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High Nitrite Levels off Northern Peru: A Signal of
Instability in the Marine Denitrification Rate

L. A. Copisrortl, G. E. FRIEDERICH, T. T. PACKARD, H. E. GLOVER,
P. J. KerLLy, R. W. SPINRAD, R. T. BARBER, J. W. ELKINS,*
B. B. WaRrpD, F. LipscHULTZ, N. LOSTAUNAU

During February and March 1985, nitrite levels along the northern (approximately 7°
to 10°S) Peruvian coast were unusually high. These accumulations occurred in oxygen-
deficient waters, suggesting intensified denitrification. In a shallow offshore nitrite
makimum, concentrations were as high as 23 micromoles per liter (a record high).
Causes for the unusual conditions may include a cold anomaly that followed the 1982—
83 El Nifio. The removal of combined nitrogen (approximately 3 to 10 trillion grams
of nitrogen per year) within zones of new or enhanced denitrification observed
between 7° to 16°S suggests a significant increase in oceanic denitrification.

HEORETICAL CONSIDERATIONS SUG-

gest that the loss of combined nitro-

gen from the sea by denitrification
may be highly variable (I). Observations off
Peru and Chile support this assertion. Inves-
tigators have consistently encountered oxy-
gen-deficient (O; less than ~0.05 ml of
oxygen per liter) waters with embedded
nitrite maxima, and have shown that denitri-
fication is a major process in these zones (2
5). These features are, however, highly vari-
able. For example, after the 1972 El Nifio
and the collapse of the anchoveta stocks,
denitrification may have increased by
~10 x 10" g of nitrogen per year (2) to a
rate of ~25 X 10'? g/year. This value is 20
to 60% of the total marine denitrification
rate (4, 6) and ~20% of the largest estimate
for the removal rate of fixed nitrogen from
the ocean by all processes (6).

From 1 February to 5 March 1985, obser-
vations (7) off Peru (Fig. 1) suggested an-
other increase in denitrification. Between 7°
and 10°S, nitrite levels in oxygen-deficient
waters (Figs. 2 and 3) were unusually high
(8). High nitrite concentrations occurred (i)
in a maximum centered at depths of 200 to
300 m, (ii) in a shallow offshore maximum
where extreme values were observed (maxi-
mum value of 23 pM at 24 m at station 16),
and (iii) over the shelf. High concentrations
have occurred over the shelf (9), but a
maximum at 200 to 300 m is rare at this
latitude, and the nitrite concentrations in the

1200

shallow offshore maximum appear to be the
highest ever observed in the open ocean.
Maximum nitrous oxide concentrations
(Fig. 2) were also high, and the wide range
of values (0 to 8.6 wg/liter) implied rapid
turnover (6).

Observations from northern Peru similar
to ours were taken from February to March
1974 and February to May 1975 (10, 11)
during cold anomalies as indicated by tem-
peratures measured at 7°43’S (12). During
1974, a nitrite concentration of ~11 wM
was observed offshore at a depth of 50 m,
and a zone of complete nitrate removal and
sulfide accumulation occurred over the shelf.
During 1975, suggestions of the initial
stages of shallow offshore nitrite maxima
and maxima below 100 m were encoun-
tered.

During 1985, nitrite concentrations
greater than 1 pM were found everywhere
in the oxygen-deficient waters of our study
region (Fig. 2) except near 11°S where an
onshore flow of low-nitrite waters separated
the nitrite maxima. The onshore flow oc-
curred near the typical northern boundary of
the main secondary nitrite maximum nor-
mally found between ~100 and 400 m and
between 10° and 25°S (2), suggesting that
the deep maximum found in the north is not
an expansion of this feature. We have omit-
ted the section taken at 15°S (Fig. 1), but
intense denitrification was indicated by high
nitrate deficits (13) at shallow depths. In

addition, the only site of complete denitrifi-
cation (total consumption of nitrate and
nitrite and the presence of hydrogen sulfide)
that we found was in the bottrom 50 m at
station 107 (Fig. 1).

