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Abstract

A one-dimensional model of the equatorial Pacific upwelling ecosystem that incorporates two phytoplankton

components, two grazers, and three nutrients, Si(OH)4, NO3, and NH4 (Chai et al., Deep-Sea Research II (2002) 2713–

2745), was designed to consider the effects of Si(OH)4 limitation on the diatom growth and ecosystem functioning.

Model output was obtained for a range of source concentrations of Si(OH)4, 3–15mmol m�3, coinciding with the range

measured at 120 m depth during JGOFS EqPac. NO3 was held at 12mmol m�3, reflecting the relatively greater

concentrations of NO3 compared to Si(OH)4 in the JGOFS data. The model was shown to function as a chemostat-like

system with the loss rates, provided largely from zooplankton grazing, controlling growth rates of the phytoplankton.

When different source concentrations of Si(OH)4 were applied, surface concentrations of Si(OH)4 varied within a

narrow range compared to NO3 as would occur in a chemostat with limiting Si(OH)4 and non-limiting NO3 in the feed

water. Vertical profiles of nutrients compared well with field data. Model results are compared with field data for new

and total nitrogen production and export of N, Si, and C, and with other models, although none consider Si(OH)4
specifically. The model suggests that the stability of the equatorial system with its narrow range of biological and

chemical variables is conferred by the action of diatoms providing food for mesozooplankton whose grazing also

depletes the picoplankton. Diatoms increase with source Si(OH)4 concentrations, and picoplankton population and

NO3 consumption decrease, resulting in a maximum surface TCO2 and increased CO2 flux to the atmosphere at

intermediate source Si(OH)4 concentrations. Diatoms function in the equatorial system as a silica pump to export silica.

This means that sedimented biogenic silica under the equatorial upwelling area should be viewed as an amplifier of

changes in surface properties, with important consequences to paleoequatorial productivity. r 2002 Published by

Elsevier Science Ltd.

1. Introduction

The equatorial Pacific upwelling system is
recognized as one of the most important areas of
the ocean for global climate effects (Feely et al.,
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1997). Large changes in heat distribution as a
result of El Ni *nos and La Ni *nas are communicated
through Kelvin and Rossby waves from the equa-
torial region to higher latitudes along the west
coasts of North and South America, and virtually
throughout the world through changes in the at-
mospheric circulation (Philander, 1990). In spite of
this accepted importance and the extensive scien-
tific data set resulting from an enormous gathering
effort by international JGOFS investigators, the
chemical and biological functioning of this quasi-
continuous upwelling system is not understood at
the most basic level, that of control processes.

Well-known features of the system include low
and relatively invariant phytoplankton biomass
measured as chlorophyll (Walsh, 1976; Barber and
Chavez, 1991; Barber et al., 1996), the presence of
primary nutrient concentrations well-elevated
above that of the central gyres, and high pCO2

concentrations that normally result in a positive
efflux of CO2 to the atmosphere (Murray et al.,
1995). Since physics, biology, and chemistry all
have a role in establishing the existence and
magnitude of the CO2 flux, reliable models have
been sought to allow prediction of the state and
functioning of this system, which is recognized in
modern terms as complex, i.e. requiring non-linear
analyses and equations.

The equatorial upwelling system may be ad-
dressed in broad terms as a quasi-continuous
culture system akin to a chemostat (Frost and
Franzen, 1992) in which the ratio of flow to
volume of growth medium sets the loss rate and
hence the growth rate (Monod, 1950). Regulation
in a chemostat is obtained by formulating the feed
nutrient mix to assure that one nutrient is present
at limiting concentrations relative to all others.
However, the simple fluid dilution model when
applied to the equatorial upwelling system yields
very low growth rates and nutrient concentrations
at variance with data from the real ocean where
measured growth rates are high, on the order of
1 day�1 (Cullen et al., 1992). Grazing has been
invoked as the control on loss rates (e.g. Walsh,
1976; Landry et al., 1997), with the consequence
that the system appears to be organized through
the interaction between limiting nutrient control of
fluxes and grazing control of loss and growth

rates. Although grazing control of algal biomass
and loss rate is now widely accepted and the
presence of at least two size fractions of phyto-
plankton are now known (Chavez et al., 1996;
Bidigare and Ondrusek, 1996; Iriarte and Fryxell,
1995), the question of limiting nutrient is still
debated. Since silicon is required for diatom
growth and is in relatively lower supply compared
to nitrogen from upwelling source depths, Si(OH)4
has been proposed (Dugdale and Goering, 1970;
Ku et al., 1995; Dugdale and Wilkerson, 1998) as
the system-limiting nutrient. Iron has been shown
to enhance diatom accumulation in a series of
experiments (Coale et al., 1996; Price et al., 1994;
Sanderson et al., 1995) conducted outside the
upwelling zone, where the supply of Fe is primarily
by the atmospheric input of dust. In the equatorial
upwelling area, Fe is supplied from source water
along with NO3, Si(OH)4, and PO4 (Johnson et al.,
1997). Unfortunately, little is known of the
distribution of Fe, its form and regeneration, or
its effect on primary nutrient uptake kinetics,
making it difficult to construct realistic Fe-based
ecosystem models.

In this communication we describe the response
of equatorial upwelling production to changes in
silicate in a Si-limited one-dimensional model with
ten compartments that includes two phytoplank-
ton groups, meso- and micro-zooplankton, nitro-
gen separated into new and regenerated forms, and
silicate. The slope of the photosynthesis vs.
irradiance curve, a; is set somewhat below max-
imal as an implicit Fe effect (Chai et al., 2002). We
assume for these model runs that sufficient Fe is
upwelled or regenerated in the euphotic zone to
assure the value of a and allow macronutrient
concentration and light to regulate specific growth
and uptake rates of the phytoplankton and that
Si(OH)4 regeneration in the euphotic zone is
negligible (see Chai et al., 2002). The model output
is compared to equatorial field data, especially
JGOFS EqPac data.

