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Denitrification rates in the eastern tropical South Pacific 1 

by L.A. Codispoti2 and T. T. Packard 2 

ABSTRACT 
Measurements of microbial metabolism suggest that the denitrification rate in the oxygen de-

ficient waters of the eastern tropical South Pacific was approximately 2.5 x 1013g N yr-1 dur-
ing September 1976-May 1977. This rate may be considerably higher than the rate that existed 
before~ 1972. 

Most of the denitrification (2 X l0"'g N yr-1
) appears to occur in the inner portion of the 

"main secondary nitrite maximum," a feature found between 10-25S. Relatively small and shal-
low maxima, a deep maximum that occurs near 5S, the bottom layers over the upper slope and 
the shelf, and the nearshore sediments themselves also make significant contributions. Our esti-
m ated rates for these environments are 0.2, 0.1, 0.1, and 0.2 X l0"'g N yr-1

, respectively. 
Support for the calculations based on microbial metabolism was provided by estimating the 

export of the free nitrogen produced by denitrification, and by calculating the fr action (~ 10%) 
of primary production required as "fuel" for denitrification. 

An increase in the fraction of primary productivity reaching the denitrifying environments 
may be largely responsible for the recent increase in denitrification rates. 

1. Introduction 

Denitrification is important in the secondary nitrite maxima imbedded in the large 
volumes of oxygen deficient water (02 < ~0.1 ml 1-1

) found in the eastern tropical 
Pacific (e.g., Brandhorst, 1959; Thomas, 1966; Fiadeiro and Strickland, 1968; 
Goering and Cline, 1970). Estimates of the denitrification rate in the eastern portion 
of the larger northern volume (Fig. 1) suggest a total value of ~ 3 X 101 3g N/year 
(Cline, 1973; Codispoti, 1973a; Cline and Kaplan, 1975; Devol, 1975; Codispoti 
and Richards, 1976). This is a significant removal of the~ 1014g yr- 1 of combined 
nitrogen that are added to the ocean (e.g., Emery, Orr and Rittenberg, 19 5 5; Eriks-
son, 1959; Codispoti, 1973a) and is much larger than the rates estimated for semi-
enclosed basins such as the Santa Barbara Basin, the Cariaco Trench and the Black 
Sea (e.g., Codispoti, 1973a). The rate for the eastern tropical North Pacific is also 
larger than recent estimates for the oxygen deficient zone in the Arabian Sea (Deuser 
et al., 1978) and for pelagic sediments (Bender et al., 1977). 

1. Contribution Number 80004, Bigelow Laboratory for Ocean Sciences. 
2. Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, ME, 04575, U.S.A. 
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Figure 1. The shaded area indicates the zone in which oxygen concentrations arc less than 
0.25 ml 1- 1 on the 26.81 <J, surface. This figure is redrawn from Reid (1965). 

The volume of oxygen deficient water with elevated nitrite concentrations in the 
eastern tropical South Pacific (~ 10"m3

) is only one tenth the volume of the north-
ern zone, but compensating factors such as the high productivity of the overlying 
waters might produce a comparable denitrification rate (Codispoti, 1973a; Goering, 
1978). At present, two denitrification rate calculations exist for the eastern tropical 
South Pacific. Tsunogai's (1971) rate of 0.3-0.7 x 101 3g N yr- 1 implies that there 
is little or no compensation. Elkins' (1978) estimate is much larger (l.8-2.6 X 1018g 
N yr- 1) and suggests that higher denitrification rates per unit volume cause the 
southern denitrification zone to have a total rate that is similar to that of the north-
ern zone. Elkins' rate is based on the same chemical data (Fiadeiro and Strickland, 
1968) as Tsunogai's but uses a different approach to calculate the export of the 
products of denitrification. 

To estimate rates, we will employ techniques that are analogous to those used by 
Codispoti and Richards (1976). The first method will rely on applying electron 
transport system activity (ETS) based estimates of in situ denitrification rates to the 
appropriate volumes. The second will involve calculating the export of the free 
nitrogen produced by denitrification. The nature of our data makes the latter method 
less certain, so it will be used only as a "check". We shall also judge the reasonable-
ness of our denitrification rates by comparing them with primary production rates. 

Our study suggests that the typical denitrification rate off South America may be 
~ 1 x 1018g N yr- 1 and that during our main observational period the rate was 
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Figure 2. Locations of the sections taken from the R.V. M elville in May 1977. Some of these 
sections were occupied more than once, but only the station numbers corresponding to the 
sections presented in this paper are indicated. Two stations (406 and 408) that were not part 
of any section are indicated with dots. 

~ 2.5 X 1018g N yr- 1 • It also indicates that most of the denitrification occurs close 
to the coast between approximately 10-25S. 

