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Abstract

The effects of added Si and Fe on the rate of silicic acid uptake were examined during two cruises to the

equatorial Pacific upwelling zone between 110uW and 140uW. Maximum uptake rates of Si (Vmax) Were highly
consistent with a mean of 0.026 + 0.007 h—1(n = 29), implying maximum diatom growth rates of , 0.6 d—1. Half-
saturation constants for Si uptake (Ks) also showed little variance, averaging 1.7 = 0.7 nmol L~ Si(OH),. No
ecologically significant spatial or temporal patterns for either V,,ax or Ks were observed. Comparison of Si uptake
rates at the ambient silicic acid concentration (Vamp) With Vi indicated that the ambient [Si(OH),] restricted
Vamp t0 an average of 63% =+ 13% of V.. Fe additions also caused significant increases in both Vhax and Vamp,
indicating that the rate of Si uptake was also regulated by the ambient [Fe]. Fe additions had a variable effect on
Ks, but they consistently increased both V., and the initial slope of the kinetic curve (Vmax: Ks), and thus the
diatom assemblages’ ability to take up Si(OH), at low concentrations. Added Fe or Si increased Si uptake rates by
87% + 59% and 69% = 31%, respectively, indicating nearly equal roles for the two elements in limiting rates of Si
uptake in situ. The largest average increase in Si uptake rates, 172% = 43%, was observed when both Si and Fe

were added, implying that together Si and Fe restricted Si uptake rates by almost a factor of three.
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The equatorial Pacific upwelling system is a major high-
nutrient low-chlorophyll (HNLC) region where relatively
low phytoplankton productivity in nutrient-rich upwelled
water is responsible for a large efflux of CO, to the
atmosphere (Landry et al. 1997; Takahashi et al. 2002). The
mechanisms responsible for the HNLC condition of this
region are still debated. In situ fertilization experiments
(IRONEX 1 and Il) have demonstrated that Fe limits
phytoplankton biomass, nitrate use, and CO, consumption
in the equatorial Pacific (Martin et al. 1994; Coale et al.
1996b). However, low concentration of silicic acid,
Si(OH),, relative to nitrate, NO 5, in the waters upwelling
along the equator have led to the hypothesis that new and
export production in the equatorial Pacific are limited by Si
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(Ku et al. 1995; Dugdale and Wilkerson 1998). Additional
support for Si limitation comes from modeling studies that
are able to reproduce many biological and biogeochemical
characteristics of the system by assuming Si limitation of
diatom productivity (Chai et al. 2002; Dugdale et al. 2002).

The evidence for Si limitation in the equatorial Pacific is
largely inferential. It is based mainly on the observation
that [Si(OH),] is consistently lower than [NO ;] in upwelled
waters (Ku et al. 1995) and that this apparent deficit of
Si(OH), relative to NO 5 is maintained as both nutrients
are consumed by phytoplankton in surface waters (Chai et
al. 2002; Dugdale et al. 2002). Few experimental assess-
ments of Si limitation have been reported from the
equatorial Pacific and no previous study has examined
how the hypothesized Si limitation can be reconciled with
the clear demonstration of Fe limitation of diatom growth
that was observed during the IRONEX experiments (Coale
et al. 1996a,b). The only two previous experiments that
directly assessed Si limitation of Si uptake rates in the
equatorial Pacific indicate that ambient [Si(OH),] limits Si
uptake rates to ca. 45% of their potential maximum
(Leynaert et al. 2001). Combining this result with the
findings from the IRONEX experiments suggests that both
Fe and Si may regulate aspects of diatom productivity in
the equatorial Pacific. It has not been clear, however,
whether the conditions that promote Fe or Si limitation co-
occur in space or in time as the experiments demonstrating
limitation by Si or Fe have been conducted in different
locations and during different years. The IRONEX
experiments were conducted between 90u and 111uW and
between 4u and 5uS (Martin et al. 1994; Coale et al. 1996b;
de Baar et al. 2005). The experiments examining Si
limitation were performed a year after IRONEX 11 along
180uW within 2u of latitude of the equator (Leynaert et al.
2001). No previous experiments have examined the relative
intensity of Fe and Si limitation at the same time or in the
same location in the equatorial Pacific upwelling zone.

