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ABSTRACT 

Ward, B.B., 1985. Light and substrate concentration relationships with marine 
ammonium assimilation and oxidation rates. Mar. Chem., 16: 301--316. 

Relationships between light intensity and substrate concentration and rates of 
assimilation and oxidation of ammonium by microorganisms were investigated at four 
stations off the Washington coast and three stations in the Southern California Bight. 
Ammonium oxidation rates were negatively correlated with light in the photic zone at all 
stations; light inhibition of nitrifying bacteria forms an important control over the depth 
distribution of ammonium oxidation activity. Both assimilation and oxidation were 
positively correlated with ammonium concentration at the Washington coast stations, 
where ambient ammonium concentrations were high. Light and ammonium assimilation 
rate were positively correlated at the Southern California Bight stations (within the 
photic zone; i.e., excluding depths greater than 150m), but unrelated at the Washington 
coast stations. Assimilation and oxidation have nearly opposite distribution patterns with 
depth in the water column, but phytoplankton and nitrifying bacteria probably compete 
for ammonium at depths near the bottom of the photic zone. 

INTRODUCTION 

Ammonium is a central component of  the oceanic nitrogen cycle. The 
ammonium nitrogen pool is usually quite small (Sharp, 1983) but this com- 
pound is biologically labile and fluxes into and out of  the pool are large and 
its turnover rapid. Regeneration of  inorganic nutrients via the decomposition 
of  organic matter by heterotrophic organisms (ammonification and excretion) 
is the source of  ammonium in the sea. Ammonification proceeds rapidly in 
the surface layer of  the ocean; in situ regeneration may produce as much as 
94% of the nitrogen required for primary production in oligotrophic areas of 
the ocean (Eppley and Peterson, 1979). Ammonification also occurs 
throughout the water column and sediments at rates varying with the supply 
rate and distance from the source of organic matter (i.e., depth and distance 
from shore). 

Assimilation into organic matter and oxidation to nitrite comprise the 
main sinks for ammonium. Ammonium is the preferred nitrogen source for 
phytoplankton (McCarthy et al., 1977; Glibert et al., 1982) and can be used 
by many bacteria as well (Brown et al., 1974). Oxidation of  ammonium to 
nitrite is the first step in nitrification, ultimately resulting in the production 
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of nitrate, which comprises the largest pool of fixed nitrogen in r, he sea. 
Ammonium assimilation occurs mainly in the photic zone because it is pre- 
dominantly mediated by phytoplankton,  but, until recently, little has been 
discovered about  the distribution patterns of oxidation activity in marine 
systems (Kaplan, 1983}. 

Phytoplankton assimilation generally increases with increasing light until 
saturation (and sometimes inhibition at very high light intensity) occurs (Mac- 
Isaac and Dugdale, 1972; MacIssac et al., 1974; Eppley et al., 1979). Light 
has been recognized as an important  controlling variable for ammonium 
oxidation as well, since nitrifying bacteria are subject to light inhibition 
(Miiller-Niigluck and Engel, 1961; Bock, 1965; Horrigan et al., 1981; Olson, 
1981b). 

The response of  phytoplankton assimilation rates to different ammonium 
concentrations is usually modeled by the Monod equation (Dugdale and 
Goering, 1967; Eppley and Coatsworth,  1968; Goldman and Glibert, 1983). 
A relationship between nitrification rates and substrate concentration 
analogous to that observed for ammonium assimilation might be expected. 
Although a coherent pattern has not  emerged from the few observations 
available (Carlucci and Strickland, 1968; Olson, 1981a; Hashimoto et al., 
1983; B.B. Ward, unpublished data), Hashimoto et al. (1983) estimated a 
half-saturation constant for in situ ammonium oxidation rates of about  
0.1 pM. It seems likely, therefore, that marine ammonium oxidizers are able 
to use their substrate quite efficiently, and might compete  with phyto- 
plankton for substrate under some conditions. 

In studies of nitrogen cycling in the water column off  the coast of 
Washington (Ward et al. 1984) and in the Southern California Bight (B.B. 
Ward, unpublished), the rates and relative contributions of  assimilation and 
oxidation to ammonium turnover were measured. Assimilation dominated in 
the photic zone, while oxidation became relatively more important with 
increasing depth and distance from shore. Olson (1981a) reported similar 
trends for several oceanic regions, including the Southern California Bight. In 
this paper, recent data from the Washington coast and the Southern 
California Bight are used to investigate the relationships between the 
percentage of surface light intensity and ammonium concentrat ion and the 
rates of these two ammonium-consuming reactions. The results help to 
explain how these variables influence the distribution of  the rates and their 
relative importance. 

