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Bacterial transformations of inorganic nitrogen in the oxygen- 
deficient waters of the Eastern Tropical South Pacific Ocean 
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Abstract--Rates of transformations of inorganic nitrogen were measured in the low oxygen, 
subsurface waters (50--450 m) of the Eastern Tropical South Pacific during February 1985, using 
15N tracer techniques. Oxygen concentrations over the entire region were in a range (O 2 < 2.5/aM) 
that allowed both oxidation and reduction of nitrogen to occur. A wide range of rates was observed 
for the lowest oxygen levels, indicating that observed oxygen concentration was not a primary 
factor regulating nitrogen metabolism. High values for subsurface metabolic rates correspond with 
high levels for surface primary production, both apparently associated with mesoscale features 
observed in satellite imagery and with mesoscale features of the current field. 

Measured rates of nitrate reduction and estimated rates of denitrification were sufficient to 
respire nearly all of the surface primary production that might be transported into the oxygen- 
deficient zone. These results imply that the supply of labile organic material, especially from the 
surface, was more important than oxygen concentration in modulating the rates of nitrogen 
transformations within the low oxygen water mass of the Eastern Tropical South Pacific. 

The pattern of nitrite oxidation and nitrate reduction activities in the oxygen minimum zone 
supports the hypothesis (ANDEaSON et al., 1982, Deep-Sea Research. 29, 1113-1140) that nitrite, 
produced from nitrate reduction, can be recycled by oxidation at the interface between low and 
high oxygen waters. Rates for denitrification, estimated from nitrate reduction rates, were in 
harmony with prcvious estimates based on electron transport systcm (ETS) measurements and 
analysis of the nitrate deficit and water residence times. 

Assimilation rates of NH~" were substantial, providing evidence for heterotrophic bacterial 
growth in low oxygen waters. Ambient concentrations of ammonium were maintained at low 
values primarily by assimilation: ammonium oxidation was an important mechanism at the surface 
boundary of the low oxygen zone. 

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

OXYGEN deficient pelagic waters are important sites for loss of fixed nitrogen (denitrifica- 
tion) from the world's oceans (CODlS~ and PACKARD, 1980; HATrORt, 1983; 
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CoDmPo'n and CHRISTENSEN, 1985; CoomPort et al. 1986). Recent estimates of the 
production and loss rates of fixed nitrogen suggest that the oceanic inventory is declining 
(HArroRi, 1983; CODmPOT| and CHaISTENSEN, 1985; CHamTENSEN et aL,  1987), with 
possible implications for global climate (McELaog, 1983). Oxygen-deficient pelagic 
regimes also may be significant global sources of nitrous oxide (N20) (CoDISPOTI and 
CHRISTENSEN, 1985) and hence affect the radiative budget of the earth (YuNc et al., 1976) 
and the chemistry of the stratosphere (CRu'rZEN, 1970). 

The factors affecting rates of nitrification (ammonium oxidation and nitrite oxidation) 
and denitrification must be understood to assess the role of denitrification regimes in 
oceanic nitrogen cycling (ANDERSON et  al.,  1982; LIu and KaPtAN, 1984). The extremely 
low oxygen levels (O: < 2.5/~M) in the Eastern Tropical North Pacific (CoolsPorl and 
RICHARDS, 1976), the Eastern Tropical South Pacific (WOOSTER et al., 1965; FIADEIRO and 
STRICKLAND, 1968; CDDmPOT! and PACKARD, 1980), and the Arabian Sea (DEUSER et al., 
1978; WAJm et al., 1982; NAQVl, 1987) are associated with profound shifts in the 
metabolism of the microbial community. As concentrations of oxygen decline, rates of 
aerobic respiration decrease, and respiration of oxidized nitrogen (nitrate reduction and 
denitrification) increases, Oxidation of ammonium and nitrite by chemoautotrophic 
nitrifying bacteria should decline as oxygen values approach zero. Oxidation and re- 
duction of nitrogen therefore might be expected to occur together under some conditions, 
since the oxygen content of these waters typically lies in the transition between inhibition 
and activation for these processes (CARLUCCl and MCNALt, Y, 1969; CoolsPorl and PACK- 
ARD, 1980). 

The potential interaction between nitrification and denitrification within pelagic 
oxygen-deficient zones has been the focus of conceptttal (CoDISPOT! and CHRISTENSEN, 
1985) and numerical (ANDERSON et al. ,  1982) modcls of nitrogen cycling. CoDmPOrt and 
CHRIS'tENSt~N (1985) discusscd the coupling of nitrification and dcnitrification through thc 
common intermediate, NzO, and potential ramilications for estimated rates of dcnitrilica- 
tion. ANDERSON et al. (1982) envisioned a cycle in which some fraction of thc nitrite 
produced by bacterial respiration of nitrate in the core of the deep nitrite maximum could 
diffuse to the boundaries of the oxygen minimum zone where it was oxidized back to 
nitrate. Nitrate from aerobic waters also could diffuse into the oxygen minimum zone to 
complete the cycle. Some of the organic matter in the oxygen minimum zone could 
therefore be oxidized without loss of fixed nitrogen. 

Evaluation of the interaction of nitrification and denitrification under low oxygen 
conditions in pelagic waters has been inhibited by lack of suitable direct measurements of 
rates of nitrate respiration in pelagic denitrification regimes. The experimental conditions 
used in early studies (GoERtNG, 1968; GOER~NG and CLINE, 1970) were unrealistic, 
especially the very long incubation times employed. There has been relatively little work in 
the laboratory to define the activity of denitrifiers in the range of low oxygen conditions 
typical of the Peru region. The shift from oxygen to nitrate respiration in culture 
(OZRETICH, 1976; DEVOL, 1978) or in experiments with sediments (JORGENSEN etal . ,  1984) 
takes place in the range of 0.25-10uM O 2. Recently, HERNANDEZ and Rowe (1987) 
reported that nitrate reduction by bacteria in cultures was more sensitive to increased 
oxygen levels than was nitrite reduction. ROBEaTSON and KUENEN (1984) have taken issue 
with the idea that very low oxygen concentrations are required for denitrification, 
presenting evidence that metabolic capability for aerobic denitrification is more wide- 
spread than previously supposed. 
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CAm, UCCl and MCNALLY (1969) suggested tl'lat nitrification can proceed at the oxygen 
levels characteristic of most pelagic denitrification zones, i.e. that nitrogen would 
simultaneously be oxidized and reduced. Laboratory studies of ammonium oxidizing 
bacteria by GOREAU et al. (1980) and H'tNES and K,~OWLES (1984) reported half saturation 
(Km) values of 5/~M O z. and JORGENSEN et ai. (1984) found nitrification activity in 
sediment slurries at levels as low as 1-2/~M 0 2. Oxidation of ammonium by nitrifiers 
therefore might be important in maintaining the low concentrations of ammonium found 
in these ecosystems (RtcHARDS, 1965) and could contribute to the observed concentration 
of nitrite. Other work. however, indicates much higher Km values for oxygen than those 
given above (STENSTROM and PODUSKA, 1980; HELDER and DEVRIES. 1983). The high 
nitrite concentrations observed in denitrification regimes (CoDtSPOTI and RICHARDS. 1976; 
WAJIH el  al.,  1982) have been attributed to a greater sensitivity to low oxygen levels by 
nitrite oxidizers than by ammonium oxidizers (STENSTROM and PODUSKA, 1980; HELDER 
and DE VRmS, 1983; HYNES and KNOWLES, 1984). 

