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Royal Netherlands Institute for Sea Research (NIOZ), Department of Marine Biogeochemistry and Toxicology,
P.O. Box 59, NL-1790 AB Den Burg, The Netherlands

Siegfried Krüger
Baltic Sea Research Institute Warnemünde (IOW), Seestrasse 15, D-18119 Rostock, Germany

Michelle Graco and Dimitri Gutiérrez
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Abstract
We investigated the microbial pathways of nitrogen (N) loss in an April 2005 transect through the Peruvian

oxygen minimum zone (OMZ) at 12uS latitude using short anaerobic incubations with 15N-labeled substrates and
molecular–ecological and lipid–biomarker studies. In incubations with 15NH z

4 , immediate production of 14N15N,
but not 15N15N, indicated that N2 was produced by the pairing of labeled 15NH z

4 with in situ 14NO {
2 via

anaerobic ammonium oxidation (anammox). Supporting this finding, we also found anammox-related 16S
ribosomal ribonucleic acid gene sequences similar to those previously known from other marine water columns in
which anammox activity was measured. We identified and enumerated anammox bacteria via fluorescence in situ
hybridization and quantitative polymerase chain reaction and found ladderane membrane lipids specific to
anammox bacteria wherever anammox activity was measured by our isotope tracer method. However, in
incubations with 15NO {

3 or 15NO {
2 , in which denitrification would have been expected to produce 15N15N by

pairing of oxidized 15N ions, 15N15N production was not detected before 24 h, showing that denitrification of
fixed N to N2 was not taking place in our samples. At the time and locality of our study, anammox, rather than
denitrification, was responsible for N2 production in the Peruvian OMZ waters.

1 To whom correspondence should be addressed. Present address: Wrigley Institute for Environmental Studies, University of Southern
California AHF 232, Los Angeles, California, 90089-0371 (hamersle@usc.edu).
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Long-term temperature and O2 monitoring—A time series
(1996–2005) of vertical profiles of temperature and oxygen
at Sta. 2 has been constructed to show interannual
variability (Gutiérrez et al. unpubl.). Water samples were
collected monthly with Niskin bottles. Temperature was
measured by inversion thermometer through 2001 and by
CTD from 2002 onwards. Dissolved oxygen was de-
termined by the Winkler method (Grasshoff et al. 1999).

15N incubations and analysis—15N labeling experiments
were performed at Sta. 2, 4, 7, 9, and 10 (Fig. 1B). Water
was collected across the suboxic zone at four to seven
depths per station, with one further sample collected from
within the oxycline (ca. 25–50 mmol L21 O2) as a control.
The 15N incubations were begun immediately after
sampling. The experimental method was slightly modified
from that previously published by Dalsgaard et al. (2003).
Briefly, 250 mL of Peruvian OMZ waters collected by
pump-CTD were flushed with helium for 15 min and
amended with 15NH z

4 , 15NH z
4 + 14NO {

2 , or 15NO {
2 (to

5 mmol L21 each) or with 15NO {
3 (20 mmol L21) (isotopes:

Campro Scientific). Water from above the suboxic zone
was equilibrated with 20% v/v air to produce a final O2

concentration of ca. 50 mmol L21 (similar to in situ values).
Labeled seawater was transferred into 12-mL Exetainers
(Labco) and incubated for up to 24 h in the dark at in situ
temperatures. The Exetainers were destructively sampled at

0, 6, 12, and 24 h with HgCl2 to stop biological activity.
14N15N : 14N14N and 15N15N : 14N14N ratios of He-equili-
brated headspaces were determined by gas chromatogra-
phy/isotope ratio mass spectrometry (Fisons VG Optima).