2. Data and methods 

Most of our data were taken during the JOINT-II experiment, a multidisciplinary 
study of upwelling off Peru. We will rely mostly on JOINT-II data taken during 
May 1977 from the R.V. Melville (Fig. 2). Rafferty et al. (1978), Garfield and 
Packard (1979) and Rafferty et al. (1979) have presented these data and described 
the methods employed. 

When considering temporal variability in ETS we shall compare our 1977 results 
to a smaller suite of JOINT-II data collected from the R.V. Eastward during Sep-
tember 1976 (Fig. 3) and to a few observations made in 1969. Our transport cal-
culations will also include some JOINT-II data taken during May 1976 from the 
R.V. Thompson (Fig. 3). The Eastward data are presented by Kogelshatz et al. (in 
press) and by Packard and Jones (1978). The 1969 ETS data have been reported 
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Figure 3. Station locations for the R.V. Thompson section used to calculate the May 1976 
nitrate deficit transports (O) and the stations from the September 1976 R.V. Eastward cruise 
that yielded transport and/ or ETS data 

by Packard (1969) and by Packard et al. (1971), and the supporting hydrographic 
data are presented in University of Washington Special Report 242 (Anonymous, 
1970). The May 1976 data have been presented by Codispoti et al. (1976), Barton 
(1977), Friederich et al. (1977), and Robles and Barton (1977). 

The 1969 ETS data were generated by a method (Packard, 1969) that yields 
lower activities than the recent method so the earlier data were normalized by multi-
plying by 1.67, a factor suggested for bacterial metabolism by the comparative study 
of Christensen and Packard (1979). To estimate the in situ denitrification rate from 
ETS activities, it was assumed that denitrification was the dominant respiratory 
process in oxygen deficient waters with nitrite concentrations greater than 0.5 p,g-
atoms 1-1, and the activities were multiplied by Devol's (1975) factor (ETS activity 
in p,l 0 2 z-1h- 1 X 2.4 = g N m - 3yr- 1). 

In estimating the export of the free nitrogen produced by denitrification, hori-
zontal advection was determined using dynamic computations (e.g., Sverdrup et al., 
1942) and some direct current measurements (Enfield et al., 1978; Brink et al., 
1978). Defant's (1961) method was our main guide for the selection of reference 
levels and literature values (e.g., Wyrtki, 1963) were used for estimating diffusion 
coefficients and vertical velocities. 

Estimates of the free nitrogen produced by denitrification were made indirectly. 
Basically, we first calculated the amount of nitrate that should be present in a water 
parcel just before the onset of denitrification and then subtracted the observed nitrate 
and nitrite concentrations from this value. A number of authors have discussed the 
validity of this approach and produced methods for calculating these "nitrate defi-
cits" (e.g., Thomas, 1966; Fiadeiro and Strickland, 1968; Cline and Richards, 1972). 
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Figure 4. A comparison of nitrate deficits (in µg-atoms 1 1) calculated by Fiadeiro and Strick-
land's (1968) method vs. Codispoti's (1973a and b) method. The negative values come from 
depths greater than 400 m. The data employed are from the stations shown in Figures 3 
and 6. 

Whenever possible, we relied on a method developed by Codispoti (1973a and b; 
Codispoti and Richards, 1976) for use in the eastern tropical North Pacific. This 
technique does not require reactive phosphorous data, one of our least precise 
measurements. When oxygen data were absent, we used an alternate technique based 
on AOU, nitrate, and reactive phosphorus relationships suggested for use off South 
America by Fiadeiro and Strickland (1968). In principle, their method requires dis-
solved oxygen data, because it uses the AOU concept (Redfield et al., 1963) to 
calculate the amount of regenerated nitrate and reactive phosphorus within a water 
parcel (PO.= oxict. and NO3 - oxict_). However, their AOU/ PO4 and AOU/ NQ3 - ratios 
(276/ 1.24 and 276/ 15.7, by atoms) yield an NO3- oxict _/PO4=0 xi ct . ratio of 12.7, al-
most the same as the ratio of preformed nitrate to preformed phosphorus that they 
suggest (~ 12.5). Consequently, it is reasonable to multiply the reactive phosphorus 
concentrations by 12.6 to obtain the amount of nitrate that should be present within 
a water parcel just before the onset of denitrification. 

The agreement between Codispoti's technique and our modification of Fiadeiro 
and Strickland's method (Fig. 4) is good within the 50-400 m zone used for our 
transport calculations. Codispoti's method should not be used in the upper ~ 50 m 
because of errors that arise due to oxygen exchange with the atmosphere, but we 
have sometimes applied the alternative method to nearshore waters that have just 
risen to the surface (e.g., stations 363-368 in Figs. 5 and 6) with apparently good 
results. Below ~ 400 m both methods tend to give negative results, but Codispoti's 
technique gave values that were only slightly negative. We think that this situation 
arises from an insufficient knowledge of source water characteristics in the deeper 
strata, and whenever possible nitrate deficit data from approximately 425 m or 
deeper were excluded from our analyses. In the few cases where deep ( ~ 450 m) 
data were necessary, negative values were assumed to be zero. 
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Figure 5. Temperature in °C (A) , u, (B), and dissolved oxygen in ml z-1 (C), along the "C-line" 
during 5-8 May 1977. 

