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ABSTRACT: Concentrations and heterotrophic uptake rates of monomethylamine, dlmethylamine, 
and trimethylarnine in estuarine seawater were measured.  There was a strong seasonal vanation in 
the abundance and biological uptake of these compounds. Both concentrations and heterotrophic 
uptake rates of the 3 methylarnines (MA) are  higher in summer than In winter. Turnover times of 
the MA are  shorter in summer (several hours) than in wlnter (thousands of hours). DMA is the most 
abundant (15 to 180 nM) and has the fastest uptake rate (0.1 to 12 nM h - ' ) ,  while MMA and TIMA 
have lower concentrations (5  to 60 nM) and slower uptake rates (0 01 to 2 4 nM h - ' ) .  Uptake rates of 
MA were not inhibited by addition of 1 pM ammonium Changes in seasonal distr~butions of MA and 
thelr uptake rates suggest that biological production of MA is greatest in the summer months and  I S  

lower in the winter. 
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INTRODUCTION 

Monomethylamine (MMA), dimethylamine (DMA), 
and tnmethylamine (TMA) are low molecular weight 
organic nitrogen compounds found in both terrestrial 
and marine environments (Smith 1971, Yancey et al. 
1982, King 1988). In seawater, methylamines (MA) are 
products of degradation, excretion and metabolism by 
marine animals and bacteria (Hebard e t  al. 1982, King 
1984, Ssrensen & Glob 1987). Methylamines can be 
taken up by heterotrophic bacteria (Budd & Spencer 
1968, King et al. 1983, Lee 1992), facultative methyl- 
otrophs (King 1984, Gottschalk 1986), and cyanobac- 
teria (Boussiba et al. 1984, Kerby et al. 1986, Gun- 
nersen et al. 1988). There is some evidence that MA 
can be taken up by marine phytoplankton, including 
diatoms (Wheeler 1980, Wheeler & Hellebust 1981, 
Wnght & Syrett 1983), microflagellates (Koike et al. 
1983), dinoflagellates and coccolithophorids (Balch 
1985, 1986). Reports of uptake by macroalgae 
(Wheeler 1978, MacFarlane & Smith 1982) and by 
some symbionts with zooplankton (D'Elia & Cook 
1988) also exist. In spite of the qualitative knowledge 

that MA are commonly produced and used by many 
marine organisms, concentrations and production and 
consumption rates in seawater are not well known due 
to the difficulty in measuring the low concentrations of 
these compounds usually found in the marine environ- 
ment. Most previous uptake studies measured only 
turnover times in seawater rather than uptake rates 
since the ambient concentrations of MA were not 
known. 

Although a number of studies have reported measur- 
ing concentrations of methylamines in pore waters and 
sediment (King et al. 1983, Lee & Olson 1984, Ssrensen 
& Glob 1987, Wang & Lee 1990), very few studies have 
determined the concentration of any MA dissolved in 
seawater (Mopper & Zika 1987, Ssrensen & Glob 1987, 
Van Neste et al. 1987). Recently we developed a diffu- 
sion method that uses Teflon membranes and is capa- 
ble of measuring various amines in seawater at con- 
centration ranges from nM to pM (Yang et al. 1993). In 
the work we report here, we use this technique to mea- 
sure seasonal and die1 variations in the concentration 
of MA and investigate the role of bacterial uptake in 
controlling these concentrations. 
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MATERIALS AND METHODS 

Description of study area. Flax Pond, New York, USA, 
is a salt marsh located on the north shore of Long Island 
and is connected to Long Island Sound by a single man- 
made channel (Woodwell & Pecan 1973). There is very 
little freshwater drainage into the marsh. Except for the 
tidal creeks and flats, the marsh surface is primarily cov- 
ered with marsh plants such as Spartina alterniflora 
(46% of the marsh surface), S. patens and Distichlis 
spicata (7 %) and Salicornia spp. The salinity in Flax 
Pond usually ranges between 26 and 28%0. 

Seasonal and daily variations. Concentrations and 
heterotrophic uptake rates of MA were measured 
monthly from April 1990 to April 1991. On 2 August 
1990, the variation with time of both concentration and 
heterotrophic uptake rate of MA were measured. 
Samples were taken during daylight at  08:00, 12:00, 
16:OO and 20:OO h. Water temperatures were 22.5, 25.5, 
26 and 25.5"C respectively at these times. High tides 
occurred at  08:OO and 20:20 h. Samples to investigate 
temperature effects on uptake rate were taken in Feb- 
ruary and March 1991 and were incubated at 7 and 
24 "C. 