In addition to substrate concentration and light intensity, estimates of  
standing stocks of  microorganisms responsible for the ammonium-consuming 
reactions (chlorophyll-a and particulate nitrogen concentration, and 
ammonium-oxidizing bacterial abundance) were also considered in the 
analyses presented here. Relationships among these variables were 
investigated using correlation analyses. 
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METHODS 

Study sites 

Data from the Washington coast were collected during one cruise in June 
1982 and comprise a transect perpendicular to shore of  four stations (Table 
I) at about  47°07'N.  An intense upwelling event was in progress at the time 
(Postel et al., 1984) and high nutrient conditions prevailed. The four  stations 
included here ranged in depth from 30 to 140 m, and the 1% light depth 
ranged from 12 to 25 m. Nutrient distributions and nitrogen transformations 
were subject to influence by either the surface photic zone or the sediment/ 
water interface throughout  much of  the water column at all stations. 

The Southern California Bight data were collected at three stations (Table 
I) during cruises in November 1982 and May 1983. The area of  the Southern 
California Bight in which this s tudy took  place is a much more oligotrophic 
situation than the Washington coast. Nutrients and biomass concentrations 
were generally lower and the photic zone was deeper. Bot tom depths of  the 
three stations were more than 800 m and the depth of  1% surface light was 
about  80 m. Most sampling depths were below the photic zone and out  of 
direct influence of the photic zone or the sediment/water interface. The 
su r f ace  ( ~ 1 5 0 m )  and subphotic depths have been treated as separate 
groups in some analyses in order to investigate the relationships between 
light and the biological rates. This was done to minimize trivial correlations 
related to well-known distributional phenomena.  One-way analysis of  
variance (ANOVA, see below) confirmed that these groups of  depths dif- 
fered significantly on the basis of  particulate nitrogen and chlorophyll~ 
concentrations.  

TABLE I 

Station locations 

Station Latitude Longitude 

Washington co~t 
June 1982 

Southern California Bight 
May 1982 
November 1983 

4 47°07.9'N 124°17.7'W 
7 47°07.0'N 124°26.8'W 
9 47°06.0'N 124°38.3'W 

11 47°04.8'N 124°50.0'W 

205 33°18.7'N 118°09.6'W 
206 33°07.0'N 118°32.0'W 
TRP 33°30.8'N 118°25.0'W 



304 

~SN tracer methods 

Replicate 4-1 seawater samples (2 bottles per depth) were inoculated with 
0.2 pM is N-ammonium sulfate (99 at%) and incubated for 24 h at surface sea- 
water temperature.  Light inside the incubation bottles was controlled by 
covering the bottles with plastic netting; relative light intensity inside the 
bottles was measured using a quantum scalar irradiance meter with a 4 pi 
collector (Biospherical Instruments, Inc. Model No. QSL100). After 
incubation, samples were filtered immediately through prebaked GF/C or 
GF/F  filters; the filters were analyzed for particulate nitrogen and the 
lS N/14N ratio of the particulate matter.  Nitrite was extracted from the 
filtrate using a dye-complexation method (Shell, 1978). The dye, containing 
the nitrite-nitrogen, was recovered on a glass-fiber filter for isotope analysis. 
The is N/14N ratios of both particulate nitrogen and nitrite were determined 
on a UTI 100 mass spectrometer  (Washington coast samples) or a JASCO 
emission spectrometer  {Southern California Bight samples). Detailed analyti- 
cal procedures have been reported previously (Olson, 1981a; Ward et al., 
1982, 1984). Particulate nitrogen was measured in the inlet system of the 
mass spectrometer {Washington coast samples) or by CHN analysis (Southern 
California Bight samples). Data were used to calculate assimilation and 
oxidation rates (Dugdale and Goering, 1967) (see Discussion for 
considerations relevant to the calculations}. 

Chemical, microbiological and statistical analyses 

Chlorophyll~ was determined fluorimetrically (Holm-Hansen et al., 1965) 
and nutrients were assayed by standard methods (Strickland and Parsons, 
1972) using either an autoanalyzer (Washington coast stations) or laboratory 
assay of  frozen samples. 