Resolving the seasonal variability in the
ocean off Peru is difficult even for tempera-
ture alone (14). Consequently, some of the
seemingly unusual conditions may have re-
sulted from seasonal variability. For exam-
ple, intensified denitrification over the shelf
might be largely associated with seasonal
changes, since episodes of complete denitri-
fication have been observed in other years
between February and April (8, 10, 15).
Seasonal changes may also be partly respon-
sible for the development of the intense
offshore nitrite maximum (Figs. 2 and 3).
This feature was associated with a seasonal
shoaling of a density isopleth (o, = 26.0). It
is difficult, however, to attribute all of the
changes to the seasonal cycle. For example,
the 26.0 o, surface in the region of the
intense nitrite maximum was at the
shallowest level ever observed (&), with a
mean depth of 39 m; the historical average is
90 m. In addition, the deeper nitrite maxi-
mum found between 7° and 10°S has its
only known antecedent in the 1975 data.

It is tempting to examine the hypothesis
that a significant acceleration in the marine
denitrification rate took place off Peru in
1985. The most detailed estimate (2) of the
rate in the eastern tropical South Pacific
suggested a total rate of 25 X 10" g/year in
an oxygen-deficient volume of 150 x 10"
m®. We assumed a volume of 12 x 10'* m*
for the deep nitrite maximum observed be-
tween 7° and 10°S. We used an average
denitrification rate of 0.175 g of nitrogen
per cubic meter per year, based on 25
obscrvations of the activity of the respira-
tory electron transport system (ETS) and
assumptions made in the past (2, 16) to
arrive at a denitrification rate for this feature
of 2 x 10" gfyear. Estimating denitrifica-
tion rates in the shallower sites of intensified
denitrification is more difficult because (i) a
significant fraction of the ETS activity may
arise from organisms that are not involved in
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Fig. 1 (left). Location chart for the stations taken during the Nitrogen
Transformations off Peru Experiment (NITROP-85).
Nitrite distributions in sections taken along 10°S (A) and in a longshore

denitrification, (ii) a significant loss of ni-
trite is likely before further reduction occurs
(6, 17), and (iii) a significant fraction of the
bacteria may be in log-phase growth rather
than the senescent phase conditions normal-
ly assumed. Under (i) and (ii) the estimates
are too high, whereas under (iii) they are
too low (18). Nevertheless, the ETS activi-
ties observed in the shallow offshore maxi-
mum and in the bottom waters over the
shelf with intensified denitrification were
approximately five times those in the deeper
maximum. These waters had a volume of
about 5 x 10'2 m?. Furthermore, enhance-
ment of nitrate deficits was on the order of
10 pM, and the residence times of the
waters in these zones are on the order of a
month to less than a year (2, 6, 14, 19).
Under the standard assumptions (2), the
ETS-based denitrification rate for the en-
hanced shallow zones would be 5 x 10'?
g/year. On the basis of the residence times
and enhanced nitrate deficits, the rate would
range from 1 X 10'2 to 8 x 10'? g/year.
These considerations suggest that an in-
crease in the regional denitrification rate of
3 x 10”t010 x 10'?g/year may be associat-
ed with the conditions we observed. This

12 SEPTEMBER 1986

Fig. 2 (right).

rate represents a 2 to 25% increase in the
total marine denitrification rate (4, 6). The
1985 observations also suggest that denitri-
fication is not necessarily weaker during the
season of weak coastal upwelling. Our evi-
dence for a variable marine denitrification
rate tends to support those who suggest that
changes in the marine combined nitrogen
budget may contribute to climatic variability
(20).

The changes observed in 1985 may be
partly related to the shallowness of the 26.0
o, surface in the extreme offshore nitrite
maximum and over the shelf at 10°S. This
density level is characterized by low oxygen
and high nitrate concentrations (~30 pM
before denitrification), and its shoaling pro-
vided nutrients to the photic zone, thereby
encouraging high primary production. It
also placed waters low in oxygen and with
initially high nitrate levels close to the source
of organic material (the photic zone) and in
proximity to the sediments over the shelf
and slope, where high metabolic rates are to
be expected (2). Since local winds were
weak (average speed, <4 m/sec), the shoal-
ing may have been related to a larger-scale
seasonal response that was intensified by

section (B). The dotted lines are the 0.2 mb/liter dissolved oxygen isopleth as
determined by Carpenter’s technique (7, p. 21). The true concentrations
corresponding to the dotted lines are probably about 0.1 ml/liter or less (6).
The insert in (A) shows the N,O distribution at station 1.

dynamic events that followed the 1982-83
El Nifio. Temperature records from Peru
(12) and theoretical studies (21) suggest
that El Nifios are often followed by cold
anomalies. ,