2. Description of the model

The one-dimensional model described in detail
in Chai et al. (2002) evolved from a one-dimen-
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sional nitrogen-based five-compartment model of
the equatorial Pacific (Chai et al., 1996) modified
to incorporate existing Si-limited models (Dugdale
et al., 1995; Dugdale and Wilkerson, 1998). The
model has ten compartments (Fig. 1) in which
NO3 and Si(OH)4 are upwelled along with CO2

driven by the physical model and followed with
NH4 as they are distributed amongst the biological
and detrital compartments of the model. Carbon
and nitrogen are tracked together. Two categories
of phytoplankton, o5-mm diameter cells (S1,
picoplankton) and >5-mm diameter cells (S2,
diatoms), and two classes of zooplankton, micro-
(Z1) and meso-zooplankton (Z2), comprise the
biological portion of the model. The detrital
portion is split into detrital N and Si. Export of
N occurs as (a) direct sinking of phytoplankton,
primarily the larger diatoms, (b) sinking of fecal
pellets from mesozooplankton grazing, and as (c)
contribution to higher trophic levels through the
mesozooplankton (loss). Si exports are only from
direct sinking of diatoms and fecal pellet produc-
tion. These losses are balanced by the upwelling of

NO3 and Si(OH)4. The model is typically initiated
with source (120 m depth) nutrient concentrations
(Si(OH)4 oNO3) at both higher and lower than
Levitus et al. (1993) values averaged for 51S–51N,
90–1801W (‘‘Wyrtki box’’, Wyrtki, 1981) and run
for 1000 simulated days. Heat balance is calculated
to ensure the model equilibrates at expected
surface temperatures.

Model ecosystem surface results, obtained using
source Si(OH)4=7.5 mmol m�3 and NO3=12
mmol m�3 (Fig. 2) and defined as the ‘‘standard
run’’, show the picoplankton (S1) to have the most
active pathways for N, with a large propor-
tion circulating as NH4 (rNH4 ¼0.151 mmol
N m�3 day�1) and taking up more NO3 than
diatoms (S2), 0.044 mmol N m�3 day�1 vs. 0.032
mmol N m�3 day�1, respectively. The picoplank-
ton constitute the major phytoplankton biomass,
0.178 mmol N m�3 vs. 0.089 mmol N m�3 for dia-
toms. The mesozooplankton biomass is about
twice that of the microzooplankton, 0.585 mmol
N m�3 vs. 0.351 mmol N m�3, although the micro-
zooplankton process a larger proportion of the

Fig. 1. The inter-compartmental flowchart of the one-dimensional model. The flow of nitrogen is indicated by solid line; the flow of

silicon is indicated by dashed line; and the carbon flow is indicated by line–dashed line.
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circulating N and C, e.g. excretion rates are
0.070 mmol N m�3 day�1 vs. 0.059 mmol N m�3

day�1. Partitioning of CO2 is shown separately in
the upper right box of Fig. 2. Next, we describe the
results of sensitivity experiments and comparison
to JGOFS EqPac equatorial data from cruises in
1992 to the region of 1401W.

3. Sensitivity experiments

A series of experiments on model sensitivity to
input parameters showed that model output was
sensitive to a variety of parameters (Chai et al.,
2002) including the maximum mesozooplankton
grazing rate and to the regeneration rate of Si in
the euphotic zone. Our interests here are primarily
in the effect of changing source Si(OH)4 concen-
tration, and we describe a series of sensitivity
experiments that were made to observe the details
of Si limitation in the model.

Sensitivity of the model to changes in the source
[Si(OH)4] at 120 m depth was examined (Table 1)

by changing the concentration from a ‘‘standard’’
value, 7.5 to 12.5 mmol m�3 (increase of +67%)
and 3.0 mmol m�3 (decrease of �60%). The NO3

concentration at 120 m depth was held constant at
12.0 mmol m�3. The ratio of diatom to picoplank-
ton nitrogen biomass and nitrate and ammonium
uptake, and the detrital Si/N ratio were strongly
sensitive to changes in source Si(OH)4 concentra-
tion. Surface NO3 and Si(OH)4 concentrations
were most sensitive to reduced source Si(OH)4
concentrations. Since a number of variables
showed sensitivity to source [Si(OH)4], this analy-
sis was expanded to evaluate the model response to
a wider range of source Si(OH)4 concentrations.

3.1. Model response of surface nutrients and

biomass to a range of source [Si(OH)4]

A series of model runs was made using seven
different source Si(OH)4 concentrations ranging
from 3 to 15 mmol m�3 (3, 5, 7.5, 8.75, 10, 12.5,
and 15 mmol m�3), corresponding to the full range
of JGOFS equatorial values of 3–13 mmol m�3

Fig. 2. One-dimensional model output generated using source Si(OH)4 concentration (at 120m depth) of 7.5mmolm�3 (‘‘standard

run’’). White lines indicate N flow, red lines indicate silicon flow, and orange is flow of carbon.
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(Table 2). Source NO3 concentration was held at
12.0 mmol m�3. Surface [Si(OH)4] showed a more
or less linear increase over the full range of source
[Si(OH)4], while surface [NO3] increased rapidly at
the low source [Si(OH)4] reaching a maximum at
7.5 mmol m�3, declining thereafter (Fig. 3a). The
modeled surface Si(OH)4 concentration varied
only over the range 1.86–5.22 mmol m�3. This is
characteristic of this chemostat-like system, lock-
ing the surface Si(OH)4 concentrations into a
narrow range with a wide range of source Si(OH)4

concentrations. This may be a useful diagnostic
tool for comparison of model to field data. The
biomass of S2, diatoms (Fig. 3b) increased at
nearly linear rates with increasing source [Si(OH)4]
while the picoplankton, S1, showed a rapid
decrease in the 3–7.5 mmol m�3 [Si(OH)4] range
after which the population stabilized and remained
constant (Fig. 3b). The microzooplankton bio-
mass, Z1 remained virtually unchanged with
changes in source [Si(OH)4] (Fig. 3c), while the
mesozooplankton, Z2, increased linearly in similar

Table 2

Equatorial ranges of near-surface and source nutrient concentrations for comparison with one-dimensional model range

Cruise Location Depth (m) Si(OH)4 (mmol m�3) NO3 (mmol m�3)

