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Significance of bacteria in urea dynamics in 
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ABSTRACT: Bacterial urea production and decomposition were studied in samples from coastal waters 
in the Southern California Bight (the Bight), USA, and an estuarine system of the Mankyung and 
Dongjin rivers (MD estuary) in Korea. Bacterial urea production ranged from undetectable to 139 nM 
d-', and the mean value of bacterial urea production (58 nM d", n = 6) was equivalent to 35-91 % of 
the estimated phytoplankton N demand in the Bight. The rates of bacterial production of urea were 2 
orders of magnitude higher than the bacterial urea decomposition rates. Consequently, bacteria were 
consistently net producers of urea in the euphotic zone. The concentration-dependence of urea decom- 
position showed the presence of a high affinity but low capacity system (K,+S,,: 26 to 33 nM, V,,,: 3 to 
11 nM d-l). The low K, values indicate that in typical seawater samples, which have >l00 nM urea, the 
bacterial ureolysis system is always near-saturated. The significance of bacteria as urea producers 
should be incorporated into models of nitrogen regeneration in surface waters. 
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INTRODUCTION 

Urea is one of the major nitrogen (N) sources for pri- 
mary production in the ocean and a large contributor 
to the oceanic 'regenerated production' (Eppley & 
Peterson 1979, Harrison et al. 1985). In order to under- 
stand the regulation of N regeneration, it is important 
to find out which organisms are responsible for urea 
production in the euphotic zone and what mechanisms 
regulate urea production. The general perception has 
been that urea is mainly produced by metazoa. For 
instance, McCarthy & Whitledge (1972) concluded, 
based on extrapolation of laboratory measurements to 
field conditions, that most of the urea demand of 
phytoplankton could be explained by urea production 
by zooplankton and fish. In a field study in the central 
North Pacific gyre, Eppley et al. (1973) concluded that 
urea excretion by zooplankton could explain 40 to 
110% of urea utilization by phytoplankton. However, 
recently Harrison et al. (1985) reported that dominant 
macrozooplankton species in the eastern Canadian 

Arctic supplied only ca 3 % of the urea-N requirements 
of the phytoplankton. The possible contribution of 
microorganisms to the observed urea production rates 
was not examined in these studies. 

More recent studies indicate that microorganisms may 
be quite important in urea production. Price et al. (1985) 
measured urea production rates in the Strait of Georgia 
(Vancouver, Canada) in intact seawater samples. They 
found that N regeneration processes generated urea at 
rates similar to (frontal region) or 2- to 5-fold larger than 
(stratified waters) ammonium regeneration rates. They 
proposed a model which included (dissolved organic ni- 
trogen) DON + urea as an important pathway of N flux 
but they did not identify the organisms responsible for 
mediating this regenerative flux. Hansell & Goering 
(1989) and Slawyk et al. (1990) used isotope dilution 
methods to measure in situ urea production rates. They 
found that planktonic assemblages <333 pm (Hansell & 
Coering 1989) or <200 pm (Slawyk et al. 1990) regener- 
ated urea rapidly enough to replenish the urea pool in 
less than 1 d. While these studies implied that bacteria 
were, in part, responsible for urea production, they did 
not quantify the contribution of bacteria to urea produc- 
tion. Bacterial metabolism of purines, pyrimidines, argi- 
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nine and hypoxanthine is known to result in urea pro- 
duction (Turley 1985, Mobley & Hausinger 1989). It is 
therefore possible that the utilization of these DON com- 
ponents by natural assemblages of bacteria in seawater 
produces urea at rates which are significant in total urea 
regeneration. 

The goal of this study was to test whether bacteria in 
the planktonic microbial assemblages are significant 
producers of urea in surface waters. 