Lipid biomarkers—Evidence for the presence of ana-
mmox bacteria was sought using anammox-specific ladder-
ane membrane lipids (Sinninghe Damsté et al. 2002).
Particulate matter was collected using in situ pumps
(McLane WTS-LV Sampler) to filter large volumes of
water (ca. 500 liters per sample) through precombusted
glass-fiber filters (GF/F, nominal pore size: 0.7 mm, What-
man). The filters were freeze-dried and extracted with 33
methanol, 33 methanol : dichloromethane (1 : 1 v/v), and
33 dichloromethane to obtain total lipid extracts. Aliquots
of the lipid extracts were saponified and subsequently
methylated with diazomethane. Samples were analyzed by
high-performance liquid chromatography/mass spectrome-
try (HPLC/MS), as described elsewhere (Hopmans et al.
2006). Lipid quantification was performed using external
authentic ladderane standards, isolated from anammox
enrichment cultures. The reproducibility of the HPLC/MS
ladderane concentration measurements was .95% (de-
termined by triplicate analysis). Since GF/F filters, with
a pore size of 0.7 mm, may undersample anammox cells, the
calculated ladderane–lipid concentrations represent mini-
mum values.

DNA extraction and phylogenetic analysis—For deoxy-
ribonucleic acid (DNA) extraction, seawater samples (200
to 400 mL) were filtered onto polycarbonate GTTP
membrane filters (47 mm in diameter, 0.22-mm pore size,
Millipore) and stored at 220uC. DNA extraction and
polymerase chain reaction (PCR) amplification targeting
Planctomycete 16S ribosomal RNA (rRNA) genes were as
described in Schmid et al. (2000), except that 1392R (Stahl
et al. 1988) was used as the reverse primer. The anammox-
related 16S rRNA sequences obtained in this study were
deposited in GenBank (accession numbers DQ534720–
DQ534744).

Fluorescence in situ hybridization (FISH) and total
microbial abundance—Water samples were fixed with
particle-free paraformaldehyde solution (final concentra-
tion, 1% v/v) for 1 h at room temperature or overnight
at 4uC. Fixed samples were filtered onto white polycarbo-
nate membrane filters (described above) and stored at
220uC until analysis. Filter material was hybridized
(Glöckner et al. 1996) with fluorescently labeled oligonu-
cleotide probes (biomers.net) specific for anammox bacte-
ria. For the detection of the entire Candidatus Scalindua
wagneri and Scalindua sorokinii clade a mixture of two
probes were used: probe BS-820 (59-TAA TTC CCT CTA
CTT AGT GCC C-39) (Kuypers et al. 2003) and a newly
developed probe BS-820-C (59-TAA TCC CCT CTA CTT
AGT GCC C-39). We used the unlabeled probe AMX-820
(59-AAA ACC CCT CTA CTT AGT GCC C-39) (Schmid
et al. 2000) as a competitor. Filters were also stained
nonspecifically for DNA with 4,6-diamidino-2-phenylin-
dole (DAPI), and the relative abundance of anammox cells

Fig. 2. Depth profiles along 12uS. Station numbers are those
of Table 1 and Fig. 1B, with four additional stations interposed
along the same latitude. Dashed lines in panels A and C represent
locations of continuous profiles. Crosses in panel B represent
locations of GoFlow bottle sample collection. (A) Dissolved O2.
(B) N deficit 5 12.6 3 (PO 3{

4 ) – (NH z
4 + NO {

2 + NO {
3 ). (C)

Chlorophyll a (fluorescence).
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was determined by epifluorescence microscopy. Total
microbial abundance was determined by flow cytometry
calibrated with manual microscopic counting of DAPI-
stained cells.