Mean Range ðnÞ Mean Range ðnÞ

TT007 0, 1401W 10 2.22 1.98–2.33 2.93 2.86–3.04

ðn ¼ 3Þ ðn ¼ 3Þ
TT008 0, 1401W 5 2.23 1.58–2.62 2.84 2.17–3.26

ðn ¼ 12Þ ðn ¼ 12Þ
TT011 0.241N, 1401W 3 2.48 n ¼ 1 6.07 n ¼ 1

TT012 0, 1401W 0 3.79 2.6–4.96 5.95 4.82–7.50

ðn ¼ 19Þ ðn ¼ 19Þ
Surface overall range 1.58–4.96 2.17–7.50

Modeled range 1.8–5.3 2.4–6.0

TT007 0, 1401W 120 9.43 8.16–11.79 14.22 13.07–15.95

ðn ¼ 3Þ ðn ¼ 3Þ
TT008 0, 1401W 120 6.57 3.33–11.16 11.71 7.66–15.88

ðn ¼ 14Þ ðn ¼ 14Þ
TT011 0.241N, 1401W 118 8.25 n ¼ 1 13.39 n ¼ 1

TT012 0, 1401W 120 9.96 6.11–13.08 12.74 10.47–14.32

ðn ¼ 19Þ ðn ¼ 18Þ
Source overall range 3.33–13.08 7.66–15.95

Modeled range 3.0–15.0 12.0

Table 1

Percentage changes in biomass and rate parameters produced by the one-dimensional model resulting from an increase or decrease in

source-water Si(OH)4 from the ‘‘standard run’’

Source Si(OH)4,

% change

Surface nutrients,

% change

Surface PN ratio,

% change

Surface uptake ratio,

% change

Detrital ratio,

% change

NO3 Si(OH)4NH4 Diatom

N:Picoplankton N

Diatom

rNO3:Picoplankton

rNO3

Diatom

rNH4:Picoplankton

rNH4

Detrital Si:N

�60 �65 �46 �51 �72 �89 �87 �74

+67 +19 +19 +46 +137 +81 +220 +129
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Fig. 3. Surface response of the one-dimensional model to changes in source Si(OH)4 concentration, (a) nitrate and silicate

concentrations, mmolm�3, (b) picoplankton (S1) and diatom (S2) biomass, mmolm�3, (c) micro- (Z1) and macro-zooplankton (Z2)

biomass, mmolm�3, (d) detrital N and Si, mmolm�3, and (e) TCO2; mmolm�3. Asterisks are data from Leynaert et al. (2001).
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fashion to the diatoms. Detrital N (Fig. 3d)
showed only small changes, a decrease to a
minimum at source Si(OH)4=7.5 mmol m�3, while
detrital Si showed a linear increase throughout the
range of source concentrations. Surface TCO2

initially increased (Fig. 3e) with increasing source
[Si(OH)4]. This is because with increasing source
[Si(OH)4] the diatom population increases and
outcompetes the picoplankton (Fig. 3b), and then
the turndown in NO3 and TCO2 results due to the
full dominance of the primary production by the
diatoms. Diatoms control the nutrient conditions
in the euphotic zone with high NO3 and CO2

uptake.

3.2. Model response of uptake and export to a

range of source [Si(OH)4]

Nitrate uptake (rNO3; mmol m�3 day�1), by the
two phytoplankton fractions as a function of
source [Si(OH)4] (Fig. 4a), followed a similar
pattern to changes in biomass, i.e. a quasi-linear
increase for the diatoms and a rapid initial
decrease in uptake by the picoplankton. The entire
phytoplankton community (S1+S2) first showed a
decrease, then leveled off, and finally increased.
Ammonium uptake (rNH4) showed a similar
pattern for all fractions (S1, S2, and S1+S2), a
decrease and then leveling off at 7.5 mmol m�3

source Si(OH)4 (Fig. 4b). However, the rate of
NH4 uptake by the picoplankton was higher than
for diatoms. The combination of decreased total N
uptake by picoplankton and the linear increase in
N uptake by the diatoms results in a minimum
total uptake for the entire phytoplankton at
7.5 mmol m�3 source Si(OH)4 (Fig. 4c).

The f -ratios (proportion new production calcu-
lated as rNO3=total rN) for the two phytoplank-
ton size fractions and for the total phytoplankton
community (Fig. 4d) showed higher values for the
diatoms than for the picoplankton by a factor of
about 3, indicating the predominately regenerative
productivity of the picoplankton and the predomi-
nately new production mode of the diatoms. The
range of overall surface community f -ratio was
very small, about 0.3–0.4. The proportion of new
production carried out by diatoms (Fig. 4e),
increases quasi-linearly from o0.1 at the lowest

Si(OH)4 source concentration to nearly 0.8 at the
highest; the curve is steepest up to the mid-range
and tends to level off thereafter.

The biomass specific NO3 uptake rates, VNO3

(day�1) representative of growth rates, vs. chan-
ging source [Si(OH)4] (Fig. 4f) showed a slight
increase by the diatom fraction and a relatively
small decrease in the picoplankton rate. The
specific NH4 uptake rates (VNH4) (Fig. 4g)
initially increased for both phytoplankton frac-
tions with increasing source [Si(OH)4] and then
leveled off.

The integrated export production of N and Si at
120 m (Fig. 4h) as a function of [Si(OH)4] at 120 m
showed N export to decrease to a minimum at
7.5 mmol m�3 source Si(OH) and to increase
thereafter. Modeled Si export increases almost
linearly from initial low values of about 0.35–
3.2 mmol m�2 day�1. The downturn in N export is
due to increased mesozooplankton grazing on
picoplankton and then the increase in N export
occurs as diatom production and mesozooplank-
ton grazing on diatoms becomes the dominant
export mechanism.