MATERIALS AND METHODS 

Study area and sample collection. Surface seawater 
samples were collected with a sterile 1 1 polycarbonate 
( ~ a l g e n e ~ )  flask at the end of the Scripps pier in Cali- 
fornia, USA (32" 53'N, 117" 15'W) and in the estuarine 
system of the Mankyung and Dongjin rivers (MD estu- 
ary), Korea (Fig. 1).  The MD estuary is a shallow 
(mostly < l 0  m) and tidally mixed estuary (for further 
description see Cho & Shim 1992). The salinity at the 
sampling stations ranges from 18 to 32%0. Additional 
samples were collected at 4 stations during cruises in 
the Southern California Bight (the Bight) in October 

l 
A 

- SnPiTA MONICA - 3 4 " ~  

- 

SAN CLEMENT€ 

I 

119'~ 1 1 7 ' ~  

D 
PIANO0 PUAN 

l I 

I 26-30'~ 126"4OSE 126'56E 

Fig. 1. Sampling stations in (A) the Southern California B~ght. 
USA and (B) an estuarine system of the Mankyung and Dong- 

jin rivers In Korea 

1985, September 1988, and February 1992. Subsurface 
samples were taken with a Niskin bottle. 

Urea production. In order to measure bacterial pro- 
duction of urea dissociated from urea uptake by phyto- 
plankton, the seawater was fractionated through 0.6 or 
0.8 pm Nuclepore filters (Bight samples) or GF/C filters 
with nominal pore-size of 1.2 pm (MD estuary). The 
reason for using different filters for size-fractionation 
was that the same pore-size filters were not available 
on all field trips. These filters pe rmt  a major fraction of 
bacteria to pass but retain most of the phytoplankton. 
One bottle or duplicate bottles of the filtrates (volume 
of 1 to 2 1) were incubated at in situ temperature in the 
dark for 10 to 24 h ,  and the abundance of bacteria and 
urea concentration were measured periodically. Fil- 
trates added with neutral buffered formalin (final conc. 
of 1 %) served as blanks for the MD estuary samples. In 
one experiment (Scripps pier sample, December 1985), 
we tested whether bacteria rather than non-bacterial 
contaminants (protozoa and picophytoplankton) were 
responsible for urea production. We inoculated 0.2 pm 
filtered seawater with the natural assemblages of bac- 
teria in 0.6 pm filtrate (2 v/v) and incubated (seawa- 
ter culture, SWC; Ammerman et al. 1984) the SWC in 
the dark at in situ temperature. Bacter~al abundance 
and urea concentration were determined periodically. 
In 5 experiments, the time-course of urea accumulation 
was monitored (Fig 2) while in the other 5 samples 
only the starting and the end-point concentrations of 
urea were determined (see Table 1). Production rates 
of urea for the size-fractionated samples were calcu- 
lated using linear regression for the whole incubation 
period (Fig. 2A, B) or for the initial (6 h) linear part of 
the incubation (Fig. 2C, D). The production rate of urea 
for the SWC was calculated for the incubation period 
from 18 to 53 h (Fig. 2E). Rates of bacterial cell produc- 
tion were estimated in all experiments over the same 
time intervals as those of urea production. 

Urea decomposition. Measurements of urea decom- 
position activity were followed with added 14C-urea, 
essentially by the method of Remsen et al. (1974). In 
most experiments, 50 m1 of seawater (0.6, 0.8 or 1 . 2  pm 
and 183 pm size-fractionated samples or whole seawa- 
ter) was amended with 0.2 pm filter-sterilized I4C-urea 
(54 to 58 mCi mmol-l, NEN) to attain 0.25 to 0.62 pCi 
per sample. The resulting concentration of added urea 
was 86.2 to 252.5 nM (except in experiments to study 
concentration-dependence of urea decomposition; 
below). For some samples this addition could not be 
regarded as true tracer, but i t  did not substantially 
increase the rates as the bacterial urease systems were 
near saturation at the natural urea concentrations (see 
'Discussion'). Samples were incubated under white- 
fluorescence light, in situ light, or in the dark. One bot- 
tle was fixed with neutral buffered formalin (final conc. 
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Fig. 2. (A)  Changes of mean values of bacterial abundance (A) a n d  urea ( a )  In dupl~cate  bottles of 0.6 pm filtrates from the Scrlpps 
pler (January 1989). (B-D) Those in single bottle of GF/C filtrates from the Mankyung and Dongjin rivers e s t ~ ~ a r y  [ ( B )  November 
1992; (C, D) J u n e  19931. ( A ,  o) Formalin-killed blanks. (E) Changes of bacterial abundance ( A ) ,  urea ( a ) ,  and urea decomposltlon 

