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ABSTRACT: The silica cycle in the upper 200 m of the central North Pacific was examined to further as- 
sess the role of oligotrophic mid-ocean gyres in the global marine silica cycle and to evaluate the role of 
diatoms in the regional carbon and nitrogen cycles. Siliceous biomass in the upper 200 m was very low 
(generally c50 nmol S1 1.' of biogenic silica) with, higher concentrations (100 to 280 nmol Si 1.') ob- 
served occasionally in the deep chlorophyll maximum and in the nitracline Doubling times for biogenic 
silica were generally between 2 and 5 d, suggesting fairly rapid diatom growth. Ki~ieiic experiments 
showed widespread limitation of silica production rates by ambient silicic acid concentrations (0.9 to 
3.0 pM). Inputs of iron inferred from high concentrations of lithogenic silica (up to 300 nmol Si 1-l) in 
surface waters did not stimulate silica production. lntegrated silica production rates averaged 
1.24 mm01 Si m-' d-' (range 0.47 to 2.9 mm01 Si m-' d-') This average is 2 to 3 times higher than those 
reported for other oligotrophic mid-ocean gyres, significantly increasing estimates of the fraction of 
global silica production occurring in these systems. A pronounced diatom bloom dominated by Masto- 
gloia woodiana and Hemiaulus hauckLi was observed ca 200 km north of the Joint Global Ocean Flux 
Study (JGOFS) Hawaii Ocean Time-series (HOT) site in August 1995. A doming of isopycnals within 
the nutricline beneath the bloom suggested the presence of a cyclonic eddy that was enhancing local 
diatom production through eddy pumping. The exceptionally high biomass levels (up to 250 nmol Si I-') 
and high silica product~on rates (1.8 mm01 Si m-' d- ')  within the bloom suggest that diatom blooms trig- 
gered by the mesoscale flow field may contribute significantly to regional silica production. Diatom pri- 
mary production in the central North Pacific estimated from the overall average integrated silica pro- 
duction rate and diatom Si:C ratios is 9.5 mm01 C m-2 d-' (= 114 mg C m-' d-'), which is 25% of the 
average primary productivity at the JGOFS HOT site. Silicic acid and nitrate supply rates to the eu- 
photic zone inferred from the gradients of the 2 solutes in the nutricline are in about the same propor- 
tion as diatom cellular S1:N ratios. Thus, net consumption of the silicic a c ~ d  supplied to the surface layer 
requires that diatoms account for a significant fraction of new production in the central North Pacific. 
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INTRODUCTION 

The role of dlatoms and other large phytoplankton in 
open ocean biogeochemical cycling received relatively 
little study after the discovery of abundant pico- 
plankton (Waterbury et al. 1979) focused attention on 

the role of small cells in pelagic food webs. Picophyto- 
plankton and bacterioplankton are now known to 
dominate microbial biomass and primary productivity 
in the open sea (e.g.  Cho & Azam 1990). The bulk of 
the carbon fixed by picophytoplankton is respired by 
the relatively long food chains of the microbial loop 
(Azam et al. 1983), leading to low rates of particulate 
organic carbon export from that food web (Michaels 
& Silver 1988). Recent observations suggest that the 
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export of particulate carbon is predominantly medi- 
ated by large phytoplankton and by diatoms in partic- 
ular (e.g.  Sieracki et al. 1993, Honjo et al. 1995, Smith 
et al. 1996, Dugdale & Wilkerson 1998). 

Goldman (1988) reiterated the idea that a single 
large diatom cell has a biomass equal to well over a 
million cyanobacteria and has a much faster sinking 
rate, so that large cells are exported from surface 
waters preferentially. Large diatoms also have the 
ability to rapidly take up pulses of nitrate, allowing 
them to exploit nutrient pulses during episodic mixing 
(Goldman 1993). Studying such large rare cells in 
nature is logistically difficult, and arguments as to their 
importance in elemental cycles were first based on 
experiments with cultures (Goldman 1993) and theo- 
retical calculations (Goldman 1988) rather than on 
evidence from natural plankton assemblages. Notable 
exceptions are field studies of mats of diatoms of the 
genus Rhizosolenia that migrate to the nitracline to ob- 
tain nitrate (Villareal et al. 1993). The vertical transport 
of nitrate by those organisms enhances the upward 
flux of nitrate in the central North Pacific (Villareal et 
ai. 1993, Viiiareai et ai. 1996) and may contribute to a 
deficit in preformed nitrate at the base of the euphotic 
zone in this region (Emerson & Hayward 1995). 