3.3. Internal control mechanisms of the model in

response to a range of source [Si(OH)4]

The model was designed as a chemostat-like
system in which the diatoms are limited by
Si(OH)4 and diatom growth rate is set by the loss
rates, primarily grazing. If the model is actually
functioning in this manner, it should be possible to
retrieve the kinetics for Si(OH)4 uptake (i.e. uptake
by diatoms) for comparison with the Michaelis–
Menten parameters that were used as model
inputs. Source [Si(OH)4] was varied from 3 to
15 mmol m�3, and the modeled output of surface
[Si(OH)4] (Fig. 3a) and Si uptake was used to
evaluate the kinetics and Michaelis–Menten para-
meters. Modeled specific diatom growth rate VSi;
(i.e. rSi divided by biomass expressed as biogenic
silica) showed a hyperbolic response to modeled
surface [Si(OH)4] (Fig. 5a). When transformed to a
linear Woolf plot (V vs. V=S), which would reveal
any non-Michaelis trend in the data (Fig. 5b),
it is apparent that model data conform to the
Michaelis–Menten equation. Michaelis–Menten
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parameters of KS ¼ 2:97 mmol m�3 and a Vmax of
1.26 day�1 that were retrieved from the model
after 1000 days compare well with the values used
as inputs for the model (KS ¼ 3:0 mmol m�3 and
Vmax ¼ 1:5 day�1, equivalent to a growth rate of
3 day�1 with 24 h of light). The model behaves as a

chemostat-like system, with the nutrient source
composition assuring Si(OH)4 limitation, and the
loss rates setting the surface Si(OH)4 concentra-
tions. The first kinetics for Si(OH)4 uptake
obtained at the equator, 1801W (Leynaert et al.,
2001), KSiðOHÞ4 ¼ 2:42 mmol m�3, Vmax ¼ 1:25 day�1
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are in good agreement with the Si(OH)4 kinetics
used in the one-dimensional model.

To test whether the specific growth rates of the
diatoms are set by the loss rates in terms
of grazing, the modeled output of VSi
(=VNtotal=growth rate) was plotted as a function
of the modeled mesozooplankton grazing rate

(Fig. 6a) and showed a linear response to support
this. A similar analysis for the picoplankton
(Fig. 6b) using the model output values for
VNtotal by the picoplankton and grazing by the
microzooplankton showed a similar positively
linear relationship. Grazing rate is controlling
most phytoplankton growth rates.
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3.4. Model response of nutrients and TCO2 at

depth, to a range of source [Si(OH)4]

For four different source [Si(OH)4], 3.0, 5.0, 7.5,
and 12.5 mmol m�3, the model output for NO3 and
Si(OH)4 at depths ranging from 0 to 200 m shows
the drawdown of these nutrients (Fig. 7). The

slope of the Si(OH)4:NO3 disappearance varies
directly as the source [Si(OH)4]. Breakpoints occur
in all four curves at 120 m depth and are due to the
model procedure in which the initial nutrient
conditions between 120 and 200 m are restored at
every step in the computation. Between 0 and
120 m all variables are allowed to vary. These
breakpoints also appear in field data from JGOFS
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(Dugdale and Wilkerson, 1998) and in nature are
the result of biologically and physically dominated
processes in the upper water column and deep-
source water regeneration effects below the eu-
photic zone.

When the same procedure was carried out for
TCO2 vs. Si(OH)4, the same breakpoints occurred
around 120m depth in the model output, again
caused by the model procedure. The slope of
TCO2:Si(OH)4 values from 0 to 200 m (Fig. 8a)
increased with decreasing source [Si(OH)4]
whereas the TCO2:NO3 disappearance slopes
increased with increasing source [Si(OH)4]
(Fig. 8b). At 120 m depth, NO3 is held at
12 mmol m�3 and values are progressively inter-
polated to match the NO3 vs. depth slope of
Levitus et al. (1993). Slopes for TCO2:NO3 are
lower than TCO2:Si(OH)4 due to the regeneration
of nitrogen through grazing.

4. Comparison of model results with field data

4.1. Mean nutrient concentrations

A variety of field data collected in the equatorial
Pacific was used to compare with model input and

output values. The JGOFS EqPac data used for
comparison with model output was obtained
during cruises that experienced a wide range of
oceanic conditions. TT007 and TT011 were survey
cruises that made sections across 1401W, whereas
TT008 and TT012 were time-series cruises that
sampled intensely only at the equator. TT007 was
conducted during Spring 1992 during a strong El
Ni *no (Kessler and McPhaden, 1995). Means of
source-depth nutrient concentrations (Table 2)
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show consistently lower values for [Si(OH)4] than
[NO3], by about 3–5 mmol m�3. The range of
source [Si(OH)4], 3.33–13.08 mmol m�3, corre-
sponds almost exactly to the range of source
values used in the model experiments (3–
15 mmol m�3). The model source [NO3] of
12 mmol m�3 lies at about the mid-point of the
observed source [NO3]=11.8mmol m�3. Mean
near-surface [Si(OH)4] measured during JGOFS
was less than [NO3] and showed less variation than
[NO3]. The near-surface nutrient field data ranges
compare very closely with the modeled output
values. At 01, 1801W, where Leynaert et al. (2001)
made 32Si measurements of Si(OH)4 uptake, the
Si(OH)4 source concentration was about
4.0 mmol m�3. The surface Si(OH)4 concentration
was about 2 mmol m�3 (their Fig. 2b) and when
plotted in Fig. 3a shows good agreement with one-
dimensional model simulations.

4.2. Nutrient concentrations and Si(OH)4 uptake

vs. depth

The modeled vertical distribution of NO3 and
Si(OH)4 from 0 to 200 m obtained using a source
[(Si(OH)4]=7.5 mmol m�3 and from JGOFS data
at 0.251N, 1401W from TT011 (fall 1992 cruise)
show the model and data to be in good agreement,
both for shape and concentrations down to about
120 m (Fig. 9), the boundary below which model
values are held constant. The model reproduces
well the characteristic of the equatorial Pacific,
non-limiting concentrations of NO3 and lower
levels of Si(OH)4 in the euphotic zone (upper
120 m) due to biological activity. Modeled uptake
of Si(OH)4 with depth shows a pattern similar to
that of photosynthesis and in good agreement with
the vertical profile of Si(OH)4 uptake (Fig. 10)
obtained by Leynaert et al. (2001) using 32Si, at 01,
1801W, except for surface inhibition. This term is
not considered in the present one-dimensional
model.