There have been few field studies of nitrification in suboxic subsurface waters (HASHt- 
MOlD et al.. 1983; WARD and ZAFIRIOU, 1988; WARD et al. ,  1989a). HASHIMOTO et al. (1983) 
measured nitrification rates in the Cariaco Trench and found that nitrification proceeded 
to at least 61tM 02. WARD and ZAFIRIOU (1988) recently detected ammonium oxidation 
throughout the water column of the Eastern North Tropical Pacific, including the depth 
interval with oxygen concentrations below 101~M 02. 

Our objective on the NITROP-85 cruise to the Eastern Tropical South Pacific (ETSP) 
during February 1985 was to study the interaction of nitrification and denitrification by 
making direct nlcasurcments of bacterially mediated nitrogen cycling in the oxygen- 
deficient pelagic watcrs, in conjunction with sensitive analysis of oxygen concentration. 
Four sites off the coast of Peru were examined using tSN tracers to measure the rates of 
dissimilatory nitrate reduction, ammonium oxidation, nitrite oxidation, ammonitxm 
regeneration and assimilation of inorganic nitrogen. Rate nleasuremcnts were conducted 
along thc ambient oxygen and nitrite gradients to define the role of oxygen concentration 
and other possible factors in controlling nitrogen metabolism. The vertical distribution of 
rates of nitrate reduction and nitrite oxidation were measurcd and compared to predic- 
tions of the recycling model of ANDERSON et al. (1982). Rates for nitrification wcrc 
examined to see if this process could play a role at low oxygen concentrations in the 
balance of oxygen, ammonium or nitrate. 

METtlODS 

General  

The cruise track (Fig. 1) consisted of a transect parallel to the coast from approximately 
7 to 16°S, and two sections normal to the coastline, one at 10°S and another along the "'C'" 
line of the CUEA.program (RtCHARDS, 1981) at 15°S. The section at 10°S was chosen to 
sample the historical northern boundary of the oxygen-deficient waters containing the 
main secondary nitrite maximum (MSNM, CODtSPOTt and PACKARD, 198{I). Intensive 
sampling and rate measurements were carried out at four locations, 7"40'S (Stas 44--64), 
9"31'S (Stas 18-38), 13"32'S (Stas 77 -97) and 15"20'S (Stas 123-142). Each of these sites 
was occupied for approximately 3 days. 

Hydrographic data were collected by a CTD system (Neil Brown Instruments) equipped 
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Fig. 1. Station location chart for NITROP-85.  St;ttion numbers  were assigned to individual casts, 
so that multiple station numbers  at one locale represent  sampling over ,'t time period. 

with a rosette sampler for discrete sampling using Niskin bottles. Analyses for NOy, NO~- 
and NHJ" were carried out using a computer-controlled autoanalyser based on the 
procedure of WmTLEOGE et al. (1981). Oxygen was measured by automated Winkler 
titration (FRmDEREH et al . ,  1984) during the hydrographic surveys. The more sensitive 
colorometric method of BROENKOW and CaNE (1969) was employed at the experimental 
stations for samples with oxygen concentration below 25#M. Nitrous oxide was deter- 
mined by ECD gas chromatography using gas phase equilibration (ELKINS, 1978). 
Bacteria were enumerated by acridine orange direct counts (HoBBm et al . ,  1977). Nitrate 
deficits, which estimate the amount of fixed nitrogen lost by denitrification, were 
calculated following ELtqr~s (1978). A compendium of results from these analyses is 
available (FRIEDERICH e t  al . ,  1985). 



Bacterial transformations of inorganic nitrogen 1517 

Sampling protocol 

Profiles of nutrients and hydrographic parameters were obtained upon arrival at each 
station. Rate measurements were made on water samples acquired at depths selected to 
span the range of oxygen and nitrite levels at each site. Nutrient and oxygen levels were 
determined again immediately upon retrieval of a 30 liter Niskin bottle and prior to 
initiation of the tracer incubations. During the period required for these analyses 
(<30 min), three Pyrex jugs (4 liter) were flushed with dinitrogen gas to eliminate 
potential contamination with atmospheric oxygen. (Pyrex was chosen to eliminate 
diffusion of oxygen through the container walls.) The jugs were blackened to prevent 
inhibition of nitrification by light (OLsoN, 1981; WARD et al., 1984; LWSCnULTZ et al., 
1985). Addition of 15NH~', t5NO~ or tsNO~ (>99 atom %) was made to separate jugs to 
achieve a 10% increase in ambient nutrient concentration. If the nutrient concentration 
was below detection limits (generally the case for N I ~ ) ,  the concentration of labeled 
nutrient was fixed at 0.05/aM. Water was then transferred from the Niskin bottle to the 
bottom of the jugs to minimize disturbance and mixing of the water with the overlying 
atmosphere of N2. The headspace of the Niskin bottle was filled with N 2 to prevent oxygen 
contamination. The jugs were capped with silicone stoppers fitted with two teflon tubes 
that permitted subsampling while controlling the oxygen level in the headspace. When not 
in use, the tubes were capped. After filling the jug, nitrogen in the headspace was flushed 
with an appropriate N2:O 2 mixture to poise the oxygen concentration in the sample at the 
in situ level. 

A time series of four subsamples (l liter each) was taken from each label treatment, with 
time points at approximately 0.5, 4, 8 and 24 h. The subsamples were obtained by slightly 
pressurizing the hcadspace with the appropriate N2:02 mixture so that water was expelled 
through the tube reaching the base of the jug. The jugs were incubated at 12-14°C, 
comparable to in situ temperatures. Four depths were generally sampled each day. 

A critical requirement for these incubation experiments was maintenance of the 
ambient oxygen levels. We verified control of the oxygen content of the incubating 
samples at the beginning and the end of the incubations by expelling a stream of sample 
from a 4 liter jug through a narrow tygon tube into a syringe filled from a "T" in the tube. 
The oxygen in the syringe was then quantified using the assay BROESKOW and CLISE 
(1969). Diffusion of oxygen through the wall of the tygon tube added a small ( -  1/aM), but 
quantifiable amount of oxygen to the sample drawn for verification. After correction for 
this effect, the data indicate that the in situ oxygen levels were maintained during the 
incubations. The time-course data for l~I transfer also indicated that oxygen contami- 
nation was minimal for most incubations (see below). 

