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Abstract

An oceanographic survey of the eastern tropical Pacific Ocean in August-November 1990 found
a productive, nutrient-rich, moderately high-chlorophyll surface layer in two oceanic upwelling
regions: the equatorial divergence, especially east of the Galapagos, and the countercurrent diver-
gence out to 105°W, >1,000 km west of the Costa Rica Dome. Although NO, is not depleted in
upwelling regions, relationships among nutrient concentrations and temperature in 1986-1988 data
from the same area show that NO, is the the first macronutrient to be depleted in adjacent, less-
productive regions. A three-dimensional, two-layer box model of NO, flux within and into the
euphotic zone gives estimated rates of new production that are ~29% of measured rates of *C
phytoplankton production. Persistence of excess (saturating) NO, in the euphotic zone exceeds 1
yr under high-nutrient, low-chlorophyll conditions off the equator where weak upwelling, or down-
welling, occurs. These results indicate substantial control or limitation of NO, utilization and
productivity in nutrient-rich oceanic regions of the eastern tropical Pacific.

The eastern tropical Pacific contains some
of the most productive waters of the world
ocean. Concern about atmospheric CO, in-
crease and the role of the deep ocean as a
sink in the global C cycle has presented
oceanographers with an important ques-
tion: what are the rates of new production
in large, productive areas of the open ocean
and what limits those rates? Nutrients are
rarely depleted in surface waters of the equa-
torial Pacific (Thomas 1979) or in other up-
welling regions such as the Costa Rica Dome
and coastal Peru and Ecuador. The ther-
mocline is shallow in these regions, so that
vertical advection and mixing bring cold,
nutrient-rich water from below the ther-
mocline (nutricline) into the surface layer.
This nutrient input maintains optimal (sat-
urating) concentrations of NO; at the sur-
face and results in relatively high levels of
new production (Chavez and Barber 1987),
but not high enough to deplete NO;. Per-
sistence of nutrients at the sea surface char-
acterizes the high-nutrient, low-chlorophyll
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(HNLC) condition that is the subject of this
symposium (see Cullen 1991).

Surface currents and water masses of the
eastern tropical Pacific are illustrated sche-
matically in Fig. 1. Both coastal upwelling
along eastern boundaries and oceanic up-
welling along offshore divergences occur in
this region. The effects of equatorial up-
welling are evident in the equatorial ther-
mocline ridge (Fig. 2) and in the anoma-
lously cool temperature of equatorial surface
water. Sverdrup et al. (1942) presented ev-
idence of surface divergence and upwelling
at two sites in the equatorial current system:
in the South Equatorial Current along the
equator, and between the North Equatorial
Countercurrent and North Equatorial Cur-
rent at 10°N. The countercurrent thermo-
cline ridge along 10°N is evidence of up-
welling in this countercurrent divergence.
However, generally warm temperatures and
low concentrations of nutrients suggest that
the effects of upwelling do not reach the
surface except at the eastern end of the ridge
in the Costa Rica Dome. Offshore transport
of surface waters and coastal upwelling are
driven by equatorward. longshore winds
along the coasts of Baja California and Peru-
Ecuador and by topographically induced
offshore winds at several points along the
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Fig. 1. Schematic diagram of eastern tropical Pacific surface water masses and surface currents (described

by Wyrtki 1967).

coast of Central America (Gulfs of Tehuan-
tepec, Papagayo, and Panama).

Chl and nutrient data have been collected
in August-November in the eastern tropical
Pacific since 1986 (Fiedler et al. 1992). These

data, plus phytoplankton productivity mea-
surements made in 1990, provide an op-
portunity to examine spatial patterns of nu-
trient availability and productivity. We
examine PO,-NO,, SiQ,-NO,, and NO,-
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Fig. 2. August-November climatology of thermocline (20°C isotherm) depth (Fiedler 1992). ER —Equatorial
ridge; CCT —countercurrent trough; CCR—countercurrent ridge; NET —north equatorial trough.
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temperature relationships in our large data
set to confirm that NO, depletion could lim-
it productivity in parts of this region.