Subsamples from the water used for lSN tracer incubations were preserved 
in 2% formalin (final concentration,  v/v) and stored in darkness. Two genera 
of  ammonium-oxidizing bacteria were enumerated in the preserved samples 
using immunofluorescent  assays for Nitrosomonas marina and Nitrosococcus 
oceanus, and the filter-staining method of  Ward et al. (1982).  Each genus 
was enumerated separately on 2 to 4 replicate filters (i.e., a total of  4 to 8 
filters were prepared for each depth) and 150 microscope fields at 1250 × 
magnification were counted on each slide. 

The data included in the following analyses were collected as part  of field 
studies designed to investigate the magnitude and spatial distribution of  
nitrification rates in coastal waters (related information contained in Ward 
et al., 1984; B.B. Ward, unpublished). For  this study, the data were 
subjected to statistical analysis computed according to the BMDP statistical 
package {BMDP Statistical Software, Inc., Los Angeles) and interpreted 
according to the tables of Tate and Clelland (1957). Non-parametric corre- 
lation analysis was used to evaluate simple correlations among the variables 
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of interest (relative light intensity, ammonium concentrat ion,  chlorophyll~ 
concentrat ion,  ammonium-oxidizing bacterial abundance,  particulate nitro- 
gen, ammonium assimilation rate, ammonium assimilation rate normalized to 
particulate nitrogen or chlorophyU~, ammonium oxidation rate, and am- 
monium oxidation rate normalized to cell number).  Correlations between 
some sets of  variables probably represent causal relationships and these 
results were investigated more thoroughly than those which appeared to be 
the logical covariance of  unrelated parameters due to a third variable. The 
data sets were separated into ecologically distinct groups for some compari- 
sons on the basis of  one-way analysis of  variance (ANOVA) using the BMDP 
statistical package. 
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Fig. 1. Distribution of variables at station 11 off the Washington coast. (A) Ammonium 
and nitrite. (B) Particulate nitrogen (PN), chlorophyll-a (Chl-a), and ammonium-oxidizing 
bacteria (cells). (C) Ammonium oxidation rate (Vox) and ammonium oxidation rate 
normalized to cell number (Vox/cell). (D) Ammonium assimilation rate (Vassim) and 
assimilation rate normalized to particulate nitrogen (Vassim/PN). 
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T A B L E  II 

Cor r e l a t i on  coe f f i c i en t s  (Kenda l l ' s  t au )  fo r  (A)  W a s h i n g t o n  coas t  da ta  and  (B) S o u t h e r ~  
Cal i forn ia  Bight  da ta  

T A B L E  I I A  tau  c~ 

Washington coast  ( inshore; N ~- 11) 
%SL vs. NH4 - -  0 .612  0.01 
%SL vs. Chl-a 0 .545  0.05 
%SL vs. PN 0 .545  0.05 
PN vs. Chl-a 0 .745  0.01 
PN vs. NH4 - -  0 .636  0.01 
Chl-a vs. N H  4 - -  0 .673  0.01 

Vass im vs. NH4 0 .624  0.01 
V a s s i m / P N  vs. NH4 0 .745  0.01 
Vass im/Chl -a  vs. NH4 0 .745  0.01 
Vass im vs. %SL - -  0 .334  NS 
V a s s i m / P N  vs. %SL - -  0 .389  NS 
Vass im/Chl -a  vs. %SL - -  0 .467  NS 
Vass im  vs. PN - -  0 .330  NS 
Vass im  vs. Chl-a - -  0 .367  NS 

Washingtorl coast  (o f f shore;  N = 12) 
%SL vs. NH,; 
%SL vs. Chl-a 
%SL vs. PN 
PN vs. Chl-a 
PN vs. NH4 
Chl-a vs. N H  4 

Vass im vs. NH4 
V a s s i m / P N  vs. NH4 
Vass im/Chl -a  vs. NH4 
Vass im vs. %SL 
V a s s i m / P N  vs. %SL 
Vass im/Ch l -a  vs. %SL 
Vass im vs. PN 
Vass im vs. Cht-a 

- -  0 .592  
0 .197  
0 .461  
0 .636  

- -  0 .485  
- -  0 .303  

- -  0 .061 
0 .273 
0 .273  
0 .395  

- -  0 .066  
- -  0 .099  
- -  0 .364  

0 .273  

Washington  coast  ( comple te ;  N -~ 23) 

0.01 
NS 
0.05 
0 .01 
0 .05 
NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

%SL vs. NH4 - -  0 .490  0.01 
%SL vs. Chl-a 0 .349  0 .05 
%SL vs. PN 0 .462  0.01 
PN vs. Chl-a 0 .747  0.01 
PN vs. NH4 - -  0 .266  NS 
Chl-a vs. NH4 - -  0 .266  NS 
Ncells  vs. NH4 - -  0 .337  NS 
Ncells  vs. %SL - -  0 .093  NS 

