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Abstract--The oxygen minimum zone off Peru is the site of intense nitrogen cycling, driven by 
the large input of organic material from highly productive overlying waters. Using three 
independent experimental methods, we assessed chemoautotrophic activity and nitrification rates 
in depth profiles through the oxygen gradient and minimum regions. Nitrifying bacteria (both 
ammonium and nitrite oxidizers) were present throughout the oxygen minimum zone. Even in 
very low oxygen waters, in situ chemoautotropnic activity and nitrogen oxidation were commonly 
detected. Highest abundance of nitrifying bacteria and nighest activities were found in the 
gradient region at the upper boundary of the oxygen minimum. Due to the occurrence of strong 
minima and maxima in the distributions of many parameters, activities were not linearly 
correlated with environmental and chemical variables. The data are consistent with close 
coupling between nitrification and denitrification in the oxygen minimum zone, and rapid cycling 
of nitrogen cycle intermediates including nitrate, nitrite and nitrous oxide. 

INTRODUCTION 

THE upwelling regime in the Eastern Tropical South Pacific Ocean off Peru is one of the 
major permanent denitrifying environments of the open ocean (ANDERSON et al. ,  1982; 
CODISPOTI and CHRISTENSEN, 1985). The oxidative degradation of organic matter at the 
expense of oxidized nitrogen (denitrification) results in nitrite accumulation and net loss 
of fixed nitrogen from the system. Pelagic systems with oxygen concentrations low 
enough to permit denitrification occupy a small portion of the total oceanic volume, yet 
they may play a crucial role in the global nitrogen cycle (CoDISPOTI and CHRISTENSEN, 
1985) and perhaps the atmospheric CO2 cycle (MCELROY, 1983). 

Nitrification is a major component of the marine nitrogen cycle in aerobic waters, yet 
its importance is uncertain in oxygen minimum zones. Heterotrophic growth by denitrify- 
ing bacteria must result in the release of ammonium from organic nitrogen substrates, but 
lower than expected ammonium concentrations are characteristic of denitrification 
regimes (RICHARDS, 1965). CARLUCCI and McN.~LLY (1969) suggested that nitrification 
could account for this because nitrifiers can remain active at low oxygen and substrate 
concentrations. However, CLINE and RICHARDS (1972) argued that bacterial assimilation 
of ammonium was a more plausible explanation for the low concentration of ammonium 
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in denitrification regimes. ANDERSON et al. (1982) included nitrification as a major 
component in a model of the nitrogen cycle in denitrification regimes. The model, which 
coupled denitrification and nitrite oxidation via the diffusion of nitrate and nitrite 
between the "denitrification" and "nitrification" layers, adequately reproduced observed 
nitrate and nitrite distributions in the core of the denitrification zone. Most nitrification 
was predicted to occur in the deeper half of the oxygen minimum zone, just below the 
denitrification zone. 

The oxidation of ammonium and nitrite by nitrifying bacteria provides reducing power 
for the fixation of CO2. As chemoautotrophs, the contribution of nitrifiers to organic 
matter production may be significant under certain conditions (HORRIGAN, 1981; KARL et 
al., 1984). Controversy persists, however, about the ratio of CO2 fixation to nitrogen 
oxidation (WARD, 1986). GLOVER (1985) demonstrated considerable variation in the 
chemoautotrophy:nitrification ratio as a function of growth limitation produced by the 
supply of inorganic nitrogen substrate. This ratio also varies in relation to oxygen 
concentration (GUNDERSEN, 1966). CARLUCCI and MCNALLY (1969) reported that growth 
of nitrifiers actually was enhanced at low oxygen concentrations. If nitrification rates are 
enhanced at the edges of denitrification regimes, then chemoautotrophy could be a 
significant source of organic matter to oxygen-deficient deep waters. 

The N I T R O P  experiment 

In designing the NITROP experiment, the NITROP investigators (CoDISPOTI et al., 
1986) envisioned a "typical" oxygen minimum zone, with near steady-state chemical 
distributions as described previously (CoDISPOTI and PACKARD, 1980; designated Peru III 
by ANDERSON et al., 1982). A schematic of such a "typical" system was given by CODISPOTI 
and CHRISTENSEN (1985) and is shown in Fig. 1. We hypothesized that activities 
associated with nitrification would be most intense in the gradients at the upper and 
lower boundaries of the broad oxygen minimum zone. This scheme is similar to that 
modeled by ANDERSON et al. (1982) with the exception that the nitrite concentration 
gradient is smaller and hence extends over a greater depth interval. We predicted 
significant nitrification above, as well as below, the denitrification layer. 

Presentation and analysis of chemical distributions observed on the NITROP cruise 
appear in other publications (FRIEDERICH and CODISPOTI, 1987; CODISPOTI et al., 1986) 
and in a data report (FRIEDERICH et al., 1985). Our aim here is not to explain the chemical 
distributions, but to present data on rates of nitrification and chemoautotrophy in 
relation to them. Thus, we point out that nitrite profiles at many NITROP stations, 
especially north of 11°S, were not the "typical" profiles we had expected. Of relevance to 
the rate distributions are the following features: the oxygen minimum was very intense 
and broad, especially north of 11°S, with oxygen concentrations of 4.5 ~tg-at. 1-1 within 
20 m of the surface (FRIEDERICH and CODISPOTI, 1987). At 7 ° and 9°S, a shallow nitrite 
maximum within the upper oxygen gradient was a dominant feature, with extremely high 
nitrite concentrations found in quite shallow, but nearly anoxic, w a t e r  (CoDISPOTI et al., 
1986). No shallow nitrite maximum was observed south of 11°S, but there the main nitrite 
feature was shallower and the upper gradient much steeper than reported historically. A 
deep nitrite maximum was found in the core of the oxygen minimum zone; it occurred at 
all stations but varied in intensity and depth range, sometimes exhibiting several maxima 
instead of just one. Because some of these features differed significantly from previous 
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Fig. 1. A schematic of expected chemical and activity distributions in the oxygen minimum 
zone off Peru from CODISPOTI and CHRISTENSEN (1985). Numbers represent simplified pathways 

shown above. 

descriptions of the region, we refer to the various nitrite maxima as "shallow" and 
"deep", rather than "primary" and "secondary", to avoid confusion or identification 
with previously described features. FRIEDERICH and CODISPOTI (1987) concluded from 
nutrient distributions, diffusion calculations and geostrophic current analysis that the 
shallow and deep nitrite maxima were fundamentally similar in the kinds of metabolism 
they harbored, but quite different in their hydrography. The shallow maximum was a sink 
for all nitrogen compounds except nitrite, for which it was a source to adjacent layers. 
Diffusion of nitrogeneous nutrients from this layer was hypothesized to support high 
primary production in the photic zones. In situ microbial activity, rapid nutrient cycling 
between the photic zone and the shallow nitrite maximum layer, combined with 
diffusion, maintained the shallow feature on a time scale of at least several weeks. 