3. Background 

Since we assume that denitrification is the dominant respiratory process in oxygen 
deficient waters that contain ;;:: 0.5 µg-atom z-1 of nitrite, a synthesis of the data 
dealing with such environments off South America will be helpful. We have dis-
tinguished the following water column regimes: the "main secondary nitrite maxi-
mum," smaller scale or transient maxima, and oxygen-deficient bottom waters that 
contain nitrite. By secondary nitrite maxima, we refer to subsurface maxima that 
occur within oxygen deficient strata. This is a generally accepted definition, but 
some authors do not emphasize the oxygen deficient requirement. 

The term "main secondary nitrite maximum" refers to a feature (Fig. 7) that was 
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Figure 6. No.- (A), No.- (B) and nitrate deficit distributions (C) along the "C-line" during 
5-8 May 1977. Concentrations are in µ,g-atoms 1-1• For the reasons discussed in the text, 
nitrate deficits were not calculated for depths below ~ 425 m and for much of the surface 

layer. 

first described by Wooster et al. (1965). Most of our observations (e.g., Figs. 2-3, 
5-6) were taken within this feature. Although there is some variability in its geo-
graphical position, an examination of the available data (e.g., Fiadeiro and Strick-
land, 1968; Zuta and Guillen, 1970; Love, 1970, 1971, 1972, 1974; Love and 
Allen, 1975; Sandoval and Hott, 1975; SCORPIO Expedition, NODC Ref. 31-
1212; Rafferty et al. , 1979; Fig. 8) suggests that the original description still defines 
its horizontal extent reasonably well. 

The northern boundary of the main secondary nitrite maximum may be partially 
controlled by an onshore fl.ow of oxygenated waters. White (1971) and Tsuchiya 
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Figure 7. Approximate horizontal extent of the main secondary nitrite maximum. The shaded 
bands represent the inner 175 km, the middle 175-300 km, and the > 300 km from shore 
zones. The position of the "C-line" section shown in Figures 5 and 6 is also indicated. This 
figure is redrawn from Wooster, Chow and Barrett (1965). 

(1975) have demonstrated that such a flow exists at the approximate "core" depth 
of the nitrite maximum (the 160 cl ton-1 or 26.4 <TT surface), and White states that 
it carries relatively well oxygenated waters into the region, between 7-llS. It is not 
known how closely this flow approaches the coast, but it seems likely that it gets 
close enough to enrich the coastal waters with oxygen if only through diffusion. The 
southern boundary of the main maximum is probably controlled by the position at 
which the Peru Offshore Current leaves the coast. This current extends to greater 
depths (~ 700 m) than the nitrite maximum, and it leaves the coast at about 25S 
(Wyrtki, 1963, 1977). The Peru Coastal Current continues northward along the 
coast to about lOS (Wyrtki, 1963), but this flow is shallow(<~ 50 m). 

The data dealing with the vertical structure of the main secondary nitrite maxi-
mum (e.g., Fiadeiro and Strickland, 1968; Zuta and Guillen, 1970; Figs. 5 and 6) 
are also in fair agreement. In general, the greatest thicknesses ( ~ 300 m) are found 
near the continental slope. Sometimes the maximum breaks up into separate zones 
within the inner approximately 175 km, and there is a tendency for it to separate 
at about 175-350 km from the coast. This latter tendency is suggested by our long-
est section (Fig. 6), but it barely enters the offshore zone where the historical data 
(e.g., Wooster et al. , 1965; Zuta and Guillen, 1970) suggest high nitrite concentra-
tions in some locations and maximum thicknesses of ~ 200 m. Fortunately, maxi-
mum nitrite concentrations (~ 2.5 µ,g-atoms l- 1) at our outermost station may be 
about average for the offshore zone, and as we shall indicate below, this suggests 
that our offshore denitrification rate is representative. 
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Figure 8. Nitrite concentration in µ.g-atoms 1-1 along 5S (A) and near lOS (B) during May 
1977. The crosshatching indicates the zone within which oxygen concentrations were less 
than 0.2 ml 1- 1• 

White's (1971) analysis of the relationship between dissolved oxygen and the geo-
strophic flow near the "core depth" of the main nitrite maximum provides further 
justification for its division into an inshore and an offshore zone. He identified two 
boluses of oxygen deficient water, a nearshore zone that was under the influence of 
the Peru-Chile Undercurrent, and an offshore region centered about a cyclonic 
shear zone along 13S. Zuta and Guillen (1970) also mention a gyre when discussing 
high offshore nitrite concentrations. Other mechanisms may also contribute to the 
subdivision of the main nitrite maximum. For example, it is associated with the 
southward flow of relatively high salinity and low oxygen waters (e.g., Wooster et al., 
1965), and there are at least two such flows, the Peru-Chile Undercurrent and the 
Countercurrent. Both have significant transports within the depth range of the 
permanent nitrite maximum, but the undercurrent "hugs" the coast whereas the 
Countercurrent leaves the coast near 5S and flows along~ 80W (Wyrtki, 1963). 