The spatial and temporal patterns of Fe and Si limitation
have been examined in other HNLC areas. In the
subantarctic region of the Southern Ocean there is a
seasonal transition from Fe limitation early in the growing
season when Si(OH), is relatively abundant to Si limitation
once diatom growth has depleted Si(OH), to low levels
(e.g., Boyd et al. 1999; Franck et al. 2000; Hutchins et al.
2001). Simultaneous control of diatom growth by [Si(OH)4]
and [Fe] has been demonstrated in the subantarctic (Boyd
et al. 1999; Hutchins et al. 2001; Brzezinski et al. 2005), and
in the mosaic of HNLC areas along the coast of California
(Hutchins and Bruland 1998; Dugdale et al. 2002). In those
studies the addition of Fe and Si together increased diatom
biomass over that observed when either nutrient was added
alone, providing evidence for colimitation by [Fe] and
[Si(OH)4].

The equatorial Pacific differs from other HNLC regions
in that [Si(OH),] in the upwelling region along the equator
is much more constant through time than it is in more
seasonally modified HNLC systems. The persistently low
[Si(OH),4] and lack of strong seasonal variability in either
[Si(OH)4] or [NO ;] in equatorial Pacific surface waters
have led to the suggestion that this system operates much

like a Si-limited chemostat (Dugdale et al. 2002). The low
degree of nutrient variability also makes it unlikely that
strong seasonal changes in the relative strengths of Fe and
Si limitation occur in the equatorial Pacific. Thus, if both
[Fe] and [Si(OH),] affect biogenic silica production they are
likely to do so simultaneously, creating a colimited system
as observed off California and in the subantarctic, but
without dramatic seasonal changes in the relative effects of
Si and Fe limitation.

We performed two types of experiments to examine the
extent of Si limitation and the relative roles of Si and Fe as
limiting nutrients in the equatorial Pacific. A total of 29
experiments examined Si uptake kinetics to assess the
degree to which ambient [Si(OH),] restricted Si uptake rates
in the equatorial upwelling zone between 110uW and
140uW. Additional experiments where ambient seawater
was amended with Fe before assessing Si uptake kinetics
were performed at four stations in the upwelling zone
between 123uW and 140uW to examine the relative roles of
Si and Fe in controlling the rate of Si use. The results show
that nutrient limitation of Si uptake rates is pervasive and
largely invariant in the equatorial Pacific, and that both the
ambient [Fe] and the ambient [Si(OH),] play significant and
nearly equal roles in limiting those rates.

Methods

Kinetic experiments of two kinds were performed. The
first involved collecting seawater and immediately examin-
ing the response of Si uptake to added Si(OH),, as has been
done in several other systems (e.g., Brzezinski and Nelson
1996; Leynaert et al. 2001; Nelson et al. 2001). The second
was designed to quantify the effect of the ambient [Fe] on
the kinetics of Si uptake. In those experiments seawater was
augmented with Fe and held for up to 4 d before examining
the kinetics of Si uptake to allow time for the diatoms to
adjust to the addition of Fe. We denote these two types of
experiments as standard kinetic experiments and delayed
kinetic experiments, respectively, throughout this manu-
script.

A total of 29 standard kinetic experiments were per-
formed. Fifteen were performed along 110uW and along the
equator between 09 and 29 December 2004 (Fig. 1a) with
an additional 14 conducted between 08 and 24 September
2005 along 140uW and along a longitudinal transect at
0.5uN in the vicinity of a tropical instability wave (Fig. 1b).
Four delayed kinetic experiments were conducted in 2005,
at the locations indicated on Fig. 1b. No delayed kinetic
experiments were performed in 2004.