Heterotrophic uptake. In order to determine het- 
erotrophic uptake rates of MA in seawater, unfiltered 
seawater samples were incubated with I4C-methyl- 
amines at  in situ temperatures. Both incorporation into 
cellular constituents and respiration to CO2 were mea- 
sured in all uptake experiments. All seawater samples 
were collected at least 60 cm above the sediment in 
acid-washed plastic bottles. Seawater was inoculated 
with 45 nCi of I4C-labeled MA in 100 p1 distilled water 
and incubated. Specific activities of the labels were 
48 mCi mmol-l MMA, 54 mCi mmol-' DMA, and 
3 mCi mmol-l TMA. The spikes resulted in an increase 
of about 20 nM MMA and DMA and 300 nM TMA. An 
attempt was made to minimize the amount of label 
added in order to perturb the system as little as possi- 
ble. However, achieving true tracer concentrations 
(less than 10% of natural concentrations) was not pos- 
sible using I4C since specific activities of these small 
amines are very low. I4C-labeled compounds were 
used instead of higher specific activity tritiated com- 
pounds because of the ease of measurement of 14C02 
relative to the distillation method (Azam & Hodson 
1981) required for 3H20.  Respiration was measured in 
a large number of samples almost simultaneously so 
ease of measurement was critical. The percent of label 
consumed in these experiments was always less than 
15 %. This method should give reasonable estimates of 
rate constants where substrate saturation has not been 
reached (Wnght & Hobbie 1966, Billen et al. 1980) and 
multiphasic kinetics do not occur (Azam & Hodson 
1981). 

The microbial decomposition rate is assumed to be 
the same as the microbial uptake rate, which was mea- 
sured as the sum of respiration and incorporation of 
label over time. Assuming first-order kinetics, the rate 
constant of decomposition of substrate S can be esti- 
mated from a plot of -In [S/So] versus incubation time. 
So is the substrate concentration at time zero. If added 
label behaves similarly to the natural substrate, then S 
at time t equals So - fSo where f is the fraction of label 
taken up at time t, and thus S/So equals (1 - f ) .  The 
turnover time is the reciprocal of the first-order rate 
constant, k. The decomposition rate, v, can be deter- 
mined as the product of the rate constant and [S,,], the 
natural substrate concentration, or V = k[S , ] .  In a typi- 
cal example for the 3 arnines at a single sampling time, 
Fig. 1 shows the linearity of results obtained using this 
technique. 

Respiration was measured as the production of I4CO2 
from the labeled substrate. Activity in the CO2 pro- 
duced was measured on duplicate samples by passive 
distillation of the CO2 onto protosol-soaked wicks. The 
CO2 was liberated from solution by acidifying 5 m1 of 
seawater with 18 N H2S04 through a serum stopper 
and shaking for 1 h. Both the wick and the remaining 
acidified seawater were counted to provide a check on 
label recovered in the distillation. Recovery was 
always greater than 85%. Incorporation of label was 
measured by filtering duplicate subsamples onto 
0.22 pm Millipore filters to measure uptake into the 
particulate fraction. Aquasol or Optifluor was used as 
the scintillation fluor, and recounts showed the 
absence of chemiluminescence. Counting was to 1 % 
error and quench corrections were made by the chan- 
nels ratio method. 

Ambient methylamine concentrations. Water sam- 
ples were filtered through combusted (500°C for 5 h) 
Whatman GF/F and then 0.22 pm Millipore filters: 2 m1 
of 6 N HCI were added immediately after filtration to 
each liter of sample. Acidified samples were stored in 
the refrigerator for up to 2 wk before analysis. Con- 
centrations of MA were determined by the c~rculation 
diffusion method described previously (Yang et al. 
1993). Duplicate analyses varied within + 10 to 15%. 