15N determinations 

Each of the 1 liter subsamples was filtered through a 42.5 mm diameter, pre-combusted 
GF/F filter, and the filter frozen. The 1000 ml of filtrate was then partitioned for analysis of 
concentration and tSN content of NO~, NO~' and NH~'. Samples (100 ml) for lSNl-~ and 
tsNO~" analyses were frozen for later processing. Samples for nutrient analysis (50 mi for 
each time point from each tracer addition) were frozen until the end of the incubation and 
then were analysed in a group using the autoanalyser (FRIEDEPaCH et al., 1985) to maximize 
analytical precision. 

The NO~- in 250 ml subsamples from the filtrate was extracted onboard ship using the 
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azo dye complexation methods detailed in LIrSCHULTZ (1984). The recovered dye was 
stored in amber bottles at room temperature for isotopic analysis after the cruise. The 
nitrogen isotopic ratio of nitrate was determined using stored (frozen) water samples, 
following the procedures of LI~SCHULTZ (1984). Removal of pre-existing nitrite was 
accomplished by adding sulfamic acid (10/A saturated at 5°C) to each sample and adjusting 
the pH to 2.0. After a ! h reaction period, the pH was adjusted to 8.0 with a mixture of 
NaOH and carbonate buffer to permit efficient reduction of the NO~ to NO~ using 
copperized cadmium. The resulting nitrite (derived from N O ;  in the sample) was then 
extracted by the azo dye procedure. The samples with added ~SNH~ were analysed using 
the indophenol protocol of DUDEK et al. (1986) with appropriate modifications for smaller 
sample size. The indophenol and azo dyes from each of these separations were dried and 
transferred onto 25 mm diameter, pre-combusted GF/C filters. 

The filter for each isotopic analysis (particulate nitrogen, NH~, NO3 or NO.;-) was 
placed in a Vycor combustion tube, sealed under vacuum and the nitrogen converted to 
dinitrogen gas by Dumas combustion. The tSN/14N ratios were initially measured using a 
dual slit emission spectrometer that enabled precise analysis of samples containing as little 
as 10 -7 mol N in each tube (DPSCHULTZ, 1984). This low limit was necessary to analyse the 
small sample mass available after partitioning the water sample. Subsequently, the dual 
slit imaging system was replaced by a photodiodc array (OMA Ill, EG&G) permitting a 5-  
10 fold improvement in sensitivity to changes in tSN/14N ratios (4-0.002 atom %). Sample 
tubes containing N 2 derived from NO;" and N O ;  were analysed using both systems. 

The mass of particulate nitrogen was measured as N z after the isotopic analysis by 
crushing the combustion tubes in the carrier stream (He) of a gas chromatograph equipped 
with a thermal conductivity detector and a molecular sieve (5A) column. The system was 
calibrated by direct injection of N2 (99.999%) or by combustion of known amounts of 
EDTA in our standard combustion procedure. Both calibration methods gave equivalent 
results. 

Rates for ammonium oxidation, nitrate oxidation, dissimilatory nitrate reduction, Ni-I~" 
regeneration and assimilation of inorganic nitrogen (NH~, NOf  and NO3) were calcu- 
lated by a least-squares analysis. A set of linear differential equations defining the nitrogen 
cycle in aerobic waters (LwsCHULrZ et al., 1986) was modified to include the loss of NOf  to 
N 2. In finite difference form, this set of equations constituted a set of functions with 
adjustable parameters that could be fit to observed time courses of nutrient levels and 
isotopic content. Each function was weighted by the inverse of the estimated variance for 
the associated measurement. Rates reported below are based on functions fitted to at least 
three of the four time points in an incubation. This method of data analysis simultaneously 
incorporates the concentration and isotope ratio data from all three tracer additions, 
providing the "'best" internally consistent picture of the nitrogen transformations in each 
sample. 

The set of equations allowed for variation in determinations of the mass of nitrogen, 
both total and tSN, through a combination of weighting functions and by permitting 
transformations that were not directly measured such as denitrification. For instance, a 
denitrification rate would be calculated if the observed decrease in nitrite concentration 
exceeded the sum of the measured rates by a margin determined by the weighting 
functions (variance). However, for the entire data set, the total tSN mass for each label 
varied over the time course by only 2.7% for tsNO; additions, 4.1% for IsNOf additions 
and 10% for =SNH~" additions. Little, if any, of the initial label of nitrogen was therefore 
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unaccounted for in our experiments. In addition, the measured value for the isotopic 
composition of the labeled species at the initial time point was quite close to the value 
calculated from the initial concentration and the label (100 4- 11% for NOf,  98 _+ 13% for 
NO~ and 106 __ 24% for NH~'). The loss of nitrogen to unknown pools that has been 
reported in studies of the euphotic zone (LAws, 1984; WARD et al., 1989b) was not 
encountered in the NITROP-85 data set. 

The minimum detectable rates of nitrification and of dissimilatory nitrate reduction 
depend on the nitrite concentration in the sample. Since nitrite concentrations varied over 
the water column, the detection limit can best be stated as a maximum detectable turnover 
time for nitrite associated with a particular assay: 5 x 103 days for ammonium oxidation 
and 103 days for dissimilatory nitrate reduction and nitrite oxidation. The limits differ due 
to the generally higher specific activity of the ammonium substrate. For example, if the 
NOr concentration were 1.0/~M, the minimum detectable rate for nitrite oxidation is 
1.0 nM N d -  t. The limit for assimilation of inorganic nutrients (using the less accurate dual 
slit spectrometer) corresponded to a turnover time of approximately 500 days in the 
particulate pool. 

Acetylene block experiments 

The acetylene block technique (FF.DEROVA et al., 1973; ELgiNS, 1978) was used to 
measure dcnitrification rates at eight stations along the transect at 10°S and at Sta. 115 
(Fig. 1). Samples were taken from depths that exhibited low oxygen (by the Winkler 
method) and high concentrations of nitrite. For each depth, six Pyrcx bottles ( 100 ml) were 
filled by overflowing several volumes of water froth a 5 liter Niskin bottle to prevent 
oxygen contaminatkm. Acctylcne-saturatcd, oxygen-stripped water (5 ml) from the 
Niskin bottle was added to each bottle and the bottles were capped and incubated along 
with the tSN bottles. During the ensuing 24 h, the individual bottles were analysed for 
increases in N20 (ELKINS, 1978). The precision of these mcasuremcnts was +(I.5 nM N20. 

Oxygen sensitivity 

Wc tested the sensitivity of the microbial community to potential oxygen perturbations 
during the incubation procedures by comparing rates in samples from the upper oxycline, 
initially 2.5/~M 0 2, with rates from incubations either under a nitrogen atmosphere or 
under an atmosphere 5-fold higher in oxygen than the in situ level (Table 1). The rate of 
ammonium oxidation was not affected by the presence of additional oxygen, but under the 
nitrogen atmosphere the rate declined to about half of the in situ rate. Nitrite oxidation 

Table 1. Effect o f  ahered oxygen concentrations on rates o f  nitrogen cycling 

nM d -I (S.D.) 