It is tempting to speculate on the persis-
tence of the shallow nitrite maximum associ-
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Fig. 3. Vertical profiles in the shallow and intense
offshore nitrite maximum (station 26) taken with

our pumping system (7).
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ated with this anomaly. We observed it at
the beginning and end of our experiment,
and the historical data suggest that the
circulation features with which it may be
associated persist for a few months. Its
longevity may have been incteased by the
extreme conditions that we observed. For
example, one can posit a metastable condi-
tion in which oxygen deficiericy near the
surface tends to maintain itself by restricting
the living space of herbivores and other
higher organisms. This stress would permit
a higher fraction of orgahic material to sink
from the photic zone befdte beirg con-
sumed and would favor a shift toward the
sinking of individual cells vis-a-vis rapidly
sinking fecal pellets. More slowly sinking
particles might favor enhanced bacterial me-
tabolism within the shallow nitrite maxi-
mum. .

On the basis of a primaty production rate
of 0.5 g of carbon per square meter per day,
only ~10% of the primary production off
Peru and Chile is required to drive a denitri-
fication rate of 20 X 10'? g/year (2), so that

© N o A W W

only a modest redistribution of the carbon
produced by our estimated average primary
production rate of 2 g m~? day ' would be
required to cause the observed changes.
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Paleoenvironment of the Earliest Hominoids: New
Evidence from the Oligocene Avifauna of Egypt

STORRS L. OLSQN’ AND D. TaAB RASMUSSEN

Analysis of fossil birds from the Oligocene Jebel Qatrani Formation in the Fayum
depression of Egypt, site of the oldest known hominoid primates, allows precise
paleoenvironmental reconstruction of the climatic and biotic conditions that influ-
enced some of the earliest stages of hominoid evolution. Unlike the fossil mammals of
the Fayum, which belong largely to extinct groups, most of the birds are referable to
living families, with some being close to modern genera. The avifauna consists mainly
of aquatic species, with such forms as jacanas (Jacanidae) and shoebilled storks
(Balaenicipitidae) indicating expanses of freshwater with dense floating vegetation. An
avifauna closely analogous to that of the Fayum is found today only in a limited area of
Uganda, north and west of Lake Victoria, a region of swampland bordered by forest
and grasslands that presents marked faunal similarities to the environment inferred for

the Egyptian Oligocene.

HE EARLY OLIGOCENE FOSSIL DE-

posits of the Fayum depression in

Egypt are renowned for having pro-
duced remains of the earliest known homi-
noid primates (I-4). The importance of
these fossils to understanding evolution in
the lineage thought to have given rise to
Homo sapiens has focused interest on the
nature of the environment in which these
early primates lived, and the deposits have
been subject to intensive modern paleonto-
logical collecting. Fossils come madinly from
two intervals in the Jebel Qatrani Formation
known as the upper and lower sequences
that are probably early Oligocene in age (5,
6). Two of the Fayum primate genera, Ae-
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gyptopithecus and Propliopithecus, are homi-
noids possibly ancestral to Homo and the
modern great apes. The Fayum is the only
place yet known where this stage in human
ancestry is preserved, and a complete under-
standing of the Fayum paleoenvironment is
thus essential to interpreting the adaptations
of these earliest apes.

Controversy has surrounded the nature of
the paleoenvironment of the Fayum depos-
its and its implications for the adaptations of
the primates that lived there. Kortlandt (7),
in attempting to counter the belief that the
area was forested and the primates arboreal-
ly adapted, argued that the environment
consisted of semiarid, almost treeless scrub-

land, for which reason the Fayum primates
must have been terrestrial. These arguments
were vitiated by Bown et al. (8) based on
evidence from lithology, sedimentology,
fossils of plants, vertebrates, and inverte-
brates, and finally from the structural adap-
tations of the primates themselves. They
concluded that the Jebel Qatrani Formation
was deposited near the coastline of the
Tethyian seaway with interdigitating habi-
tats of estuarine mangroves, fresh and brack-
ish fluviatile swamps, and forested flood-
plains flourishing in a climate “typified by
adequate, though probably seasonal rainfall”
).

Fossil birds have hitherto played little part
in the reconstruction of the paleoenviron-
ment of the Fayum as only four taxa were
recorded in the early collections. Among the
modern collections is a greater variety of
fossil birds that have recently been studied
and identified (9). Although the total num-
ber of diagnostic avian specimens is only 30,
a minute fraction of the total number of
vertebrate fossils obtained, some 17 to 19
species are represented, indicating great di-
versity in the avifauna considering the small
sample size. The significance of these speci-
mens for paleoecological studies is greater
than their scarcity would imply because
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