The deep nitrite maximum, in contrast, was a longer term feature in which vertical 
diffusion did not play a major role. The complex pattern of stability with depth and the 
various minima and maxima in nutrient profiles led FRIEDERICH and CODISPOTI (1987) to 
conclude that the observed distributions resulted from interleaving of water masses. This 
conclusion implies horizontal transport of nitrite and oxygen. The thickness of the 
oxygen minimum zone means that vertical diffusion has a limited influence on chemical 
distributions, while interleaving of water masses and horizontal transport could provide a 
significant input. 

The specific objectives of this research were: (1) to determine the magnitude of 
nitrification and the distribution of chemoautotrophic activity of nitrifiers in the oxygen 
minimum region; and (2) to assess the utility of easily measured chemical variables 
(nitrite, oxygen, nitrous oxide) for prediction of the in situ distribution of nitrification 
and nitrifying bacteria. Our results are compared to activity distributions predicted from 
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conceptual and analytical models of the oxygen minimum region off Peru (CoDISPOTI and 
CHRISTENSEN, 1985; ANDERSON et al., 1982). 

Three independent methods were used. Instantaneous rates of ammonium oxidation 
(VNH4) and nitrite oxidation (VNO2) rates were measured using 15N-tracers in incuba- 
tion experiments. Chemoautotrophic activity by populations of nitrifying bacteria was 
assessed by two independent techniques. In situ rates of CO2 assimilation (VCO2) were 
determined from the activity of the key autotrophic enzyme, ribulose 1,5-bisphosphate 
carboxylase (RuBPCase). Interpretation of the enzyme activities as in situ rates is 
feasible because the ratio of chemoautotrophic CO2 assimilation:RuBPCase activity for a 
particular species remains constant with changing environmental growth conditions 
below 26°C (GLOVER, 1983). Since actively growing algae also contain RuBPCase, we 
were unable to estimate rates of chemoautotrophic CO2 fixation in the photic layer. 
However, since the enzyme activity rapidly declines in algal cultures subjected to 
suboptimal conditions (HELLEBUST and TERBORGH, 1967; GLOVER and MORRIS, 1979), 
our measurements of RuBPCase at oxygen-deficient aphotic depths were considered to 
be due to chemoautotrophic organisms. Preliminary experiments of RuBPCase activities 
and phytoplankton pigments in size-fractioned communities confirmed this (see Meth- 
ods). In addition to measurements of RuBPCase activities, we used a combination of 
immunofluorescence and autoradiographic techniques to determine the relative cellular 
fixation of 14CO 2 by individual species of nitrifiers. This enabled us to determine the 
relative chemoautotrophic activity of individual species of nitrifiers within the photic 
layer, where we could not use enzyme measurements. The simultaneous application of 
the immunofluorescence/autoradiography and RuBPCase methods enabled us to deter- 
mine sites and rates of chemoautotrophy at aphotic depths and to establish whether 
variations in VCO2 were due to variation in the abundance of nitrifiers or changes in 
cellular activity or both. 

METHODS 

Data are presented from a series of stations (Fig. 2), each occupied for 3 days during 
February-March 1985 on R.V. Wecoma. The stations will be referred to by their 
approximate latitudes (7 °, 9 °, 13 ° and 15°S). All experiments were performed on samples 
taken from two 30-1 Niskin bottles, which were mounted on a rosette and closed within 
seconds of each other at the same depth. Bottles were maintained in clean and non- 
leaking condition during the cruise. When subsampling from a Niskin bottle closed in low 
oxygen waters, the headspace volume was flushed with nitrogen gas to minimize 
exchange with the atmosphere. Sampling schemes for the bacterial experiments were 
defined by preliminary profiling of the chemical distributions (FRIEDERICH and CODISPOTI, 
1987). Activity measurements were concentrated in the oxygen gradient defining the 
upper boundary of the oxygen-deficient zone, with sparser coverage of the remaining 
water column down to about 600 m. 

Chemical analyses 

Nitrite was assayed by autoanalyzer using the colorimetric method of WHITLEDGE et al. 
(1981). Oxygen concentration was assayed by Winkler titration using the Carpenter 
modification (CARPENTER, 1965; FRIEDERICH et al., 1985) and by the colorimetric method 
of BROENKOW and CLINE (1969) at very low levels (<25 ~tM). Duplicate or triplicate 
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micro-oxygen samples were drawn by syringe immediately after the samples came on 
deck. Nitrous oxide data were provided by J. W. Elkins; measurements were made using 
the multiple phase equilibrium extraction method with electron-capture gas chromato- 
graphic detection (ELKINS, 1980). Nitrous oxide samples were collected on separate casts 
and are the only measurements that were not made on samples drawn from the 30-1 
Niskins that were used for the activity measurements. Ancillary data are available in the 
NITROP-85 data report (FRIEDERICn et al., 1985). 

15N-tracer experiments 

The protocol for determining ammonium and nitrite oxidation rates using 15N tracer 
methods has been described by LiPscriULa'Z et al. (1986). Incubations with either 15NH~- 
or lsNO~ were conducted in Pyrex 4-1 bottles with a headspace containing the appropri- 
ate partial pressure of oxygen to maintain the ambient oxygen concentration in the 
water. Considerable care was taken to maintain this level throughout the procedure: 
incubation bottles were flushed with the appropriate gas mixture during subsampling at 
each time point. Samples were incubated in the dark at in situ temperature (+2°C). 
Subsamples (1 liter) were removed at approximately 0.5, 4, 8 and 24 h and filtered. The 



1036 B.B. WARD el al. 

filter was retained for particulate nitrogen analysis (LIPSCHULTZ et al., in preparation) and 
the filtrate was divided into aliquots for the analysis of isotope ratios and concentrations 
of  ammonium, nitrite and nitrate. Ammonium was separated using the procedure of 
DUDEK et al. (1986). Nitrite was collectedby formation of an azo dye which was extracted 
into trichloroethylene (OLSON, 1981). Nutrient samples and aliquots for isotopic analysis 
of ammonium and nitrite were processed at sea. Aliquots for isotopic analysis of nitrate 
were frozen and processed in the lab after several months of storage. After thawing these 
samples, nitrite was removed by digestion of a 50 ml subsample with sulfamic acid. 
Nitrate was reduced to nitrite by cadmium reduction and then extracted using the azo dye 
procedure. The resulting dyes (NH~, NO~, NO~) were adsorbed onto precombusted GF/ 
C filters, sealed in ampoules, and dinitrogen produced by Dumas combustion. 
The isotope ratio of the resulting dinitrogen gas was measured by emission spectro- 
scopy. V N H  4 and VNO2 were calculated using the equations of LIPSCHULTZ et al. 
(1986). 