Standard Kkinetic experiments—Seawater for the standard
kinetic experiments was collected from the depth receiving
52% of the sea-surface irradiance using either a trace-metal-
clean rosette (2004 cruise) or a standard rosette (2005
cruise). The trace-metal-clean rosette system consisted of a
General Oceanics epoxy coated frame, 12- X 12-liter Go-
Flo bottles, with lead weights encased in fiberglass resin.
The electronics and sensor package consisted of a Seabird
pylon, conductivity—temperature-depth (CTD), and oxy-
gen sensor. The system was deployed using Kevlar cable.
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and Si uptake rates calculated from the total (32Si + 32P)
activity as described by Nelson et al. (2001).

On both cruises seawater samples for dissolved [Fe]
measurement were collected from the same depths as used
in the Si uptake kinetic experiments. During the 2004 cruise
when the trace-metal-clean rosette system was used to
collect water for the standard kinetic experiments, seawater
for dissolved [Fe] determination and for the Kinetic
experiments were drawn from the same Go-Flo bottle. In
2005 when the standard kinetic experiments were conduct-
ed using water collected using the standard rosette system,
samples for dissolved [Fe] were collected using the trace-
metal-clean rosette on a separate cast at the same station.
Dissolved [Fe] was measured using the flow injection
method of Measures et al. (1995) as modified by Vink et al.
(2000).

Delayed kinetic experiments—The effect of [Fe] on the
kinetics of Si uptake was examined by adding Fe to
seawater, holding the samples under simulated in situ
conditions, and performing Kinetic experiments after
sufficient time had elapsed to allow the phytoplankton to
adapt to the elevated [Fe]. The goal was to assess Si uptake
kinetics after that adaptation had occurred, but before
significant net growth altered the relative abundances of
phytoplankton species. It was not possible to determine the
exact timescale for the physiological adjustment to added
Fe a priori so we conducted kinetic experiments 0, 48, and
96 h after adding Fe. The same seawater without added Fe
was incubated in parallel with that receiving Fe to serve as
a control.

Because of the long incubation times involved in these
experiments, extra precautions were taken to avoid trace-
metal contamination of the seawater used. Seawater was
collected using the trace-metal-clean rosette system de-
scribed above. The rosette package was lowered to ca.
100 m and then raised at a slow speed. All 12 Go-Flo
bottles were tripped in the mixed layer (generally between
20 and 30 m) without stopping the winch. This process
helped ensure that each Go-Flo bottle captured water that
had minimal exposure to the CTD and rosette package.
The Go-Flo bottles were then transferred to a trace-metal-
clean van and the water from all 12 bottles was partitioned
equally among six acid-washed 20-liter polycarbonate
carboys using a peristaltic pump equipped with acid-
washed C-flex tubing. Three of the carboys were augment-
ed with 2 nmol L—1 Fe as acidified FeSO, and the others
served as controls, receiving no added Fe. The carboys were
placed in acrylic incubators on deck that were cooled with
surface seawater and screened with plastic window
screening to ca. 50% of ambient irradiance. A pair of
carboys (one control and one with added Fe) was removed
from the incubator at 0, 48, and 96 h after Fe addition and
the water in each used for Kkinetic experiments using the
procedures described above for the standard Kkinetic
experiments.

Data analysis—Data from both the standard and
delayed kinetic experiments were fitted with the hyperbolic
Michaelis—-Menten function:

0.025 7 ]
V=0.025h"" [Si(OH)4/(2.01 pmol L™ + [Si(OH),])
0.020 o, ° ®
@) e _
0,015 - CP., “®
= ('
” 0.010 - /
70
7 y J
0.005 1 [/ v=002h" [Si(OH),)/(2.94 umol L L. [Si(OH),])
0.000 T T T
0 5 10 15 20
[Si(OH),,] (umol L")
Fig. 2. Examples of the results from standard Kinetic