Rates of Rates of Rates of Rates of 
Oxygen ammonium ammonium nitrite nitrate 

perturbation oxidation assimilation oxidation reduction 

Control (2.51tM Oz) 257 (3) 64 (3) 889 (20) 171 (6) 
Decreased Oz (N,) 138 (4) 43 (2) 639 (18) 350(8) 
Increased O2(~20~uM) 255 (6) 56 (2) 812 (17) 43 (7) 
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rates reacted in a similar fashion. (The rates did not go to zero because the water did not 
reach equilibrium with the headspace.) These results suggest that nitrification activity 
during our incubations was relatively insensitive to possible small increases in oxygen. 

The rates of dissimilatory nitrate reduction were more sensitive to small oxygen 
changes. The reduction in oxygen concentration produced a doubling of the in situ rate and 
the increase in oxygen caused a cessation of nitrate reduction after the first few hours of the 
incubation. Thus, if oxygen levels were to increase during our incubations due to 
atmospheric contamination, measured rates of dissimilatory nitrate reduction could 
potentially underestimate the in situ rates. Label transfer from NOj  to NO~ in a few 
incubations (primarily at our first location, 9°31'S) declined dramatically over the time 
course in a manner similar to that found in the test where oxygen levels were enhanced. In 
the results that follow, the rates of nitrate reduction at these stations are therefore based 
only on the initial interval ( - 3  h) and we recognize that these rates may be lower than in 
situ values. 

Finally, we found that all of the water sampling bottles (especially Go-Fio) had higher 
oxygen values than samples from the pump system and that the oxygen levels in the bottles 
also increased with time on deck. Any increase in oxygen would act to increase the 
measured nitrification rates so that in situ rates of oxygen consumption would have been 
lower than we estimate. However, as discussed above, experimentally increased oxygen 
concentrations had little effect on nitrification rates but did decrease rates of nitrate 
reduction. 

RESULTS 

Regional nutrient and hydrographic features 

The spatial distribution of nitrite in main secondary nitrite maximum (MSNM) showed 
four distinct lobes in the 12-16°S region (Fig. 2),and there was a region of water with high 
nitrite concentration at the southern end of the section. High nitrite levels were also 
present to the north of the historical boundary of the MSNM at 10°S, with a lens of 
extremely high nitrite near the surface separated from a deeper maximum (CooISPOTI et 
al., 1986). This near-surface feature was approximately 200 km in diameter and 30 m 
thick, and it persisted over the one month period of NITROP-85. 

The MSNM and the northern zone of high nitrite were separated at 11°S by water with 
low nitrite concentration. The low nitrite values were found in waters with a significant 
onshore component of the geostrophic circulation (Fig. 2). The computed geostrophic 
flows are admittedly weak and are potentially subject to aliasing errors (How~, 1980), but 
the inference of a change in the flow regime is supported by coincident anomalies in the 
nutrient (cf. Fig. 2), temperature, and salinity distributions (F~mDERICa et al., 1985). The 
water at 11°S had the T-S characteristics of equatorial South Central Pacific waters rather 
than equatorial waters (WY~T~I, 1963, 1966), corroborating its offshore origin. The water 
in this inflow region contained higher levels of oxygen than the surrounding waters. 

Nutrient profiles 

Vertical profiles of nitrite concentration (Fig. 3), measured using samples taken from 
the same Niskin bottles as the tracer experiments, illustrate the pattern of sharp vertical 
gradients found throughout the region during NITROP-85. The nitrite maximum near the 
surface to the north of 11*S is apparent from the profiles at the 7040'S and 9"31'S stations 
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(Fig. 3). Concentrations in both surface and the deep nitrite layers were larger at 9°31 'S 
than at 7"40'S. Both stations to the south of 1 I°S exhibited an extremely sharp vertical 
nitrite gradient at the upper boundary of the MSNM. 

Oxygen concentrations were quite low, commonly below 2.5/~M Oz (< 1% saturation), 
with little detectable variation throughout much of the water column. Vertical gradients 
near the surface were extremely sharp (Fig. 3), as for NO~. The nitrite maxima were 
completely confined within the bounds of the low oxygen waters. Oxygen levels were 
similar to those reported for the core of the oxygen-deficient zone in the Eastern Tropical 
North Pacific (CuNE and RICHARDS, 1972; CODISPOTI and RJCHARDS, 1976). 
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colorimetrie method (BkoENKOW and Cu~E, 1969). 

Nitrogen tran.~formations 

Rates  for oxidat ion o f  a m m o n i u m  (Fig.  4) were  highest near the top o f  the oxygen  
m i n i m u m  z o n e ,  decreased  dramatical ly  in the core  and increased slightly at the base.  
M a x i m u m  rates o f  a m m o n i u m  oxidat ion were  located  i m m e d i a t e l y  a b o v e  the d e e p  nitrate 
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Fig. 4. Depth profile of rates of ammonium oxidation (top scales - O - )  and ammonium assimi- 
lation (bottom scales - • - )  at the four experimental stations. Note the scale change for rates of 
ammonium oxidation at the southern stations. The error bars represent 1 S.D. error estimates from 

the least-squares fit of time-course data. 

maximum at three of the four locations (cf. Fig. 3). Nitrifier activity at the northern sites 
(7°40'S and 9°31'S) extended over a wider depth range than at the southern stations. High 
activity was recorded in both the shallow nitrite feature and at the upper extent of the deep 
nitrite maximum at 9°31'S. In contrast, ammonium oxidation was detected only at the 
edges of the oxygen minimum zone at the southern stations. 

Assimilation of NH~" was detected at almost every depth sampled throughout the region 
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(Fig. 4) and there was no clear difference in magnitude between rates at the northern and 
the southern locations. Maximum assimilation of ammonium was not associated with peak 
respiratory activity (nitrate reduction) except at 15°20'S (Fig. 5). Assimilation of nitrate 
and nitrite occurred sporadically, with no apparent pattern (data not shown). We assume 
that assimilation of inorganic nitrogen in these subsurface waters reflects bacterial 
metabolism since our sampling was well below the euphoric zone and phaeophytin 
concentrations greatly exceeded chlorophyll levels (FRIEDERlCH et al., 1985). 

Nitrite Oxidation Rate (nM. d -1 ) - o -  

0 ~ O0 200 300 0 I O0 2~0 300 

100 7"40' $ 

2OO -::::::.,-. 
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400~p~ 4o01 -- 

500[ 5001 

600 600' 0 ~00 2¢0 300 ~0 2CC 300 
Nitrate Reduction Rate (nM.  d -I ) + .  

Fig. 5. Depth profiles of rates of nitrite oxidation (top scales --O-) and of rates of dissimilatory 
reduction of nitrite (bottom scales - O - )  at the four experimental stations. The error bars 

represent I S.D. Note the scale change for the 15~20'S stalion data. 
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Nitrite oxidation rates (Fig. 5) exceeded ammonium oxidation rates (Fig. 4) at all four 
stations. The maximum rate for nitrite oxidation occurred slightly deeper in the water 
column than the maximum for ammonium oxidation. The peak rate for nitrite oxidation 
coincided with the shallow nitrite maximum at the northern locations and with the surface 
nitrite maximum at the southern stations. In the core of the oxygen minimum zone, rates 
were still quite high at the two northern stations. 