activity (M) in seawater culture (December 1985). All samples were  from the surface. Error bars a r e  1 SD 

of 1 'X , )  and served as a control. After incubation with 
"C-urea for 1 or 2 h, 1 m1 of 2N H2S04 was added to 
the samples placed in a gas-tight container. Liberated 
'?CO2 was collected in 0.2 m1 of phenethylamine and 
radioassayed by liquid scintillation spectrometry using 
the external standard ratio method. Urea decomposi- 
tion rates were calculated as: ( f l t )  X (in situ urea con- 
centration), where f = fraction of the trace 14C con- 
verted to '"0, and t = duration of incubation. All 
measurements were done at least in duplicates. The 
coefficient of variation among replicates was usually 
~ 7 % .  

The concentration-dependence of urea decomposi- 
tion was determined in 1.0 p.m pore-size Nuclepore fil- 
trates (bacterial fraction) for 2 samples taken in the 
Bight, one from 150 m at Stn 206 and other at the end 
of the Scripps pier. Addition of mixtures of I4C-urea 
and unlabeled urea was made to achieve final concen- 
trations of added urea from 17 to 1600 nM (Scripps 
pier) or 9 to 4300 nM (Stn 206). The initial rates of 
decomposition of the added urea to I4CO2 were deter- 
mined in 30 min incubations following the procedure 
described above. A modified Eadie-Hoftsee plot (Azam 
& Hodson 1981) was used to determine V,,,,, and K,+S, 
(where S, is the natural concentration of urea). 

Other analyses. Urea was measured by the urease 
method of McCarthy (1970) on the day of experiment 
for the Bight samples between December 1985 and 

1989. Bight samples from 1992 and samples from the 
MD estuary were frozen and brought to the laboratory 
to measure urea concentration by the method of Price 
& Harrison (1987). We did not observe any significant 
changes in urea concentration for the MD estuary sam- 
ples analyzed within a week (not shown). Ammonium 
was measured by the method of Strickland & Parsons 
(1972) or Grasshoff et al. (1983). Bacteria \yere enu- 
merated by epifluol-escence microscopy of acridine 
orange stained samples (Hobbie et al. 1977). 

RESULTS 

Urea production 

The rate of accumulation of urea in the filtrates var- 
ied from undetectable to 139 nM d-I in the Bight and 
from 264 to 1176 nM d-' in the MD estuary (Table 1). 
The increase in urea roughly paralleled the increase in 
bacterial abundance. Formalin killed blanks showed 
no changes in urea concentration (Fig. 2B, C, D). The 
seawater culture (SWC) showed an increase in urea 
concentration in parallel to the increase in bacterial 
abundance (Fig. 2E). The rate of urea production of 
112 nM d-' was linear for the incubation period of 18 to 
53 h. Per-cell urea production rates ranged from 40 to 
1348 am01 cell-' d-' (Table 1). 
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Table 1. Initial urea concentration, init~al bacterial abundance in filtrates (<0.8 pm Nuclepore or GF/C filtrates), production rates 
of urea and bactcria in seawater culture and filtrates, and per-cell urea production rates. Samples were from Stn 305 and the 
Scripps pier in the Southern California Bight (Bight), USA and from Stn Shimpo in the estuarine system of the Mankyung and 

Dongjin (MD estuary) rlvers, southwest coast of Korea 

Location Date Depth Urea Bacterial Production rates of- Per-cell urea 
(m) (nM) abundance Urea Bacteria production rates 

(X  10' 1-l) (nM cl-') (cells I-' d.') (am01 cell-' d.') 