experiments. Experiments shown were conducted at 3uN, 110uW
in 2004 (closed circles) and at 0.5uN, 125.6uW in 2005
(open circles).
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where V is the specific rate of silicic acid uptake, [Si(OH),]
the silicic acid concentration (ambient + added tracer),
Vmax the maximum specific uptake rate (corresponding to
the asymptote of the hyperbola at infinite [Si(OH)4]), and
Ks is the half-saturation constant, i.e., the [Si(OH),] at
which V = V,,,/2. The data from each kinetic experiment
was examined for statistical outliers by applying a Woolf
transformation:
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to the data from each experiment to linearize the
Michaelis—-Menten function. Least-squares methods were
used to calculate the best-fit line for each curve and the
residuals to that line were determined for each data point.
Individual data points with residual values that exceeded
twice the standard deviation of all residuals in a given curve
were identified as outliers and not used in the subsequent
analysis. This procedure resulted in the removal of no more
than two data points from any kinetic curve and most
experiments contained no outliers. Once the outliers were
removed the remaining data from each experiment were
fitted by the Michaelis—-Menten function by using iterative
nonlinear regression, using the Marquardt-Levenberg
algorithm (Press 1992) to obtain final values of Kg and
Vmax and their associated errors.

Results

Standard kinetic experiments—Figure 2 illustrates the
two types of responses we observed in the standard Kinetic
experiments. In one case the data show a strong decrease in
V at low [Si(OH),], indicating significant limitation of Si
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Fig. 3. Histograms of the frequency distribution of (A) K and (B) Vmax during 2004 (closed

bars) and 2005 (open bars). (C) Scatter plot of the maximum uptake rates, Vmax, and half-
saturation constants, Ks, for kinetic experiments performed in 2004 (closed circles), and 2005
(open circles). Mean values for each year are shown as diamonds. Errors are standard deviations.

parameter exhibited a range of three- to fourfold. However,
the average Kg in 2004, 1.70 = 0.95 nmol L~ (all = terms
represent 1 SD), was only 0.15 nmol L-1 different from
that observed in 2005, 1.55 = 0.59 nmmol L-1; that
difference was not statistically significant (t-test, p =
0.62). The overall mean Ks for the entire data set was
1.63 = 0.79 nmol L—1. Ambient [Si(OH),] was, on average,
somewhat less than twice the average Kg in both years
(Table 1). Mean values of V,,ax Were higher in 2004 (0.031
+ 0.007 h—1) than in 2005 (0.023 = 0.005) (t-test, p =
0.001). Although the difference is statistically significant, it
is not large, with the average Vmax in 2004 being only 35%
higher than that in 2005. The overall average Vmay (0.026 =
0.007, Table 1) corresponds to a maximum diatom division
rate of about one division day—!. That value underesti-
mates the true maximum division rate of the diatom
assemblages because of effect of siliceous detritus on
specific rates. Specific rates from field experiments,
including Vmax, are normalized to the total biogenic silica
concentration, which includes biogenic silica from living
diatoms, which actively take up Si(OH)4, and from
nonliving siliceous detritus, which does not. The NaOH
digestions used to measure biogenic silica concentrations

dissolve all amorphous silica and thus represent the sum of
amorphous silica from living diatoms and from detritus.
The inclusion of detrital silica in the biogenic silica
measurement thus causes the calculated V or V. to be
lower than that of the living diatom fraction by a factor
equivalent to the ratio of detrital silica to total (living +
detrital) biogenic silica in the sample (Goering et al. 1973).
The magnitude of Kg is not influenced by the presence of
detritus.

The initial slope of the Michaelis—-Menten kinetic curve,
Vmax : Ks, i1 @ measure of the ability of a given diatom
assemblage to take up silicic acid at low concentration
(Healey 1980). Vmax:Ks was 51% higher in 2004 than in
2005 (t-test, p = 0.035). This trend is driven by the higher
values of V,ax Observed in 2004 as the average Ks values
for the 2 yr differed by less than 10%. The difference in
Vmax : Ks between years also has a spatial component in
that the highest values of V. : Ks were observed along the
110uW section with no statistical difference between the
values of Vax : Ks along the equator in 2004 and the values
observed near 140uW in 2005 (t-test, p = 0.34).

The only spatial trend apparent for either Ks or Vax
was an increase in Vpqa hear the equator along the
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Fig. 5.

Results of the delayed kinetic experiments conducted 48 h after the addition of Fe.