4.3. Biomass concentrations

The concentrations and proportions of the two
size fractions produced by the one-dimensional
model cannot be compared with JGOFS data since

no such measurements were made on these cruises.
However, Pe *na et al. (1990) made fractionated
chlorophyll measurements along 1351W from
151N to 151S in 1988. From their Fig. 5 the
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percentages of large (>1 mm) and small (o1 mm)
chlorophyll fractions can be estimated as 60% and
40%. From our Fig. 3b the source Si(OH)4 to
support a nearly 1:1 biomass ratio is 15 mmol m�3,
about the concentration observed by Pe *na et al.
(1990; their Fig. 1). Modeled phytoplankton bio-
mass also can be compared with data from Chavez
et al. (1991). Converting their carbon biomass
values to nitrogen and lumping picoplankton and
autotrophic flagellates together gives a value of
0.20 mmol N m�3 for ‘‘small’’ phytoplankton and
0.088 mmol N m�3 for diatoms. Plotting the point
for diatom biomass on Fig. 3b corresponds to a
source Si(OH)4=7.5 mmol m�3. Iriarte and Fryx-
ell (1995) reported a maximum biomass concen-
tration of 0.077 mmol N m�3 (converted from their
carbon values) in the microphytoplankton during
the passage of the instability wave during JGOFS
TT012 fall time-series cruise. This elevated bio-
mass concentration corresponded to a large
increase in diatoms. The one-dimensional model
source Si(OH)4 necessary to support this diatom
population is about 6.5 mmol m�3 (Fig. 3b). The
Si(OH)4 source concentrations predicted by the
one-dimensional model from the diatom biomass
field data fall close to the ‘‘standard run’’ source
concentration, 7.5 mmol m�3, and close to the
mean Si(OH)4 concentration at 120 m depth for
TT011 and TT012, 8.25 and 9.96 mmol m�3,
respectively. The one-dimensional model predic-
tions of fractionated phytoplankton biomass are
consistent with the few available field observa-
tions. The range of diatom concentrations calcu-
lated from biogenic silica measurements, observed
by Leynaert et al. (2001) at low Si(OH)4 source
concentration, are in good agreement with the
one-dimensional model simulation (Fig. 3b); low
Si(OH)4 source concentration is correlated with
low surface diatom concentrations (i.e. biogenic
silica values).

4.4. Nutrient uptake rates

Mean new and regenerated N production
(rNO3 and rNH4) and the ratio of new to total
N production, f -ratio, measured in field studies
are compared with the one-dimensional model
results (Table 3). The modeled rNO3 output using

three source [Si(OH)4] compares well with field
data except for cruise TT007 where the field data
are lower by about 50%; this study took place
during the 1992 El Ni *no. The rNH4 model output
values compare well with cruise data except for
TT011 and FLUPAC when the observed data are
higher by about 50%. The modeled f -ratios
compare well with TT008 and TT012 but are
higher than the other field observations. The field
rNH4 values vary most from the modeled data,
e.g. TT011 rNH4 values are twice modeled values,
forcing the field measured f -ratios to low values.
The TT007 measurements made during El Ni *no
conditions with non-existent upwelling conditions
(for which the one-dimensional model is not
designed) have low f -ratio values due to low
rNO3 values. Direct measurements of Si(OH)4
uptake using the tracer 32Si (Leynaert et al., 2001)
were converted to N and plotted with the one-
dimensional model results in (Fig. 4c). These
uptake rates, observed at low Si(OH)4 source
concentrations, agree well with the one-dimen-
sional model predictions of low uptake rates under
low Si(OH)4 supply conditions. A comparison of
both surface and depth integrated Si(OH)4 uptake
rates and diatom biomass from Leynaert et al.
(2001) and Blain et al. (1997) show the modeled
data ranges to match the field values (Table 4).

4.5. Export rates

Field measurements of N, Si, and C flux from
shallow sediment traps are sparse, but the few
available are compared with the one-dimensional
model in Table 5. The modeled values compare
well with the TT011 data, but are higher than the
TT007 data, as would be expected from similar
results for data and modeled rNO3 comparisons
in Table 3. Mean modeled N export,
0.85 mmol m�2 day�1, is close to the mean mea-
sured N export values from both JGOFS and
OLIPAC cruises. The range of modeled N export
values, 0.69–0.98 mmol m�2 day�1 lies within the
measured range of estimates for TT011 in the
21N–21S region. The one-dimensional-model
values for Si export for the ‘‘standard run’’
(7.5 mmol m�3 source Si(OH)4) compares well with
the TT011 data. The Si export calculated using the
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lowest source [Si(OH)4], 3 mmol m�3 is slightly
higher than the lower TT007 flux estimates.
Carbon export rates compare favorably between
data and model output.

4.6. Response of surface nutrients to changes in

source nutrient concentrations

The passage of an instability wave during the
JGOFS TT012 cruise (Foley et al., 1997; Barber
et al., 1996) gave a natural experiment of how the
surface nutrients might respond to changes in
source nutrients for comparison with the sensitiv-
ity experiments carried out with the one-dimen-
sional model. Si(OH)4 increased dramatically at
120 m from a minimum of 6 mmol m�3 in early
October to a maximum of 13 mmol m�3 by
October 16, 1992 (Fig. 11a, 2 weeks later). Large
increases in diatoms were observed during this
event (Iriarte and Fryxell, 1995). The excursions in
source Si(OH)4 concentration during this period
were greater than those of NO3, which varied from
a low of 10 to a maximum of about 14 mmol m�3

during the same time period. The one-dimensional

Table 3

Equatorial nutrient uptake rates measured during JGOFS EqPac and other cruises for comparison with one-dimensional model output

rNO3

(mmolm�2 day�1)

rNH4

(mmolm2 day�1)

rNTotal

(mmolm2 day�1)

f -ratio Reference

One-

dimensional

model

Source

Si(OH)4=3

3.25 8.93 12.18 0.27

Source

Si(OH)4=7.5

1.96 6.80 8.76 0.22

Source

Si(OH)4=15

2.45 7.30 9.75 0.25

JGOFS EQPAC

TT007 21N–21S,

1401W

0.72 5.82 6.54 0.11 McCarthy et al. (1996)

TT007 0, 1401W 0.48 6.81 7.29 0.07 McCarthy et al. (1996)

TT008 0, 1401W 2.86 7.78 10.64 0.26 Wheeler, JGOFS Web

TT011 21N–21S,

1401W

2.80 17.45 20.25 0.13 McCarthy et al. (1996)

TT011 0, 1401W 2.60 15.36 17.97 0.14 McCarthy et al. (1996)

TT012 0, 1401W 3.32 8.92 12.20 0.27 JGOFS Web

Other cruises

WEC 88 0, 1501W 1.42 7.00 8.42 0.17 Dugdale et al. (1992)