Washington  coast  ( comple te ;  N = 16) 
V o x  vs. %SL - -  0 .658  0.01 
V o x  vs. NH4 0 .500  0.01 
V o x  vs. NH4 0 .722  0.01 
V o x  vs. Ncells  - -  0 .276  NS 
V o x / N c e l l s  vs. %SL - -  0 .677  0.01 
V o x / N c e l l s  vs. NH4 0 .517  0 .05 

fo r  %SL ~ 1% 
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T A B L E  IIB N tau  

Southern California Bight 
%SL vs. NH4 24 0 .188  NS 
%SL vs. Chl-a 16 0 .650  0.01 
%SL vs. PN 24 0 .578  0.01 
PN vs. Chl-a 16 0 .595  0.01 
PN vs. NH4 24 0 .350  0.02 
Chl-a vs. NH4 16 0 .445  0.02 
Ncells vs. NH4 15 0 .011 NS 
Ncells vs. %SL 15 - -  0 .024  NS 

Vassim vs. NH4 24 0 .360  0.02 
Vass im/PN vs. NH4 24 0 .337 0 .05 
Vassim/Chl-a  vs. NH4 9 - -  0 .354  NS 
Vassim vs. %SL 24 0 .731 0.01 
Vassim vs. %SL 9 0 .609  0 .05 
Vass im/PN vs. %SL 24 0 .714  0.01 
Vass im/Chl-a  vs. %SL 9 0 .667  0.02 
Vassim vs. PN 24 0 .679  0.01 
Vassim vs. Chl-a 16 0 .761 0.01 

Vox  vs. %SL 24 - -  0 .258  NS 
Vox  vs. %SL 14 - -  0 .679  0.01 
Vox  vs. NH4 24 0 .369  0.01 
Vox  vs. Ncells 15 0 .038  NS 
Vox/Nce l l s  vs. %SL 8 - -  0 .491 NS 
Vox/Nce l l s  vs. NH4 15 0 .547 0.05 

pho t i c  zone  on ly  

p h o t i c  zone  on ly  

pho t i c  zone  on ly  

p h o t i c  zone  on ly  

pho t i c  zone  on ly  

N ---- n u m b e r  o f  d e p t h s  inc luded  in co r re l a t ion  analysis.  
t~ = s ignif icance level. 
t au  = Kendal l ' s  tau,  a n o n p a r a m e t r i c  co r re l a t ion  coeff ic ient .  
NS = no t  s ignif icant ,  i.e., t~ ~ 0.05.  
%SL ---- pe rcen tage  of  surface  l ight  in tens i ty .  
NH4 = a m m o n i u m  c o n c e n t r a t i o n  (~g l -  1 ). 
PN = pa r t i cu la t e  n i t rogen  ( n m o l  l -  ). 
Ncells = a b u n d a n c e  of  a m m o n i u m - o x i d i z i n g  bacter ia l  cells (10  s cells l-1 ). 
Vassim = a m m o n i u m  ass imi la t ion  ra te  ( n m o l  NH4 1-1 d -1 ). 
Vass im/PN -- a m m o n i u m  ass imi la t ion  ra te  no rma l i zed  to  pa r t i cu la t e  n i t rogen.  
Vass im/Chl-a  = a m m o n i u m  ass imi la t ion  ra te  no rma l i zed  to  ch lorophyl l -a .  
V o x  = a m m o n i u m  o x i d a t i o n  ra te  ( n m o l  NH4 l - l  d-1 ). 
Vox/Nce l l s  ---- a m m o n i u m  o x i d a t i o n  ra te  pe r  a m m o n i u m - o x i d i z i n g  cell. 

R E S U L T S  

Washington coast stations 

Distributions o f  ammonium, chlorophyll-a, particulate nitrogen and 
ammonium-oxidizing bacteria 

A m m o n i u m  c o n c e n t r a t i o n s  g e n e r a l l y  i n c r e a s e d  w i t h  d e p t h  ( F i g .  1 A )  a n d  

w e r e  h i g h e s t  n e a r  t h e  s e d i m e n t / w a t e r  i n t e r f a c e  a t  a l l  s t a t i o n s .  A s u b s u r f a c e  

m a x i m u m  w a s  d e t e c t e d  n e a r  t h e  b o t t o m  o f  t h e  p h o t i c  z o n e  a t  t h e  d e e p e r  

s t a t i o n s .  A s  a r e s u l t  a m m o n i u m  w a s  s i g n i f i c a n t l y  n e g a t i v e l y  c o r r e l a t e d  w i t h  

l i g h t  i n  t h e  c o m p l e t e  d a t a  s e t  ( T a b l e  I I A ) .  
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ChlorophylNa and particulate nitrogen were significantly positively 
correlated with each other (Fig. 1B). Both ehlorophyll-a and particulate 
nitrogen were negatively correlated with ammonium concentration and, 
therefore, somewhat positively correlated with light intensity. Thus biomass 
and light distributions were similar in the water column and opposite to that 
of ammonium. 