Results for the controls are indicated by the closed circles and solid lines and those for the +Fe
treatment by the open circles and dashed lines. The locations of stations where these experiments
were conducted and the calculated kinetic parameters are presented in Table 2. (A) Cast 7.06, (B)

cast 13.06, (C) cast 19.05, and (D) cast 22.05.

illustrated in Fig. 5 and the calculated kinetic constants
presented in Table 2. After 48 h the average Ks in the +Fe
treatments was 1.6 = 1.3 mmol L-1, statistically indistin-
guishable from that in the controls after 48 h (2.0 =+
1.0 nmol L-1; Table 2; t-test, p = 0.60) or from initial
values (2.24 = 1.21 mmol L—1; t-test, p = 0.49). The lack of
statistical significance between controls and the +Fe
treatment after 48 h is driven by the fact that adding Fe
increased Kg over that in the controls in two experiments (1
and 3) while lowering it in the other two (Table 2). A very
different pattern was observed in V .y After 48 h Vax Was
significantly higher than its initial values, both in the
controls and in the +Fe treatments, with added Fe
increasing Vmax over that in controls in all experiments
(Fig. 5). Vmax increased to 0.049 = 0.014 h—1 in the
controls and to 0.077 = 0.012 h—1 in the +Fe treatments;
increasing by a factor of 3.5 and 4.8, respectively, from its
initial values. Both of those increases from the initial Vs
are significant at the p < 0.003 level. The average Vyax in
the +Fe treatments exceeded that in the controls by 57% (t-
test, p = 0.022). The initial slope of the Michaelis—-Menten
function (Vmayx : Ks) also increased significantly with added
Fe, averaging 2.4 times that in the corresponding controls
(t-test, p = 0.042).

The increase in Vihax Over 48 h prompted us to examine
whether V,mp also increased in the delayed kinetic
experiments. V mp in the controls and in the +Fe treatments
was calculated using the Michaelis-Menten function, the
values of Vmay, Ks, and the measured ambient silicic acid
concentration from each experiment. Note that in each

experiment the ambient [Si(OH),] in the control and +Fe
treatments were nearly identical (Table 2) and they had not
changed significantly from time zero. This means that
differences in the calculated V,,,, over time or between the
control and +Fe treatments were independent of changes in
substrate availability and were thus solely a function of
differences in Ks and Vax. The mean Vamp in the controls
increased significantly over time from an initial value of
0.011 = 0.004 h—1t0 0.029 #+ 0.005 h—1 after 48 h (t-test, p
= 0.002), corresponding to a 2.6-fold increase. The increase
in Vamp With added Fe was greater than that in the controls.
The average Vamp in the +Fe treatment increased over
sixfold from 0.008 #0.003 initially to 0.051 +0.012 h—1
after 48 h (p = 0.0005).

Although conditions in the enclosures used for the
delayed Kkinetic experiments increased Si uptake rates
overall, the relative effect of adding Si on the kinetics of
Si use was not altered. The ratio of the Si uptake rate at the
ambient [Si(OH)4] t0 Vimax (Vamb: Vimax) In the controls
(0.68 = 0.17) was no different from that observed in the
standard kinetic experiments during 2005, 0.61 = 0.11 (t-
test, p = 0.51; Table 1). The consistency in the proportional
increase in Si uptake with added Si between the standard
and delayed kinetic experiments allows for meaningful
comparisons of the relative effect of Si and Fe in Si uptake
rates.

Because the delayed Kinetic experiments involved adding
Si to samples with and without added Fe, the results permit
us to evaluate the independent responses of Si uptake rates
to adding Si alone, adding Fe alone, and the combined
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(e.g., Leynaert et al. 2001; Nelson et al. 2001; Franck et al.
2003) may need to be re-evaluated.

