligate autotrophs possess constitutive Calvin cycle pathways and constitutive 
chemoli thotrophic pathways. The natural selection argument  for the ew~lution of obligate 
autotrophy put forward by WHITTENBURY and KEEI.¥ (1977) states that cnzymcs in the 
constitutive autotrophic pathways are not inducible and do not respond to changes in 
substrate concentration on short time scales. 

Although single samples exposed to varying ammonium concentrations do not generally 
exhibit a rate response, measured rates in different samples are sometimes found to be 
correlated with ambient  ammonium concentration (HASHIMO1'O et al . ,  1979: WARD el a[., 

1984; WA~D, 1985). This was not the case in the present data; there was no correlation 
between ambient  ammonium concentration and measured ammonium oxidation ratc at 
the same depth. Ammonium concentrations were uniformly low except in the surface 
layer, where sporadic high values were found, and in the anoxic layer wherc ammonium 
concentration was inversely related to oxygen concentration. 

The methane oxidation rates measured in September  are consistent with results from a 
month earlier; low rates occurred in the surface waters, but increased approaching the 
oxic-anoxic interface (Fig. 3). A similar distribution, with a rate maximum at the oxic-  
anoxic interface, was found in the Cariaco Trench (WARD el al . ,  1987, 1989a). However ,  
absolute methane oxidation rates in Saanich Inlet were much higher than observed in the 
Cariaco Trench (2 nM day i at the interface in Saanich Inlet vs0 .06  nM day i at the 
interface in the Cariaco Trench; WARD et al . ,  1987). This difference in rates between the 
two sites is consistent with the relative magnitude of ammonium oxidation at the sites (scc 
above),  and implies a generally more eutrophic status for Saanich Inlet. Obserwttion of a 
seasonal mixing event in Saanich Inlet also suggests that the latter is a less stable system 
with a higher diffusive flux of methane into the oxygenated layer, and consequently, 
higher in ,s'ittl methane oxidation rates, at least on a seasonal basis. 

It has been demonstra ted that methanotrophs  are capable of oxidizing ammonium to 
nitrite (FF, RENCI et al . ,  1975; O ' NHH,  and WILKINSON, 1977; DALI'ON, 1977), and that 
ammonium oxidizers can oxidize methane to methanol (HYMAN and WOOD, 1983) or to 
carbon dioxide and cell material (JONES and MORrIA, 1983: WARD, 1987a). In some 
combinations of substrate concentrations, methane inhibits ammonium oxidation by 
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ammonium oxidizers (SuzuKI et al . ,  1974; HYMAN and WOOD, 1983: JONES and MORITA, 
1983; WARD, 1987) and vice versa (WHIHENBURY el a/., 1970; FERENCI et al. ,  1975). The 
rate of oxidation of the alternative substrate is generally much lower than oxidation of the 
primary substrate by each group and utilization of the secondary substrate for growth has 
not been demonstrated.  Based on laboratory studies of the relative affinity of  N. oceanzt.s 

for CH 4 and NH 4 (WARD, 1990), it appears  that marine nitrifiers might be able to utilize 
methane and ammonium simultaneously at concentrations at which they commonly occur 
in marine environments.  

The interaction between methane and ammonium in pure cultures of nitrifiers has bccn 
interpreted as a form of competit ive inhibition, and inhibition by methane was overcome 
at high ammonium concentrations (SuzuKi et al. ,  1974; HYMAN and WOOD, 1983: WARD, 
1987a). In the kinetic experiments  per formed in September ,  the ratio [CH,]/[NH4] varied 
from <0.001 to 0.5: the upper end of this range was previously found to produce inhibition 
in cultured N. oceanus .  Methane concentration had no discernible effect on ammonium 
oxidation rates in Saanich Inlet populations. The ambient  concentration ratio in the water 
column ranged from 0.04 to >1.0. Natural populations may be acclimated to the presence 
of both substrates in variable ratios, anti thus not subject to inhibition at the concentration 
ranges or ratios used in the experimental  manipulations. Alternatively, as suggested 
above, the ammonium oxidizers studied in pure cultures are not representative of those 
comprising natural populations (because they are no longer adapted to very low substratc 
concentrations),  and thus kinetic behavior  of the forrner cannot be directly translated to 
understanding of the latter. 

in contrast to ammonium oxidation, methane oxidation rate increased in response to 
experimentally increased methane concentrations (Fig. 5). This "'normal" kinetic response 
by marine methanotrophs  is typical for successful facultative autotrophs (WHITTENBURY 
and KH,I,Y, 1977). Samples from different depths yielded different estimates of kinetic 
parameters ,  presumably due to the differences in in situ populations (Table 1). V, ..... 
increased with depth: the wdue at 112 m was 10-fold greater than at 30 m. This is in general 
agreement  with the expected population abundance of methane oxidizing bacteria being 
greatest near the oxic-anoxic interface. The highest and lowest estimates for &'~ were both 
derived from experiments  in 30-m samples. Different populations may have been present 
at 31) m on different days due to displacement of the water column caused bv the mixing 
event which occurred during the cruise. 