Quantitative PCR (qPCR)—Anammox bacteria were
also quantified with the TaqMan fluorogenic PCR method
(Livak et al. 1995) using DNA extracted from polycarbo-
nate membrane filters (described above). A primer and
fluorogenic probe set was designed for all known anammox
or anammox-like bacteria using the Primer Express v.2.0
software (Applied Biosystems), based on sequences re-
trieved from the GenBank and from our own environmen-
tal sequence databases. The resulting primer set, AMX-
808-F (59-ARC YGT AAA CGA TGG GCA CTA A-39)
and AMX-1040-R (59-CAG CCA TGC AAC ACC TGT
RAT A-39), and the probe AMX-931 (59-TCG CAC AAG
CGG TGG AGC ATG TGG CTT A-39) had melting
temperatures (58uC, 57uC, and 67uC, respectively) within
the recommended range for the TaqMan system, and the
specificity of their sequences was verified with the ARB
software package BLAST (Altschul et al. 1990) and the
Probe Match tool from the Ribosomal Database Project II
(Cole et al. 2005). qPCR was performed on a iQ5 Real-
Time PCR System (Bio-Rad Laboratories) for 2 min at
50uC and for 10 min at 95uC, followed by 50 cycles of 15 s
each at 95uC and 2 min at 60uC. DNAs extracted from
various anammox enrichment cultures were used as

positive controls and standards. All samples and standards
were analyzed in triplicate. The resulting anammox cell
numbers were calibrated for absolute quantity against
FISH counts (qPCR 5 0.0307 [FISH] + 2,100; r2 5 0.7, p ,
0.01).

Results

Site characterization—The Peruvian shelf waters along
our vertical transect at 12uS latitude were thermally
stratified in mid-April 2005 with a pronounced OMZ
extending from ca. 30-m water depth to the shelf sediments
(Figs. 2A, 3). Within the OMZ, O2 concentrations were
typically less than 10 mmol L21 (Fig. 2A). N deficits in the
OMZ waters were largest near the coast and in shelf
bottom waters, ranging from ,5 mmol N L21 over the
slope to .15 mmol N L21 near the shore (Fig. 2B), while
Chl a concentrations in the mixed layer of the euphotic
zone ranged up to 1.0 mg L21 (Fig. 2C). Long-term (10-yr)
temperature and O2 monitoring of the water column at Sta.
2 shows that thermal stratification and subsurface hypoxia
are common conditions, and the oxycline depth typically
fluctuates between 10 and 50 m (Fig. 3). Instances of
complete water column mixing and oxygenation were
related to El Niño–Southern Oscillation (ENSO) temper-
ature anomalies, as during the El Niño of 1997 to 1998 (red
bars on Fig. 3 indicate ENSO warm periods), which
otherwise were generally accompanied by a deepening of

Fig. 3. Time-series of (A) temperature (uC) and (B) O2 (mmol L21) profiles at Sta. 2 (Fig.
1B) (Gutiérrez et al. unpubl.). Vertical line on A represents our study date (April 2005). Contour
line on B indicates the 20 mmol O2 L21 isopleth. Temperature anomalies are the Oceanic Niño
Index (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml)
and are shown as bars near the x-axis in red (.0.5uC: El Niño/Southern Oscillation [ENSO]
warm periods) and light blue (,20.5uC: ENSO cold periods). Note correspondence between
ENSO events and water column oxygenation.
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Fig. 4. Chemical zonation and distribution of anammox indicators (see Fig. 1B for station
locations). (A) Sta. 2 (15 April 2005). (B) Sta. 2 (21 April 2005). (C) Sta. 4. (D) Sta. 7. The first
column of figures shows the depth distribution of ammonium and nitrite (top axis) and nitrate
(bottom axis), with water samples collected either by high-resolution pumpcast (B and C) or by
GoFlow bottle water collection (A and D). The second column shows profiles of dissolved O2

(top axis) and sT (bottom axis—note different y-axis scales). The third column shows 15N15N (top
axis) and 14N15N (bottom axis—note different y-axis scales) production in incubations with four
combinations of isotopically enriched dissolved inorganic nitrogen species. The fourth column
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the oxycline. Cold-temperature anomalies, as during the La
Niña of 1998 to 1999 (blue bars on Fig. 3 indicate ENSO
cold periods), were generally associated with shoaling of
the oxycline and a water column dominated by suboxic
conditions.