Surface current velocities calculated from
ship drift reports were used to estimate hor-
izontal transport and divergence within, and
upwelling into, the mixed layer. From these
rates and our observed NO, profiles, we cal-
culated NO; fluxes into the euphotic zone
and estimated rates of net NO, input (new
production). New production is thus equal
to the rate of NO; uptake necessary to main-
tain the observed NO, distribution in a
steady state. Past estimates of production
based on NO, input into the surface layer
have used one-dimensional models and ig-
nored horizontal loss or input of unused
NO,; in the euphotic zone (Riley 1956; Sa-
pozhnikov and Galerkin 1973; Chavez and
Barber 1987; Jenkins 1988; Yentsch 1990).
In contrast, Roemmich (1989) performed a
very thorough analysis of mass, heat, and
salt balance in the Southern California Bight
to derive an estimate of new production from
net NO; import. Sarmiento et al. (1990) pre-
sented a model that estimates new produc-
tion in the North Atlantic from horizontal
and vertical NO; balances.

Methods

Field measurements —We collected
oceanographic data in a large area of the
eastern tropical Pacific (14 x 10° km?) in
August-November of 1986 through 1990.
This sampling is part of a National Marine
Fisheries Service program to monitor trends
in relative abundance of dolphin stocks af-
fected by the yellowfin tuna purse seine fish-
ery. Sampling is constrained by daylight
dolphin census operations. We collected
XBT profiles, continuous records of surface
temperature, salinity and (through 1989)
fluorescence, and CTD casts with discrete
samples for Chl and nutrient analysis and
(in 1990 only) *C-uptake measurements.

Hydrocasts to 1,000 m were made 2 times
per night with a Seabird or Neil-Brown CTD.
General Oceanics Niskin bottles (1.7 liters)
were retrofitted with silicon rubber O-rings
in the valves and endcaps and silicon rubber
tubing as the closing mechanism. The bot-
tles were cleaned once a week by washing
with a 25% MICRO cleaning solution, rins-
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ing with freshwater, and soaking in 0.25 N
HCIl for 8 h. Ten rosette-mounted bottles
collected water from eight standard depths
(0, 20, 40, 60, 80, 100, 125, 150 m) plus
two additional standard light depths for
phytoplankton productivity casts as de-
scribed below.

Ten 275-ml subsamples in the morning
and eight samples in the evening were col-
lected for phytoplankton pigment analysis.
Samples were extracted for 24-36 h with
90% acetone in glass scintillation vials re-
frigerated in dark boxes. Chl a and pheo-
phytin were measured with a Turner De-
signs model 10-005R fluorometer calibrated
with commercial Chl a (Sigma). Subsamples
(20 ml) were collected from morning pro-
ductivity casts for nutrient analysis (NO,,
NO,, PO,, and SiO,). These samples were
frozen immediately after collection and an-
alyzed later at Monterey Bay Aquarium Re-
search Institute with an Alpkem autoana-
lyzer.

Water samples for determination of dis-
solved inorganic C uptake were collected
from depths to which 100, 50, 30, 15, 5, 1,
and 0.1% of the incident light penetrated.
Light depths were estimated from expected
euphotic zone depths calculated from pig-
ment profiles observed on previous ETP
dolphin surveys (1986-1989) according to
Morel (1988). Samples were drawn into
aged, “Vitro” glass 150-ml bottles (Whea-
ton Corp.) rinsed twice with sample water;
10 uCi of NaH!*CO; were added to each
sample bottle and the bottles incubated in
nickel screens (Perforated Products) in an
on-deck seawater-cooled Plexiglas incuba-
tor for 24 h with natural sunlight as the light
source. The screens act as neutral density
filters, reducing the light intensity to the
same level as at the depth from which the
sample was collected. Two extra samples at
the 100 and 0.1% light levels were inocu-
lated with radioactive tracer and filtered im-
mediately with no incubation to determine
abiotic particulate *C incorporation (Cha-
vez and Barber 1987).