Autoradiography and immunofluorescence 

Samples collected in 30-1 Niskin bottles were transferred with minimal agitation into 
acid-cleaned darkened glass bottles (300 ml) containing 0.8 ml NaH14CO3 solution 
(151.8 laCi ml-1). The headspace above the 200-ml sample volume was flushed for several 
minutes and filled with a mixture of nitrogen and air to maintain initial oxygen 
concentration. Two bottles were filled from each depth, and incubated for 24 h in the 
dark at in situ temperature (_+2°C). At the end of the incubation, the entire bottle 
contents were transferred to dark glass bottles and preserved with formaldehyde (2% v/v 
final concentration). After 6-12 h, 10 replicate 10 ml subsamples from each bottle were 
filtered under minimal suction onto 0.2 ~tm pore size Sartorious cellulose acetate filters. 
The filters were rinsed twice with filtered seawater and twice with 0.6 M NH4COOH, 
exposed to fuming concentrated HCI for 30 s, and stored over desiccant until 
analysis. 

Preparation of autoradiograms followed the procedure of WARD (1984) with the 
modification that slides were precoated with gelatin before the filters were affixed. Filters 
were cut in half to maximize replication. Autoradiograms were developed after exposure 
at 4°C for 21 days. Immunofluorescent staining for four strains of nitrifying bacteria were 
performed as described by WARD (1984). Separate replicate slides were stained for each 
of two ammonium-oxidizing strains (Nitrosomonas sp. marine and Nitrosococcus ocea- 
nus) and two nitrite-oxidizing strains (Nitrobacter sp. marine and Nitrococcus mobilis) 
using antisera previously described by WARD and CARLUCCI (1985). Autoradiograms 
were evaluated by transmitted light and epifluorescence microscopy to enumerate 
stained cells and associated grain development. A relative index of autotrophic activity 
was computed as the number of grains per cell after subtraction of background grain 
development (WARD, 1984). Relative activity (RA) is considered a measure of cellular 
CO2 fixation and total relative activity (TRA; cell number x RA) as a measure of total 
CO2 fixation by a particular type of nitrifying cell (e.g. Nitrosomonas TRA is the total 
activity of the Nitrosomonas population). Total numbers of cells and developed grains 
actually analysed were small so that an average coefficient of variation of about 30% 
(WARD and CARLUCCI, 1985) is associated with the mean data for each depth presented 
below. To facilitate comparison between autoradiographic and enzymatic methods, an 
estimate of total nitrifier population activity (PTRA) was made by summing TRA for all 
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cell types. Missing data for individual cell types were interpolated between adjacent 
depths. Data coverage at 7°S was insufficient to allow calculation of PTRA. 

R u B P C a s e  

Particulate material in 2.5-3.5-1 samples was collected on 25 mm diameter Whatman 
GF/F glass-fiber filters at <125 mm Hg vacuum. Some samples were also gravity filtered 
through 15 cm diameter Nuclepore filters of 3 lam pore size and particulates in <3 lam 
filtrates were collected on GF/F filters. Activity of RuBPCase was measured at in situ 
temperature, based on the assay of GLOVER and MORRIS (1979) as adapted for nitrifying 
bacteria (GLOvER, 1983). Five samples from each depth were collected on glass-fiber 
filters, so that two could be used as zero time blanks while RuBPCase activities could be 
determined in triplicate. 

Preliminary experiments were performed to evaluate whether RuBPCase activities 
from below the photic layer were primarily due to chemoautotrophic bacteria rather than 
to photoautotrophic algae. Phytoplankton pigment concentrations were determined in 
all water samples used for enzyme measurements. Duplicate samples (of the same 
volume as those used for enzyme measurements) were filtered through Whatman GF/F 
glass-fiber filters to collect particulates. Pigment (chlorophyll and phaeophytin) concen- 
trations were determined on a Turner fluorometer by the method of YENa'SC~ and 
MENZEL (1963) using the acetone extraction technique of SMirrt et al. (1981). At some 
depths, pigment concentrations in the whole sample were compared with those in the 
filtrate after filtration through Nuclepore filters of 3 lam pore size. RuBPCase data from 
depths above 54 m, where chlorophyll concentrations exceeded 0.15 lag 1-1, are omitted 
from our analysis. Below this depth, RuBPCase activities were considered to be solely 
due to chemoautotrophic bacteria for the following reasons: (1) chlorophyll concentra- 
tions were extremely low, ranging from only 0.002 to 0.090 ~tg 1-1 and phaeophytin 
concentrations were always 6--10 times greater than chlorophyll concentrations. (2) 
Chlorophyll and phaeophytin concentrations were 1.5-10 times higher in the >3 lam 
fraction, compared with those in the smaller (<3 lam) size fraction (2 = 3.6 + 2, 
n = 22), while essentially all the RuBPCase activity was in small (<3 lam) particles. 
Enzyme activity in a whole sample was plotted against that in a <3 lam subsample, 
combining data from several stations; the resultant slope was 1.016 (r 2 = 0.922). Hence, 
RuBPCase activity was primarily found in a bacteria-dominated size fraction, while most 
of the phytoplankton material was in larger particles and pigment ratios suggested that 
only senescent algae and phytoplankton detritus were present. 

For interpretation of the enzyme data, we assumed that all measured RuBPCase 
activity was due to nitrifying bacteria; i.e. that all other chemoautotrophic bacteria were 
present in negligible concentrations. Other autotrophic bacteria are found in seawater 
(e.g. TtrrrLz and JANNASCH, 1972), but we did not attempt to assess the abundance of 
autotrophs other than nitrifiers. Thus, our assumption will lead to overestimates of the 
importance of nitrifiers if other autotrophic bacteria are present (see below). The rate of 
chemoautotrophic CO2 fixation (VCO2) of a sample was determined from a weighted 
average of species-specific COa fixation:RuBPCase ratios (determined from laboratory 
experiments, GLOVER, 1983), where xOeights were proportional to the relative abundance 
of nitrifying species as determined by immunofluorescent enumeration (see above). The 
amount of carbon fixed by each cell type was also computed from the carbon fixed per 
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liter and the nitrifier abundance. Where the necessary immunofluorescence data were 
missing, cell-based estimates were interpolated from adjacent depths. 

RESULTS 

Nitrite, nitrous oxide and oxygen concentration profiles were characteristic of oceanic 
regions containing oxygen-deficient waters (Figs 3-6; ELKINS et al., 1978; CODISPO'n et al., 
1986; FRIEDERICrt and CODISPO'n, 1987). The oxygen-deficient zone was several hundred 
meters thick at all stations. Prominent maxima in nitrite concentrations occurred near the 
mid-depth of the oxygen minimum zones at three of the stations. These nitrite maxima 

(b) 

lO 

200 

-~ 300 

C~ 400 

500 

600 

7OO 

Ca) 

0 

100  

7 S N i t r i f i c a t i o n  R a t e  VCO2 

~" 300 

g 400 
D 

, - -  ; , , D  

200 i . . . .  

o o ° ° ....... .) . . . . . .  