Bight 
Stn 305 Sep  1988 20 166 * 27 1.3 3 8 

40 179 ? 12 - 139 - 
Feb 1992 a 10. 30 - - ndb - - 

Scripps pier Jan 1989 0 115 ? 5 0 5 56 9.6 X 10' 58 
Dec 1985' 0 nd" 1.1 112 28.2 X 10' 4 0 

MD estuary Nov 1992 0 2400 * 150 0.8 984 7.3 X 108 1348 
Feb 1993 0 697 231 0.3 264 6.4 X 10" 413 
Jun 1993 0 2210 * 13 0 8 1176 13.9 X 10' 846 

0 3005 * 70 0.7 528 21.1 X 10s 250 

dRaw data were acquired by absorptivity measurements which showed negligible urea production, but the data were lost 
before being recorded 

bnd: below detection limit. "Seawater culture 

Urea decomposition son with the <l83 pm filtrable fraction (0 to 22%; 
Table 2). Bacterial fractions (GF/C filtrates) in the MD 

Urea decomposition rate in the actively growing estuary samples also showed low urea decomposition 
SWC was neglible (0.3 am01 cell-' d-' or 1.1 nM d-'; rates in comparison with the whole seawater (0 to 10%; 
Fig. 2E) in comparison with the urea accumulation rate Table 2) with one exceptionally high value of 64 %. 
of 1 12 nM d-' (above). The per-bacterium rates of urea decomposition calcu- 

The bacterial fractions (<0.8 pm) in the Bight sam- lated for the bacterial fraction (on the assumption that 
ples showed low urea decomposition rates in compari- all urea decomposition in these filtrates was due to 

bacteria) ranged from 0 to 8 am01 cell-' d-' (Table 2). 
The kinetic data of urea decomposition by natural 

assemblages of marine bacteria in 1.0 pm filtrate 
yielded a linear fit on a modified Eadie-Hoftsee plot 
(Fig. 3).  The sample off Scripps pier had a Kt+& of 
26 nM and a V,,, of 11 nM d-'. The corresponding val- 
ues for Stn 206 were 33 nM and 3 nM d-' Per-cell V,,,,, 
was 13 am01 cell-' d-' for the sample from Stn 206. Bac- 
terial abundance data was not determined for the 
Scnpps pier sample. If we assume it was log I-' in the 
bacterial fraction (Cho 1988), then the per-cell V,,, for 
the pier sample was 11 am01 cell-' d-l. Thus, the per- 
cell V,,,,, values for the 2 samples, one from the 
euphotic and the other from the aphotic zone, would 
be similar. 

Fig. 3. Modified Eadie-Hoftsee plots of urea decomposition 
activity data for samples from the <1.0 pm fractlon from the 
Southern California Bight. (0 )  Samples from Scripps pier; (M) 

samples from 150 m at Stn 206, f/t: fractlon of total urea pool 
decomposed per day. Slope = -(K,+&), y-~ntercept = V,,,,,; 
X-intercept = 1/T, (K, = decompos~tlon constant; S, = ambient 

DISCUSSION 

Urea production by bacteria 
. .  . 

concentration; V,,,,, = maximum decomposition rate; T, = The urea production rates which we ascribed to bac- 
turnover time at the ambient concentration). Regression 
equations: Scripps pler, y '  = 10.8 - 25.9f/t; Stn 206, y '  = 2.8 - teria were obtained for operationally defined 'bacterial 

33.3f/t; where v' is rnulti~licatlon of added urea concentra- size-fractions' (<0.6, <0.8 pm and GF/C filtrate). The 
ti in (A) and flt interpretation of the SWC experiment is the least 
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Table 2. Bacterial abundance in <0.8 pm filtrate, in u t u  urea concentration, urea decomposition in <0.8 pm filtrates and < l83  I.lm 
filtrates, ratio of urea decomposition rates in <0.8 pm filtrates to < l83  pm filtrates, and per-cell urea decomposition rate in the 
euphotic zone of the Southern California Bight (Bight). In the MD estuary, GF/C filtrates and whole seawater were used for the 

measurements of urea decomposition 

Stn Date Depth Bacterial Urea Urea decomposition Ratio of Per-cell urea 
(m) abundance conc. rates <0.8 pm/ decomposition 

(X 10"~') (nM) <0.81.1m <183pm <183pm rates 
(nM d-') (nM d-l) (am01 cell-' d-l) 