For determination of particulate C fixa-
tion, the water was filtered onto Whatman
GF/F filters at a vacuum of <5.2 cm of Hg,
acidified with 0.5 N HCI, and counted in
10 ml of CytoScint ES on a liquid scintil-
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lation counter after the 4-month cruise. To-
tal “C activity was determined by adding
1.0 ml of incubated sample water (from the
100 and 30% light level bottles) to a scin-
tillation vial containing 20 ml of Cytoscint
ES cocktail. An average of these two values
was used as the total amount of added in-
organic C activity in the calculation of C
uptake at a station.

Chl and pheopigment profiles measured
at 20-25 m intervals were smoothed by cu-
bic spline interpolation. The depth of the
Chl maximum was determined from the
smoothed Chl profile. Euphotic zone depth
(Z., 1% PAR level) was calculated from Mo-
rel’s relationship between Z, and phyto-
plankton pigment concentration in the eu-
photic zone of oceanic case 1 waters, in
which phytoplankton play a predominant
role in determining optical properties (Mo-
rel 1988).

Box model of new production— A two-lay-
er box model was used to calculate NO,
fluxes into and within the surface layer. The
model calculates new production as the rate
of NO; uptake necessary to maintain the ob-
served NO; distribution in a steady state,
given the climatological rates of vertical and
horizontal advection derived from ship drift
observations. This new production main-
tains the steady state NO; distribution by
loss of organic N from the euphotic zone
(export production). Horizontal resolution
was 2° X 2°latitude-longitude. The nutrient
observations and ship drift data are not
dense enough to resolve finer scale vari-
ability. New production in a 2° X 2° box
was estimated as the net input of NO; into
the surface layer (euphotic zone) by hori-
zontal and vertical advection. Turbulent
mixing from below and secondary sources
such as terrestrial runoffand N, fixation were
not considered, so that the estimates are
valid only in upwelling areas and are prob-
ably underestimates even there. The model
also excludes island effects and topograph-
ically induced upwelling that are not re-
solved by the 2° X 2° grid.

Mean [NO,] in the euphotic zone (N,) and
[NO;] at the base of the euphotic zone (V)
were calculated from our 1986-1988 nutri-
ent data. Euphotic zone depth for each cast
was calculated from the phytoplankton pig-
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ment profile as described above. The nom-
inal concentration at which uptake of NO,
by oceanic phytoplankton approaches sat-
uration is taken to be 4 uM (Maclsaac and
Dugdale 1969). Thus, excess NO, (N, — 4.0
> 0) occurs in the euphotic zone of nutrient-
rich waters.

Surface currents were estimated from ship
drift data in the National Oceanographic
Data Center (NODC) surface current data
set. A total of 35,205 ship drift reports in
the study area from August to November
(1900-1969) were averaged on a 2° x 2°-
latitude-longitude grid. Observations were
zonally smoothed during gridding by av-
eraging observations within £2°to 10° lon-
gitude of each grid point, so that at least 100
observations are included in each grid mean
Fiedler 1992). This procedure ensured
sample sizes adequate for estimation of a
reliable mean at each grid point, while re-
taining resolution of the predominantly
zonal structure of equatorial surface cur-
rents. Mean August-November surface-
current vectors are plotted in Fig. 3, which
also illustrates the 2° x 2° resolution of the
box model.

Mixed-layer depth was estimated as the
depth at which temperature is 0.5°C less
than surface temperature in 24,928 XBT
and MBT profiles collected in the study re-
gion in August-November from 1960
through 1989 (Fiedler 1992). The mixed
layer defined in this way deepens from east
to west and is deeper beneath the equatorial
divergence than beneath the countercurrent
divergence along 10°N (Fig. 3). This pattern
has been observed in other analyses of
mixed-layer depth in the eastern tropical
Pacific (Wyrtki 1964; Levitus 1982).