Rates for dissimilatory reduction of nitrate to nitrite (Fig. 5) correlated closely with the 
concentration of nitrite (Fig. 3). Northern stations showed multiple peaks over the depth 
range of the oxygen minimum zone. Extremely high rates of reduction of nitrate were 
found at the shallow nitrite feature at 9°31'S and at the surface extent of the MSNM at 
15°20'S [also quite close to the surface (50 m)]. High rates of nitrate reduction and 
nitrification in the near-surface nitrite feature (19m) were observed again when we 
returned to the 9°31'S station after a one-month interval. The association between high 
rates of nitrate reduction and peak concentrations of NO~, the product of this reaction, 
point toward nitrate reduction as the dominant source of NO~ in many parts of the water 
column. 

Attempts to measure denitrification using the acetylene block technique failed to detect 
any excess N20 in 26 incubations at 10°S and at 15°S (Sta. 115). 

DISCUSSION 

The role of  oxygen in regulating redox metabolism of  nitrogen 

Dissimilatory nitrate reduction was observed only in waters with less than 2.5~uM O,, 
and the highest rates were associated with the lowest oxygen values (Fig. 6). There was no 
evidence for occurrence of this process under more aerobic conditions. This result is in 
accord with studies of marine denitrificrs in culture (OZRETICtl, 1976; DEVOL, 1978), in 
which an oxygen level of -2/.tM O 2 was defined as the threshold for onset of dissimilatory 
nitrate reduction. CraNE and RIcltaaOS (1972) defined l/tM 02 as the upper limit for 
nitrate reduction in the Eastern Tropical North Pacific (ETNP) based on the presence of 
high nitrite concentrations only when oxygen concentrations were less than 1/~M. 
RICtIARDS and BaOENKOW (1971) found that I/~M 0 2 remained at the end of a 2-month 
period during which nitrate reduction and denitrification had occurred. Unfortunately, 
only Winkler oxygen data were taken at the onset of the 1971 study, so the actual oxygen 
concentrations over the entire period are unknown but were likely between 5 and I uM. 

High rates of ammonium and nitrite oxidation were observed at the lowest oxygen 
concentrations (Fig. 6). In contrast to nitrate reduction, nitrification rates also were 
observed at oxygen concentrations above 2.5/~M. Apparently, oxygen concentrations in 
the oxygen-deficient portion of the ETSP were at a level that permitted both oxidation and 
reduction of nitrogen to proceed. 

Our data confirm that marine ammonium oxidizers are active at low oxygen concen- 
trations, as indicated by earlier field and laboratory studies (CARLUCCI and MCNALLY, 
1969; GOREAU et al., 1980; HASmMOTO et al., 1983; WARD and ZAFIRIOU, 1988). Not only 
were ammonium oxidizers off Peru active under low oxygen conditions, but rates of 
ammonium oxidation per cell were close to maximal rates found in cultures (W^aD et al., 
1989a). Ammonium oxidation is therefore at least partially responsible for the mainten- 
ance of low levels of ammonium in pelagic denitrifying regimes, where ammonium is being 
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Fig. 6. (a) Rates of nitrate reduction at differcnt in silu oxygen concentrations. Oxygen was 
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different in sire oxygen concentrations. 

actively produced by the denitrification process (RICHARDS, 1965; CARLUCCI and 
MCNALLY, 1969). 

Nitrite oxidation activity was not sensitive to low oxygen levels (Fig. 6) as suggested 
previously (STENSTROM and PODUSKA, 1980; HELDER and DEVRtEs, 1983; HYNES and 
KNOWL~, 1984). Our results agree with the analysis of ANDERSON (1982), who concluded 
from concentration profile data that nitrite oxidation occurred at 3.0pM 02 (-+ 1.5). Rates 
of nitrite per cell for nitrite oxidizers also approached and even exceeded optimal rates 
from laboratory cultures (WARD el  al., 1989). 

Further evidence that both oxidation and reduction of nitrogen occur under the low 
oxygen conditions off Peru is the wide variation in N20 concentration in waters with 
oxygen concentrations below 2.5~M (Fig. 7). Supersaturated values could reflect pro- 
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1969). 

duction from either nitrification (GoREAU et al. ,  1980; LIPSCFtULTZ et al.. 1981 ; HVNES and 
KNOWLES, 1984; JORC;ENSEN et al., 1984) or from denitrification (FIRESTONE and TIEDJE. 
1979; JOgGENSEN et al., 1984; ANDERSON and LEVnNE, 1986). However, since nitrous oxide 
is consumcd only by denitrilicrs (PAvNE, 1981), undersaturation in the water column under 
low oxygen conditions has been assumed to indicate past or prescnt denitrification 
(Ex,KXSS, 1978). Low N20 values were almost exclusively found in waters with both high 
nitrate deficits and with 02 < 2.5 l,M (Fig. 7), suggesting that the onset of dcnitrification 
occurred at about the same oxygen level as nitrate respiration. 

The participation of N_,O in both oxidation and reduction pathways may Icad to an 
underestimation of ammonium oxidation rates through coupling of nitrification and 
denitrilication, similar to that reported in sediments (JErq~xss and KF, MI', 1984). As oxygen 
levels decline, nitrifiers produce N20 in increasing proportion relative to NO[ (GOR~:AU et 
al. ,  1980; Lxpscnot:rz et al., 1981; JORGENSErq et al., 1984; ArqDERSON and LEVIrqE, 1986), 
probably as a result of intracellular NO;- reduction (Pom and FocHr, 1986). Denitrifiers 
can reduce nitrous oxide (FmEsTOrqE and TIEDJE. 1979; PAVNE, 1981), SO that a pathway 
(NH~" ---+ N20 ---+ N2) could operate and the tSN protocol used in our study would not have 
detected it. However, JORGENSEN etal .  (1984) found that a maximum of 9 o _5/o of the NHj" 
oxidized at 1/~M 0 2 resulted in N20---N, so the underestimation is likely to be small. This 
shunt of the redox cycle cannot therefore explain our failure to detect ammonium 
oxidation in the core of the MSNM. It is possible that the high ambient levels of NO;- 
masked the tsNO 2 produced by ammonium oxidizers, and that rates of nitrification in th-c 
core were similar to the low rates found at adjacent depths ( < ~  5 nM N d-t).  

Factors regulating the ambien t  concentrat ions o f  nitrite and  oxygen 

ANDERSON et al. (1982) suggested an important role for the recycling of NO.;" ill 
denitrification regimes. They proposed that nitrite produced by nitrate reduction would 
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diffuse to the oxycline and there be oxidized back to nitrate by nitrite oxidizers. According 
to this model, oxidation of NO.;- should occur primarily in a narrow zone at the upper 
boundary of the nitrite maximum and in a wider, less confined zone at the base of the 
nitrite maximum. Some of the organic matter entering the oxygen minimum zone could 
therefore be oxidized by nitrate reduction without loss of fixed nitrogen from the system. 