7 0 0  
5 10 

[O2 l, [NO21 gM 

i i i 

ooo 0.05 O.lO 
[N20 ]  p M  

AI 

i i 

100 200  0.8 

n M/d 

\ 
i 

0.0 0.4 

ngC/cell 

Ammonium Oxidizers Nitrite Oxidizers Ammonium Oxidizers Nitrite Oxidizers Ammonium Oxidizers Nimte Oxidizers 

, %  

le+5 

cells per liter 

0 5e+4 le+5 

ceils per liter 

=.. '~ 

0.0 {)5 10 

RA (grams per cell) 

00  05  10 

RA (grains per cell) 

,& .  

5e+4 

TBA 

5e÷4 

TRA 

Fig. 3. (a) Data from Sta. 7°S. Top panel: chemical distributions [A,  N20 (IxM); O, 02 (IsM)], 
• NO 2 (ILM), nitrification rates [A,  VNH4 (riM d-i); • ,  VNO2 (nM d-l)], VCO2 (ng C cell-l). 
(b) Nitrifier abundance (cells 1-1), relative activity (RA; grains cell -1) and total relative activity 
(TRA; cell number x grains cell -1) from autoradiographic measurements. F1, Nitrosococcus; A, 

Nitrosomonas; A, Nitrobacter; 0 ,  Nitrococcus. 



Chemoautotrophic activity and nitrification 1039 

(o) 
9 S  N i t r i f i c a t i o n  Rate VCO2 

100 

200 

300 

400 

P o p u l a t i o n  TRA 

,.-.......o..../~..-'.::~--~__ 

i 
5 1 0 0  

[O2], [NO2] pM 

i I 

0.05 0.10 

[N2O] pM 

s ~  

Z~ 

J 

0.00 0 2 5  
50( , ~ , I . , ~ I 

0 100 0 4e+5 8e÷5 

nM/d 
I r~gC/cell 

0.00 

( b )  
Ammonium OXldlZe{s Nitrtte Oxidizers Ammonium Oxidizers Nitr~te Oxldqzers Ammonium Oxidizers Nitrite Oxidizers 

1 oo / A '  • 

E" 200 • ~ . -  

300 

400 "~o 

500 
0 4e 5 0 3e 5 1 0 2e 5 0 2e 5 4e 5 

cells per hler cells per hter RA (gra, ns per cell} RA (grains per cel~) TRA TRA 

Fig. 4. Data from Sta. 9°S. Symbols as in Fig. 3. PTRA = population total relative activity from 
autoradiographic measurements. 

were bounded on both sides by very low oxygen water, such that the oxygen minimum 
layer was much broader than the high nitrite layer. Nitrate profiles (FmEDERICH and 
CoDIsla:rn, 1987) qualitatively mirrored the deep nitrite concentration profiles. At the 
two northern stations, prominent nitrite maxima were present near the upper boundary 
of the oxygen minimum zone, and were well separated from the deeper nitrite maximum. 

Nitrous oxide concentration profiles were the inverse of nitrite profiles except in 
surface waters where both compounds occurred in low concentrations. Surface waters 
were usually supersaturated with nitrous oxide with respect to the atmosphere, but these 
concentrations were "low" relative to the prominent maxima which occurred in the 
upper half of the oxygen minimum region. In the core of the oxygen minimum, nitrous 
oxide was undersaturated, but concentrations increased again below the oxygen-deficient 
region. 
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Nitrifying bacterial abundances 
Maximum abundances of both ammonium- and nitrite-oxidizing bacteria were 

observed in the near-surface water at depths of 40-125 m (Figs 3-5). Both groups 
exhibited discrete abundance maxima at 9 ° and 13°S within the steep oxygen gradient 
(between approximately 2 and 5 lxM oxygen) at the upper boundary of the oxygen 
minimum zone and coincident with or just above the shallow nitrite maximum. Highest 
nitrifier abundance overall was found in the shallow nitrite maximum region at 9°S. Less 
structure and lower cell concentrations were observed at the other stations. Total 
numbers of ammonium oxidizers (Nitrosococcus plus Nitrosomonas) reached 1.1 x 106 
cells 1-1 at 37 m at 9°S, and average numbers throughout the water column below the 
maximum (between 80 and 470 m) were 3 x 105 cells 1-1. Nitrite oxidizers (Nitrococcus 
plus Nitrobacter) had a similar maximum at 37 m of 1.1 x 106 cells 1-1 with an average of 
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1.9 × 105 cells F 1 below 80 m. At 7°S, highest ammonium-oxidizer abundance of 
1.8 x 105 cells 1-1 occurred at 55 m, and a maximum in nitrite oxidizers of 1.3 x 105 cells 
1-1 occurred at 80 m. At 13°S, an abundance maximum occurred at 65 m with cell 
numbers of 1.5 × 105 cells 1-1 for ammonium oxidizers and 3.1 x 105 cells 1-1 for nitrite 
oxidizers. 

Nitrification rates 

Ammonium oxidation rates at the two northernmost stations (7 ° and 9°S) were on the 
order of 5-10 nmol 1-1 d -1 over a broad depth range. At the southern stations (13 ° and 
15°S), VNH 4 was several-fold higher in a very narrow band within the upper oxygen 
gradient (Figs 5 and 6). At  three of the four stations, VNH4 was detected in the center of 
the oxygen-deficient zone. 

VNO2 was generally higher than VNH 4 (Figs 3-6). The presence of high nitrate 
concentrations limited the sensitivity of our analysis. High VNO2 was observed within 
the shallow nitrite maximum at 9°S and just below or within the deep nitrite maximum at 
9 ° and 13°S. At  15°S, the maximum VNO2 was located just above the VNH4 maximum, in 
the upper gradient of the oxygen minimum zone. 

Chemoautotrophic activity of nitrifying bacteria 

Relative activity (RA) is a measure of individual cell activity and the values can be 
compared between species and stations for the data set. Highest per cell activity for 
ammonium oxidizers occurred at 9°S, while R A  values of nitrite oxidizers were less 
variable among stations (Figs 3-5). Activity was detected in all four cell types in samples 
from the oxygen-deficient water, although minima in R A  distributions occurred in this 
zone. 

High RA of nitrite-oxidizing species may be associated with high nitrite concentra- 
tions. At  9°S, for example, the highest cellular activity in Nitrobacter sp. was found 
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slightly deeper than the depth of maximum nitrite concentration, in relation to both the 
shallow (55 m) and the deep (280 m) nitrite maxima. The peaks in activity were not due 
to increased abundance, as numbers of Nitrobacter were relatively low in these samples 
(Fig. 4b). 