FLUPAC 0, 1501W 2.90 13.40 16.30 0.18 Rodier and Le Borgne

(1997)

OLIPAC 0, 1501W 1.87 12.54 14.41 0.13 Raimbault et al. (1999)

Table 4

Comparison of one-dimensional model results with published

field data

Biogenic silica rSi

(mmolm�3) (mmolm�3 day�1)

Surface

One-dimensional model 0.03–0.15 0.01–0.15

Leynaert et al. (2001) 0.65–0.70 0.02–0.04

Blain et al. (1997) 0.08

(mmolm�2) (mmolm�2 day�1)

Integrated

One-dimensional model 1.5–7.4 0.4–3.3

Leynaert et al. (2001) 7.4–9.5 2.1–2.9

Blain et al. (1997) 2.0
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model predicts that these changes in source
[Si(OH)4] would result in increased surface
Si(OH)4 and increased NO3 until a certain
concentration after which NO3 would decrease
(Fig. 3a). The changes in surface concentrations
(Fig. 11b) are in accordance with model predic-
tions; NO3 increased markedly and then de-
creased. However, surface Si(OH)4 concentration
did not increase but remained nearly constant at
about 4mmol m�3.

4.7. Drawdown in concentrations of TCO2 vs.

Si(OH)4 and NO3, 0–400 m

The slopes of TCO2:Si(OH)4 and TCO2:NO3

disappearance for TT011 (JGOFS fall 1992
cruise), 11N–11S, 1401W, 0–400 m presented in
Dugdale and Wilkerson (1998) were compared
with modeled slopes for 0–200 m (Fig. 8a and b),
which show breakpoints in the data. The field data
(to 400 m depth) (Dugdale and Wilkerson, 1998,
their Fig. 1) show similar breakpoints, probably
reflecting the relatively constant source water in
the undercurrent and the modification of the water
characteristics by physical and biological effects in
the shallower waters.

4.8. Si(OH)4 vs. NO3 relationships with JGOFS

data

The slopes and intercepts of the linear relation-
ships between Si(OH)4 vs. NO3 (0–120 m) from
modeled output obtained using seven different
source [Si(OH)4] compare well with slopes and
intercepts from a variety of cruises to 21N–21S,
1651E–811W (Fig. 12) summarized by Dunne et al.
(1999; their Table 1). The model output gives a
reversed J-shaped curve, composed of a downward
slope where the field data fit well, and an upward
curve at high slopes (=high source Si(OH)4)
due to Si(OH)4>NO3 at 120 m in the model.
The downward slope indicates the shallower
slopes with positive intercepts (i.e. there is Si(OH)4
when NO3=0), implying incipient N limitation
due to the small biomass of diatoms and the
dominance of the picoplankton. In the model this
occurs with low source [Si(OH)4]. A negative
intercept condition (Fig. 12) occurs with steeper
Si(OH)4 vs. NO3 slopes (Fig. 7) when there is
positive NO3 when Si(OH)4=0 as a consequence
of the increased diatom biomass. This occurs
in the model with source [Si(OH)4] above
7.5 mmol m�3.

Table 5

Comparison of modeled vs. field data of export rates (mmolm�2 day�1) integrated to 120m depth

Location N export Si export C export Reference

One-dimensional model Wyrtki Box

Source Si(OH)4=3 0.69 0.35 5.04

Source Si(OH)4=7.5 0.88 1.54 6.42

Source Si(OH)4=15 0.98 3.20 7.15

Mean (n) 0.85 (3) 1.70 (3) 6.20 (3)

Range 0.69–0.98 0.35–3.20 5.04–7.15

JGOFS EQPAC

Mean (n) Dunne et al. (1999, Fig. 4)

Range Murray et al. (1996, Table 5)

TT007 21N–21S, 0.53 (4) 0.08 (2) 4.1 (5)

1401W 0.38–0.95 0.05–0.1 2.3–6.3

TT007 0, 1401W nd nd 6.1

TT011 21N–21S, 1.87 (5) 1.94 (5) 11.8 (4)

1401W 0.6–4.65 0.4–3.9 3.6–19.5

TT011 0, 1401W 1.3 1.4 10

OLIPAC (mean) 0, 1501W 0.68 7.1 Dunne et al. (1999, Fig. 4)

Conversion to C is N export multiplied by 7.3 (Chai et al., 2002).
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Dugdale and Wilkerson (1998) plotted TT011
11N–11S, 1401W Si(OH)4 vs. NO3 for the upper
200 m and interpreted the slope of 1 to imply that
all NO3 was taken up by diatoms. Their model was
subsequently constructed with all NO3 uptake by
diatoms and all NH4 uptake by the picoplankton,
a somewhat troublesome procedure in view of the
known ability of picoplankton to utilize NO3. The

one-dimensional model provides a possible resolu-
tion to this apparent paradox. The Si(OH)4:NO3

slope for source Si(OH)4=8.75 mmol m�3 (Fig. 7)
is 0.98, virtually identical to the TT011 data. At
that concentration, NO3 uptake is equally divided
between diatoms and picoplankton (Fig. 4a).

The detrital Si:N ratios from sediment traps for
equatorial cruises compiled by Dunne et al. (1999;
their Table 3), plotted against mean slope of the
Si(OH)4:NO3 in the upper 120 m for each cruise is
compared with modeled (Fig. 13) detrital Si:N
ratio and predicted slope of Si(OH)4:NO3 using
seven source [Si(OH)4]. The model agrees well with
the JGOFS TT007 and TT011 data. The Zonal
Flux and FLUPAC data that do not agree so well,
were taken mostly in the western equatorial Pacific
and fall in the low Si(OH)4 vs. NO3 slope, low
detrital Si:N area of the figure. These low-slope
data correspond to the positive intercept area in
Fig. 12, with incipient N limitation.

4.9. Surface TCO2 data

Field data of surface TCO2 from 21N to 21S,
1401W (JGOFS TT011) show a decrease with

1000 1004 1008 1012 1016 1020 1024

TT012 Event (Oct 2-21, 1992)

0

2

4

6

8

N
ut

rie
nt

 C
on

ce
nt

ra
tio

n,
m

m
ol

/m
3 NO3

Si(OH)4

1000 1004 1008 1012 1016 1020 1024

TT012 Event (Oct 2-21, 1992)

4

6

8

10

12

14

16

N
ut

rie
nt

 C
on

ce
nt

ra
tio

n,
 m

m
ol

/m
3

Si(OH)4

NO3

(a)

(b)

Fig. 11. NO3 and Si(OH)4 concentrations, mmolm�3 at (a)

120m depth and (b) surface, measured from October 2–21,

JGOFS TT012 Time-Series Cruise.