The scenario envisioned by ANDERSON et al. (1982) is consistent with the pattern of 
nitrite oxidation and nitrate reduction activity observed during NITROP-85 (Fig. 5). Our 
measured nitrite oxidation rates at the 9°31'S. 13°32'S and 15°20'S locations were indeed 
very high (150-700 nM N d -t) in narrow zones at the top of the nitrite maximum (Fig. 5). 
Rates of similar magnitude (400 nM d- i) were calculated for a 4 m thick zone at the top of 
the oxygen minimum zone in the ETNP by ANDERSON (1982) using a one-dimensional, 
steady-state model. We observed lower rates at the base of the deep nitrite maximum at 
9°31'S and 7°40'S. Peak nitrite oxidation rates appeared to occur where the nitrite 
concentration gradient was steepest, as predicted by ANDERSON (1982), although there is 
insufficient depth resolution in the 15N data to be certain. The tracer experiments provide 
the first direct rate measurements to test the hypothesis of ANDERSON et al. (1982). 
Observed rates were strikingly similar to predictions of the model, providing support for 
significant re-oxidation of NO;- in denitrification regimes. 

Ammonium oxidation was insignificant as a source of ambient nitrite, except for a 
narrow depth interval near the surface in the southern region. Ammonium oxidation rates 
were highly correlated with nitrite oxidation (P > 0.01), and, more importantly, nitrite 
oxidation rates always exceeded ammonium oxidation rates. Thus, although ammonium 
oxidation could produce nitrite quite rapidly, the product appears to be efficiently 
consumed by oxidation. 

These results provide a conceptual framework h~r understanding the hlctors that 
produce the high nitrite levels that characterize this region. Nitrate reduction provides the 
high levels of NO;- observed in the MSNM. An important fraction of this NOR" is 
rc-oxidizcd at the oxyclinc (ANDERSON et al. ,  1982). Where conditions favor nitrification, 
primary and secondary nitrification arc closely coupled. 

Oxidation of Nl-l~" may be regarded as an important source of NO j" in these waters, but 
it is not effective in producing the high ambient levels of NO~. Oxygen consumption 
associated with observed nitrification could deplete the ambient oxygen in the core of the 
oxygen minimum zone in a month or less. Estimates of the water residence time in the low 
oxygen zone in the 10--15°S region are on the order of 3-12 months (CootsPox! and 
CHRIS'rENSEN, 1985). Complete removal of oxygen, however, is rare in the shelf and slope 
waters in this region (DUGDALE et  al.,  1977; FRIEDERICH et al , ,  1985). Maintenance of the 
remarkably consistent oxygen levels found throughout the region therefore requires a 
source of oxygen to balance consumption. 

There are several possible exogenous sources of oxygen. The waters at the northern 
boundary of the denitrification zone, 7°40'S, are likely supplied with oxygen by the 
poleward-flowing Peru Undercurrent. At 9°31'S and 13°32'S, a balance could be main- 
tained by mixing with waters associated with the onshore flow at 11°S that have slightly 
higher oxygen concentrations. A 5 cm s-I onshore flow (Fig. 2) would traverse 200 km in 
just over a month, less than the estimated time for complete oxygen consumption. At 15°S, 
interleaving with subantarctic waters has been reported to be an important process of 
variability in nutrients (FRIEDERICH and CODISPOTi, 1981) and would also act to supply 
oxygen. These scenarios suggest the potential for small, but potentially important, 
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horizontal oxygen gradients to provide oxygen to the denitrifying zone. These gradients 
could have escaped detection in our hydrographic surveys, as well as others, where 
Winkler titrations were used to measure oxygen. 

Vertical diffusion of oxygen along the steep gradients at the boundaries of the low 
oxygen waters could be an alternative route to provide the oxygen needed to balance 
consumption (ANDERSOr~, 1982). In particular, the oxygen demand of the high rates of 
nitrification at the upper boundary of the MSNM at all four locations could be sustained by 
this mechanism. Especially at 9°31'S and 15020'S, an oxygen flux of more than 
10 -3 mol m-" d - l  appears to be required to balance nitrification. Given the observed 
gradients of 3--4/~MOzm -i ,  an eddy diffusion coefficient of 0.1cmZs -1 would be 
sufficient (FRIEDERICH and CoolsPorl, 1987). The rapid turnover of oxygen at these 
interfaces suggests that the depth of the oxycline could shift dramatically due to change in 
the supply of substrate, either oxygen or ammonium. 

It is also important to point out that the concentrations of oxygen or nitrite and the 
metabolic rates at any particular depth were probably not in steady state. Sharp gradients 
of salinity and temperature were present just above the NO;- peak at 15°20'S (FRIEDERICH 
et al., 1985) indicating advection of a different water mass overlying the MSNM. Over a 
24 h interval, the NO;- peak deepened by 10 m and became considerably more diffuse, 
with a two-fold reduction in peak concentration. Repeated pump casts or closely spaced 
hydrocast sampling over several days revealed large (2l~M) variations in nitrite concen- 
trations at any given a, surface (FRIEDERICH and CODISPOT1. 1987). FRIEDERICH and 
CODtSPOTI (1981) have discussed evidence that the variability in nutrient concentration in 
the 15°S region arises from mixing of subtropical and subantarctic waters. Short-term 
transients in metabolic rates (on the order of days) might therefore occur, driven by mixing 
of waters with various oxygen contents. 

Nitrate redaction and denitrification 

Measured rates of nitrate reduction in the core of the oxygen minimum zone were 
similar at all four locations, 25-50 nM N d- t (Fig. 5). Rates near the surface were higher 
and far more variable, 50---400 nM N d-  i. There are few estimates of nitrate reduction in 
natural systems to compare with our measurements. RICHARDS and BROENKOW (1971) 
compared NO 2 and NOj" concentrations over a 2-month period in a closed basin at 
Darwin's Island in the Galapagos. Based on the assumption that both nitrate and nitrite 
reduction occurred over the entire period, they estimated rates in the water column (from 
40 to 120 m) of 192 nM N d-  ' for nitrate reduction and 55 nM N d-  t for nitrite reduction to 
N 2, in the range observed in the upper 100 m of the oxygen minimum zone during 
NITROP-85. The model of ANDERSON et al. (1982), which appears to describe the pattern 
of redox transformations observed on NITROP-85, predicts steady-state rates of nitrate 
reduction in the core of the nitrite maximum of 32 nM N d-  t, quite similar to the observed 
rates in deep water. Rates of nitrate reduction reported by WADA and HA'rrORt (1972) for 
the low oxygen waters of the central Pacific Ocean were considerably less than observed 
off Peru, about 1 nM N d-  i. 

Denitrification rates in the pelagic ocean have been estimated by two methods: the 
nitrate deficit (CoDISPOTi and RICHARDS, 1976) and the electron transport system (ETS) 
method (CoDtSPOTI and PACKARD, 1980). The nitrate deficit is calculated by comparing the 
oxidized nitrogen content of the sample with the content along an isopycnal surface at a 
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point outside the denitrifying regime. A rate can then be calculated from estimates of the 
volume of water affected by denitrification and the residence time. 