Kinetic parameters. We can calculate V,,,, the 
maximum uptake achievable by increasing substrate 
concentration, and K,, a transport constant that is a 
measure of the affinity of the uptake system for a sub- 
strate, by assuming kinetic homogeneity for the mic- 
robial population and a Michaelis-Menten enzyme 
kinetics model (Wright & Hobbie 1966, Azam & Hod- 
son 1981). Incubations were conducted by spiking 
with appropriate concentrations of unlabeled MA into 
unfiltered seawater in March 1991 and July 1992 
using 10 different concentrations in the spring (80 nM 
to 2 PM) and 4 in the summer (0.5 to 500 PM). The 
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uptake rates were calculated in the same manner as 
described above, but for each added concentration. 
From a Lineweaver-Burk plot of l /v  as a function of 
1/S, K, was read as the X-intercept and l/V,,, as the 
y-intercept (Fig. 2). 

Competition experiment. Bacterial competition ex- 
periments were condu.cted on 10 September 1990 
and have been described by Jargensen et  al. (1993). 
In these experiments, plastic buckets were filled with 
l 0  1 of 0.22 pm filtered seawater, and 0.5 1 of bacterial 
inoculum (1 pm Nuclepore filtered seawater) was 
added. The effects on bacterial growth parameters of 
nutrient additions were tested by adding 1 pM NH, 
(enrichment B), 0.6 pM each of MMA, DMA, and 
TMA (enrichment C) ,  and the previous mixture of MA 
plus 1 FM NH, (enrichment D). The fourth bucket was 
the control (A). The buckets were incubated at room 
temperature in the dark for 14 h. Then, subsamples 
were taken from each bucket for measurement of 
MA concentrations and heterotrophic uptake rate 
constants. 

Tank experiment. Flax Pond seawater was isolated 
in a white 167 1 plastic tank and placed in the marsh 
just below the level of high tide. Concentrations and 
heterotrophic uptake rates of MA were measured 
4 times during a die1 cycle starting a t  14:OO h (20 to 
21 May 1992) and compared with the ambient seawa- 
ter. Because the tank was grounded during low tide, it 
was exposed to the sun and warmed during this time. 
Temperatures in the tank were thus 20, 19, 19, and 
23 "C in the tank and 20, 16, 18, and 21 "C in the ambi- 
ent seawater at the sampling times. 

RESULTS 

Seasonal and daily variations 

DMA was the most abundant MA throughout the 
year (Fig. 3A) and varied significantly, while MMA 
and TMA concentrations were lower. Concentrations 
of DMA ranged from a low of 25 nM in January to 
highs of 180 nM in May and September. Concentra- 
tions of MMA and TMA were lower, ranging from be- 
tween 5 and 10 nM in December and January to be- 
tween 40 and 50 nM during May through September. 
Turnover times of all 3 MA were 100 to 200 times 
shorter in summer than in winter (Fig. 3B) and ranged 
from several hours to 100 d .  The heterotrophic uptake 
rate of DMA was 5 to 10 times higher than that of 
MMA or TMA. Uptake rates of all 3 MA were higher 
in the summer (1 to 4 nM h- '  for MMA and TMA, 
10 to 20 nM h-' for DMA) than in the winter (0.002 to 
0.004 nM h- '  for MMA and TMA, 0.011 nM-' for 
DMA) (Fig. 3C). 

Time (mid  

Fig. 1 An example of a kinetic plot used to calculate uptake 
rate constants for MMA (r2 = 0.99). DMA (r2 = 0.99), and TMA 

(r2 = 0.99) 

A TMA 

Fig. 2. An example of the Lineweaver-Burk plot used to cal- 
culate K, and V,,,,,: (A) for TMA (r2 = 0.97) during March and 
(B) for MMA (r2 = 0.97), DMA (r2 = 0.97). and TMA (r2 = 0.99) 
during July. Units of S are PM; units of v are  nmol h-' in 

March and pm01 h-' in July 



Mar. Ecol. Prog. Ser. 108: 303-312, 1994 

200 - - 0 - -  MMA 
DMA 

--a-- TMA 
150 - 

J F M A M J J A S O N D  

- - 0 -  MMA 

--*-. TMA 
80 

J F M A M J J A S O N D  

$ 20 
c - 
2 15 
a! 
4, 

$ 10 
G- 
3 

5 

0 

J F M A M J J A S O N D  

30 -' - -n- .  