Horizontal transports were calculated by
assuming that the mean surface currents be-
tween boxes, derived from the ship drift
data, were uniform through the mixed layer.
Vertical transport through the base of the
mixed layer was calculated from divergence
of the horizontal transports. NO, flux was
calculated from the product of transport and
[NO;] within or at the base of the euphotic
zone. Thus, we assume that the vertical
transport calculated at the base of the mixed
layer can be applied to the base of the eu-
photic zone. Euphotic zone depth is 0-30
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Fig. 3. Climatological August-November surface currents from ship drift data and mixed-layer depth (m)

from XBT and MBT profiles.

m deeper than mixed-layer depth, except in
the southwestern corner of the study area
where the mixed layer is very deep.
Horizontal nutrient fluxes between boxes
in the surface layer were calculated as the
product of surface-current velocity, mean
euphotic zone concentration, and mixed-
layer depth times the length of the box edge

(area of box side). A vertical flux into the
surface layer (upwelling) was calculated as
the product of net surface transport (out of
a box) and nutrient concentration at the base
of the euphotic zone. A vertical flux out of
the surface layer (downwelling) was calcu-
lated as the product of net surface transport
(into a box) and nutrient concentration in
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Fig. 4. Residence time (7T%), upwelling (), new production (NP), and excess NO, persistence time (7)
calculated at 2° x 2° and 4° x 4° resolution at model grid points.

the euphotic zone. Net NO, fluxes into the
euphotic zone were converted to C produc-
tion by the factor of 79.5 mg C (mmol N)*!
[=106/16 mmol C (mmol N)™! x 12 mg C
(mmol C)!]. This flux is equivalent to new
production (NP, mg C m=2d™!).

An index of the persistence of excess NO;
in the euphotic zone was calculated as the
excess NO; content of the euphotic zone
[ZAN, — 4.0), mmol N m~2] divided by net
NO,; input (mmol N m~2 d~!). Excess NO;
persistence time (7', d) represents the time
required for phytoplankton uptake to de-
plete the excess NO; if NO; flux into the

euphotic zone ceases. Ty is comparable to
turnover times calculated from measured
nutrient uptake rates and concentrations in
the mixed layer or euphotic zone, although
turnover times refer to uptake of the total,
not excess, nutrient content.

Residence time of water within a box was
calculated as the box volume divided by the
total rate of inflow (or outflow). The effect
of residence time of water in a box on rates
estimated by the model was tested by com-
paring model results at 2° x 2°and 4° x 4°
resolution. Residence time, rates of up-
welling and new production, and excess NO;
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Fig. 5. Surface Chl concentration (mg m~?) and euphotic zone depth (m), August-November 1990.

persistence time were calculated for the same
grid points at each resolution. The results
show that, although residence time increas-
es by a factor of ~2 when box size is dou-
bled, the other rates do not change (Fig. 4).
The few points that do not fall along the
1:1 line represent boxes at the edges of the
model domain where 4° X 4° boxes do not
resolve the boundary as well as 2° x 2° box-

es. Thus, rates derived from the model are
not directly affected by model resolution and
its effect on residence time.

Results

Observations —In August-November
1990, surface Chl was high (>0.2 mg m—3)
along both the equatorial and countercur-
rent divergences (Fig. 5). Values were high-
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est (>0.4 mg m~3) off the coast of Ecuador,
around the Galapagos Islands, and at the
Costa Rica Dome. The euphotic zone deep-
ened from <45 m off Ecuador and Central
America to >80 m in oligotrophic subtrop-
ical waters in the NW corner of the study
area. Mean euphotic zone Chl (not shown,
but directly related to Z, by definition)
showed the same basic pattern as surface
Chl, except that relatively high values ex-
tended out beyond 110°W along the coun-
tercurrent divergence. Z, was strongly cor-
related with the depth of the Chl maximum
(Fig. 6, r = 0.77). In general, the Chl_,,
occurred below the 1% light level where Z,
> 60 m, toward the oligotrophic subtropical
surface water masses of the North and South
Pacific.