Empirical evidence from several recent field pro- 
grams confirms that diatoms are important to new and 
export production in several oceanic habitats. Diatoms 
had a major role in both new and export production 
during the Joint Global Ocean Flux Study (JGOFS) 
process studies in the North Atlantic and in the equa- 
torial Pacific. Diatoms dominated the vernal bloom in 
the JGOFS North Atlantic Bloom experiment, leading 
to the depletion of silicic acid before nitrate (Sieracki et 
al. 1993). The consequent limitation by Si may have 
lead to the aggregation and rapid export of the bloom 
to depth (Sieracki et al. 1993). The rapid export of large 
cells has also been confirmed in the equatorial Pacific 
where large flocs of relatively fresh phytoplankton, 
mainly large diatoms, were observed covering an 
extensive area of the sea floor at  depths >4000 m 
(Smith et  al. 1996). Time-series sediment trap studies 
in the same region show that pulses of particulate 
organic carbon (POC) and biogenic silica export occur 
simultaneously, implying an important role for diatoms 
in carbon flux (Honjo et al. 1995). 

Diatoms have also been shown to be important to 
new and export production at both US JGOFS time- 
series sites. The flux of POC at the Hawaii Ocean Time- 
series (HOT) site displays a distinct summer maximum 
coincident with the annual maximum in the flux of di- 
atom silica (Karl et al. 1996). Studies of silica production 
and export at the Bermuda Atlantic Time-series (BATS) 
site and other sites in the northwestern Sargasso Sea in- 
dicate that diatoms account for 13 to 26 % of annual pri- 

mary production and 16 to 40% of annual new produc- 
tion (Brzezinski & Nelson 1995, Brzezinski & Kosman 
1996, Nelson & Brzezinski 1997). A similar result was 
obtained in the western equatorial Pacific by Blain et al. 
(1997), who estimated that diatoms account for a third 
of primary productivity in that region. 

The importance of diatoms to the biogeochernistry of 
the open sea elevates the significance of silicic acid as 
a key nutrient regulating biogeochemical cycling in 
offshore waters. Unlike other phytoplankton, diatoms 
have an obligate Si requirement for growth (Lewin 
1962). The availability of dissolved Si has been shown 
to control diatom silica production rates, at least at 
times, in every natural system examined to date 
(Nelson et aI. 1976, Nelson & Brzezinski 1990, Nelson 
& Treguer 1992, Brzezinski & Nelson 1996, Nelson 
& Dortch 1996). Limitation of diatom metabolism by 
the supply rate of silicic acid results in a physiological 
cascade that affects diatom primary productivity and 
nitrogen use (Dugdale et al. 1981), potentially altering 
regional nitrogen and carbon cycling. For example, the 
supply rate of silicic acid to diatoms has been hypothe- 
sized to control the level of primary productivity and 
new production in the equatonal Pacific (Ku et al. 
1995, Dugdale & Wilkerson 1998). 

Field experiments examining diatom silica produc- 
tion and new production are relatively few, but the 
extensive database of upper-ocean nutrient profiles 
provides evidence as to the general importance of 
diatoms for oceanic new production. The gradient in 
silicic acid within the nutncline throughout much of 
the ocean equals or exceeds that for nitrate (Kamy- 
kowski & Zentara 1985), such that mixing supplies at  
least as much silicic acid to the surface ocean as it does 
nitrate. That supply rate ratio of silicic acid:nitrate 
nearly equals the Si:N mole ratio within diatoms (Si:N 
= 0.8; Brzezinski 1985), suggesting that net depletion 
of the silicic acid in surface waters consumes a large 
fraction of the nitrate supply, resulting in a significant 
fraction of new production being carried out by 
diatoms. Dugdale & Wilkerson (1998) confirmed this 
expectation for the equatorial Pacific, showing that 
silicic acid and nitrate are depleted in a mole ratio of 
1: l  as upwelled waters advect poleward, an.d hypothe- 
sized that new production is largely regulated by the 
supply of silicic acid to diatoms in that system. The 
general conclusion to be drawn from the accumulating 
evidence is that there are stronger links between the 
silica cycle and those of carbon and nitrogen in the 
open sea than previously realized. 