Bight 
305 Sep 1988 15 0.5 323 * 117 0.2 6.4 0.03 0.4 

30 0.7 269* 11 0.0 6.3 0.00 0.0 
Sep 1988 15 1.1 393 * 66 2.7 38.8 0.07 2.5 

30 1.2 nda nda ndd - - 

50 0.5 35 + 7 0.2 0.9 0.22 0.4 
Oct 1985 50 0.5 nda nda ndd - - 

304 Oct 1985 17 0.5 100 + 14 0.1 21.4 0.01 0.2 
4 9 0.6 30 * 10 0.2 1.7 0.12 0.3 

205 Oct 1985 50 0.7 350 * 79 0.8 13.4 0.06 1.2 

MD estuary 
Shimpo Nov 1992 0 0.8 2400 t 150 6.1b 9.6 0.64 7 .6  

Jun 1993 0 1.2 2210* 13 0.0 141.6 0.00 0 0 
Jun 1993 0 1.5 4330 * 65 10.5 105.1 0.10 7 0 

1 Feb 1994 0 0.5 1560 * 210 1.3 45.9 0.03 2.6 

2 Feb 1994 0 0.5 670* 10 0.9 22.9 0.04 1.8 

3 Oct 1992 0 1.1 1120 * 130 0.0 23.5 0.00 0.0 

'nd: below detection limit 
"ncubations under in situ llght condition showed the same rates of urea decomposition as in the dark, suggesting that it was 
mainly bacterial ureolytic activity 

ambiguous. The inoculum consisted of 2 %  @/v) of 
0.6 pm Nuclepore filtrate and was therefore expected 
to exclude phytoplankton and protozoa and include 
bacteria (and unavoidably, viruses as well). In examin- 
ing the samples for bacterial counts (2 to 5 m1 samples; 
10 to 20 microscope fields at  1250x) we did not observe 
any phytoplankton or protozoa. The seawater culture 
generated urea in parallel with the accumulation of 
bacteria beyond the 18 h time point (Fig. 2E). Abiotic 
urea production was considered negligible since it was 
undetectable between 0 and 18 h (Fig. 2E). We there- 
fore conclude that the urea accumulation rate (112 nM 
d-' for the period between 18 h and 53 h) was largely 
due to bacteria. 

The urea concentrations in our study (below detec- 
tion limit to 393 nM in the Bight, 670 to 4330 nM in the 
MD estuary) were within the range of previous studies 
in the Bight (McCarthy 1970, McCarthy & Kamy- 
kowski 1972, Cho & Azam 1995) and MD estuary 
(Shim et al. 1994). Our data of urea concentrations 
were also comparable to the studies done in other 
coastal areas (Steinmann 1976, Turley 1985) and estu- 
aries (Remsen et al. 1972, Webb & Haas 1976). 

The urea measurements in the 'bacterial size-frac- 
tions' (Nuclepore and GF/C filtrates) were made to 

obtain conservative estimates of the in situ rates of 
urea production due to bacteria. The estimates are 
conservative because at  our sampling sites generally 
-10 % of bacteria are retained by the filters. There was 
no obvious contamination of the filtrates with phyto- 
plankton and protozoa as judged on the basis of sam- 
ples examined for bacterial counts. We cannot rule out 
that some protozoa passed the filters we  used for size- 
fractionation, but their populations remained too low to 
be detected in the samples we examined. 