The ETS method measures the ability of the filterable organisms in a water sample to 
reduce a tetrazolium dye. The measured electron transport rate is converted to a 
respiration estimate using a factor derived from bacterial cultures in stationary growth 
phase. Implicit assumptions are that the bacterial consortium in the field sample is also in 
stationary phase and that their dominant respiratory mechanism is denitrification. The two 
methods have been found to agree within a factor of about 2 (CODISPO~ and PACKARD, 
1980; CODISPOlq et a l . ,  1986). 

We can use our measured rates of dissimilatory nitrate reduction on NITROP-85 to 
make an independent estimate of denitrification in the ETSP. If we assume that all of the 
tsNO3 label that was reduced to NO~ exchanged with the external NOr pool, then the 
rates we measured represent the total nitrate reduction rate. (If this assumption does not 
hold, our rates would be a lower limit.) The rate of denitrification was calculated by 
assuming that it was 30% of the nitrate reduction rate (RICHARDS and BROENKOW, 1971; 
OZRETtCH, 1976; ANDERSON et a l . ,  1982). This value was chosen based on the rates 
calculated by RtCHARDS and BROENKOW (1971) for Darwin Bay in the Galapagos and the 
Peru Ill case from ANDERSON et al. (1982) as most representative of the high nitrite 
conditions during NITROP-85. The average denitrification rate for the oxygen minimum 
zone at the northern stations (excluding the near-surface nitrite maxima at 9°31'S) was 
8.7 mmol N m-2 d- t  in a water volume estimated as 6 x I0 t" m 2 (Table 2). Extrapolating 
over a year, the nitrogen loss from the 7-10°S region is 2.7 x 10 t2 g N y- i. The near-surface 
feature, although more metabolically active, would have contributed only 
0.3 x It}t2 g N y-t .  If we extrapolate our results from the 13°32'S and 15°20'S stations to 
the same areal extent as CoDJsPon and PACKARD (19S(I) used, we arrive at a value of 
8.9 x 10 t-~ g N y-.t. As noted above, our estimates may bc somewhat low if any contami- 
nation by oxygen occurred during the incubations. 

Our estimated rates of dcnitrilication for the Peru region are quite similar to those of 
other investigators evaluated by tile alternative methods (Table 2). Our estimate of fixed 
nitrogen loss in the offshore zone from 7 to 10°S (3 x 10t2g N y-t)  is quite similar to the 
loss of 4 × 10t2g N y -t calculated by Cootst'ort et ai. (1986) using data for electron 
transport activity (ETS) (Table 2). For the zone centering on the southern stations, 
CoDtSeO'rl and PACKARD (1980) estimated a fixed nitrogen loss in 1977 of 
14.7 x 10t2gNy -t. CODtSPOTt et al. (1988) estimated from ETS measurements that 
denitrification in this region during NITROP-85 was the same as the 1977 value, Within the 
broad assumption required for all of these calculations, there is a surprisingly close 
agreement. 

Attempts to measure denitrification using the acetylene block technique, however, 
failed to detect any activity at the stations along 10°S or Sta. 115. These water masses both 
possessed the characteristics of high nitrite and low oxygen concentrations that typically 
are assumed to define zones of denitrification. The detection limit for increase in N20 
concentration with the acetylene block technique was - 1 . 0 n M N d  -t ,  so that the 
regionally averaged rates of 15 nM N d-  t derived from the tSN experiments should have 
been readily detected. It is possible that the acetylene block assay failed to block N20 
reduction (OREMLANO et a l . ,  1984) or that the acetylene gas poisoned the samples (HYMEN 
and A~P, 1987). However, very low denitrification rates at the depths surveyed are 
consistent with the large variations in measured rates of nitrate reduction. The occurrence 
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of both extremely low (< 1 nM N d- t )  and extremely high denitrification rates within the 
study region raises questions about the validity of the averaging process implicit in Table 2. 
The NO~ deficit method for estimating denitrification averages over such spatial and 
temporal variation, but extrapolation to an areal rate requires an averaging of the water 
flows over the entire region, thereby introducing major uncertainties. Further investi- 
gation of the spatial and temporal scales of subsurface metabolism rates is required before 
global estimates from either method should be accepted as accurate. 

Association o f  subsurface metabolism with surface productivity 

High values of NO~ and elevated rates of NO j reduction were observed at the top of the 
secondary nitrite maximum at 9*31 'S, 13"32'S and 15°20'S (Figs 4 and 5). Satellite imagery 
of chlorophyll concentrations in the Peru region taken during NITROP-85 (Fig. 8) shows 
extremely high levels of chlorophyll ( - 5  mg m -3) directly over the shallow lens of high 
nitrite water at 8--9.S. Streamers of water with high concentrations of chlorophyll extended 
several hundred kilometers offshore. The onshore flow of oligotrophic water with low 
chlorophyll concentration at 11~S is also apparent in both satellite data and subsurface 
observations. The surface temperature record for the Peruvian coastal region (ZUTA etal., 
1983) suggests that the complex circulation observed during NITROP-85 may be common 
in the offshore waters. Peaks in primary production and chlorophyll a (FrleDerlcH et al., 
1985) correspond closely to regions of high nitrate deficit near the surface (Fig. 9) and with 
high nitrite concentrations in the near-surface waters (Fig. 2). These characteristics are all 
associated with water being advcctcd from the coastal waters (Fig. 2). There is strong 
circumstantial evidence then h~r association between the magnitude of subsurface meta- 
bolic rates and primary production in the overlying waters (Ltu and Kart.an, 1984; MarTIN 
et al., 1987). 

Sedimentation links production of organic carbon in surface waters to metabolism in the 
depth interval of the oxygen minimum zone. It is possible to estimate the amotmt of carbon 
that might be available for reduction in the oxygen minimum zone off Peru, for 
comparison with our estimate of denitrification. MARTIN et al. (1987) and S'rArEStNIC 
(1981)) found that 10-15% of surhlce production off Peru sank below the mixed layer. The 
flux of particles (F(z)) at depth (z) was found to be proportional to primary productivity 
and to diminish below the mixed layer according to the equation (Mar'tiN et al., 1987) 

[ z / -o.32 
= . ( 1 )  

The difference in the amount of rapidly sedimenting material entering the oxygen 
minimum zone (Ft,,p) and leaving the zone (F(450 m)) provides a first-order estimate of the 
carbon "available" for respiration (Table 3). Measured rates of nitrate respiration could 
consume 50-110% of the carbon "available" according to this estimate, except at 9°31'S, 
where 260% of the carbon appears to have been required. The additional contribution 
from denitrification raises the total to 74-171% (371% at 9"31'S) (Table 3). 