Our standard kinetic experiments showed remarkable
consistency in both Kg and V.. Although Kg calculated
from individual kinetic curves was often subject to large
uncertainty, the mean Ks values from 2004 and 2005 are
very similar, with an overall mean of ca. 1.6 mmol L-1 and
a range from 0.52 to 2.94 mmol L-1 (Table 1). In contrast,
Ks values reported from the HNLC surface waters of the
Southern Ocean span a 40-fold range, from 1.4 to 57 nmol
L-1 (Nelson et al. 2001). Vax also showed low variance.
The average Vmax in 2004 was higher than that in 2005, but
the difference was only 35%, which could easily be due to
differences in the proportion of biogenic silica associated
with living diatoms. The consistency in the Kkinetic
parameters combined with the narrow range in ambient
[Si(OH),] implies that the degree to which ambient
[Si(OH),] limits rates of Si uptake would be equally
invariant across our study region. That prediction is
confirmed by the low variance in Vamp: Vmax ratios both
within and between cruises.

The relatively low variance in Ks, Vimax, and Vamb : Vinax
supports the suggestion by Dugdale and Wilkerson (1998)
that diatom growth in the equatorial Pacific is close to
steady state when not under the influence of EI Nifio—
Southern Oscillation or other climatic perturbations. The
near steady-state nature of the limitation of Si uptake
implied by our data may also extend beyond our study
area. Leynaert et al. (2001) reported two Si uptake Kinetic
experiments in the equatorial Pacific at 180u, with Ks values
similar to ours (1.57 nmol L—1 at 3uS and 2.42 nmol L—1 at
the equator). In those experiments Vamp : Vimax Was 0.46 at
3uS and 0.40 at the equator, somewhat lower than we
report here and reflecting the lower ambient [Si(OH),] at
180u. Thus, both the kinetics of Si uptake and the degree to
which [Si(OH),] limits Si uptake rates may be relatively
uniform, both spatially and temporally, across the equato-
rial Pacific from 110uwW to 180uW.

The variable response of Kg to Fe addition that we
observed is consistent with other observations in the
literature. Laboratory studies on Thalassiosira weissflogii
have shown an inconsistent effect of Fe on Ks. Fe did not
affect Kg in the study of De La Rocha et al. (2000), whereas
Ks increased with added Fe in the experiments of Leynaert
et al. (2004). Field studies of diatom assemblages also show
a variable response of Ks to added Fe (Franck et al. 2000,
2003). We agree with the conclusion of Leynaert et al.
(2004) that there is a great deal more to learn about
interaction between Fe and Si uptake Kinetics.

The mean Kg of 1.63 nmol L-! observed in our
experiments is somewhat lower than the mean of ca.
2.5 mmol L1 for temperate diatoms under nutrient-replete
conditions in culture (Martin-Jézéquel et al. 2000) and it is
toward the low end of the range observed in other field
experiments (from ca. 0.5 to 57 mmol L-1; Nelson and
Dortch 1996; Nelson et al. 2001). The data thus indicate
that, despite low ambient [Fe] and clear evidence that Fe
plays a role in limiting Si uptake, the Si uptake systems of
diatoms in the equatorial Pacific exhibit average, or slightly
better than average, affinity for silicic acid.

Maximum Si uptake rates from the standard Kinetics
experiments (Vmax) reported here averaged 0.031 h—1 in
2004 and 0.023 h—1 in 2005 (Table 1). If those rates
persisted throughout the 24-h day they would imply diatom
growth at rates that would double the standing stock of
biogenic silica in approximately 1 d in the absence of losses
(0.9d in 2004, 1.3d in 2005). Leynaert et al. (2001)
obtained two estimates of V. in the equatorial zone at
180uW. One of those, 0.028 h—1, was similar to those we
measured at 110-140uW and the other, 0.052 h—1, was
considerably higher. All of the above results were obtained
in 4-8-h 32Si incubation experiments performed during
daylight hours. There is direct experimental evidence that
rates of Si uptake in the equatorial Pacific are considerably
lower at night than in daylight (Leynaert et al. 2001).
Therefore average rates of Si uptake integrated over the 24-
h light:dark cycle are lower than the V ., values reported
here, and considerably lower than the reported V.. Yet
only the single highest V.« reported from the equatorial
Pacific (0.052 h—1; Leynaert et al. 2001) approaches the
diatom growth rates of 0.07 h—1 estimated from 24-h
dilution experiments along the equator using trace-metal-
clean methods at 140uW (Latasa et al. 1997) and of
0.05 h—1 measured in 24-h dilution experiments on our
cruises (Landry pers. comm.). Average Vmax Values from
2004 and 2005 are less than half of the estimated diatom
growth rates. Because dilution experiments measure phy-
toplankton growth rates at ambient [Fe] and [Si(OH),],
they should yield diatom growth rates considerably lower
than maximum growth rates (myax) that could be achieved
under conditions of Si and Fe sufficiency. Therefore it is
likely that diatoms in the equatorial Pacific have myax
values >0.07 h—1 (ca. 1.7 d—1) and much greater than the
Vmax Values for Si uptake that we measured.