We emphasize the distinction between the inshore and offshore portions of the 
main secondary nitrite maximum, because considering the feature as a whole ob-
scures a significant temporal change. Nitrite values in excess of 7 µg-atom [- 1 were 
found in prior years but only in the offshore zone. Our data (Figs. 6, 9 and 10), 
which are mainly from the inshore zone, data from the El Nino watch survey of 
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Figure 9. (A) nitrite vs. latitude in water within ~200 km of the coast pre-1972 vs. post-1972, 
O, < 0.25 ml 1- 1, u, = 26.2 - 26.8. Data in the two 1 ° squares closest to the coast were 
used, so the offshore boundary varies somewhat with latitude. 

1975 (Patzert et al., 1978), and a few stations taken in 1974 (Sandoval and Hott, 
1975), suggest that during the 1974-1977 period values in the inshore zone fre-
quently exceeded 7 µ,g-atoms 1-1 • In addition, an episode of complete denitrification 
was noted in this region during 1976 (Dugdale et al., 1977; Packard et al., 1978). 
As we shall show, this nearshore intensification may signal significantly increased 
denitrification. 

It is also necessary to distinguish between the main secondary nitrite maximum 
and smaller scale or transient maxima. For example, we observed a weak and rela-
tively deep secondary maximum at ~ 5S (Fig. 8). This feature is also evident in 
the El Nino watch data (Patzert et al., 1978), and it is hinted at in some of the 
EASTROPAC data (Love and Allen, 1975). It may be related to an oxygen defi-
cient bolus that White (1971) found in a cyclonic shear zone between 3-5S. 

Shallow maxima (~ 100 m) have been found between 4 and 1 OS (Zuta and 
Guillen, 1970), and Sorokin (1978) has described such a maximum found near 
7°30'S in 1974. This latter feature is of particular interest, because a portion of it 
was underlain by a hydrogen sulphide layer in contact with the continental shelf. 
Because of their relatively small size and the shallow depths at which they occur, 
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Figure JO. A compari son of nitrite concentrations ne::i r 15S. "C-line" sections taken on 26-28 
March and 15-16 April 1977 vs. some stations taken between 3 and 6 April 1969. 

it is not likely that these features are permanent but they appear to occur fairly often. 
A shallow nearshore zone of denitrification has also been encountered near Callao-
Lima (e.g., R afferty et al., 1979). 

Data from the latter phase (17 April-27 May 1975) of the El Nifio watch cruise 
(Patzert et al., 1978) are interesting, because they indicate the presence of secondary 
nitrite maxima close to the equator where they were previously rare or absent (e.g., 
Codispoti, 1973a and b; Plank et al., 1973). Since these observations were taken 
during an anomalous period, we shall consider them to be atypical and short-term 
transients, but we cannot confirm this suggestion. 

The final type of water column denitrification zone that we shall distinguish are 
oxygen deficient bottom layers that contain nitrite. Sometimes these might be con-
sidered as onshore extensions of mid-depth maxima, but this is not always so. More 
importantly, their frequent occurrence at relatively shallow depths and their con-
tact with the bottom could cause them to have relatively high denitrification rates. 
The sediments themselves are, of course, another denitrification site. 

4. Results 
Our initial calculations are based on ETS data taken from the main secondary 

nitri te maximum during September 1976 and May 1977 (Figs. 11-12). There was 
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Figure 11. A comparison of ETS activities near 15S, September 1976 vs. May 1977. Except 
for one station at ~ 180 km from shore, all of the September data were from the inner 
100 km, so only data from the inner 100 km have been compared. The averages were 
weighted by distance from shore, and the numbers in parentheses indicate the number of 
analyses that were made. 

a considerable decrease in average ETS activities with depth and also a tendency for 
values to decrease with distance from shore. When adjusted for these tendencies, 
the September 1976 and May 1977 values from~ 15S are similar: The few values 
taken near the northern boundary (~ 1 OS) of the main maximum in waters with 
nitrite concentrations;;::: 0.5 µ,g-atoms 1-1 were also similar to the 15S values. Since 
these data do not suggest large seasonal or longshore variability in average denitrifi-
cation rates within the permanent secondary nitrite maximum, we will assume that 
our most abundant set of measurements, the 1977 values from ~ 1 SS, are repre-
sentative of recent conditions. We will also assume that the STEP-1 data (Fig. 7) 
adequately represent the area of the main nitrite maximum and that whenever our 
Winkler oxygen values are less than ~ 0.2 ml 1-1, oxygen deficient conditions exist. 
The last assumption is justified by a number of comparisons with a low concentra-
tion oxygen method (Broenkow and Cline, 1969; Rafferty et al., 1978). 