The mean rate of bacterial urea production in the 
Bight was 58 + 58 nM d-' (mean + SD, n = 6, equivalent 
to 1.6 pg N 1-' d-l) while higher rates (738 + 417 nM d-l, 
mean + SD, n = 4)  were found in the MD estuary. Since 
primary production data and historical data on urea 
demand in phytoplankton is available for the Bight, we 
can use the Bight data to evaluate if the urea produc- 
tion rates contributed significantly to the phytoplank- 
ton N demand and phytoplankton urea-N demand. 
The phytoplankton N demand in the Bight was esti- 
mated to be 1.8 to 4.6 pg N 1-l d-l as follows: during our 
study the primary production was 883 to 2315 nM C d-' 
or 126 to 331 nM N d-' (assuming that C/N was 7 and 
the euphotic depth 50 m). Thus, our mean rate of urea 
production was equivalent to 35-91 % of the estimated 
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phytoplankton N demand. hIcCarthy (1972) found that 
28%) of the primary production in the Bight could be 
supported by urea. For the calculation we used the 
mean value of the urea production rates. Ind~vidual 
values are highly variable (above) and they would 
result in bacterial urea production being equivalent 
to 0 %  to well over 100% of the phytoplankton N 
demand. Thus, it seems that bacterial production of 
urea a t  times could contribute significantly to the urea 
dynamics, and supply a large fraction of the urea 
demand of the phytoplankton. Literature data show 
that urea and ammonium may be equally important as 
N source for phytoplankton. Except in high nitrate 
waters, where urea contributes only 4 % of total N 
uptake by phytoplankton (Kokkinakis & Wheeler 
19871, urea usually comprises from 19 to 80% of total 
N uptake by phytoplankton in marine environments 
(Kristiansen 1983, Harrison et al. 1985, Sahlsten 1987, 
Probyn 1988, Sahlsten et al. 1988. Hansell & Goering 
1990, Glibert et al. 1991). Thus, bacterial production of 
urea could be a significant source of urea-N to phyto- 
plankton in marine environments. 

There are no previous measurements in our study 
areas to which we can compare our rates of bacterial 
production of urea. Production rates in the Bight are 
considerably lower than those for total sealvater in the 
Strait of Georgia (648 to 1128 nM d-'; Price et al. 1985), 
in Mikawa Bay (624 nM d-'; Mitamura & Saijo 19751, 
for the 1333 pm size fraction of seawater in the Bering 
Sea (600 to 1176 nM d-'; Hansell & Goering 1989) and 
for the <200 pm filtrable fraction off the Galapagos 
Islands (1100 nM d-'; Slawyk et  al. 1990). Bacterial 
urea production rates in the MD estuary (528 to 
1176 nM d-'), however, were similar to the values 
reported above. These regional differences could be 
due to differences in factors such as  dissolved organic 
nitrogen and/or bacterial activity. 

Per-cell urea production rates were in the range of 
40 to 1348 am01 cell-' d-l (1.1 to 37.7 fg N cell-' d-'; 
Table 1).  Per-cell urea production rates were much 
faster in the MD estuary than in the Bight (Table 1). 
Bacterial abundance and bacterial production were 
not related to per-cell urea production rates in this 
study. Per-cell urea production rates were in most 
cases close to or larger than the daily bacterial N 
demand for growth, assuming a bacterial N content of 
3.4 to 11.6 fg cell-' for the range of small natural 
marine bacteria (0.036 pm" Simon & Azam 1989) an.d 
large growing bacteria in seawater culture (0.25 pm3; 
Ammerman et al. 1984). These results indicate that 
bacteria would excrete excess N in an organic form 
such as urea, consistent with recent views that urea 
seems to be a major organic N compound released dur- 
ing bacterial growth (Jsrgensen et al. 1993, Kroer et al. 
1994). 

Urea decomposition by bacteria 

The characteristics of bacterial urea hydrolysis 
(Fig. 3) indicated the presence of a high affin~ty (K,+S, 
values of 26 and 33 nM) but low capacity system. Even 
if we treat the K,+S, values as upper limits of K,,, the 
values are much lower than the concentrations of urea 
in typical seawater san~ples.  If the K,,, values for 2 sam- 
ples are applicable to the other samples then the urea 
hydrolysis should be close to V,,,. Only in 1 sample 
(MD estuary, June 1993), however, was urea decompo- 
sition rate in the bacterial fraction close to V,,,,, of 
11 nM d- '  (Table 2). Bacterial ureolytic activity in 
marine surface waters might not be fully expressed 
(see below). 