The most likely reason why Vo« measured in Si uptake
kinetic experiments is much lower than diatom myax
estimated by dilution experiments is that much of the
biogenic silica in the upper mixed layer of the equatorial
Pacific may be detrital rather than being associated with
living diatoms. The dilution method estimates growth rates
from changes in the concentration of phytoplankton
pigments (fucoxanthin in the case if the diatoms), a
biomass measure that is not affected by siliceous detritus.
However, the V obtained in any tracer incubation to
measure Si uptake is lower than the true V for living
diatoms by the proportion (detrital bSiO,:total bSiO,)
(Goering et al. 1973). The large difference between our
measured V.« and the much higher diatom m, ., implied
by dilution experiments can be resolved if most of the
diatom silica in surface waters during our cruises was
detrital.

We can estimate the average proportion of detrital silica
as the product of the growth rate from the dilution
experiments from 2004 and 2005 (0.05 h—1, Landry pers.
comm.) divided by our average V mp. The average Vamp iS
given by the product of the average value of V.« and the
average V: Vo ratio; 0.026 h—1 X 0.63 or 0.016 h—1. This
is @ maximum estimate of the specific rate on a 24-h basis
due to the strong diurnal pattern observed for Si uptake
rates in the equatorial Pacific discussed above. Dividing the
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ments would still be able to decrease their Si content when
Si(OH), is scarce, but the experiments required to test for
that response have not been done. The variable effect of
[Fe] on Ks also creates uncertainty in the Kg: K,ratio. The
value of five used above is derived from results of
experiments on diatoms cultured under Fe-replete condi-
tions. Because Ks exhibits a variable response to added Fe
the effect of Fe stress on the ratio Ks: K,is not clear. These
factors further increase the ambiguity associated with using
Si uptake kinetics to infer Si limitation of diatom growth in
low-[Fe] waters.

We can address the issue of how the low ambient [Fe]
and [Si(OH),] affected cellular Si levels for the numerically
dominant diatom genus in our study area. Cell counts
revealed that a small pennate diatom dominated the diatom
assemblage numerically during both cruises (Landry pers.
com.). Direct measures of the cellular Si content of these
cells on the basis of x-ray fluorescence (Baines and Twining
pers. comm.) show that they did not change their cellular Si
content in response to added Fe, but that they nearly
doubled their cellular Si content with added Si(OH),.

A hypothesis that reconciles all observations is that Fe
controls the rate of diatom cell division while Si regulates
the rate of Si uptake. With this scenario addition of Si
alone would be predicted to cause a rapid response of the Si
transport system, increasing rates of Si uptake as observed.
The addition of Si would not significantly affect growth
rate, which would continue unaffected, but the increase in
the rate of Si uptake would allow the thickness of diatom
frustules to be restored to Si-replete levels. Fe addition
would also increase Si uptake rates, but indirectly by
accelerating division rates. Because diatoms deposit their
frustules during the course of the cell cycle (Brzezinski
1992; Martin-Jézéquel et al. 2000; Claquin et al. 2002), any
process that accelerates the progression of cells through
that cycle will accelerate the rate of frustule formation,
increasing Si uptake rates, without necessarily changing
cellular silicon content. This would boost rates of Si uptake
in response to added Fe. The net result of Si limitation of Si
uptake and Fe limitation of the rate of cell division would
be that diatoms in the equatorial Pacific would be on
average growing at less than my,., and with reduced
cellular Si.