Physico–chemical structure of the water column—During
our cruise over the Peruvian shelf in April 2005, nitrate
concentrations within the OMZ waters ranged from ca. 10
to 30 mmol L21, and nitrite concentrations ranged from ca.
0.2 to 5.0 mmol L21 (Fig. 4, first column). Nitrate and
nitrite concentrations were much lower in waters of the
mixed layer. Two nitrite maxima were observed at all
stations, one just below the oxycline and a second near the
sediments, or centered at ca. 300 m over the slope at Sta. 7.
Ammonium concentrations were typically ,1 mmol L21,
though maxima (up to 3 mmol L21) were found at the base
of the oxycline at all stations. Nutrient, oxygen, and
temperature-compensated density (sT) profiles taken 6 d
apart at Sta. 2 showed the dynamic physico–chemical
structure of the water column, which is also apparent from
the long-term monitoring record (Fig. 3). On 15 April there
was a poorly defined mixed layer at Sta. 2 with lenses of
denser water present at 10 m depth, and high nitrate
concentrations penetrated into surface waters, indicating
a breakdown of stratification and upwelling of subsurface
waters. By 21 April, Sta. 2 waters had stratified, forming
a defined and deeper mixed layer nearly 30 m thick
(Fig. 4B), possibly following reduced wind stress. The O2

concentrations in the surface waters at this station on both
dates were low (,50% saturation), indicating the upwelling
of low-oxygen waters and high respiration rates. Although
surface-water O2 concentrations at Sta. 4 and 7—farther
offshore—were near saturation, the oxycline depth was
similar to that at Sta. 2, with steep oxygen gradients near
the surface and extensive water-column suboxia. Steep
density gradients of up to 0.033 kg m24 maintained the
oxyclines at Sta. 4 and 7 (Fig. 4, second column).

15N-labeling incubations—Significant 14N15N production
was detected in 48 out of 60 OMZ water-sample incuba-
tions (i.e., with 15NH z

4 , 15NH z
4 + 14NO {

2 , 15NO {
2 , or

15NO {
3 amendments; average detection limit [including

sample handling] for 14N15N 5 1.1 nmol L21) (Fig. 4, third
column). 14N15N was produced at every location and depth
within the OMZ from at least one of the isotope
treatments. The production of 14N15N in these incubations
was linear with time (r2 $ 0.7; e.g., Fig. 5), although with
15NO {

3 it was sometimes delayed (e.g., Fig. 5D). Of the
incubations in which 14N15N production was not detected,
half (6 out of 12) were incubations with 15NO {

3 . 14N15N
production in anaerobic incubations with 15NH z

4 ranged
from 1.5 6 0.1 nmol L21 d21 at 60 m at Sta. 2 (21 April;
Fig. 4B) to a maximum of 384 6 11 nmol L21 d21 at Sta. 2

(15 April; Fig. 4A). At two stations (Sta. 2 [15 April] and
Sta. 7), 14N15N production rates with 15NH z

4 were
significantly enhanced by the addition of 14NO {

2 . 14N15N
production from 15NO {

2 ranged from 0 nmol L21 d21 at
two depths at Sta. 7 to 48 6 4 nmol L21 d21 at Sta. 4.
Significantly lower rates of 14N15N production (maximum
27 nmol L21 d21) were measured in incubations with
15NO {

3 . In contrast to 14N15N, the production of 15N15N
was undetectable in all 6-h and 12-h incubations (average
detection limit [ including sample handling] 5
0.9 nmol L21). 15N15N was detected only in 6 out of 60
of the 24-h incubations and only after the addition of the
15NO {

2 or 15NO {
3 . Both 14N15N and 15N15N production

were undetectable in aerobic incubations with water from
the mixed layer.