Total relative activity (TRA) represents chemoautotrophic activity by individual types 
of nitrifying bacteria. At 9 ° and 13°S, TRA for both ammonia and nitrite oxidizers was 
highest in the region of the shallow nitrite maximum and lowest within the oxygen 
minimum, rising again at the deeper boundary (Figs 4b and 5b). At 7°S, nitrite-oxidizer 
TRA exhibited a broad maximum beginning at the depth of the deep nitrite maximum 
and extending for 300 m (Fig. 3b). Population activity (PTRA) patterns were similar at 
9 ° and 13°S, with highest values in the upper oxygen gradient, decreasing within the 
oxygen minimum zone, and increasing again below the deep nitrite maximum. 

RuBPCase activity was highest in the upper portion of the oxygen minimum zone. 
Several discrete peaks and lows were detected at 7°S, and the variation between depths 
greatly exceeded the variability among replicate activity determinations. RuBPCase 
peaks at 7 ° and 9°S coincided with increased nitrous oxide concentrations of up to 3 ~tg 
1-1. These elevated rates of VCO2 (0.31-0.59 ~tg C 1-1 d -I) were generally attributed to 
increased cellular rates (Figs 3 and 4). Autoradiography data suggested that increased 
RuBPCase activities in the boundary layer between the two nitrite maxima were 
primarily due to ammonium oxidizers. At 125 m at 9°S (Fig. 4), high cellular RuBPCase 
activities were attributable to Nitrosomonas. Similarly, at 7°S, the RuBPCase peak at 
125 m coincided with a high signal from autoradiography for Nitrosomonas, indicating 
that Nitrosomonas cells at this depth had fixed 2-3 times as much 14CO2 as cells at 100 
and 180 m, respectively. 

At 13°S, the subsurface abundance maximum (50-80 m) was reflected in high RuBP- 
Case activity and in maxima in TRA for both nitrifier groups. At 9 ° and 13°S, rates of 14C 
assimilation (RuBPCase and TRA) increased below the deep nitrite maximum coinci- 
dent with increased oxygen and nitrous oxide concentrations. Below the secondary 
nitrite maximum, increased RuBPCase and VCO2 were due to both an increase in the 
abundance of all types of nitrifying species and enhanced cellular activities (Figs 3-5). At 
13°S, there was an 8-fold decrease in total VCO2 between 67 and 85 m, which coincided 
with a 7-fold increase in nitrite concentrations. In agreement with observations at the two 
other stations, cellular VCO2 was relatively high in nitrite-oxidizing bacteria at high 
nitrite concentrations. This was particularly evident for Nitrobacter sp. at 150 m 
(Fig. 5a). At 200 m, oxygen concentration was negligible and nitrite concentration was 
5.3 ~tM; the sample from this depth exhibited the highest enzyme activity that we 
observed on the cruise (0.78 ~tg C 1-1 d-l). Unfortunately, autoradiographic data are not 
available for the 200 m sample. 

VCO2 computed from RuBPCase and abundance data and integrated over the water 
column were similar at 7°S (50-550 m; 116 mg C m -2 d -1) and 13°S (67-598 m; 121 mg C 
m -2 d -1) and lower at 9°S (50-550 m; 77 mg C m -2 d-l). 

D I S C U S S I O N  

Relationships between activity measurements and environmental variables 

Nonparametric correlation analysis (all data combined for three stations, omitting 15°S 
because not all parameters were measured there) was used to evaluate relationships in 



Chemoautotrophic activity and nitrification 1043 

the data set. Several significant correlations were found among nitrifying abundances 
determined by immunofluorescence. The correlation between abundances of N i t r o s o c o c -  

cus and N i t r o s o m o n a s  was significant (P ~< 0.05), as well as between abundances of the 
two nitrite oxidizing strains (P ~< 0.01). Abundance of both nitrite oxidizers correlated 
with one or both ammonium-oxidizing strains (0.01 ~< P ~< 0.05). Relative activity and 
abundance were not correlated; for all species, abundance explained 17-19% of the 
variation in RA. 

Depth profiles of the two independent measures of chemoautotrophic activity (RuBP- 
Case and autoradiographically determined parameters) show certain gross similarities 
(Figs 3-5). However, no significant relationships between enzymatically derived rates 
and RA or TRA for any nitrifying species were found. At both 9 ° and 13°S, there was one 
depth at which extremely high RuBPCase values coincided with very low PTRA values. 
If these two outliers are omitted from the analysis, RuBPCase and PTRA were 
significantly correlated at 9°S (P ~< 0.013) as well as in the combined data set for the two 
stations (P ~< 0.09). RuBPCase activity was related to VNH4 as measured by 15N 
techniques at the 0.1 level, but RuBPCase was not related to VNO2, nor were VNO2 and 
VNH4 correlated. 

Visual inspection of depth profiles of the activity measurements and N20, NO~ and 02 
concentrations suggests qualitative relationships in the distributions. These relationships 
are obviously not linear, since they all exhibit intermediate minima or maxima that are 
not in phase. Significant correlations were found only between RuBPCase activity and 
oxygen concentration (P ~< 0.05) and RuBPCase activity and NO~ concentration (nega- 
tive correlation; P <~ 0.01). NO~ and N20 were negatively related (P ~< 0.01). Neither 
NO~ nor N20 was significantly correlated with relative activity measurements or with 15N 
based measurements of V N H  4 and VNO2. 

Although the abundance and activity of nitrifying populations were not correlated with 
chemical concentrations in a simple manner, data from one station (13°S) demonstrate 
that the oxygen gradient at the upper boundary of the oxygen minimum zone coincided 
with large gradients in biological and chemical parameters (Table 1). The largest 
chemical (NO~ and 02) and activity (TRA, VCO2, VNH4 and VNO2) gradients occurred 
between 67 and 85 m (Fig. 5). The activity of ammonium-oxidizing and nitrite-oxidizing 
populations were displaced in depth, with the maximum T R A  of ammonium oxidizers in 
the core of the shallow nitrite maximum. 

Table 1. Changes in chemical concentrations and nitrification para- 
meters between 67 and 85 m at 13°S 

Parameter Gradient * 

Oxygen (gM) -0.089 
Nitrite (gM) +0.404 
Abundance of ammonium oxidizers (cells 1-1) -3.6 x 103 
Abundance of nitrite oxidizers (cells 1-1) -8.1 × 103 
VNH4 (nM 1-1 d -1) -5.9 
VNO2 (nM 1-1 d -1) +2.1 
VCO2 (ng C cell -1) -0.032 
TRA ammonium oxidizers -6.8 X 10 3 

TRA nitrite oxidizers -1.4 x 104 
Population TRA -1.6 x 104 

* e.g. A[NO~]/AZ = gM m -1, + indicates an increase with depth. 
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All three independent measurements of nitrifying bacterial activity consistently pro- 
duced evidence for the existence and activity of nitrifiers within the oxygen minimum 
zone and none of the three activity parameters was significantly correlated with oxygen 
concentration. This was in contrast to our expectations that nitrifier activity would 
disappear in the core of the oxygen minimum. Thus even in the near absence of oxygen, 
nitrifiers are present and may play a significant role in nitrogen transformations: they 
consume ammonium and produce nitrite, as they do in oxygenated waters, and are 
intimately involved in the nitrogen metabolism of "denitrifying" regimes. 