Fig. 3. Seasonal variations in (A) concentrations, (B) turnover 
times, and (C) heterotrophic uptake rates of MMA, DMA, and 

TMA in Flax Pond seawater 

25 - 

On 2 August 1990, concentrations of MMA and DMA 
increased b y  50 to 70% in the afternoon (Fig. 4A). 
TMA concentrations showed no significant change. 
The turnover time of DMA was shortest (average 8 .2  h) 
of the 3 MA (Fig. 4B). Without replication it is impossi- 
ble to know whether the TMA turnover time a t  08:OO h 
is representative. Uptake rates for MMA and TMA 
showed only slight changes during the day, while 
DMA uptake rates were higher, particularly in the 
afternoon (Fig. 4C). 

Uptake rates for all 3 MA were higher at higher tem- 
perature (Table 1). These trends are in agreement with 
the increase in uptake rates of MA measured in Flax 
Pond during the warmer periods (see also Fig. 3B). 

c MMA * DMA 
--A- TMA 

Kinetic parameters 

Maximum uptake rates (VmaX) and transport con- 
stants (KO for MMA, DMA, and TMA measured in 
March 1991 and July 1992 are shown in Table 2. 
Among the 3 MA, Vm of TMA was 10 to 30 times 
faster than MMA and DMA, K, of DMA was 8 times 
higher than MMA and about half that of TMA. In 
the spring, K, of TMA was 100 times lower than the 
summer sample. 

50 - D -  M M A  
B - D M A  

20 
--D- M M A  

8:00 12:oO 1 6 0 0  20:OO 

Time of Day (h) 

Fig. 4.  Daily variations in (A) concentrations, (B) turnover 
times, and (C) heterotrophic uptake rates of MMA, DMA, and 

TMA on 2 August 1990 in Flax Pond seawater 
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Table 1 Uptake rates (nM h- ' )  of methylamines as a function 
of temperature 

Pp 

MMA 0.05 0.32 
DMA 0.09 0.23 
TM A 0.03 0.12 2.4 

Table 2. Kinetic parameters for methylamine uptake 

K, v,,, 
(PM) (PM h-') 

MMA (July) 3.3 0.14 
DMA (July 26.7 0.05 
TMA (July) 58.8 1.7 
TMA (March) 0.57 0.01 

Table 3. Uptake rates (nM h- ' )  of methylamines in competi- 
tion experiments 

Seawater Seawater + Seawater + Seawater + 
1 PM NH,+ 0.6 pM MA 1 p M  NH,' + 

0.6 pM MA 
(A) (B)  (C) (D) 

.p-- - - -  - 

MMA 1.1 2.2 3.0 2.1 
DMA 13.6 13.7 8.9 7.2 
TlMA 0.5 1 .O  11.7 9.9 

Competition experiments 

Heterotrophic uptake rates of MA were not much 
affected by addition of ammonium to seawater 
(Table 3). However, in the MA-enriched treatments 
(C & D, Table 3), uptake rates increased greatly for 
TMA, decreased somewhat for DMA, and remained 
about the same for MMA compared to the natural and 
ammonium-enriched treatments (A & B, Table 3). 

Tank experiment 

Concentrations of MA in the tank were lower after 
1 d of isolation than concentrations measured in the 
Pond (Fig. 5). At the end of 24 h,  turnover times of 
MMA and DMA were 6 to 10 times shorter in the tank 
than in the ambient seawater (100 to 150 h) (Fig. 6) .  
Microbial uptake rates of MMA and DMA were also 
systematically faster (up to 4 times faster) in the tank 
than in the Pond (Fig. 7) .  

30 - - m  - 
A 

Tank 
- -D - Seawaler 

B 
U Seawaler 

Time (h) 

Fig. 5. Concentrations of (A) MMA, (B) DMA, and (C) TMA in 
an isolated tank and ambient Flax Pond seawater in May 