Abundance, phylogeny, and lipid biomarkers of anammox
bacteria—Anammox bacteria were enumerated by FISH
with anammox-specific 16S rRNA oligonucleotide probes
and by qPCR. Anammox bacteria were found at all depths
where 14N15N production was observed (Fig. 4). Their
abundance in the OMZ ranged up to a maximum of 13
3104 to 15 3104 mL21 at Sta. 2 (15 April). Anammox cells
represented on average from 2.2% to 3.1% of the total
microbial abundance at Sta. 2, but represented only 0.8%
at Sta. 4 (Table 2). As in the Benguela upwelling system,
phylogenetic analysis of the Planctomycete-specific 16S
rDNA clone library detected sequences with 98% sequence
identity to the known anammox bacterium Candidatus
‘‘Scalindua sorokinii’’ found in the Black Sea (Kuypers et
al. 2003, 2005).

Particulate matter collected from the OMZ waters was
also examined for the presence of ladderanes: membrane
lipids specific to anammox bacteria (Table 2; Fig. 4, fourth
column). No ladderanes were found in the mixed layer, but
they were found at all depths at which 14N15N production
was observed, at concentrations ranging up to 58 ng L21.
The differing depth distributions of anammox bacteria
numbers and ladderane lipid concentrations at some
stations may have resulted from the .12-h difference in
sampling times, but when averaged over the whole water
column, mean anammox bacterial numbers at each site
were highly correlated with mean ladderane lipid concen-
trations (r 5 0.96).

Discussion

Denitrification—We incubated water column samples
from the Peruvian OMZ with 15NO {

2 or 15NO {
3 to

elucidate the microbial process responsible for the loss of
fixed nitrogen from the Peruvian OMZ. Since denitrifica-
tion pairs two nitrite and/or nitrate ions to produce N2, and
since the pools of these N species in our incubations were
labeled .50% with 15N, denitrification would be expected

r

shows the abundance of anammox cells as determined by FISH and qPCR (top axis—note
different y-axis scales) and the concentration of anammox-specific ladderane membrane lipid
biomarkers (bottom axis).
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to produce significant amounts of 15N15N through random
pairing (Nielsen 1992). The theoretical ratio of the pro-
duction of 15N15N to 14N15N by denitrification is

15N15N
14N15N

~
F

2(1 { F )
ð3Þ

where F is the fractional 15N composition of the nitrate or
nitrite pools (Nielsen 1992; Kuypers et al. 2006). Isotopic
fractionation would not have an appreciable effect with this

degree of labeling. Since the value of F in our experiments
was no less than 0.5, N2 production via denitrification would
have yielded at least 0.5 mole of 15N15N for every mole of
14N15N produced. Although 14N15N was produced linearly
beginning at 026 h in 20 of the 32 experiments with 15NO {

2

or 15NO {
3 (r2 $ 0.7), no 15N15N production was detected

during any of the experiments before 24 h. Thus, our results
did not provide evidence for in situ denitrification of nitrate
or nitrite to N2. However, 15N15N was detected at 24 h in 6
of 32 experiments with 15NO {

3 or 15NO {
2 . Similar results

were obtained in both the Benguela upwelling system and in
the Golfo Dulce, where 15N15N production was not detected
until 48 h (Dalsgaard et al. 2003; Kuypers et al. 2005). The
potential to respire nitrate is widespread among bacteria and
archaea (Zumft 1997). The production of 15N15N in six of
the thirty-two incubations only at 24 h indicates that
facultatively anaerobic heterotrophs that can use nitrate in
the absence of oxygen are present in the Peruvian OMZ
waters but does not indicate that nitrate was directly
converted to N2 by denitrifying microorganisms in situ in
the Peruvian OMZ waters.