Average total ammonium-oxidizing bacterial abundance (Nitrosomonas 
plus Nitrosococcus) was 1.1 × 10 6 cells 1-1 and variability of  the counts was 
such that no significant trend with depth was detected (Fig. 1B). Cell concen- 
tration was not significantly correlated with any of the other variables tested. 

Ammonium assimilation rates 
Ammonium assimilation rates varied with depth (Fig. 1D) as a function of 

ammonium concentration. On the basis of one-way ANOVA (using 
percentage of surface light intensity, ammonium concentration, chlorophytNa 
concentration and particulate nitrogen as dependent variables and either 
assimilation rate or oxidation rate as the independent variable) the 
Washington coast stations could be divided into two groups: two inshore 
stations, and two offshore stations. At the two inshore stations, the 
assimilation rate (nmol 1-J d -1) increased with increasing depth and was 
positively correlated with ammonium concentration (Fig. 2A). No corre- 
lation was found between ammonium concentration and assimilation rates at 
the offshore stations. The percentage of  surface light intensity was never 
significantly correlated with the ammonium assimilation rate, either in the 
whole data set or in the inshore and offshore subsets. 

Normalization of  the assimilation rate to either chlorophyll~ concentration 
(nmol N pg Chl~ -1 d-1 ) or particulate nitrogen (nmol N nmol PN-I d-1 ) 
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Fig. 2. Washington coast stations. (A) Ammonium assimilation rate (nmol NH4 l-1 d-J ) 
vs. ambient ammonium concentration. (B) Ammonium oxidation rate (nmol NH4 1-1 
d -1 ) vs. percentage of surface light intensity. (C) (Inset) Ammonium oxidation rate (at 
depths corresponding to 1% surface light intensity) vs. ambient ammonium concentration. 
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(Fig. 1D) did not  change the results qualitatively (Table IIA). Normalized 
assimilation rates were positively correlated with ammonium concentration 
at the inshore stations (insignificant at the offshore stations) and negatively 
correlated with the biomass parameters themselves. 

Considerations which might explain more of  the variance in the ammonium 
assimilation rate include the fact that nitrate was also present in the photic 
zone at these stations, sometimes in concentrations as high or higher than 
ammonium. Nitrate may have contr ibuted significantly to the nitrogen 
nutrition of this phytoplankton population. The measured ammonium 
assimilation rate may be indirectly influenced by the ambient  nitrate concen- 
tration and resulting nitrate assimilation rates (McCarthy et al., 1977). The 
importance of  seasonal upwelling and its coastal nature mean that this 
system is not  in a steady state, and observed relationships, or lack thereof, 
among the measured variables may not  be found at other times. 

A m m o n i u m  oxidation rates 
The rate of  ammonium oxidation (Fig. 1C) was statistically correlated 

with both light intensity and ammonium concentration. Consistent with 
light inhibition of  nitrifying bacteria, oxidation rate was highly negatively 
correlated with the percentage of surface light intensity in the complete  data 
set (Fig. 2B) and no differences in this trend were observed with increasingly 
deep stations. (Ammonium oxidation rate was not  included in the separate 
analyses of shallow and deep stations because missing data reduced the 
number  of  cases too  much.) 

Ammonium oxidation rate was positively correlated with ammonium 
concentrat ion in the complete  data set. Since light and ammonium concen- 
tration were negatively correlated, the covariance between ammonium and 
ammonium oxidation rate might be due to substrate dependence of  the 
oxidation rate, or to light inhibition, or both. These influences may be 
partially separated by noting that a large part of  the variability in the 
ammonium oxidation rate occurs at zero light intensity (Fig. 2B). When 
these data are analyzed separately (only depths at or below the depth of  1% 
surface light intensity included), an even stronger correlation between 
ammonium concentration and ammonium oxidation rate is observed (Fig. 
2C). The high-light samples were also the only samples with very low 
ambient  ammonium concentrations. Thus, the correlation between oxidation 
rate and ammonium concentration is not  skewed by a preponderance of  data 
at the low end of  the range. The rate of  ammonium oxidation is apparently 
unsaturated at ammonium concentrations as high as 3 pM. Thus, light is a 
major factor for controlling ammonium oxidation rates in the photic zone, 
but  the oxidation rate appears to be linearly related to ammonium concen- 
tration in the absence of  light. The distribution of  ammonium oxidation rate 
normalized to concentrat ion of  ammonium-oxidizing bacteria paralleled the 
distribution of  ammonium oxidation rates for the most  part; the normalized 
oxidation rate was significantly positively correlated with ammonium 
concentrat ion and negatively correlated with light intensity (Table IIA). 