While evidence for the presence of nitrifiers is clear cut, interpretation of the activity 
measurements is subject to some qualifications. Given the extremely low ambient oxygen 
concentrations in our experimental samples, it is important to consider the effects of 
trace oxygen contamination on our measurements of nitrifier activity. We were unable to 
measure the oxygen concentration inside incubation bottles precisely enough to know 
with complete certainty that our experiments at "ambient" oxygen levels did not actually 
include some atmospheric contamination. For example, if nitrification rates were oxygen 
limited in samples from the oxygen minimum, slight oxygen contamination during 
incubation might yield artificially high rates if cells were able to respond immediately to 
increased oxygen concentration. Deliberate perturbation of the oxygen content during 
incubations did not significantly alter VNH 4 and VNO2 (LIPSCHULTZ et  al., in prep- 
aration). Furthermore, oxygen contamination could not affect the concentration of 
nitrifying bacteria present in the samples, because cell production rates could not 
respond on the same time scale. Oxygen contamination is also irrelevant to the 
RuBPCase assay, which measured the in situ rate of chemoautotrophic CO2 assimilation, 
since the amount of enzyme activity present in a sample depends on the number of cells 
present and their enzyme content. 

Despite the obvious variability between our stations, the important features of the 
activity distributions are consistent with the concept of a layered ecosystem. In this 
system, growth (as carbon fixation) and nitrite production by ammonia oxidizers occur 
predominantly above and below the main denitrification zone, while growth of nitrite 
oxidizers and nitrate production both occur predominantly within the denitrification 
layer. This supports recycling of nitrite and nitrate between layers and a close coupling 
between nitrification and denitrification, as proposed by ANDERSON et al. (1982). 
Consumption of ammonium by nitrifiers in low oxygen waters can resolve the question of 
why ammonium concentrations are so low in oxygen minimum zones (CARLUCCI and 
MCNALLY, 1969). There must be rapid recycling of ammonium with sufficient nitrogen 
and oxygen to allow nitrification and growth of nitrifiers within denitrification regimes. 
This could also explain why observed chemical concentrations were not highly correlated 
with rate measurements, since the former represent the net result of a number of 
coexisting bacterial processes. 

Significant activity and abundance of  nitrifiers, even at low oxygen concentrations 

Not only were activities detected in low oxygen conditions, but abundance of nitrifying 
strains and nitrification rates were high or comparable with other regions. Concentra- 
tions of nitrifying bacteria found in the near-surface layer at 9°S are the highest reported 
for oceanic regions. The distinct maximum near the bottom of the photic zone coincided 
with the oxygen gradient at the upper edge of the oxygen minimum zone (oxygen at 37 m 
= about 3.5 I~g-at. 1-1). Total bacterial abundance was also high in this layer (maximum 
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at 17 m of  7.7 x 106 cells ml-1; 1.2 x 106 cells m1-1 at  37 m;  SPINRAD et  a l . ,  1989). 

A l t h o u g h  ni t r i f ier  a b u n d a n c e s  d e c r e a s e d  wi th  d e p t h  b e l o w  the  nea r - su r f ace  a b u n d a n c e  
m a x i m u m ,  the  cel l  concen t r a t i ons  a t t e s t  to  the  p r e s e n c e  o f  ni t r i f iers  t h r o u g h o u t  the  
oxygen  m i n i m u m  reg ion .  Ni t r i f ie r  a b u n d a n c e s  r e p o r t e d  he re  for  subpho t i c  dep th s  a re  
s imi lar  to  those  r e p o r t e d  p rev ious ly  for  the  S o u t h e r n  Ca l i fo rn i a  Bigh t  (WARD and  
CARLUCCI, 1985). 

Cel lu l a r  ra tes  of  n i t r i f ica t ion d e t e r m i n e d  f rom 15N incuba t ion  e x p e r i m e n t s  in the  
subsur face  wa te r s  off  Pe ru  we re  surpr i s ing ly  h igh ,  a p p r o a c h i n g  m a x i m a l  ra tes  f rom 
cu l tu re  s tudies  (Tab l e  2). T h e s e  ra tes  r e p r e s e n t  n i t r i te  p r o d u c t i o n  f rom a m m o n i u m  
ox ida t i on  and  m a y  even  be  u n d e r e s t i m a t e s  o f  to ta l  VNH4 if N 2 0  p r o d u c t i o n  was 
e n h a n c e d  at  these  low oxygen  concen t r a t i ons  (GOREAU et  a l . ,  1980; LIPSCHULTZ e t  a l . ,  

1981). A m m o n i a  o x i d a t i o n  ra tes  f rom wide ly  s e p a r a t e d  s ta t ions  were  qu i te  s imi lar ,  a b o u t  
1 x 10 -13 mol  N cell  -1 d -1. In  c o m p a r i s o n ,  GOREAU et  al.  (1980) r e p o r t e d  ra tes  of  
0.5 x 10 -13 mol  N cell  -1 d -1 for  ba t ch  cu l tu res  m a i n t a i n e d  u n d e r  a 2 .5% sa tu r a t i on  

Table 2. Comparison ofcellular oxidation rates 

Cellular rate 
m o l N x  10 -13 

(cell d) 1 Source 

Ammonium oxidation 
Peru 

9°S, 79 m 
9°S, 235 m 
7°S, 54 m 
7°S, 558 m 

13°S, 67 m 
13°S, 349 m 

SCB 
200-800 m 
100 m 

Washington coast 
100 m 

Cultures 
Nitrosococcus oceanus 
Nitrosococcus oceanus 
Nitrosococcus oceanus 
Nitrosococcus oceanus 
Nitrosococcus oceanus 
Nitrosoeoccus oceanus 
Nitrosomonas marina 
Nitrosomonas marina 

Nitrate oxidation 
Peru 

9°S, 37 m 
9°S, 279 m 
7°S, 99 m 
7°S, 558 m 

13°S, 83 m 
13°S, 399 m 

SCB 
200-800 m 

Cultures 
Nitrococcus mobilis 
Nitrobacter 

0.5% 02 
20% 02 
20% 02 
Ix = 0.12 d -1 
~t = 0.17 d -1 
Ix = 0.03 d -1 

~t = 0.08-0.06 d -1 

1.55 
1.15 
1.26 
0.48 
5.55 
0.18 

0.1-0.25 
8.0 

0.1-0.5 

20 
14 

0.5 
3.7 
5.2 
7.5 
1.2 
0.22 

1.61 
10.3 
14.5 
6.3 
9.4 
1.64 

1-4 

2.7-1.6 
2.5 

This paper 

WARD(1987a) 
WARD et al. (1982) 