Anammox—We found 15N tracer, molecular, and lipid
biomarker evidence for anaerobic ammonium oxidation
throughout the Peruvian upwelling OMZ in April 2005.
Water samples incubated anaerobically with 15NH z

4 pro-
duced significant amounts of 14N15N but no detectable
15N15N. The exclusive production of 14N15N without delay
indicated that 15NH z

4 was being oxidized by in situ 14NO {
2

to N2 via the anammox reaction (Eq. 1) and excluded the
suggested (Hulth et al. 1999) alternative pathways of
anaerobic oxidation of NH z

4 to NO {
3 , NO {

2 or N2 with
MnO2 (Thamdrup and Dalsgaard 2002; Trimmer et al.
2003). 14N15N production in these incubations was linear
(r2 $ 0.7), indicating that the anammox bacteria were
active from time 0 and were therefore likely active in situ
(Fig. 5A). Since 15N15N production was not detected in
incubations with 15NO {

2 or 15NO {
3 , even though the in

situ NO {
2 and NO {

3 pools were highly labeled, all of the
14N15N produced must have been produced via the pairing
of 15N-labeled 15NO {

2 with in situ 15NH z
4 via the

anammox reaction. The production of 14N15N in incuba-

Fig. 5. Production of 15N-labeled N2 from 15N-labeled
substrates in anaerobic incubations of water from 40-m depth at
Sta. 4. Dashed line is least-squares fit to 14N15N data. (A)
Production of 14N15N from 15NH z

4 indicates anammox activity.
(Rate: 106 nmol 14N15N L21 d21, r2 5 0.96). (B) Unlabeled
14NO {

2 added along with 15NH z
4 to test for nitrite limitation of

anammox. (Rate: 51 nmol 14N15N L21 d21, r2 5 0.87). (C)
Production of 14N15N from 15NO {

2 without 15N15N production
indicates anammox, rather than denitrification, since the in situ
NO {

2 pool was highly (.50%) 15N labeled. (Rate:
39 nmol 14N15N L21 d21, r2 5 0.96). (D) Production of 14N15N
from 15NO {

3 without 15N15N production indicates nitrate re-
duction to nitrite coupled to anammox, rather than denitrifica-
tion, since the in situ NO {

3 pool was highly (.50%) 15N labeled.
(Rate: 11 nmol 14N15N L21 d21, r2 5 0.94).

Table 2. Anammox indicators and activities in the Peruvian upwelling OMZ (station locations: Fig. 1B). All values are arithmetic
means of OMZ measurements except the depth-integrated potential anammox rate.* The number of observations for each mean is as in
Fig. 4. Errors are standard errors (nd, no data).

Station

Anammox cell
numbers{

(3104 mL21)
Anammox cells

(% of total cells)
Ladderane lipids

(ng L21)

Depth-integrated
anammox rate*

(mmol N m22 d21)

Cell-specific
anammox rate

(fmol N cell21 d21)

2 (15 Apr) 10.161.5 3.160.1 36611 11.5 1.7
2 (21 Apr) 5.161.4 2.260.4 45 (at 92 m) 1.3 0.4
4 2.260.8 0.860.2 1264 6.2 2.4
7 3.961.4 nd 864 34.0 1.9
9 nd nd 16614 8.8 nd
10 0.2160.05 nd 462 1.5 1.9

* This is a potential rate calculated from the non–substrate-limited 15NH z
4 + 14NO {

2 treatment (Fig. 4). Rate measurements were depth-integrated by
summing the product of the averages of two adjacent rate measurements and the depth interval between them. At Sta. 7, where anammox activity was
only determined in the upper 400 m of the 2,400-m water column, potential anammox rates were arbitrarily set to decrease to 0 at 600 m.

{ Anammox cell numbers for Sta. 2 and 4 determined by FISH; Sta. 7 and 10 determined by qPCR.
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tions with 15NO {
3 therefore indicates that 15NO {

3 was first
converted to 15NO {

2 by dissimilatory nitrate reduction and
that this reaction was coupled to anammox. However, it is
not yet known whether the reduction of nitrate to nitrite
resulted from incomplete denitrification by classical het-
erotrophic denitrifiers or by other nitrate-respiring organ-
isms. In contrast to these results from OMZ waters, no 15N-
labeled N2 was produced in any of the incubations with
water from the oxic mixed layer (Fig. 4). Further evidence
for the importance of anammox bacteria in the Peruvian
OMZ waters came from molecular identification of the
anammox bacteria via FISH and qPCR (Fig. 4). Ladder-
ane lipids specific for anammox bacteria were also found
within the Peruvian OMZ waters we investigated. These
anammox-specific molecular and lipid biomarkers were
found at all stations and depths in which anammox activity
was measured with 15N incubations but were not found
(lipids, FISH) or were found at greatly reduced concentra-
tions (qPCR) above the oxycline.