1992. Initial incubation time was 14:OO h 

DISCUSSION 

Seasonal variations 

Strong seasonal variations of concentrations and 
uptake rates of MA in seawater were observed 
(Fig. 3A, C). Both concentrations and heterotrophic 
uptake rates of MA were much higher in the warmer 
months from May to September than during the win- 
ter. Concentrations of DMA, MMA, and TMA were 
higher in May and September than in winter in sedi- 
ment pore waters and the sediment solid phase of Flax 
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Fig. 6. Turnover times of (A) MMA and (B) DMA in an isolated 
tank and ambient Flax Pond seawater in May 1992. Initial 

incubat~on time was 14:OO h 

Pond (Wang & Lee 1990, unpubl.). Similar results have 
been found in water and sediment pore water of a Dan- 
ish estuary where higher concentrations of TMA were 
measured in spring and early summer than in winter 
(S~rensen  & Glob 1987). These trends suggest that a 
major source of MA to both the sediment and overlying 
water is biological production either directly from 
phytoplankton or marsh grasses, or indirectly from 
secondary producers. High primary productivity and 
biomass occur in spring and fall in Long Island Sound 
as in most temperate seas. In addition, in the fall, 
decomposition of Spartina marsh grasses is a major 
input of organic matter to marsh sediments. 

Several methylamine precursors such as choline 
(CHO), glycine betaine (GBT) and trimethylamine 
oxide (TMAO) are present in many algae and animals 
found in marshes and coastal waters (Yancey et al. 
1982, King 1988). Some macroalgae contain high con- 
centrations of TMA and TMAO (up to 1 mm01 g- '  dry 
wt; Fujiwara-Arasaki & Mino 1972). Marsh grasses 
(e.g. Spartina alterniflora and S. patens) have large 
amounts of GBT (30 to 270 pm01 g-' dry wt; Cavalieri 
& Huang 1981, Cavalieri 1983, King 1988). Various 

Fig. 7. Heterotrophic uptake rates of (A) MMA and (B) DMA 
in an isolated tank and ambient Flax Pond seawater in May 

1992. Init~al incubation time was 14 :OO h 

invertebrates and vertebrates are rich in TMAO (up to 
140 pm01 g - '  fresh wt) and GBT (Hebard et al. 1982, 
King 1988). Bacteria and cyanobacteria contain TMA, 
TMAO, and GBT (Le Rudielier & Bouillard 1983, Reed 
et al. 1984). These quaternary amines are easily 
degraded to TMA and other products (including 
acetate and ethanol) by bacteria (Walther et al. 1981, 
Englard et al. 1983, King 1984). TMA and MMA have 
been observed frequently in algae (Rolle et al. 1971, 
Smith 1975) and also have been identified as excretion 
products in culture medium, suggesting that MMA and 
TMA also are released by the algae (Rolle et al. 1971, 
Herrmann & Juttner 1977). 

High concentrations of TMA have been found in 
slurries of salt marsh sediments amended with fresh 
Spartzna foliosa leaves (Oremland et al. 1982). 
Sorensen & Glob (1987) observed high TMA pore 
water concentrations that were associated with the 
maximum in fauna1 density in spring and early sum- 
mer, and also when degrading macroalgae (Ulva lac- 
tuca) accumulated in the stagnant water in the estuary. 
These studies suggest that direct excretion of TMA by 
osmoregulating animals or degradation of plants might 
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be important sources of TMA (and possible the other 
MA) in the sediments. 

Uptake rates of all 3 methylamines were higher in 
summer reflecting the higher temperatures then. The 
uptake rates increased later in the summer than the 
MA concentrations suggesting that the microbial com- 
munity responsible for consuming the MA may have 
taken some time to acclimate to higher MA production. 
Under oxic conditions, TMA can be oxidized to DMA, 
MMA, formaldehyde, carbon dioxide and ammonium 
by heterotrophic microorganisms (Colby et  al. 1979, 
Bicknell & Owens 1980, Naumann et  al. 1984). 

The higher concentrations of DMA relative to MMA 
and TMA in seawater are  rather puzzling. DMA is the 
most prevalent MA in human and rat urine (Asatoor & 
Simenhoff 1965, Zeisel et  al. 1985). The source is con- 
sidered to be the breakdown of TMA, but production is 
not thought to occur entirely through a quaternary 
amine metabolic pathway and is not entirely depen- 
dent on gut bacteria. Other sources of DMA are 
unknown but Asatoor & Simenhoff (1965) suggested 
that methylation of MMA by methionine might also be 
a n  important source. In our study, microbial decompo- 
sition rates of DMA were a s  fast as or faster than those 
of the other MA, so the production rate must have been 
faster as well to sustain the higher concentrations 
observed. 