WARD et al. (1984) 

WATSON (1965) 
CARLUCCI and STRICKLAND (1968) 
GOREAU et al. (1980) 
GOREAU et al. (1980) 
WARD (1987b) 
GLOVER (1985) 
GLOVER (1985) 
GLOVER (1985) 

This paper 

WARD (1987a) 

GLOVER (1985) 
BELSER (1979) 
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oxygen atmosphere, whereas fully oxygenated cultures had values 7-fold higher. Culture 
experiments at oxygen levels comparable to the ETSP (0.1%) have not been conducted. 
Typical values of cellular nitrification rates in fully aerobic, rapidly growing cultures are 
in the range of 1-20 x 10 --13 mol N cell -1 d -1 (Table 2), with variations due to age of the 
culture and growth rate (GLOVER, 1985). Cellular rates comparable to these maximum 
values were present at the narrow band of high nitrification activity at 13°S (Table 2, 
Fig. 5). The cellular rates observed in the subsurface waters off Peru were generally 
higher than rates from comparable depths of oligotrophic Southern California Bight 
waters (Table 2, WARD, 1987a). The peak values at 60-70 m at 13°S however, are quite 
similar to rates just below the euphotic zone off Southern California (WARD, 1987a), 
about 8 × 10 -13 mol N cell -1 d -1. Our calculated cellular rates may be somewhat high 
since not all species of nitrifiers present in seawater are detected by immunofluorescent 
enumeration. For example, 30% of marine nitrifying cultures tested did not react with 
the immunofluorescent assays applied here (WARD and CARLUCCI, 1985). 

Nitrite oxidation also appeared to proceed at maximal rates (Table 2). The range of 
rates from cultures of nitrite oxidizers varies from 10 × 10 -13 mol N cell -1 d -1 (BELSER, 
1979) to 1.6 × 10 -13 mol N cell -1 d -1 (GLOVER, 1985). These values are comparable to 
activity in the Southern California Bight (WARD, 1987a). In the case of nitrite oxidation, 
we think it likely that oxygen, rather than nitrite concentration, was rate limiting. Nitrite 
oxidizers exhibit a substrate response, and nitrite concentrations in our samples were 
high relative to the measured kinetic constant (Km = 0.07 ~tM; OLSON, 1981), while 
oxygen concentration was extremely low. 

Nitrogen substrate rather than oxygen limitation may be an important control on 
ammonium oxidation rates and cellular rates in the ETSP due to low concentrations and 
the reduced pH of these waters. Nitrifiers are thought to utilize NH3 rather than NH~-, 
with a narrow peak in activity near pH 8 (SuzuKI et  al., 1974; WARD, 1987b). The 
consumption of oxygen and concomitant decomposition of organic matter results in low 
pH (about 7.2; STUMM and MORGAN, 1981). The concentration of ammonium is generally 
quite low (<0.2 ~tM) in denitrifying regimes (RICHARDS, 1965) due to the combined 
activities of nitrifiers and assimilation of ammonium for microbial growth (LIPSCHULTZ et 

al., in preparation). A low pH would therefore result in available substrate concentra- 
tions of only 1 nM. The Km for cultures of Nitrosococcus o c e a n u s  (WARD, 1987b) and 
Nitrosomonas europaea (JONES and MORITA, 1983) at pH 6.8 are similar, about 1 lxM 
NH3 vs 1 mM NH~'. Efforts to measure nitrogen limitation in the field have generally 
failed (cf. WARD, 1986), suggesting that Km values from cultures are too high. Thus, 
although oxygen concentration does not appear to limit nitrification as oxygen levels 
diminish, the concomitant pH change could dramatically reduce substrate availability. 
Verification of this limitation will require improved detection of ammonium concentra- 
tions and simultaneous pH measurements. 

Contribution o f  nitrifiers to C and N metabolism o f  oxygen minimum regions 

High cellular VCO2 suggests the potential for nitrifying bacteria to play a role in 
production of particulate organic material in the nitrifying zones above and below the 
deep nitrite maxima. Rates of chemoautotrophy were enhanced at the boundary layer 
between the two denitrification zones and autoradiography of nitrite oxidizers showed 
that 14CO2 fixation per cell was greater at high nitrite concentrations. The nitrite 
oxidizers could therefore be producing particulate matter while recycling nitrite and 
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nitrate. The production of organic substrates that could be used by heterotrophically 
growing denitrifiers is unlikely, however. Heterotrophic bacteria require dissolved 
substrates, and the production of significant levels of dissolved organic material during 
growth by nitrifiers is probably minimal. 

We can estimate the potential contribution of nitrifiers to the particulate organic 
carbon pool using ratios of C and N conversion for the processes involved. We assume 
that dissolved organic carbon with a C/N ratio of 10 (typical of aphotic depths) is supplied 
by degradation of sinking particles from the photic zone and is mineralized to yield CO2 
and NH~-. The stoichiometric relationship between organic carbon production and 
inorganic nitrogen oxidation differs between species and varies as a function of both 
oxygen and nitrogen substrate flux (cf. reviews by KAPLAN, 1983; WARD, 1986). The 
carbon yield from ammonium oxidation at low oxygen concentrations is on the order of 
0.1 (GuNDERSEN, 1966; CARLUCCI and MCNALLY, 1969) compared to 0.04 at oxygen 
saturation (GLOVER, 1985). It is possible to compute the carbon yield for the field samples 
at a few depths where both nitrification rates (by 15N) and CO2 fixation (by RuBPCase) 
were detected. The ratio C/N yield varies from 0.28 to 2.3 for ammonium oxidation and 
from 0.005 to 0.12 for nitrite oxidation. Ratios greater than 1.0 are probably impossible 
and may indicate CO2 fixation by organisms other than nitrifiers. Using the C/N yield of 
0.1, the amount of carbon fixed by nitrifiers would be 1% of the amount of organic carbon 
originally entering the system. This computation assumes that the only source of reduced 
nitrogen for nitrification is decomposition of organic material sinking into the denitrifica- 
tion zone. Unlike ammonium, nitrite supply is not solely dependent upon decomposition 
of incoming organic matter. Oxidation of recycled nitrite (produced in situ by nitrate 
reduction) could allow nitrite oxidation to exceed ammonium oxidation rates. 15N- 
derived estimates of ammonium and nitrite oxidation rates support this possibility 
(LIPSCHULTZ et al., submitted). In situ nitrate reduction or contribution of dissolved 
substrates by advection could allow the contribution of nitrification to available organic 
carbon to exceed 1% of the vertical flux (KARL et  al., 1984; KARL and KNAUER, 1984). 