310 

NO2 (fig-at. I -I) 
0 O~ 0 2  O3 0 i 2 

2/~ '  Chl-a ~ # ' - / ' k  

200 

E 
I 400  l-- 
EL 
LB 
E] 

600  

NH + 

Vox/cell Vassim / PN 
PN (f/g-at-I -I) (lO-~4mol-cell-l.d -L) (nmol-fig-at d -I) 

5 0 IO 20 O ~0£, 
. . . . . . . . .  r . . . .  1 - -  

- -T-  ~ T---F 7 ~ V a s s i m  

. . . . .  ~- '--Vassim/PN 
¢ 

' 'Vox 

cells 

r/, 

~" A i "~ B ~ C ~' D 
800 .... L__ I A_ i ._ i _ ._z_ ..... I _ m _  ....... L 

0 Ot 0 2  0.3 0 I 2 3 0 50 0 t00 

NH+ (fig-at.I -t) Chl-a(fig.l-') Vox(nmol.l-i.d -I) Vassim(nmolt-Id -I) 

0 2 4 6 8 

cel Is. I-I(x 10 5) 

Fig. 3. D i s t r i bu t ion  of  variables at  s t a t ion  205 in the  S o u t h e r n  Cal i fornia  Bight:  Legends as 
for  Fig. 1. 

Stepwise multiple regression identified the percentage of  surface light 
intensity and ammonium concentration as important  variables, particularly 
for the ammonium oxidation rate. However,  the relatively small data set and 
non-normal distribution of the variables limited the amount  of  new 
information yielded by multiple regression analysis. 

Sou them California Bigh t stations 

Distributions o f  ammonium, chlorophyll-a, particulate nitrogen and 
ammonium-oxidizing bacteria 

Ammonium concentrations were of ten at or below the limit of  detection 
in these waters (Fig. 3A). The highest measured concentrations (about  
0.3 #M) occurred as single-point maxima near t h e  bo t tom of  the photic zone. 
Because precision of  the ammonium assay is poor  below 1 .0#M (Eppley et 
al., 1979), ammonium values used in this analysis are marginally reliable. 
Correlations with them should not  be emphasized or overinterpreted. This 
precision problem extends to the measurement of  oxidation and a s ~ i l a t i o n  
rates because the ambient  ammonium concentrat ion (as well as the concen- 
tration added with the lS N tracer) is involved in the rate calculation. 
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Chlorophyll~ and particulate nitrogen were highly positively correlated 
with each other (Table l iB),  both exhibiting subsurface maxima (Fig. 3B). 
Both were nonlinearly related to the percentage of  surface light intensity 
within the photic zone; neither chlorophyll~ nor particulate nitrogen was 
significantly correlated with light intensity. 

Total numbers of  ammonium-oxidizing bacteria (Fig. 3B) were about a 
factor of  3 lower than at the Washington coast stations and did not correlate 
significantly with ammonium concentration, light intensity or oxidation rate. 

Ammonium assimilation rate 
In contrast to the Washington coast stations, light intensity was an 

important variable associated with ammonium assimilation rates (Fig. 3D) in 
the Southern California Bight stations. Assimilation rate was significantly 
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Fig. 4. Southern California Bight stations. (A) Ammonium assimilation rate by station 
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rate normalized to particulate nitrogen, vs. percentage of  surface light intensity. (C) 
Ammonium oxidation rate (nrnol NH4 1 -z  d - I )  vs. percentage of surface light intensity 
(expanded scale; inset: contracted scale). 
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positively correlated with light intensity within the photic zone as well as in 
the complete data set (Table IIB, Fig. 4A). Chlorophyll,a and particulate 
nitrogen specific assimilation rates were also positively correlated with light 
intensity within the photic zone (Table IIB, Fig. 4B). 