LJo and KAPLA~ (1984) calculated that only 50% of the available carbon in the ETSP 
was respired. This estimate is probably low since the formula used to calculate "'available" 
carbon (SUESS, 1980) predicts a far more rapid initial decay of the particle flux with depth 
than expected for the Peru region, where the loss rate of particulate material with depth is 
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Fig. 9. (a) Meridional section of chlorophyU concentration and of primary productivity 
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nitrate deficit ~ M )  off Peru. 

about half the rate for fully aerobic waters (MARTIN et a l . ,  1987). The reduced rate for 
breakdown of macroparticles under low oxygen conditions may be due to exclusion of 
zooplankton from the oxygen minimum zone (JuDKZNS, 1980) or to the necessity for 
bacterial metabolism to shift from aerobic to anaerobic respiration as the particles cross 
the oxycline. 

Our calculations are clearly sensitive to factors such as choice of the mixed layer depth 
and to the assumptions of the MARTIN et al. (1987) model, such as the immediate 
availability for microbial decomposition of large, rapidly sedimenting particles. Nonethe- 
less, the close correspondence between the estimates of carbon required for respiration 
and the carbon supply as well as circumstantial evidence from the satellite image suggest 
that production of organic carbon at the surface can play an important role in regulating 
rates of loss of fixed nitrogen from the ETSP. 

The calculated respiratory demand for carbon at 9"31'S greatly exceeded the estimate of 
the "available" vertical carbon input, suggesting that an alternative source of carbon also 
must be important. Rates of nitrate reduction were anomalously large within the core of 
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the nitrite maximum at this station. The surface peak in nitrate reduction at 9031'S 
accounts for utilization of 60% of the "available" carbon, similar to the value observed at 
the top of the NO~ maximum at the other locations. The remaining contribution to the 
estimated carbon demand comes from the high level of activity below 100 m, suggesting 
advection of organic material to the 100-300 m depth interval. 

A number of authors (PAK et al. ,  1980; CODISPOrl and PACKARD, 1980; CODISPOTI and 
CHmSTENSEN, 1985) have raised the possibility that horizontal transport is also an 
important source of organic matter to the offshore regime. Highest concentrations of 
nitrite and maximum nitrate deficits are commonly found on the continental shelf and 
along the shelf break (CODISPOTI and PACKARD, 1980; FRIEDERICH et al., 1985; CODISPOTI et 
al. ,  1988). Transport of shelf material offshore has been suggested as the source of discrete 
water masses with high numbers of particles commonly found in the subsurface waters off 
Peru (PAK et al. ,  1980; SeINRAO et al., 1989). 

A m m o n i u m  metabol i sm in oxygen-def icient  waters 

Assimilation of ammonium occurred throughout the region (Fig. 4). We attribute this 
activity to bacteria rather than to phytoplankton because the low oxygen region was well 
separated from the euphotic zone and was essentially free of chlorophyll (FmEDEmCH et 
al., 1985). Our observations of assimilation in these subsurface waters provide further 
evidence that bacteria in natural waters do not satisfy their metabolic requirements for 
nitrogen solely from organic compounds (HoamGAN et al. ,  1984; HAC;SrRoM et al., 1984). 
WilEELER and KIRCHMAN (1986) found that bacteria effectively compete with phytoplank- 
ton for NFt~ even in surface waters, accounting for up to 78% of the NH~ assimilated by 
the particulate fraction. Assimilation rates did not correlate with NH~" concentration 
(P>0.25)  although the poor precision of measurements at low concentrations 
(Nil~ < 0.3/~M) may have masked any relationship. In addition, assimilation may have 
been stimulated by tracer amendments due to the low ambient concentration. 

Rates of ammonium assimilation (5-10 nM N d-  i, Fig. 4) were generally in balance with 
the Nl-14 + expected from mineralization (nitrate reduction rates of 50--I(X)nM N d -t  , Fig. 
5) of organic matter with a carbon:nitrogen ratio of 10 (STAREStNIC, 1980, MAR'rtN et al., 
1987). Ammonium assimilation exceeded ammonium oxidation over much of the low 
oxygen zone, indicating that assimilation is the primary mechanism in preventing accumu- 
lation of NH~" in the core of the low oxygen region. Ammonium oxidation was the 
dominant sink for NH~ only at the surface boundary of the low oxygen zone. Rates of 
ammonium assimilation or oxidation were comparable to rates of ammonium reminerali- 
zation at depths where the rates exceeded the detection limit for remineralization 
(~100 nM N d-t) .  

CONCLUSIONS 

Nitrate respiration data from NlTROP-85 represent the first comprehensive measure- 
ments of nitrogen metabolism in denitrification regimes, and are among the most 
comprehensive to date in any water body. We have drawn the following conclusions from 
the data: 

(1) The oxygen content of the subsurface waters off Peru was at a level (O2 < 2.5/xM) 
that permitted both nitrification and dissimilatory nitrate reduction. A wide range of rates 
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for  ni t rogen redox chemis t ry  was observed  within the na r row range o f  oxygen  concen-  
t rat ions present  in the region.  Oxygen  must  be supplied by vertical and /or  hor izontal  
t ranspor t  to maintain  the consistent  oxygen  concen t ra t ions  observed.  

(2) Nitri te appears  to be recycled be tween nitrite oxidat ion and nitrate reduct ion  within 
denitrif ication regimes,  confi rming the hypothesis  o f  ANOERSOS et al. (1982). Decompos i -  
t ion o f  organic  mat te r  in the low oxygen env i ronmen t  can therefore  occur  with loss of  less 
ni t rogen than expected  if reduct ion o f  N O ~  con t inued  directly to N2. 

(3) Denitr if ication est imates  derived f rom measured  rates o f  nitrate reduct ion  are in 
h a r m o n y  with est imates  based on ETS and on nitrate deficit calculations. Denitr if ication 
activity maximized at the top o f  the oxygen  min imum zone,  with lower rates observed  in 
the core  of  the zone.  

(4) The  intensity o f  subsurface metabol i sm was strongly associated with pr imary  
p roduc t ion  in surface waters ,  part icularly for depths  <100  m. Evidence  for this was: (a) a 
close co r re spondence  o f  e levated surface product ivi ty  and chlorophyl l  concent ra t ions  with 
maxima of  subsurface nitrite levels, nitrate deficit, and nitrate reduct ion;  (b) the location 
o f  high rates o f  ni t rogen cycle processes at the upper  bounda ry  of  the oxygen min imum 
zone;  (c) essentially comple te  oxidat ion of  organic  ca rbon  enter ing the system by 
sedimenta t ion .  

(5) Microbial  assimilation o f  N H ~  was the ma jo r  process maintaining the low am- 
mon ium concent ra t ions  found in denitrifieation regimes.  Assimilat ion was sufficient to 
consume  N H ~  arising from measured  remineral izat ion rates as well as that es t imated from 
measured  rates o f  nitrate reduct ion and the nitrate deficit. A t  the vertical ex t remes  of  the 
oxygen min imum zone,  consumpt ion  of  NI-I~" by a m m o n i u m  oxidat ion was also impor tant .  
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