Studies of the silica cycle of mid-ocean gyres have 
been confined to th.e Sargasso Sea (Brzezinski & 

Nelson 1995, Brzezinski & Kosman 1996, Nelson & 

Brzezinski 1997). Siliceous biomass is very low in that 
system (generally <50 nmol Si I-') and biogenic silica 
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concentrations remain 1580 nmol S1 I-'  even during 
diatom blooms (Brzezinski & Nelson 1995). The Sar- 
gasso Sea is unusual in that the concentrations of silicic 
acid, nitrate and orthophosphate do not vary in Red- 
field proportions within the nutricline, resulting in a 
nearly 4-fold deficit in the supply rate of silicic acid 
to the euphotic zone compared to the expected Si:N:P 
mole ratio of 16:16.1 (Brzezinski & Nelson 1996). Si re- 
gulation of silica production is pervasive, as substrate 
limltatlon of silica production has been observed dur- 
ing all seasons over 2 yr in conjunction with chronically 
low silicic acid concentrations (0.7 rt 0.2 PM; Brzezinski 
& Nelson 1996). Even under these Si limiting condi- 
tions, diatoms account for 16 to 40% of new production 
in that system (Brzezinski & N ~ l s o n  1995, Brzezinski 
& Kosman 1996, Nelson & Brzezinki 1997). 

It is difficult to extrapolate the results from the Sar- 
gasso Sea to other mid-ocean gyres. The increase in 
silicic acid concentration across the seasonal nutn- 
cline in the Sargasso 1s small compared to other sys- 
tems. These differences are pronounced between the 
North Atlantic (Sargasso Sea) and the North Pacific, 
which lie at opposite ends of the global ocean thermo- 
hallne circulation (Broecker 1991, Macdonald & Wun- 
sch 1996). Surface waters of the Sargasso Sea typically 
contain 0.7 2 0.2 pM Si(OH), with oilly sliqhtl\i higher 
concentrations (1.5 PM) present in the underlying 
18°C water mass between 200 and 450 m (Brzezinski 
& Nelson 1995). In contrast, silicic acid concentrations 
in the surface waters of the central North Pacific are 
about 1 to 3 pM (Craig et al. 1981) increasing to > 5  
pM by 200 m compared to the < l  pM increase in 
[Si(OH),] over that depth range In the Sargasso Sea.  
The increased silicic acid supply rates in the Pacific 
implied by these comparisons suggest that, all other 
things being equal, silica production in the central 
North Pacific should be greater than in the Sargasso 
Sea. 

We have conducted the first examination of silica 
production in the central North Pacific using modern 
tracer methods. Our goals were to examine silica pro- 
duction rates across a large area within the gyre for 
comparison with results from the Sargasso Sea and 
to examine the role of silicic acid in regulating diatom 
silica production and the contribution of diatoms to 
upper water column carbon and nitrogen cycling. 

METHODS 

Two cruises were conducted to examine the silica 
cycle of the central North Pacific gyre. Seventeen 
stations between 23-31" N and 159-175" W were occu- 
pied from August 5 to 23, 1995. These stations were 
subdivided into 2 groups of sequentially occupied sta- 
tions approximating a northern and a southern tran- 
sect along ca 27.5" N and 25.5" N, respectively (Fig. 1) 
The first station occupied was on the eastern end of the 
northern transect. Once the northern transect was 
completed, the southern transect was initiated at  its 
western terminus. Fourteen additional stations be- 
tween 24-32" N and 158-127" W were occupied be- 
tween July 17 and 31, 1996 (Fig. 1) beginning with a 
station 60 km north of station ALOHA off Hawaii, USA. 
Sampling proceeded northward to 30" N a n d  then east, 
forming a transect line along ca 30 to 31°N (Fig. 1). 

Water samples were collected before dawn at each 
station from 9 depths corresponding to 100, 54, 35, 16, 
7.0, 3.6, 1.7, 0.6, and 0.1 % of the irradiance measured 
just below the sea surface, I,,. Water samples were col- 
lected using acid-cleaned 10 1 Niskin bottles hung on 
Kevlar line during the 1995 cruise and mounted on a 
plastic-coated rosette during 1996. Conductivity/tem- 
perature/depth (CTD) profiler data was collected using 
a Seabird 9/11 Plus CTD attached to the rosette during 
1996 and lowered on a separate cast within 30 min of 

180 n 170 160 150 140 130 120 110 100 

Degrees West Longitude 

Fig 1 Stations locations In the central Yorth Paclfic Sta t~ons  llnked by solid lines were grouped to form a southern and nolthern 
transect In August 1995 (triangles and squares lespectlvely) and a transect along approx~mately 31°N In July 1996 (circles) 
Filled symbols denote locat~ons whele klnetic experiments to e x a m n e  the dependence of s~l ica  production on [Si(OH),I were  

perfolmed Bathynletry contours correspond to 3000 and 4500 m 
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the Go-Flo casts in 1995. Physical data were merged 
into 1 m depth bins for analysis. Each Niskin bottle was 
completely drained through silicone tubing into 10 1 
polypropylene carboys. Subsamples for all measure- 
ments were drawn from the carboys with frequent 
agitation to keep particles in suspension. 