Phytoplankton productivity (PP) and
productivity index (P = [, PP/f_Chl) were
high [>600 mg C m2 d! and >40 mg C
(mg Chl)~! d-'] along both the equatorial
and countercurrent divergences out to 100°—
110°W (Fig. 7). Along the countercurrent
divergence, productivity was higher to the
west of the Costa Rica Dome than in the
dome itself (the surface Chl,,, at 10°N,
88°W). A band of moderately high produc-
tivity extended west of 110°W along the
equator.

NO, was depleted before SiO, or PO, in
the 1986-1988 samples (Fig. 8, Table 1).
The positive intercepts of the linear regres-
sions of SiQ, and PO, on NO, are 1.48 uM
SiO, and 0.28 uM PO, both significantly
different from zero (P < 0.001). The recip-
rocal of the slope of the PO,-NO; regression
is 16.1, compared to the N : P Redfield ratio
of 16:1 (Redfield 1958). NO, decreases as
water temperature increases (Fig. 9, Table
1). The regression line passes through 4 uM
NO, at 25.4°C.

Nutrient-rich (>4 uM NO,) surface wa-
ters were observed south of 2°N in 1986—
1988 (Fig. 10). These correspond approxi-
mately to the equatorial and Peru Current
surface-water masses described by Wyrtki
(1967), although the nutrient-rich oceanic
surface waters are not symmetric about the
equator (see also Thomas 1979). The dis-
tribution of mean euphotic zone [NO,] (V,)
indicates that nutrient-rich water is found
deeper in the euphotic zone in tropical sur-
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100 S . r
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Fig. 6. Relationship between Z, (m) and depth of
the Chl,,,, (m), August-November 1990.

face water north of the equatorial surface
water and east of 105°W., [NQ,] at the bot-
tom of the euphotic zone is as high or higher
along the countercurrent divergence as along
the equator.

Phytoplankton productivity observed in
1990 was significantly correlated with eu-
photic zone NO; (N,, Fig. 11, r=0.47). The
significance of the Pearson correlation co-
efficient (P < 0.0001) was confirmed by a
nonparametric test (Kendall’s r, Conover
1971). Normalizing productivity to Chl
weakens the relationship slightly (r = 0.42),
because N, is related to euphotic zone pig-
ment content through the derivation of Z,.

Model—Divergence of surface currents
results in strong upwelling along the equa-
tor, especially west of 115°W (Fig. 12).
Weaker upwelling occurs along the coun-
tercurrent divergence at the coast and be-
tween 95° and 100°W, and in the northwest
corner of the study area at the edge of the
North Pacific subtropical gyre. The upwell-
ing rates derived from ship drift data along
the equatorial and countercurrent diver-
gences are consistent with rates estimated
by other methods (Fiedler 1992).

Estimated new production is positive in
upwelling areas and in adjacent areas where
unused NO; is advected horizontally from
upwelling areas (Fig. 13). Highest rates oc-
cur in the equatorial divergence and in the
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countercurrent divergence near the Costa
Rica Dome. Estimated new production in
upwelling arecas (W > 5 x 1075 cm s7') is
significantly correlated with “C phyto-
plankton productivity measured in 1990
(Fig. 14, r = 0.48). The slope of the regres-
sion line is equivalent to an f-ratio (Eppley
and Peterson 1979) and equals 0.29 (£0.11,

o “ S o -
100 90 80

Phytoplankton productivity (mg C m~2 d-') and productivity index [mg C (mg Chl)~' d-'], August—

95% C.L.). Log-transformation does not sig-
nificantly improve the regression relation-
ship (r = 0.50).