Because of the decrease in ETS values with distance from shore, we have divided 
the total denitrification areas into the three sub-regions shown in Figure 7. This 
division corresponds reasonably well to the tendency (discussed above) for the sys-
tem to be divided into inshore and offshore zones with a "pinching" of the maximum 
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Figure 12. ETS activities vs. depth and distance from shore near ISS during May 1977. The 
averages were weighted by distance from shore within the inner 175 km, and the numbers 
in parentheses indicate the number of analyses that were made. 

in between. We estimated the average depths of the three resultant denitrification 
regimes (N02- > 0.5 µg-atoms 1-1, 0 2 < 0.2 ml 1-1) by examining our September 
1976 and March-May 1977 sections (Rafferty et al. , 1979; Wisegarver et al. , 1979), 
and some offshore data presented by Fiadeiro and Strickland (1968) and Zuta and 
Guillen (1970). Applying the ETS data to the appropriate volumes (Table 1) yields 
a total rate of ~ 2 X 1013g N yr- 1 for the main secondary nitrite maximum, and 
most (76%) of the contribution appears to be in the 175 km wide band that is 
closest to the coast. 

As noted above, we have considered waters in contact with the sediments sepa-
rately. Our data justify this because oxygen deficient layers that contain 0.5 
µg-atom 1-1 of nitrite and are within 20 m of the bottom do have ETS activities 
that are relatively high (Table 2 and Fig. 12). Taking the average ETS activity for 
these bottom layers to be 0.36 µl 0 2 1- 1h-1 (Table 2) and assuming that such a 
20-m thick layer exists over 2/ 3 of the shelf (shelf width ~ 30 km) between 5 and 
25S gives a denitrification rate of 0.08 X 1013g N yr- 1 , about 4% of the rate in the 
main secondary maximum. 

Sedimentary denitrification will also add to the total denitrification rate, but it is 
difficult to estimate its importance. The contribution of the pelagic sediments off 
South America is probably not large, since the total denitrification rate for all pelagic 
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Table 1. ETS based denitrification rates for the main secondary NO,- maximum. 

Inner Middle Outer 

zone zone zone Total 

Area (1011m") 3.26 2.00 5.23 10.5 X lO"m' 

Approximate depth 
range (m) 130-330 110-210 145-245 

Thickness (m) 200 100 100 

Volume (lO"m") 0.652 0.200 0.523 1.4 X lO"m• 

Denitrification rate 
(lO"g N y-1)* 1.47 0.17 0.29 1.93 X 1013 N yr-1 

% of Total rate 76% 9% 15% 100% 

* The ETS activities ( and their relationships to depth and distance from shore) used in the above 
calculations are shown in Fig. 12. 

sediments has been recently estimated as ~ 0.5 X 1013g N yr- 1 (Bender et al., 
1977). Total respiration rates are likely to be high in the hemipelagic and shallow 
sediments off western South America, but the proportion of the total that is due to 
denitrification is probably small. This is because the presence of sulfide at or near 
the sediment surface (J. C. Christensen, personal communication) suggests that sul-
fate reduction is dominant. 

Assuming that denitrification dominates the upper 0.5 cm and that these sediments 
occupy a 50-km wide strip between 0-25S gives a volume of 0.7 X 10°m3

• Prelimi-
nary ETS values from this zone (provided by J. C. Christensen) yield a denitrifica-
tion rate of ~ 0.2 x 1013g N yr- 1 when applied to the assumed volume. A thick-
ness of 0.5 cm may seem low, but Bender et al. (1977) found that both oxygen and 
nitrate were consumed within the upper centimeter of muds on the Ivory Coast 
shelf and conditions are likely to be even more reducing in our study region. 

The remaining denitrification zones that we will consider are the smaller scale or 
transient (or both) secondary nitrite maxima found at shallow depths and the deep 
(~ 350 m) nitrite maxima found near 5S. We will neglect the maxima found near 
the equator during the 1975 El Nino watch survey, because these could be rare. 
The shallow nitrite maxima between ~4 and 1 OS and the shallow denitrification 
zone near Callao-Lima have been observed a number of times (Zuta and Guillen, 
] 970; Sorokin, 1978; Doe, 1978; Patzert et al., 1978; Rafferty et al., 1979). The 
average volume of these maxima is about 2 X l01 2m3, and the data (Rafferty et 
al., 1978) suggest a denitrification rate of ~ 1.0 g N m-3yr- 1 for these shallow 
( ~ 65 m) environments. Consequently, these maxima appear to contribute ~ 0.2 
X 101 3g N yr- 1 • 

As noted earlier, the deep nitrite maximum near 5S (Fig. 8; Love and Allen, 
1975; Patzert, Cowles and Ramage, 1978) may be a permanent or common feature. 
Its volume is ~ l013m3

, and a high estimate for the denitrification rate in this deep 
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Table 2. ETS activiti es wi thin 20 m of the bottom in waters with NO,- >0.5 µg-atoms , and 
0 , < 0.2 m/-/- 1

, May 1977. 