Daily variation 

In an  attempt to examine in further detail the rela- 
tionship between consumption and production of MA, 
the uptake rates and the concentrations of methyl- 
amines were measured throughout the day. Concen- 
trations of MA and DMA increased slightly in the after- 
noon while turnover times for MMA, and possibly 
TMA, also increased slightly (Fig. 4A, B). This resulted 
in a roughly constant uptake rate (Fig. 4C) and sug- 
gests that there was net production of DMA during the 
daytime. DMA production could occur due to the 
breakdown of quaternary amines and TMA in algae or 
as products of bacterial metabolism of algal products. 

The daily differences observed were measured over 
different parts of the tidal cycle and  at  slightly different 
water temperatures (22 to 26°C). Tidal effects on 
uptake rates and concentrations of MA are not known. 
Input of MA may be higher at low tide than at  high tide 
because of the influence of the sediments which are a 
likely source of these compounds to the water colun~n 
(Wang & Lee 1990, but see later discussion). Generally, 
the depths of the sampling areas were about 60 cm 
above the sediment. Further investigation is needed to 
understand die1 cycles of production and consumption 
of MA in marine environments. 

Competition experiments 

Several previous studies found that uptake rates of 
MMA by different microorganisms were significantly 
inhibited by added ammonium. For example, uptake 
rates of MMA by nitrifying bacteria (Glover 1982), N2- 
fixing bacteria (Mazzucco & Benson 1984), blue green 
algae (Kleiner & Fitzke 1981), and phytoplankton 
(Wheeler 1980, Koike et al. 1983, Wright & Syrett 1983) 
were all inhibited by ammonium addition. However, in 
the present study, rates of heterotrophic bacterial 
uptake of MMA (as well as DMA and TMA) were not 
depressed by ammonium added to the medium (com- 
pare treatment B with the control A, or C with D; 
Table 3). Uptake rates of the MA were generally simi- 
lar in ammonium-enriched treatments and in the non- 
enriched culture. Bacterial cell number and activities 
also showed no significant differences between treat- 
ments A and B (Jerrgensen et al. 1993). The difference 
in observed sensitivity to ammonium between our 
studies and  previous ones may be due  to differences in 
MA metabolic capabilities. In our experiments, I4C- 
MA were respired to COz; the MA taken up  did not 
simply accumulate in the cells. Previous studies were 
conducted using organisms that transported but did 
not metabolize MMA. Most previous studies also were 
conducted at concentrations of MMA higher than K, 
and using pure cultures of microorganisms rather than 
at tracer level concentrations of amines and with nat- 
ural communities as in the present study. 

Although TMA apears to have larger direct sources 
in the marsh (Wang & Lee unpubl.), DMA and MMA 
have higher concentrations than TMA in the competi- 
tion experiments and in the control which may partly 
relate to the bacterial production of these 2 MA. Dur- 
ing the competition experiments, concentrations of 
DMA initially increased by 40 to 60% and MMA 
increased by about 15 % in the MA-enrichment treat- 
ments (Yang 1991). TMA can be nlicrobially oxidized 
to DMA and then to MMA and NH, and CO2 as 
described in previous laboratory studies (Budd 1969, 
Colby et  al. 1979, Naumann et  al. 1984). Meiberg & 
Harder (1978) observed that DMA and a small amount 
of MMA were transiently produced and subsequently 
consumed by bacteria when the organisms were 
grown on TMA as the sole source of carbon and 
energy. 

Kinetic parameters 

Kinetic parameters for microbial uptake of the 
methylamines have not been previously reported for 
natural seawater. However, our value of K, of MMA 
was 3.3 pM in Flax Pond seawater, similar to the value 
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of 2 to 7 pM for N2-fixing bacteria (Boussiba et al. 1984, 
Mazzucco & Benson 1984) and values observed in 
phytoplankton of 0.2 to 1.2 pM (Koike et  al. 1983) and 
5.7 and 39 pM (Wheeler 1980). K, for MMA is much 
lower than for DMA and TMA, suggesting that uptake 
of MMA at low substrate concentrations is more effec- 
tive as for the other 2 MA. V,,, for DMA was much 
lower than for MMA (3x) and TMA (34x). Rates of 
DMA uptake measured in the summer (10 to 15 nM 
h- ')  often approached V,,, (50 nM h-') while uptake 
rates of MMA and TMA were 100 to 1000 times lower 
than V,,. This suggests that the natural heterotrophic 
population involved in uptake cannot increase its 
uptake rate as concentration increases unless the 
organisms present have additional uptake systems 
with higher V,,, values and thus exhibit multi-phasic 
kinetics (Azam & Hodson 1981). V,, for TMA was the 
highest of the 3 MA in July suggesting the capability 
for an immediate response to increased inputs of TMA. 