Persistence of excess NO; in the euphotic
zone, estimated from the model for 2° x 2°
boxes with a positive net input of NO; (new
production), is illustrated in Fig. 15. NO;
persistence varies from 0.4 to >1,000 d




Productivity in the ETP

PHOSPHATE, uM
N
1
)

n=5338

T T T

0 10 20 30 40 50

70 | 1 1 1

60

50

40 -

30

SILICATE, pM

20 +

10 4
o n=5324

T T
4] 10 20 30 40 50
NITRATE, uM

Fig. 8. PO,-NO, and SiO,-NO, relationships for
the eastern tropical Pacific, August-November 1986—
1988.

(median = 70). Persistence is shortest (<70
d) in the strong upwelling regions off Ec-
uador and along the northern edge of the
equatorial divergence. Persistence is longest
(>500 d) in tropical surface waters between
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Fig. 9. NO,-temperature relationship for the east-
ern tropical Pacific, August-November 1986-1988.
Dashed line at 4 uM represents nominal concentration
at which uptake by oceanic phytoplankton is saturated.

the equatorial front and the coast of Central
America, including waters at the Costa Rica
Dome and along the countercurrent diver-
gence.

Discussion

NO; can be depleted in the eastern trop-
ical Pacific, but generally only in waters
warmer than 25°C. Equatorial surface water
rarely exceeds this temperature in August—
November, except during El Nino. Tropical
surface water is warmer than 27°C, even
above the shallow thermocline in the coun-
tercurrent divergence at the eastern end of
the countercurrent thermocline ridge (in-
cluding the Costa Rica Dome). Euphotic
zone waters are nutrient-rich (>4 uM N)
along the equator and in tropical surface
water north of 49°N and east of 105°W. We
observed high phytoplankton biomass and
productivity in these regions, especially in
the two oceanic upwelling regions extending

Table 1. Nutrient and temperature relationships in the eastern tropical Pacific, August-November 1986—

1988. All regressions are significant at P < 0.001.

{SiO,] = 0.635[NO,] + 1.48
[PO,] = 0.062[NO,] + 0.284
[NO,] = —2.040T + 55.78

r=10.89 n=2,709*
r=0.94 n=15.338
r=0.95 n=5,035

® For [NO,] < 25 uM.
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and 1986-1988 euphotic zone NO, (V,, uM).

zonally to 105°W from the coast of Ecuador
and the Costa Rica Dome.

Our measured rates of '“C phytoplankton
productivity are within the range reported
by others using techniques to reduce trace
metal contamination. We observed rates of
400-800 mg C m~2 d~! in equatorial water
between the Galapagos and 140°W. Rates
observed previously in this region range be-
tween 400 and 1,000 (Chavez and Barber
1987; Chavez 1989; Chavez et al. 1990).
Berger (1989), in a comprehensive global

20
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compilation of '“C phytoplankton produc-
tivity rates (including measurements that
may be biased by trace metal contamina-
tion), showed a range of 300-500 (up to
1,500 in a few small areas) in the eastern
equatorial Pacific and in tropical waters east
of 105°W. We observed rates of 200400
mg C m~2d~! in tropical surface water west
of 105°W. These values are comparable to
other reported rates in this region: 200-500
at four stations along 110°W between 3°and
9°N (Chavez et al. 1990) and 100-200 along
126°W and 138°W (El-Sayed and Taguchi
1979). Berger (1989) showed a range of 100-
300 in this region. EASTROPAC is the only
other survey to have measured phytoplank-
ton productivity in the eastern tropical Pa-
cific over an area nearly as large as we did
(Owen and Zeitzschel 1970). However, the
EASTROPAC rates are much lower than
more recent estimates, due to unresolved
methodological problems (Banse and Yong
1990).