A powerful test of the proposed limitation of Si uptake
by Si and of diatom division rates by Fe is to determine
whether this scenario predicts the observation that Si
uptake rates are greatest when Si and Fe are added in
combination compared with when either nutrient is added
alone. The proposed combined effect of low ambient
[Si(OH),] and [Fe] is to reduce cellular Si levels and rates
of cell division. Thus, the greatest increases in the rates of Si
use would occur when both cellular Si content and division
rates are restored to maximum levels. Addition of Si would
restore cellular Si levels, but not division rates, and the
addition of Fe would do the opposite. Neither nutrient
alone can restore both processes, but together they can if
[Si(OH)4] limits uptake and [Fe] limits division rates. The
result is that Si uptake is highest when Si and Fe are added
together compared with when either nutrient is added
alone, as observed experimentally.

The idea that Fe regulates the rate of cell division while
Si regulates rates of Si uptake is also consistent with the
difference in the time required for the effects of added Si or
added Fe to be manifested. The response to added Si occurs
quickly and is apparent after the 6-8-h incubations used in
our kinetic experiments. In our delayed kinetic experiments
added Fe showed no significant effect on Si uptake kinetics
over this same timescale. However, pronounced changes in
Si uptake Kkinetics were observed in the +Fe treatments 48 h
after Fe addition, indicating that Fe influences Si uptake
indirectly through its long-term effects on cellular processes
rather than by an instantaneous regulation of the Si
transport system.

Our delayed kinetic experiments help resolve the relative
roles of Fe and Si in limiting Si uptake by diatoms in the
equatorial Pacific. The results show that [Si(OH)4] and [Fe]
play nearly equal roles in limiting rates of Si uptake, and
that their individual effects are cumulative, with the result
that Si use should be limited to the greatest extent when
both Fe and Si are present in low concentrations, as occurs
in the equatorial Pacific. Similar responses have been
reported by Hutchins and Franck for other HNLC regions
and those results have been interpreted as evidence of Si
and Fe colimitation (Hutchins et al. 2001; Franck et al.
2003). Colimitation appears to be operating in the
equatorial Pacific as well, with low levels of both [Si(OH),]
and [Fe] interacting to restrict rates of silicic acid use. In
our case the mechanism of colimitation appears to be that
Si limits rates of Si uptake by diatoms while Fe limits their
rate of cell division.

Given the significant effect of low [Fe] on the rate of
silicic acid use in the equatorial Pacific, we must re-evaluate
why models based solely on Si limitation are able to
reproduce so many aspects of the phytoplankton and
nutrient dynamics of this region (Chai et al. 2002; Dugdale
et al. 2002). We have demonstrated that the field estimates
of Ks and Vnax from HNLC regions implicitly incorporate
the combined effect of both low [Fe] and low [Si(OH),4] on
Si uptake. When models use values of Kg and V,ax Similar
to those observed in field experiments in the equatorial
Pacific they therefore implicitly include the combined effect
of Fe on the Kkinetics of Si use. No field estimates of Kg or
Vmax Were available from the equatorial Pacific when those
models were first constructed, yet the value of Kg chosen
for use in the models, 3.0 mnmol L—1 (Chai et al. 2002), is
within 2 SD of the average value that we measured
(Table 1). The value of Vpyax used, 0.125 h—1, is much
higher than our measured overall mean V., of 0.026 h—1
(Table 1). However, the value required by the model is the
Vmax for living diatoms, which is probably severely
underestimated by our measures of V., because of a large
fraction of detrital silica in our samples (see above). As
argued above, a better estimate of the maximum uptake
rate of living diatoms can be made by assuming steady state
such that the specific growth rate of diatoms obtained from
dilution experiments is equal to V. That value, 0.05-
0.07 h—1 (Latasa et al. 1997; Landry pers. com.), is much
closer to the value of 0.125 h—1 used in the model.

The values of the modeled V. for living diatoms and
our estimate of this parameter on the basis of field data are