The relationship between assimilation rate and ammonium concentration 
was not  so striking in these data; this correlation, although significant, is 
subject to the imprecision in the ammonium values, and is less important as 
well as less reliable than the correlation between assimilation rate and light. 

Chlorophyll~ and particulate nitrogen standing stocks were both positively 
correlated with ammonium assimilation rate, which explains the positive 
correlation between the specific assimilation rates and light. Although both 
chlorophyl ld  and particulate nitrogen exhibited subsurface maxima, both 
assimilation rate and assimilation rate normalized to chlorophyll~ or to 
particulate nitrogen (Fig. 3D) were maximal at the surface ( l - - lOre) ,  
exhibiting a more linear response to light than the biomass parameters 
themselves (Fig. 4B). 

The relationship between the measured rates and biomass is unclear. Both 
the C/N ratio and the C/Chl~ ratio at these three stations exhibited minima 
at the subsurface maxima of Chl-a and particulate nitrogen. These observa- 
tions imply that the 'healthiest' port ion of the phytoplankton population 
was that comprising the subsurface maximum. This was not  the port ion of 
the population exhibiting the highest assimilation rates, however. If nitrogen 
is normally the limiting environmental variable for this population, then the 
addition of even a relatively low ammonium 'tracer' concentration could 
remove nitrogen limitation and allow a response interpretable in terms of  
light limitation (i.e., tracer addition might artificially enhance measured 
rates; see Discussion). 

A m m o n i u m  ox ida t ion  rate 
There was no correlation between ammonium oxidation rate and the per- 

centage of  surface light intensity for the complete data set. However, there 
was a significant negative correlation for samples taken in the photic zone 
(Fig. 4C), indicating control of  nitrification by light intensity in the photic 
zone. The distribution of  ammonium oxidation rate with depth (Fig. 3C) 
exhibits a subsurface maximum near the bo t tom of the photic zone. The 
decrease in rate below this maximum is presumably due to the decreasing 
rate of  ammonium supply (from in situ ammonification during decom- 
position of  sinking detritus and excretion). Normalization of  the ammonium 
oxidation rate to cell number  produced (Fig. 3C) slightly different results, in 
that the normalized rate was not  correlated with light intensity within the 
surface layer or with cell number overall, but  was significantly positively 
correlated with ammonium concentration. 

DISCUSSION 

The Washington coast and Southern California Bight differed markedly in 
their hydrographic features and nutrient distributions, resulting in differences 
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in correlations among environmental variables and rate processes associated 
with the fate of  ammon ium.  Ammonium was present in fairly high concen- 
trations of f  the Washington coast. Its distribution implied that a sediment 
regeneration source was more important  than in situ ammonification. At the 
Southern California Bight stations, ammonium was often very low and the 
main source of ammonium to the water column is in situ ammonification 
{Harrison, 1978). 

Ammonium assimilation rate was apparently controlled by different factors 
at the two sites. Ammonium assimilation rate was positively correlated with 
ammonium concentrat ion at the Washington stations, but  not  at all correlated 
with light intensity. In contrast, assimilation was positively correlated with 
light at the Southern California Bight stations, but  apparently not  with 
ammonium concentration. In the latter case, the degree of  dependence of  
ammonium assimilation rates on ammonium supply rate or concentrat ion 
cannot be assessed; it is very probable that  the microorganisms are capable of 
substrate response at concentrations lower than we can presently assay. 
Using multiple regression analysis of  data from several cruises in the Southern 
California Bight, Eppley et al. (1979) found that ammonium was the most  
important  modifier of  ammonium assimilation rates in summer, with 
irradiance and phytoplankt6n standing stock being less important.  In winter, 
phytoplankton  concentrat ion was more important  than ammonium concen- 
tration. Seasonal effects cannot be investigated in the present data set, but  
simple correlations, consistent with these earlier observations, were found 
between ammonium assimilation rate and the other variables, percentage of  
surface light intensity, chlorophyll and particulate nitrogen concentration 
(representing phytoplankton standing stock), and ammonium concentration. 