When all methane oxidation rates above the oxic-anoxic interface from August (WARD 
el al . ,  1989a) and September  are combined,  there is a suggestion of a relationship between 
measured oxidation rate and in situ methane concentration (Fig. 9). The correlation 
explains 8 2 %  of the wlriance in the combined data from August and September.  Other  
wtriables, such as oxygen concentration, may also be important in determining itl situ 

oxidation rates. Anaerobic  methane oxidation rates are very low relative to [CH4] (not 
included in Fig. 9). 

There was no effect of ammonium concentration on methane oxidation rate (Figs 7 and 
8). ] 'he variability in oxidation rate between depths exceeded that between concentrations 
within depths, implying that ammonium concentrations between (1.2 and 10(I uM neither 
limited nor inhibited in situ methane oxidation rates. If methanotrophs  were capable of 
utilizing ammonium as an electron donor for energy generation, it might be expected that 
the proport ions of methane utilized for carbon assimilation and oxidized to COx would 
respond to the availability of the alternative electron donor.  The fraction of methane label 
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which appeared in cells did not vary systematically with either total methane oxidation rate 
or ammonium concentration. A correlation with [CH4]/[NHa] explained part of the 
variation in the fraction of methane going into cell material in experiments  in which 
ammonium concentration was constant while methane concentration wined. For indi- 
vidual experiments,  this correlation explained 60 90% of the variation (but was not 
evident in the pooled data from all experiments:  Fig. 4). However ,  this relationship is 
wholly due to correlation with methane concentration,  rather than the ratio of the two 
substratcs. The implication is that relatively less methane is fixed into cells as methane 
concentration increases. Since there is a positive relationship between methane oxidation 
rate and [CH4], it further implies that increased oxidation rate in response to increased 
substrate concentration results from disproportionately faster energy production com- 
pared to cell production. 

In aerobic samples from the August profile (including the surface through the interface), 
there was no relationship between fraction of label in cells and [CH4]. This is consistcnt 
with the lack of correlation in the pooled samples from the September  experimcnts (see 
above.  Fig. 4) and implies that wc do not really know what controls the proport ionation 
between particulate and CO:  production from methane oxidation. In three rate measure- 
mcnts from anoxic waters ([CH4] >: 250 nM), however,  the fraction of label in cells was 
significantly reduced (about 3(}% compared  to a low of 50% for all other samples). These 
samples were inconsistent with the relationship between oxidation rate and [CHa] (Fig. tY), 
implying that different mechanisms may apply to the anaerobic process. Anaerobic 
methane oxidation was much slower in the presence of equivalent methane concentralions 
than was aerobic oxidation, but the kinetics of the anaerobic process were not investi- 
gated. 

CONCLUSIONS 

Several indirect means were used to ewfluate the relationship betwecn ammonium and 
rnethane oxidation in Saanich Inlet. Although the distribution of ammonium and methane 
show certain similarities, their oxidation rates are not obviously correlated. Experiments  
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designed to detect inhibition or enhancement of oxidation rates in the presence o r  absence 
of alternative substrates detected no effect of ammonium on inethane oxidation rate nor of 
methane on ammonium oxidation rate. These results imply that ammonium and methane 
are not competitive subs/rates in this system (at least not over the concentration ranges 
tested), and that the bacterial populations which perform the two reactions are probably 
distinct from each other. It also implies that kinetic behavior observed in lahoratorv 
culture is not always a viable basis upon which to predict behavior of natural svstems. This 
dichotomy is also demonstrated in the fact that ammonium oxidizers in culture cxhibit 
normal Michaelis Menten kinetics with respect to ammonium, and this effect is not 
observed in most marine systems. Either laboratory strains have evolved away from those 
in the environment from which they were originally derived, or our lahoratory species are 
not representativc of the organisms which dominatc the enviromnental sx, stem studied 
here. Further experimentation at truly tracer substratc concentrations arc ncccsszirV to 
cxchide the possibility that natural populations do cxhibii competition or inhibition hv 
alternative substratcs at natural substrate levels. 
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