Sample Sonic 
depth depth ETS No,- o. 

Station (m) (m) (µ/ 0 , 1-1 h-1) (/,L g-atoms 1 1
) (m/-11

) 

395 142 158 0.159 3.05 0.09 
396 138 144 0.540 6.97 0.07 
397 97 104 0.921 2.19 0.13 
401 173 186 0.288 5.22 0.09 
402 140 154 0.196 1.60 0.08 
404 116 122 0.159 0.52 0.06 
432 46 55 0.243 0.75 0.10 
A vg. 122 132 0.358 2.90 0.09 

(~ 350 m) maximum would be about 0.15 g N m-8yr-1, since this is the 300-m 
value for the inner portion of the main maximum (Fig. 12). Consequently, a gen-
erous estimate of the contribution of the deep nitrite maximum near 5S would be 
~ 0.15 X 1013g N m- 3yr- 1• 

To check the reasonableness of our ETS-based denitri.fication rates, we calculated 
the horizontal advective transports of nitrate deficits through the longest C-line sec-
tions (Figs. 2 and 3) taken during each of the three JOINT-II phases (March-June 
1976, July-November 1976, March-May 1977). Codispoti and Richards (1976) 
obtained good agreement between a rate based on nitrate deficit transports (2.3 x 
1018g N yr- 1

) and an ETS-based rate (1.9 X 101 3g N yr- 1
) for the portion of the 

eastern tropical North Paci.fie east of 112W, but we can only expect a rough cor-
respondence. This is partially because our sections do not intercept the total advec-
tive loss of nitrate deficits as is obvious from their positions (Figs. 2, 3, 5, 6 and 7). 
In addition, poorly understood processes such as diffusion and vertical advection 
may be more important in our study region than in the area studied by Codispoti 
and Richards (1976). 

The transport results are summarized in Table 3. We are most confident of the 
data from May 1977: this section's (Figs. 5 and 6) offshore extent brought it into 
a zone of relatively weak transport making it reasonable to assume that extending 
the section further offshore would not have drastically altered the results; results 
from a number of current meters placed over the slope demonstrated the reasonable-
ness of our dynamic computations (Fig. 13); and although there were two likely 
reference surfaces, the results were reasonably independent of the one that was used. 
The results from May 1976 are also insensitive to the choice of a reference level and 
the calculated currents are in good agreement with direct current measurements 
(Fig. 13). They suggest a rate similar to that obtained from the May 1977 data. 

The section (Fig. 3) from September 1976 is the most ambiguous. It was very 
sensitive to the choice of a reference level (Table 3), the choice of a deeper surface 
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Table 3. Nitrate deficit transports between 50-400 m on the longest "C-line" sections taken 

during each of the three major JOINT-II field programs. 

Transport based 

Reference denitrification rate 

level* (g-N-yr-')t 

Shallow -1.3 X 10" 
May 1976 

Deep -1.5 X 10" 

Shallow -1.0 X 1013 

Sept. 1976 
Deep 0.4 X 10" 

Shallow - .9 X JO" 
May 1977 Deep -1.3 X 1013 

* The data often suggested more than one level of no motion between station pairs, so we grouped 
the data into shallow and deep sets. Because the variable depth reference level method (Defant, 1961) 
was used there is some overlap. However, the shallow level for May 1976 was generally between 300-
500 m; for September 1976 it was generally between 100-250 m, and for May 1977 it was between 
350-550 m. The deep levels were between 300-1000 m, 500-700 m and 700-800 m, respectively. 

t Negative values indicate poleward transport. 

resulting in an equatorward transport. Wyrtki (1977) suggests that the Peru Coastal 
Current is enhanced during mid-August to mid-October, so a net equa~orward trans-
port may be possible. No direct current measurements were made over the slope 
during this period, but measurements made over the shelf (Enfield et al., 1978) 
showed that the poleward undercurrent was present. Even if a net equatorward 
transport did exist, it should have resulted in some net export of nitrate deficits. 
For example, it is likely that this transport would have met a southward flow closer 
to the equator, thereby producing a significant offshore transport. 