0 0.4 0.8 1.2 1.6
slope

-4

-3

-2

-1

0

1

2

in
te

rc
ep

t

1-D Modeled
2N-2S Eq. Data

Fig. 12. Intercept vs. slopes from NO3 vs. Si(OH)4 relation-

ships at 21N–21S, from Dunne et al. (1999), overlain with one-

dimensional modeled data.

R.C. Dugdale et al. / Deep-Sea Research II 49 (2002) 2747–27682762



increasing source [Si(OH)4] at 120 m depth, above
5mmol m�3 (Fig. 14), and this pattern is consistent
with the one-dimensional model results (Fig. 3e).
The decreasing surface TCO2 concentrations are a
result of processing in the euphotic zone since the
120 m TCO2 data show an increase.

5. Discussion

5.1. Model functioning

The one-dimensional model has proved to be
very stable when run with varying source Si(OH)4
concentrations. Modeled surface Si(OH)4 and
NO3 concentrations agree well with field data
and show the model to conform to a chemostat-
like system with grazing setting most of the loss
terms and the euphotic zone Si(OH)4 responding
with concentrations allowing growth rates of
phytoplankton to equal loss rates. The occurrence
of chronic low Si(OH)4 concentrations relative to
NO3 in source waters (Ku et al., 1995) has been
confirmed (Table 2). The one-dimensional model
predicts correctly the result of this low source

Si(OH)4 condition; that surface Si(OH)4 concen-
trations occupy a narrow range compared to a
wider variation in surface NO3, as in a chemostat
with a limiting nutrient (Si(OH)4) and varying
feed-water concentrations of the non-limiting
nutrient (NO3).

5.2. Comparisons with field data

The one-dimensional model predicts distribu-
tions of Si(OH)4 and NO3 with depth varying with
source Si(OH)4 that match very well with JGOFS
EqPac data and from areas to the west, analyzed
by Dunne et al. (1999). These modeled profiles
appear to be strongly correlated with the ratios of
particulate Si:N measured in near-surface traps,
and so confirm the Dunne et al. analysis and
provide a prediction of changes in the quality of
export flux with changes in source nutrients.
Property–property plots, e.g. Si(OH)4 vs. NO3

and TCO2 vs. Si(OH)4 or NO3 show breakpoints
at the boundary between the source region (i.e.
deep) and euphotic zone in both model output and
JGOFS EqPac data. Similar breakpoints were
observed in GEOSECS data by Broecker and Peng
(1982). Although Broecker and Peng (1982)
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interpreted these changes in slope of TCO2 vs.
NO3 to be the result of CO2 effusion to the
atmosphere, the one-dimensional model shows a
portion of the TCO2 disappearance to be due to
biological uptake and export. The modeled nitro-
gen uptake and f -ratio values correspond to
JGOFS EqPac data most closely to the observa-
tions made in cruises in TT008 and TT012. Model
over-estimates of rNO3 compared to field data
obtained during TT007 are likely the result of low
upwelling activity in early 1992 (Kessler and
McPhaden, 1995) and use of constant upwelling
rates in the model runs. The one-dimensional
model simulations agree closely with data obtained
from the equatorial Pacific at 1801W (Leynaert
et al., 2001), which include Si(OH)4 uptake,
Si(OH)4 uptake kinetic experiments and biogenic
silica values. The ambient surface Si(OH)4
concentration measured by Leynaert et al. (2001)
was close to the value of the half-saturation
constant for Si(OH)4 uptake, KSiðOHÞ4: When
10 mmol m�3 Si(OH)4 was added to incubated
samples, increased uptake occurred at all nine
stations from 81S to 71N. These results provided
direct evidence for Si(OH)4 limitation of Si(OH)4
uptake in equatorial Pacific waters.

5.3. Comparison with other models

Our one-dimensional model was developed
specifically to understand the role of Si(OH)4 in
equatorial production and export of biogenic
elements and is unique in that respect. Other
existing equatorial models were developed from
different viewpoints, e.g. the models of Loukos
et al. (1997) and Leonard et al. (1999) do not
include Si(OH)4 as a variable and are oriented
toward Fe as the limiting factor. The Loukos et al.
(1997) model included only one phytoplankton
and one zooplankton compartment and so had to
be forced to low assimilation rates and high
excretion rates to achieve the low f -ratio values
known for the equator. Their model consequently
gives new and regenerated production rates similar
to the Dugdale and Wilkerson (1998) model and
within the range of the present one-dimensional
model (Table 6), and values for CO2 export close
to Dugdale and Wilkerson (1998) and slightly

below the bottom of the range for the one-
dimensional model (Table 6). Loukos et al.
(1997) modified their N-limited condition to an
Fe-limited condition with very little difference
between the two outcomes except when Fe was
made replete. The Leonard et al. (1999) model
under-estimates by a large margin new and
regenerated production and f -ratio, under simu-
lated El Ni *no conditions compared to either field
data or other models. The same model over-
estimates greatly the same variables under non-El
Ni *no conditions. Neither of these models provides
information on Si(OH)4 concentrations, Si pro-
duction or export.

The only two equatorial models that can be
directly compared are the present one-dimensional
and the Dugdale and Wilkerson (1998) model, as
both these separate out C, N, and Si processes.
New and regenerated N production and f -ratio
from Dugdale and Wilkerson (1998) fall within the
ranges for the one-dimensional model (Table 6).
Export of N, Si, and C from the Dugdale and
Wilkerson (1998) model are close to or within the
ranges given by the one-dimensional model.