Anammox activity measured by our 15N incubations had
maxima at the base of the oxycline at all stations and near
the sediments at Sta. 2 (Fig. 4). The depth distributions of
FISH and qPCR counts of anammox cells were highly
correlated with 14N15N production (from 15NH z

4 or
15NO {

3 ) within stations (r 5 0.77–0.95). Cell-specific
potential anammox rates in the Peruvian OMZ (0.4–
2.4 fmol cell21 d21; Table 2) were comparable to rates
from the Benguela upwelling system and the Black Sea (4.5
and 3–4 fmol cell21 d21, respectively) (Kuypers et al.
2005). Although anammox metabolism in wastewater
bioreactors is reversibly inhibited at O2 concentrations as
low as 1 mmol L21 (Strous et al. 1997), 15N-lableling
experiments, FISH, qPCR, and ladderane biomarkers
showed that anammox bacteria were abundant in waters
with in situ oxygen concentrations of up to 20 mmol L21

(Fig. 4), and these cells were able to begin anammox
metabolism immediately following establishment of anoxic
incubation conditions. Similar activity patterns were also
observed in oxygen-containing samples collected from the
Benguela upwelling system (Kuypers et al. 2005). The
anammox bacteria at this high oxygen concentration may
be dormant (although they were able to produce N2 from
NH z

4 immediately upon reestablishment of anoxia during
our labeling experiments), or they may be metabolizing in
anoxic microniches within marine snow particles (Ploug
2001). Anammox bacteria in wastewater reactors may have
doubling rates as short as 1.8 d, in contrast with early
reports of an 11-d doubling period, indicating that they
may have considerable flexibility in growing to meet
changing environmental conditions (Isaka et al. 2006).
The large temporal, spatial, and vertical heterogeneity in
anammox activity, cell numbers and activities in the
Peruvian OMZ (Fig. 4; Table 2) and the presence of active
populations in oxygen-containing strata indicate that
anammox bacteria have the physiological flexibility to
persist in this dynamic environment.

Ammonium concentrations in OMZs are often very low,
and it has been suggested that anammox could account for
the ‘‘missing’’ ammonium that was predicted to have been
regenerated by heterotrophic denitrification in the water

column (Richards et al. 1965; Devol 2003). An initial
appraisal of the significance of anammox in the ocean
indicated a scenario in which anammox ‘scavenging’ of the
ammonium regenerated during organic matter respiration
by heterotrophic denitrification could at most be responsible
for 28% to 48% of the total OMZ N2 production, depending
on the C : N ratio of the organic matter respired by
denitrifiers (Devol 2003). However, if anammox can occur
without denitrification in OMZ water columns, as indicated
by our data and those of Kuypers et al. (2005), then another
source of the ammonium to drive anammox must be found.

The peak in ammonium concentration and anammox
activity that we observed just below the oxycline (also
observed by Kuypers et al. [2005] in the Benguela
upwelling) indicates that anammox may be driven in part
by aerobically regenerated ammonium diffusing into the
suboxic zone. Earlier measures of Peruvian OMZ commu-
nity metabolism (ETS activity and nitrate reduction) also
showed intense activity just below the oxycline (Codispoti
and Packard 1980; Lipschultz et al. 1990). Heterotrophic
dissimilatory reduction of nitrate, indicated by our 15NO {

3
incubations, could provide an additional source of remi-
neralized ammonium at these depths. A second maximum
in anammox activity seen near the sediments at Sta. 2
(Fig. 4A,B) and at Sta. 9 and 10 (data not shown)—as well
as in the Benguela upwelling (Kuypers et al. 2005)—might
be driven by benthic ammonium fluxes (Dalsgaard et al.
2003). These observations indicate that maximum N2 loss
may not take place in the core of the deep nitrite maximum,
as suggested earlier, but rather near the sediments and the
oxycline, where ammonium is most available (Fig. 4).