Despite the uncertainties, the transport calculations suggest that a complete 
knowledge of the nitrate deficit export would yield a denitrification rate that is in 
substantial agreement with our ETS-based rate. For example, a simple average of all 
the values in Table 3 yields a rate of 0.9 X 101 3g yr- 1

• This is less than, but of the 
same order, as our ETS-based rate, and this is what one should expect since our 
calculations only account for a major portion of the horizontal advective export. By 
applying reasonable literature values for vertical velocities and for diffusion co-
efficients to the nitrate deficit gradients, we have derived a vertical and horizontal 
diffusion export of ~ 1 X 1013g N yr- 1

, and when added to our advective loss, 
excellent agreement between the ETS- and transport-based rates can be attained. 
However, because diffusion coefficients and vertical velocities are poorly known, 
we feel that extensive discussion of these calculations is not fruitful. The main point 
is that the transport rates are not in conflict with our ETS-based rates. 

As another check on the validity of our ETS-based rates, we have calculated the 
;proportion of the total primary productivity required to "drive" denitrification in the 
main secondary nitrite maximum. Richards (1965) suggests that the production of 
•~ 2 x 101 3g N yr- 1 by denitrification requires an organic carbon supply of ~ 2 x 
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Figure 13. A comparison of direct current measurements over the slope vs. the average calcu-
lated longshore currents for stations just seaward of the current meter moorings in 1976 (A) 
and 1977 (B). The station locations are shown in Figures 2, 3 and 5. The current measurements 
were made during the following periods: Lobivia I , 24 March-7 M ay 1976; Lagarta II , 9 
M ay-31 July 1976; PS, 5 March-21 April 1977; Lobivia V, 15 March-11 May 1977; Lagarta 
V, 15 March-14 May 1977; Ironwood V, 16 March-14 May 1977. 
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Figure 14. A regression of ETS activities against nitrite concentrations in the "core" of the 
secondary nitrite maximum near 15S. The data are from May 1977. 

1013g yr- 1• Primary production in the surface water overlying the main secondary 
nitrite maximum may at times exceed 10 g C m- 2d-1 (Ryther et al., 1971), but the 
average for the entire region is probably closer to 0.5 g C m-2d-1 (e.g., Love, 1971, 
1972, 1974; Love and Allen, 1975; Walton-Smith and Kalber, 1974). Since the 
area of the permanent secondary nitrite maximum is ~ l01 2m2 (Fig. 7), total annual 
primary production in the overlying waters is ~ 2 X 1 oug C. Thus, our denitrifica-
tion rate for the waters in the main nitrite maximum requires ~ 10% of the total 
primary productivity. This value seems a little high when compared to estimates of 
the fraction of primary productivity reaching depths of greater than ~ 100 m in 
other areas (Riley, 1951; Deuser, 1971; Packard et al., 1971), but it is plausible 
considering the uncertainties in our production estimate. Moreover, we shall show 
that a relatively high value might be expected because of a possible "extra" supply 
of organic matter that may be carried into the main nitrite maximum by the net 
offshore fl.ow that exists over the shelf. 

5. Discussion 

Our ETS-based calculations suggest a total denitrification rate of ~ 2.5 x 10'3g 
N yr- 1 for the eastern tropical South Pacific during 1976-1977. Most (~ 2 x 1013g 
N yr- 1) of this occurred in the main secondary nitrite maximum, and within this 
environment, 7 6 % of the denitrification was confined to the 17 5-km band closest 
to the coast. 

In discussing the implications of our calculations, it is useful to begin by consider-
ing their accuracy. Certainly, the transport and productivity based calculations used 
ito check our ETS-based rate suggest that the order of magnitude of our value is 
1correct, but we cannot dismiss the possibility of errors of about 100%. 
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Figure 15. A compari son of ETS activities near 15S at similar distances from shore. The num-
bers in parentheses indicate the number of analyses. Standard deviation bars (± 1 s.d.) have 
been included whenever possible. 

Similar methods were used by Codispoti (1973a) and Codispoti and Richards 
(1976) for estimating the denitrification rate in the eastern tropical North Pacific 
(~ 3 X 1013g N yr- 1), so some errors will cancel when comparing our denitrification 
rates with Codispoti and Richards' rates. Consequently, we think that our calcula-
tions can be used to give an indication of the relative importance of the eastern 
Pacific denitrification regimes that lie on either side of the equator. Similar argu-
ments apply when we consider the possibility of a temporal change in the denitrifica-
tion rate off South America. Finally, we find it encouraging that our pre-1972 rate 
of ~ 1 x 1013g N yr- 1 (see below) is intermediate between Tsunogai's and Elkins' 
pre-1972 rates which range from 0.3-2.6 X 1013g N yr- 1 • 