Estimates of autotrophic VCO2 (derived from RuBPCase) can be integrated and 
compared to the vertical flux of organic material. Integration over the depth range of the 
oxygen minimum zone yields carbon fixation rates of 0.08-0.12 g C m -2 d -1. Primary 
production measured on our cruise was 1.0-3.8 g C m -2 d -1 (Barber, unpublished data in 
FRIEDERICH et al., 1985) but vertical flux was not measured. Using the model of MARTIN et 
al. (1987), we compute an input from the surface to the 100-500 m depth interval of 
0.085 g C m -2 d -1. Clearly, the estimated integrated CO2 fixation by nitrifiers is in excess 
of the amount of carbon available from vertical flux, instead of equal to 1%, that we 
calculated above as the maximum expected contribution by nitrifiers. The reason for this 
discrepancy may be that measured RuBPCase reflects activity by autotrophic bacteria 
other than nitrifiers. 

Relationships among activity parameters 

There was no clear relationship over the entire data set between the nitrification 
activity, as measured by 15N, and chemoautotrophic activity, as measured by autoradio- 
graphy or RuBPCase. The lack of direct agreement is partly attributable to the different 
metabolic processes measured by the different methods, different time scales relevant to 
each measured parameter, and the variation (among species and with substrate concen- 
trations) in carbon yield from nitrification. Limitations inherent in the 15N approach may 
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have resulted in failure to detect a portion of nitrifier activity that was detected by the 
RuBPCase or the TRA measurements. For example, low oxidation rates in the presence 
of high NO2 and NO~ concentrations would be undetectable by the 15N method (due to 
dilution of the isotopic signal), whereas the radioisotope-based TRA and RuBPCase 
techniques enjoy extremely high sensitivities. Another possibility is the production of 
nitrous oxide rather than nitrite, which is the only product measured by the 15N protocol. 
Nitrifiers are well known to rapidly increase the proportion of nitrous oxide relative to 
nitrite as oxygen levels decline (GOREAU e t  al., 1980; LIPSCHULTZ et al., 1981; JORGENSEN 
et al., 1984; ANDERSON and LEVINE, 1986). Nitrous oxide results from reduction of 
internal pools of nitrite which do not rapidly exchange with external NO~, as would be 
necessary for detection using 15N (POTH and Focrrr, 1985). High chemoautotrophic rates 
in the presence of high nitrous oxide concentration, where 15N methods failed to detect 
activity, suggest that high nitrous oxide levels were produced by ammonium oxidizers. 

The actual magnitude of N20 production at oxygen values typical of the oxygen 
minimum zone in the ETSP is difficult to assess. GOREAU et aL (1980) observed that up to 
10% of the ammonium oxidized was recovered as N20. However, LIPSCHULTZ et al. 
(1981) and ANDERSON and LEVINE (1986) found values closer to 2-3%. These studies 
made no measurements below 2.5% oxygen saturation, whereas the oxygen-deficient 
zone off Peru typically exhibits oxygen concentrations below 0.1% saturation. It is 
possible that as oxygen levels drop, the nitrous oxide yield could increase dramatically 
and the autotrophic activity associated with N20 production could be detected only by 
the radioisotope procedures. 

Both of the radiotracer methods measure the chemoautotrophic fixation of CO2. The 
RuBCase assay is sensitive to potential interference, since all chemoautotrophs present 
in a sample are assayed, while the TRA measurement is specific for nitrifiers. Very high 
RuBPCase activity in samples with low TRA and C/N ratios />1.0 could be due to 
dominance by other chemoautotrophic populations, including iron-, hydrogen- or thio- 
sulfate-oxidizing bacteria. HONG and KESTER (1986) observed a strong correlation 
between Fe (II) and nitrite, with concentrations of both decreasing with increasing 
distance from the shelf at 9°S off Peru. A cycle of hydrogen production and oxidation has 
been described in oxygenated marine waters (HERR et al., 1984; SCHROPP et al., 1987) and 
hydrogen oxidizers may also utilize nitrate as an electron acceptor (Go~sCHALK, 1979). 
High particle concentrations have been reported for the oxygen minimum zone off Peru 
(PAK et al., 1980; SPINRAD et al., 1989); particles may favor the formation of anoxic 
conditions resulting in enhanced production of reduced substrates. Thus, the agreement 
of the 15N rates (VNH4) and RuBPCase at 13°S may reflect the dominance of the 
nitrification pathway, whereas the general lack of correspondence elsewhere may 
therefore be due to interferences from other chemoautotrophic processes. 

Although the identification of individual nitrifying cells in the TRA assay precludes 
interference from other chemoautotrophs, nitrifiers are capable of methane oxidation in 
addition to ammonium oxidation (JONES and MORITA, 1983; WARD, 1987b). Since the 
effect of methane metabolism on CO2 fixation is not clear, if methane were utilized for 
energy, some CO2 fixation could be supported by methane rather than ammonium 
oxidation. Thus potential for artifacts is also present in the TRA method. 

CONCL.USIONS 

All three independent measurements of nitrifying bacterial activity consistently pro- 
duced evidence for the existence and activity of nitrifiers within the oxygen minimum 
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zone, under conditions usually assumed to be the exclusive domain of denitrifying 
bacteria. We conclude that nitrifiers continue to contribute to nitrogen cycling even in 
low oxygen waters. Not only was activity detected at extremely low oxygen concentra- 
tions, but nitrifier bacterial abundances and per cell activity rates were in the range 
observed in oxic regimes. Both nitrate respiration (LIPsCHULTZ et al., in preparation) and 
nitrification occurred in near-surface low oxygen waters, associated with a shallow nitrite 
maximum. Nitrite oxidizing activity was also important within the oxygen minimum, just 
below the deep nitrite maximum. These findings are consistent with very close coupling 
between nitrification and denitrification and the rapid cycling of nitrogen cycle inter- 
mediates including nitrate, nitrite and nitrous oxide. Rather than control by oxygen 
concentration, we suggest that substrate availability, controlled by pH, modulates 
ammonium oxidation rates along the oxygen gradient. 

RuBPCase activity, autoradiography and 15N methods all detected active nitrification 
and growth occurring within the oxygen minimum zone. The exact depth distribution of 
the three activity measurements were often dissimilar. The common feature to all 
measurements is the occurrence of strong maxima, not necessarily coincident among the 
different activity measurements. Furthermore, lack of correlation between activity 
measurements and environmental variables implies that control in situ activity is 
complex, and that the times scales relevant to the measured quantities differ. For 
example, days are probably required for changes in nitrifier cell numbers, while oxidation 
rates and VCO2 probably vary on much shorter time scales. Individual in situ rates cannot 
be deduced from the more easily measured distributions of chemical concentrations 
because concentrations reflect the net result of several microbial processes. 
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