We observed productivity indices of 30—
50 mg C (mg Chl)~! d°! in equatorial and
countercurrent divergence upwelling
regions. Barber and Chavez (1991) reported
areal means of 30.4—46.6 in the eastern
equatorial Pacific between 84° and 140°W;
Voiturez and Herbland (1977) reported
“typical tropical’’ Atlantic values of 22-58.
Mean productivity indices reported for
coastal upwelling regions are in the same

—-10-+

110

100 90 80

Fig. 12. August-November climatology of upwelling velocity (10-% cm s7') at the base of the mixed layer

derived from surface current divergence.
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Fig. 13. New production (mg C m~2 d-!) and persistence of excess NO; (>4 uM) in the euphotic zone (d),
estimated from the box model of NO, advective flux and uptake in the eastern tropical Pacific.

range: Peru— 39 and 47 (Chavez and Barber
1987; Barber and Smith 1981); Northwest
Africa—34 (Barber and Smith 1981); Cal-
ifornia Current— 33 (Hayward and Venrick
1982). Lower productivity indices have been
reported for other regions: 2-27 in the nu-
trient-limited North Pacific subtropical gyre

and Sargasso Sea (Sharp et al. 1980; Prézelin
and Glover 1991); 2-10 in the light-limited
Southern Ocean (El-Sayed and Turner 1977,
Holm-Hansen et al. 1977); 18.5 in the
Southern California Bight (Eppley et al.
1985); and 8-22 in the subarctic Pacific
(McAllister et al. 1960).
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Fig. 14. Estimated new production (NP, mg C m~2
d-") vs. measured '“C phytoplankton productivity (PP,
mg C m~2 d-}) at stations in climatological upwelling
regions (W > 5 x 1073 cm s7!) of the eastern tropical
Pacific, August-November 1990 (n = 92). Linear re-
gression £95% C.L.. NP = 0.293PP + 95.4, r = 0.48,

P < 0.00001.

The apparent equatorial minimum at the
Galapagos in the map of productivity index
(Fig. 7) is defined by two stations ~ 100 km
south of the islands. Barber and Chavez
(1991), however, observed a relatively high
mean productivity index at 19 stations in
the Galapagos region, mostly along 92°W
(50 km west of the islands) between 5°N and
5°S. Although the phytoplankton commu-
nity in the equatorial Pacific is generally
dominated by several small, solitary phy-
toplankton groups, relatively high diatom
abundances have been observed near the
Galapagos (Jimenez 1981). Differences in
species composition between these two sites,
especially in the relative abundance of di-
atoms, could affect the C: Chl ratio (Geider
1987), resulting in differences in productiv-
ity per unit Chl.

Although we do not have nutrient mea-
surements available for our 1990 produc-
tivity stations, integrated phytoplankton
productivity in the euphotic zone was sig-
nificantly correlated with the NO, field ob-
served in 1986—1988. This relationship sug-
gests nutrient limitation of productivity in
the nutrient-poor tropical and subtropical
surface waters west of 105°W and north of
5°N in the eastern tropical Pacific. The
strength of the relationship between pro-
ductivity and [NO;] does not increase when
productivity is normalized to Chl.
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Fig. 15. Relationship between excess NO, persis-

tence time (T, d) and upwelling rate (W, 10~ cm s7!)
in the box model of NO, advective flux and uptake in
the eastern tropical Pacific. Solid lines represent linear
regression +95% C.L.

Empirical and theoretical relationships
between phytoplankton productivity per
unit sea surface normalized to Chl (produc-
tivity index) and solar insolation have been
explored by Platt et al. (1988) and Cullen
(1990). General growth models reviewed by
Cullen (1990) predict a PI of ~40 mg C (mg
Chl)~! d-! for a typical summer insolation
in the eastern equatorial Pacific (70 Einst
m~2d™!). PIis independent of nutrient lim-
itation in such models and cannot be used
1o infer effects of nutrients on specific growth
rates.