A series of biological catastrophes have occurred off Peru in recent years, so it 
is useful to consider whether our denitrification rates are "typical." Briefly, these 
catastrophes began with the El Nino of 1972 and were exacerbated by the El Nino 
(Wyrtki, 1977) and Aguaje (Dugdale et al., 1977) of 1976. Because of these natural 
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events and possibly because of excess fishing pressure (0. A. Mathisen, personal 
communication; Walsh, 1978), anchoveta stocks have remained low and were at 
historic lows in 1976-1977. As one might expect, these drastic perturbations in the 
surface ecosystem do seem to have been accompanied by a significant change in the 
denitrification rate. We have already mentioned the increase in nitrite concentrations 
in the inshore portion of the permanent secondary nitrite maximum (e.g., Figs. 9-10), 
and data from the "core" of the secondary nitrite maximum near 15S suggest a 
positive correlation between N02 - concentrations and denitrification rates (Fig. 14). 
To obtain this correlation it was necessary to restrict the data in space and time, as 
we have indicated, but this was expected because other factors (e.g., mixing rates) 
also affect nitrite concentrations. The episode of complete denitrification (nitrate 
plus nitrite = 0) and consequent sulphide production observed during 1976 (Dug-
dale et al., 1977) may also reflect increased denitrification in the main nitrite maxi-
mum as, does a comparison of 1969 ETS values with our recent data (Fig. 15). 

There is no evidence to suggest a persistent expansion of the main nitrite maxi-
mum since ~ 1972 (probably because the area is governed mostly by the large scale 
circulation features described above), but it may have temporarily expanded towards 
the equator in 1975 (Patzert et al., 1978). The sporadic appearance of other second-
ary nitrite maxima in unusual areas (Fig. 9; Patzert et al.) also suggests an expan-
sion of the total denitrification regime and, therefore, a higher total rate. 

While the possible expansion of the denitrification regime could arise from a de-
creased oxygen supply, the increased respiration rates/ unit volume that our data 
suggest for the persistently oxygen deficient portions of the main nitrite maximum 
could not be so caused: these elevated rates probably arise from an increased sup-
ply of organic matter. At first glance, such an increase seems unlikely because pri-
mary production may have been relatively low during 1976-1977 (e.g., Anonymous, 
1970; Barber et al., 1978). Such an increase could have occurred, however, if the 
structural changes in the surface ecosystem allowed a greater proportion of the sur-
face production to be carried to depth. Some of this material could then be intro-
duced to the main maximum by vertical processes, but a quasi-horizontal mecha-
nism may be even more important. The near-bottom currents over the shelf have a 
seaward component (Enfield et al., 1978) and, as a result, any material sinking into 
this layer would tend to be swept towards the nitrite maximum. The presence of 
particle and protein maxima that are coincident with the nitrite maxima (Garfield 
et al., 1979; Pak et al., in press) suggests such a process. It is perhaps also significant 
that the recent increases in ETS values (Fig. 15) may have been concentrated in the 
vicinity of these maxima. 

An analogous mechanism has been suggested by A. Huyer, G. T . Rowe, and J.C. 
Van Leer (personal communication). They noted that the poleward undercurrent 
appeared to be abnormally strong during the early phases of JOINT-II and suggest 
that this situation could lead to the re-suspension of organic material that had ac-
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cumulated on the shelf. Once suspended, this material could, of course, be "swept" 
into the nitrite maximum. Such an occurrence might be episodic, but dividing the 
nitrite deficits in the maximum (Fig. 6) by our ETS-based denitrification rates 
(Figs. 11-12) gives residence times on the order of years, so the effects of such an 
episode could have persisted throughout 1976-1977. We speculate that one or more 
of the above mechanisms did enrich the main nitrite maximum during 1976-1977. 

In conclusion, we would like to make the following points: 
1. The denitrification rate off the Pacific coast of South America appeared to be 

~ 2.5 x 101 3g N yr- 1 during 1976-1977. This value may be about twice as high 
as the pre-1972 rate and is comparable to that in the eastern tropical North Pacific, 
the largest marine denitrification site that has been previously identified. 

2. The recent increase of ~ 1 X 1013g N yr- 1 represents a significant perturba-
tion of the marine combined nitrogen cycle, and if it were not compensated, it would 
deplete the marine stock of combined nitrogen in ~ 105 years (e.g., Piper and 
Codispoti, 1975). However, it is probably more than compensated by increases in 
the anthropogenic input (Soderlund and Svensson, 1976). 

3. Most of the denitrification occurs in the nearshore portion of the main second-
ary nitrite maximum and the increase in its denitrification rate probably arose from 
structural changes in the ecosystem rather than from increased photic zone pro-
ductivity. 

4. Although the volume of the main secondary nitrite maximum appears to be 
fairly constant, it may have expanded toward the equator in 1975. There is also 
some evidence to suggest a recent increase in the frequency with which distinct 
secondary maxima occur outside the bounds of the main maximum. 

5. If nitrite concentrations in the "core" of the main secondary nitrite maximum 
decrease to their former levels, it will be possible to confirm our suggestion that in-
creased nitrite levels indicate higher denitrification rates. 
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