The rates of urea decon~position in the SWC experi- 
ment were low (0.9 and 1.3 nM d-l at 42 and 53 h time 
points, respectively; Fig. 2E) compared to the corre- 
sponding rates of urea production (112 nM d-l). Thus, 
the bacterial assemblages in the SWC were net pro- 
ducers of urea. Bacterial fractions (c0.8 pm Nuclepore 
filtrates) of a number of samples taken a t  stations in the 
Bight also showed very low rates of urea decomposi- 
tion, ranging from zero to 3 nM d-'. By comparing this 
range of urea decomposition rates with rates of urea 
production in the Bight (58 * 58 nM d-l, mean + SD) tve 
conclude that the predominant role of the bacteria was 
to produce rather than decompose urea. The eutrophic 
MD estuary (chlorophyll a: > l  to <20 1-19 I-'; NH,+: 
undetectable to 47 pM; Shim et al. 1994) showed 
higher urea decomposition rates (0 to 10.5 nM d-l; 
Table 2).  However, since the urea production rate was 
proportionately high (Table l ) ,  the decomposition rate 
was only 0 to 4% of the production rate. Further, in 2 
samples (November 1992 and June 1993; Tables 1 & 2) 
in which both measurements of bacterial production 
and decomposition of urea were made, urea produc- 
tion rates were over 2 orders of magnitude higher than 
the bacterial urea decomposition. Thus, the conclusion 
that bacteria are net producers of urea appears to be 
valid for the examined mesotrophic and eutrophic 
environments. 

Earlier studies have also found that planktonic bac- 
terial assemblages play only a trivial role in urea 
decomposition (Remsen et al. 1974, Turley 1985). Good 
correlations between chlorophyll and urea decomposi- 
tion, results of size-fractionation experiments similar to 
ours, and the fact that there is no energetic advantage 
for bacteria in using urea as an N source led Turley 
(1985) to conclude that 'bacteria rather ignore urea' in 
surface seawater samples. Although the relationship 
between chlorophyll a and urea decomposition was 
not studied here, our data are consistent with Turley 
(1985). Bacterial fractions (0.8 pm filtrates in the Bight 
and GF/C filtrates in the MD estuary) usually showed 
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<12% of total activity. In one exceptional case, in the 
MD estuary, 64 O/o of the total urea decomposition activ- 
lty was in the GF/C filtrate. Dark and light incubations 
showed no differences in activity, indicating that most 
of the activity might have been due to bacteria. Our 
results on per-cell urea decomposition by bacteria 
(Table 2) also support the conclusion that bacterial 
decomposition of urea is generally insignificant in sur- 
face waters: in the Bight samples, if N generated by 
urea decomposition (mean of 0.6 am01 cell-' d-l) was 
assumed to be utilized as the sole source of N for bac- 
terial growth of 5.6 fg N cell-' (Lee & Fuhrman 1987), it 
would support mean bacterial doubling times of 357 d, 
which are 2 orders of magnitude longer than the 
observed doubling times of bacteria in the coastal 
waters of the Bight (on the order of 1 to 4 d;  Cho & 
Azam 1988). In the MD estuary the bacterial doubling 
time which could be supported by urea decomposition 
(mean of 3.2 am01 cell-' d-l) was 63.1 d whereas the 
actual bacterial doubling time was <1.1 d (Fig. 2B, C, 
D) .  In SWC it was shown that the per-cell urea hydrol- 
ysis rate could vary broadly and reach values as high 
as 54 am01 cell-' d-' (Cho 1988). It appears, therefore, 
that per-cell rates of ureolysis are subject to large vari- 
ations and that bacterial hydrolysis of urea could at 
times contribute significantly to bacterial N demand. 

In conclusion, bacteria appear to be net producers of 
urea in the euphotic zone of the coastal and estuarine 
environments studied here. Bacterial urea production 
could satisfy a significant fraction of the phytoplankton 
N demand. While urea decomposition by  bacteria was 
generally insignificant relative to the bacterial N 
demand, it could be significant in N-limited conditions. 
Our results here and in an  earlier study of the 
mesopelagic environment (Cho & Azam 1995) suggest 
that the role of bacteria in urea dynamics should be 
incorporated into models of oceanic N cycle. 
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