Contribution of anammox and denitrification to N deficits
in the Peruvian OMZ—Annual N losses in the Peruvian
upwelling system previously have been estimated at 15–
25 Tg N yr21 based on measurements of ETS activity from
the ‘‘inner main secondary nitrite maximum zone’’ within
175 km of the Peruvian coast (3.26 3 1011 m2; Codispoti
and Packard 1980). Lipschultz et al. (1990) estimated
8.9 Tg N yr21 for the same area from the production of
15NO {

2 in incubations with 15NO {
3 tracer. The estimate of

Codispoti and Packard (1980), derived from the diffusive
and advective transport of N deficits through 16uS latitude
and adjusted to the same area, was ca. 14 Tg N yr21, while
the estimate of Deutsch et al. (2001), based on the change in
N* (an N deficit measure) with chlorofluorocarbon–
derived ETSP water-mass ages, when adjusted to the same
area, yields ca. 19 Tg N yr21.

The rates of 14N15N production attributable to ana-
mmox that we derived from our 15N incubation experi-
ments were made under conditions of excess substrate
availability, and we did not attempt to derive in situ
anammox rates from them. Further, we recognize that the
temporal and spatial scale of our sampling cannot be
considered representative of the full range of variation
within the Peruvian OMZ. However, our measurements
represent the first direct measurements of N2 production in
the Peruvian OMZ waters, and we do not believe that they
are necessarily less realistic than previous estimates from
denitrification proxies and similarly restricted data sets. To
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compare the magnitude of our results to previously
published areal N-loss estimates, we calculated a depth-
integrated potential anammox rate (using results from the
non–substrate-limited 15NH z

4 + 15NO {
2 incubations) at

our five Peruvian OMZ stations to obtain an overall mean
potential anammox rate of 11 mmol N m22 d21 (Table 2),
equivalent to 18 Tg N yr21 when scaled to the same area as
the above estimates from previous studies (3.26 3 1011 m2).
This estimate falls well within the range estimated in the
previous studies (9–25 Tg N yr21), indicating that the
magnitude of the anammox N-loss rates we measured
was not unreasonable and could potentially account for
a significant proportion of the total N-loss from the
Peruvian upwelling system.

N2 losses via anammox have been shown to be
significant in many anoxic marine sediments and water
columns investigated so far. However, the consequences
of anammox activity for carbon and nitrogen cycling
within the marine water column are still poorly understood.
The significance of N2 production via anammox or
denitrification in OMZs lies not only in the identity of
the responsible species but also in the metabolic differences
between the two processes, which have differing conse-
quences for the carbon cycle (chemoautotrophy vs.
heterotrophy) and for the cycling of other inorganic N
species in the N cycle, particularly ammonium and nitrous
oxide. Our results showing that the N2 production in the
Peruvian upwelling OMZ in April 2005 was via anammox,
rather than denitrification, are surprising, given the long-
held expectation that OMZ N deficits would result from
heterotrophic denitrification. However, earlier studies
assumed that OMZ N deficits resulted from heterotrophic
denitrification because no other N2-generating process
was known, and the assays used in these studies could
not differentiate denitrification from anammox. Our
results from 15N-labeling experiments, supported by
molecular and lipid biomarker data, are in agreement with
prior results (Dalsgaard et al. 2003; Kuypers et al. 2005)
and show that a hitherto unexpected process—anammox—
can be the sole N-loss pathway in the OMZ waters of the
ETSP.
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