5.4. Role of Fe

The present form of the one-dimensional model
does not consider Fe as a variable, including it
implicitly, however, by the initial slopes (a) of the
PI curves for the two phytoplankton groups set
below optimum values (Chai et al., 2002). Agree-
ment of model results with data reported here
suggests that Fe is supplied by upwelling in
adequate quantities to support the high phyto-
plankton growth rates measured in the equatorial
Pacific (Chavez et al., 1991). Fe data for the
upwelling zone are sparse, but when plotted
against NO3 show a positive slope with an Fe=0
intercept at NO3=about 10 mmol m�3 (Takaha-
shi, pers comm, Dunne et al., 1999; data from
Johnson et al., 1997). Comparison of this inter-
cept, 10 mmol m�3, with the source NO3 data in
Table 2 indicates that Fe was supplied by
upwelling during the JGOFS EqPac cruises with
the possible exception of part of the TT008 cruise.
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5.5. Significance

Since most models, including this one-dimen-
sional model, of the equatorial ecosystem can be
and have been tuned to approximate mean ob-
served conditions, e.g. Chai et al. (1996), Loukos
et al. (1997), the predictions over the full range of
observed and likely conditions are more relevant
than these ‘‘steady-state’’ or mean predictions.
Perhaps the most interesting feature of the one-
dimensional model is the stability brought about
by the competitive interactions between the pico-
plankton, diatoms, micro- and meso-zooplankton.
These interactions result in narrow ranges in many
variables, e.g. total phytoplankton biomass, total
N production (=primary production when multi-
plied by an appropriate C:N ratio), total new N
production, value of f -ratio and surface silicate
and nitrate concentrations, all of which are known
to vary through narrow ranges in the equatorial
Pacific upwelling system. The value of this one-
dimensional, two phytoplankton, two zooplank-

ton, NO3, NH4 and Si(OH)4 (2PP, 2ZP, NNSi)
model lies in its contribution to understanding the
importance of the inner pathways of nutrient and
energy, i.e. in the separation of picoplankton,
diatoms, microzooplankton, mesozooplankton,
and nutrient (NO3, NH4, and Si(OH)4) processes,
some of which have not been or little studied in the
equatorial upwelling system, e.g. size fractionation
of nitrogen uptake between picoplankton and
diatoms, or Si(OH)4 uptake and regeneration.

A model prediction of potential importance is
the occurrence of a maximum surface TCO2 when
Si(OH)4 concentration in the source water is 5 or
7.5 mmol m�3, the latter value lying within the
mean source concentrations observed in the
JGOFS cruises, 6.57–9.96 mmol m�3 (Table 2). In
the one-dimensional model, this maximum in
surface TCO2 results from increasing diatom
populations that support increased mesozooplank-
ton populations and intensified grazing on pico-
plankton resulting in decreased NO3 uptake by the
picoplankton.

Table 6

Comparison of equatorial nutrient uptake rates and export rates resulting from the one-dimensional model and other equatorial

models

rNO3

(mmol

m�2 day�1)

rNH4

(mmol

m2 day�1)

rNTotal

(mmol

m2 day�1)

f -ratio PON

export

(mmol

m�2 day�1)

Si

export

(mmol

m�2 day�1)

POC

export

(mmol

m�2 day�1)

One-dimensional model

Source Si(OH)4=3 3.25 8.93 12.18 0.27 0.69 0.35 5.04

Source Si(OH)4=7.5 1.96 6.80 8.76 0.22 0.88 1.54 6.42

Source Si(OH)4=15 2.45 7.30 9.75 0.25 0.98 3.20 7.15

Mean 0.85 1.70 6.20

Range 0.69–0.98 0.35–3.20 5.04–7.15

Dugdale and Wilkerson (1998)

Source Si(OH)4=5.67 2.36 9.2 11.56 0.2 0.76 2.36 5.01

Leonard et al. (1999)

El Ni *no 0.15 2.27 0.07

Non-El Ni *no 8.48 21.76 0.41

Loukos et al. (1997)

NNPZD, annual mean 2.42 10.91 13.3 0.18 1.36 4.6

Range 4.0–4.9

NNPZD-Fe, annual mean 2.42 10.91 13.3 0.18 1.39 4.8

Range 3.8–5.4

R.C. Dugdale et al. / Deep-Sea Research II 49 (2002) 2747–2768 2765



5.6. Role of diatoms

According to the results of the one-dimensional
model, diatoms, although relegated to the minor
phytoplankton biomass constituent, play a major
role in the inner workings of the equatorial
ecosystem, especially in maintaining the high level
of stability characteristic of the system. Diatoms,
depending on the supply of Si(OH)4 from upwel-
ling, may cause an increase in CO2 flux to the
atmosphere or a decrease, and may actually be the
cause of the ‘‘normal’’ state of the equator as a net
source to the atmosphere. Finally, diatoms appear
in the equatorial system to be doing what they do
best, in pumping Si(OH)4 out of the euphotic zone
leaving NO3 behind in excess (Dugdale et al.,
1995). The maximum ratio of Si:N export in the
one-dimensional model is nearly 4:1, a ratio
known for the drawdown of Si(OH)4 and NO3 in
the Southern Ocean (Minas and Minas, 1992). A
consequence of this effect is that sedimented
biogenic silica is a sensitive indicator of changes
in source concentration of Si(OH)4 and the state of
the ecosystem including CO2 flux to the atmo-
sphere. However, large changes in sedimented
biogenic silica are correlated with smaller changes
in new N and C production and N and C export
production (Table 6). This means that sedimented
biogenic silica under the equatorial upwelling area
may be viewed as an amplifier of changes in
surface properties.

These conclusions, of considerable interest to
paleoceanographers and paleoclimatologists as
well as biological oceanographers, rest to some
extent on field data, but to a larger extent on our
modeling results. When the one-dimensional mod-
el was first constructed there was no direct
evidence for Si(OH)4 limitation of diatom growth
in the equatorial Pacific upwelling system. Recent
direct measurements of Si(OH)4 uptake kinetics in
the Pacific equatorial upwelling system and a series
of Si(OH)4 enrichment experiments (Leynaert
et al., 2001) have now confirmed the Si(OH)4
limitation first proposed by Ku et al. (1995). The
challenge now is to obtain measurements of key
ecosystem parameters under a variety of source
water concentrations and upwelling conditions. A
question of first-order importance is whether the

changes in surface TCO2 at source concentrations
simulated by the one-dimensional model occur in
synchrony with changes in the diatom populations
and whether these changes in turn occur in
synchrony with changes in source Si(OH)4 con-
centration.
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