Our model indicates high rates of new
production in the upwelling regions along
the equator and at the Costa Rica Dome.
New production also occurs in some down-
welling areas, such as between the equato-
rial and countercurrent divergences east of
90°W and along the coast of Mexico to the
northwest of the Costa Rica Dome. This
production is driven by horizontal advec-
tion of unused NO; from adjacent upwelling
areas.

Estimated new production based on cli-
matological surface currents and 1986—1988
NO; distribution is significantly correlated
with measured 1990 phytoplankton pro-
ductivity. The relationship would presum-
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ably be stronger if we were able to use 1990
surface current and nutrient data to estimate
new production. The slope of the regression
lineis 0.29 (£0.11), representing an average
f-ratio (new/total production). Eppley and
Peterson (1979) estimated f-ratios of 0.13—
0.30 for the water types found in the eastern
tropical Pacific (transitional, equatorial di-
vergence, and inshore waters), and Dugdale
(1976) reported measured f-ratios of 0.17-
0.21. Eppley and Peterson (1979) found that
the f-ratio increases with total productivity,
but the scatter in our results is too great to
resolve a nonlinear relationship.

The major discrepancy between the es-
timated and measured rates is the difference
in zonal gradients of productivity. Mea-
sured rates of phytoplankton productivity
decline to the west along both the counter-
current and equatorial divergences. In con-
trast, the model estimates relatively high
rates of upwelling and new production along
the equator west of the Galapagos and at
the edge of the subtropical gyre. This dif-
ference may indicate that the model’s direct
relationship between transports and mixed-
layer depth, which increases from east to
west, is inadequate to describe the advective
regime.

The extent of HNLC conditions in the
eastern tropical Pacific is delimited by the
region of excess NO, persistence in Fig. 13
(cf. Figs. 5 and 10). Excess NO; persistence
time (T ) is an index of limitation or control
of NO, uptake (new production). T is in-
versely correlated with upwelling rate (W,
Fig. 15, r = —0.52). This result is partially
a consequence of the definition of T [=Z (N,
— 4)/N’, where N' = net NO, input], be-
cause W is weakly correlated with Z (N, —
4) (r= +0.14) and positively correlated with
N' (r= +0.37).

Turnover times of euphotic zone N in the
oligotrophic North Pacific central gyre are
3-15d (Eppley et al. 1973). Turnover times
in coastal upwelling systems are also on the
order of a few days (Zimmerman et al. 1987).
In contrast, NO; uptake rates measured at
the surface in the central equatorial Pacific
(150°W) indicate a NO; turnover time of
>120d and a T of >35 d (Wilkerson and
Dugdale 1992), which is consistent with the
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model estimates of excess NO; persistence
along the equator. In weak upwelling and
downwelling HNLC conditions in the east-
ern tropical Pacific, NO, persists for > 100
d at concentrations that should saturate up-
take by phytoplankton, which indicates lim-
itation or control of uptake and new pro-
duction: by a factor other than NO,.
Alternative hypotheses include control of
phytoplankton biomass by grazing and lim-
itation of NO; uptake by Fe deficiency (Cul-
len 1991). Our observations and model re-
sults are not adequate for conclusive tests
of these hypotheses.

Our survey of the eastern tropical Pacific
confirmed moderately high rates of phyto-
plankton production in oceanic upwelling
regions along the equatorial and counter-
current divergences. In nutrient-poor regions
of the eastern tropical Pacific, productivity
1s apparently limited by NO; availability. A
box model of NO, flux, based on observed
surface currents and NO; distribution, in-
dicates that rates of NO; utilization or new
production in upwelling regions is much
lower than the rate of input of upwelled NO,
into the euphotic zone. Excess NO; persists
in the euphotic zone and is advected to ad-
jacent weak upwelling and downwelling
regions, where it can persist for >200 d.
Grazing, Fe deficiency, or other hypotheses
of limitation of productivity must explain
this long persistence of NO; in the well-
lighted HNLC waters of the eastern tropical
Pacific.
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