The difference in V,,, for the 3 amines may explain 
the difference in their uptake rates in the competition 
experiments (although the competition experiments 
were conducted in September). The uptake rate of 
TMA was more stimulated by the addition of MA than 
was the uptake of MMA or DMA (Table 3). Uptake 
rates of TMA were about 20 times higher in MA- 
enriched samples than the control. This may partly 
explain why the concentration of TMA is always the 
lowest among the 3 MA in seawater. 

Tank experiments 

MA concentrations generally decreased with time 
both inside and outside the tank: after a day the con- 
centrations were about 3 to 20 nM lower inside the 
tank (excluding the highest DMA point). There are 
several possible explanations for why the concentra- 
tion of MA in the tank decreased more rapidly than in 
water outside the tank. Either production of amines 
was reduced inside the tank due to removal of MA 
sources, or microbial decomposition was higher inside 
the tank. Microbial uptake rates within the tank were 
6 to 9 nM d - '  h ~ g h e r  than in the surrounding seawater 
(Fig. 7 ) .  Thus the difference in microbial uptake rates 
is roughly large enough to account for the difference in 
loss of MA observed between the tank and ambient 
seawater (- 15 nM in 24 h). 

Turnover times of both MMA and DMA in the tank 
decreased continually over the day to between 10 and 
40% of their original values (Fig. 6) suggesting the 
development of a community of microorganisms within 
the tank that were acclimating to MA uptake. 
Turnover times and uptake rates outside the tank were 
much more variable and showed no consistent pattern. 

The water temperature inside the tank averaged about 
2 "C warmer than the surrounding water. With Qlo val- 
ues around 1.5 to 3.8 we would expect roughly a 40 to 
80% increase in uptake rate due to temperature. Thus, 
the combination of acclimating microbial community 
and elevated temperature most likely explain the 
differences in uptake rates between the tank and 
surrounding seawater. 

However, the loss of MA to levels in the tank below 
our detection limit (2 to 4 nM) also could suggest that 
the tank may have excluded a source of amines that 
exists in the surrounding waters. We first considered 
that the sediment might be a source of amines to the 
seawater since there was no sediment in the tank. Sed- 
iments are known to serve as a source of other organic 
nitrogen compounds, e.g. amino acids (J~irgensen et al. 
1981, Jsrgensen 1982, Christensen et al. 1983). Wang 
& Lee (1990) measured seasonal profiles of MA in sed- 
iments at a Flax Pond site near where the tank experi- 
ment was conducted. We can estimate a maximum flux 
from the sediments using this data and a simple diffu- 
sion model. Seasonal sediment profiles of MA show 
that concentrations of MA never decrease towards the 
sediment water interface by more than 100 nM for 
MMA and 1000 nM for DMA over the top 8 cm. Assum- 
ing a diffusion constant similar to acetate of 1.3 X 10-S 
cm2 S-' (Michelson et al. 1989), the flux of MMA out of 
the sediment would be about 140 nmol m2 d-', or 
45 nmol d - '  over the 0.32 m2 of tank bottom surface 
area. Since the tank volume is 167 1, this flux would 
result in a concentration increase of about 0.3 nM 
MMA d-I or 3 nM DMA d-l ,  or only 6 to 20 % of the 
5 (MMA) and 15 (DMA) nM difference observed 
between the tank and outside seawater. Thus diffusion 
from the sediments does not appear to be the major 
source of amines to the water column. 

The phytoplankton and zooplankton communities 
that are known sources of amines were the same inside 
and outside the tank at the beginning of the incubation 
experiment. We expect that these populations would 
not change very much in and outside the tank during 
1 d of enclosure. Wang & Lee (unpubl.) investigated 
various sources of amines in Flax Pond and concluded 
that the Spartjna grasses prevalent throughout the 
marsh were a major source of amines, especially dur- 
ing senescence in the fall. The tank excludes the marsh 
grasses as a source as amines from the beginning of 
the experiment. However, further investigation is nec- 
essary to determine whether these grasses are a major 
source of MA to the water column. 
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