Ammonium oxidation rate was significantly negatively correlated with 
light at both  study sites, indicating that light inhibition of  nitrifying bacteria 
is an important  environmental control over the distribution of  nitrification 
rates in the sea. Substrate dependence of the oxidation rate was detected at 
the Washington coast stations but  not  in the Southern California Bight. The 
relationship between nitrification rates and substrate concentration requires 
further study. The absolute ammonium oxidation rates were similar in the 
Southern California Bight and Washington coast stations, although substrate 
concentrat ion in the experimental incubations differed by a factor of  ten. 
This similarity in the rates was due to differences in both the concentrat ion 
of  ammonium-oxidizing bacteria and the oxidation rate per cell at the two 
sites. Abundance of  ammonium oxidizers was 3 times higher at the Washing- 
ton site and oxidation rate per cell was 2 times higher at the Southern 
California Bight stations, averaged over the entire data sets (the maximum 
oxidation rate per cell measured at station 205 in the Southern California 
Bight (Fig. 3C) was nearly 10 times the maximum at station 11 of  the 
Washington coast). This implies that, like phytoplankton  (McCarthy and 
Goldman, 1979), nitrifying bacteria are capable of  high reaction rates in 
oligotrophic environments, and that substrate concentration in these 
environments is not  a direct indication of  reaction rate. 
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The lack of correlation between the abundance of ammonium-oxidizing 
bacteria and ammonium oxidation rate or environmental parameters partly 
may be a result of opposite effects of ammonium oxidation and light on the 
growth of  ammonium-oxidizing bacteria, but may also partly be an artifact 
of the high variability associated with the cell number data. As assayed by 
immunofluorescence, ammonium-oxidizing bacteria represent about 0.1% of 
the total bacterial population. Current microscopic enumeration techniques 
have allowed us to raise the lower limit of our abundance estimates, but 
apparently cannot discern abundance variations so near the detection limit 
of the assay methods. 

Both oxidation and assimilation of ammonium occurred in the photic 
zone at all stations, and the populations of microorganisms responsible for 
these reactions probably compete with each other for substrate near the 
bot tom of  the photic zone. Supply rate may be more important than actual 
concentration in controlling these rates, especially where concentrations are 
low, and concentration is often not an indicator of the importance of this 
nitrogen pool (Eppley et al., 1979). 

Although the lSN tracer technique is the only method available for tracing 
the transfer of  nitrogen among organic and inorganic pools, the method has 
serious shortcomings which influence the interpretation of the resulting 
data. Since these shortcomings are a consequence of the relatively high 
natural abundance of lSN, problems with the method will be most severe at 
low nutrient sites, e.g., the Southern California Bight. 

The half-saturation constants for uptake by oceanic phytoplankton may 
be so low as to be immeasurable by current techniques (Goldman and 
Glibert, 1983) and half-saturation constants for growth are likewise very low 
(McCarthy, 1982), implying that  marine populations can utilize the low con- 
centrations of ammonium commonly found in the ocean with relatively high 
efficiency and that tracer additions may seriously perturb the experimental 
system. Within the concentration range in which microorganisms exhibit 
kinetic response to substrate concentration, addition of lSN tracer is likely 
to enhance the measured rate over the in situ rate, at least initially. In the 
experiments discussed here, the addition of  0.2 pM ammonium may not have 
been enough to saturate the uptake systems at their maximum rates, but it 
probably did result in an enhanced uptake rate at the Southern California 
Bight stations and at the offshore surface samples of the Washington coast 
stations. 

Nonlinearity of  the rate reactions could result if substrate were depleted 
during the course of  the incubation. The maximum rate than can possibly be 
measured is limited to (ambient ammonium concentration + 0.2/~M)/day, 
and a measurement at this rate might imply substrate depletion had 
occurred. Depletion may have influenced the rates reported here even 
though the measured rates never exceeded about 50% of the maximum (i.e., 
never implied utilization of 50% of the total ammonium concentration in the 
bottle over the incubation period). Apparent nonlinearity in the uptake rate 
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may also result from isotope dilution of  the substrate due to regeneration 
during the incubation. The long incubation periods used here were probably 
suboptimal for the measurement of  phytoplankton  processes in the photic 
zone, but  were chosen to maximize detect ion of  nitrification rates. Olson 
(1981a) showed that nitrification rates were linear over 24-h incubations of  
Southern California Bight samples. 

The lSN techniques used in this study can be amended to include measure- 
ment  of  ammonium regeneration rate (Harrison, 1978). By not  measuring 
isotope dilution due to regeneration of  ammonium in the incubation bottles 
the rates presented here may be underestimates by about  a factor of  2 (Glibert 
et al., 1982). Isotope dilution measurements in ammonium and nitrite 
oxidation experiments (B.B. Ward, unpublished) indicate that  the factor by 
which the rate calculations are influenced by isotope dilution does not  vary 
much over the water column. Thus, although the importance of  this effect 
on absolute magnitudes of  the measured rates will be considered in future 
work, the relative magnitudes and correlations with environmental variables 
presented here are not  likely to be qualitatively altered by this consideration. 
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