Chlorophyll concentrations were determined fluoro- 
metrically (Welschmeyer 1994) with a Turner Designs 
10 AU fluorometer calibrated with pure chlorophyll a 
(Sigma Chemical Co.). Nitrate concentrations were 
determined using the Yoshizumi et al. (1985) modifica- 
tion of the chemoluminescence techni.que of Garside 
(1982) configured to have a detection limit of 2 nM 
NO3-. Ambient silicic acid concentrations were mea- 
sured using a modification of Strickland & Parsons 
(1972) that employs the reagent blank of Brzezinski 
& Nelson (1986) yielding a detection limit of 50 nM 
Si(OH),. A 2.8 1 subsample was drawn for combined 
biogenic and lithogenic silica concentration analysis 
and processed as described by Brzezinski & Nelson 
(1989) with detection limits of 0.2 nmol Si 1-' for both 
analyses. 

Silica production rates were measured using 
32Si(OH), tracer Samples for silica production rate 
determination5 were drained from the carboys into 
320 m1 square polycarbonate bottles and 1.11 kBq of a 
32Si [42 to 50 kBq (pg Si)-'1 was added to each. All stock 
solutions of 32Si were passed through Chelex resin to 
remove trace metals. The addition of the tracer 
increased the ambient silicic acid concentration by 
ca 1 nM. Then each subsample was placed in an acrylic 
deck incubator equipped with flowing seawater to 
maintain temperature. Neutral density screens were 
used to simulate the ambient light intensity at the depth 
of collection. Incubations lasted 12 h. At the end of each 
incubation, the particulate matter in each incubation 
bottle was collected by vacuum filtration ( < l 5  cm Hg 
vacuum) onto a 25 mm, 0.6 pm polycarbonate filter and 
then rinsed 3 times with filtered seawater to wash away 
excess tracer. The filters containing the particulate 
materlal were each placed flat in the bottom of a plastic 
scintillation vial, dried overnight in air, and the vials 
capped. The amount of radioactivity from 32Si in each 
sample was determined back in the laboratory using 
a Beckman LS5000 TA liquid scintillation counter. 
Counting methods and the calculation of silica produc- 
tion rates followed Brzezinski & Phillips (1997). 

Experiments to examine the kinetics of silica produc- 
tion as a function of substrate availability were con- 
ducted at 3 stations during 1995 and 5 stations during 
1996 located as indicated in Fig. 1. For each experi- 
ment, seawater was collected from 50% I. and drained 
into a 10 1 polypropylene carboy as described above. 
Then eight 320 m1 subsamples were drained from the 
carboy into polycarbonate bottles. One subsample was 

immediately processed for biogenic silica concentra- 
tion analysis as described above. A gradient in silicic 
acid concentration from 0 up to ca 20 PM Si(OH), 
above ambient was created in the remaining 7 sub- 
samples by the addition of an aqueous solution of 
sodium metasilicate that had been passed through 
Chelex resin to remove trace metals. Then 1.11 kBq of 
the 32Si(OH), stock was added to each bottle and the 
samples mixed and incubated in the deck incubators at 
50% l,, for no more than 12 h before processing as 
described above for silica production rate samples. 

The response of the specific rate biogenic silica pro- 
duction, V,, to increasing Si(OH), availability was 
examined using the Michaelis-Menten equation 

v,, = V,,,[Si(OH), I 
K, + [Si(OH),] 

where v.;,, is the specific silica production rate at in- 
finite ISi(OH),] and K, is the half-saturation constant 
defined as the [Si(OH),] that supports a specific pro- 
duction rate equal to 0.5 V,. The data from each kinetic 
experiment were fitted to Eq. (1) using non-linear 
regression employing the Marquardt-Levenberg algo- 
rithm (Press 1992). 

RESULTS 

Physical characteristics 

In 1995, surface layer temperatures were >26"C 
across most of the southern section with water tem- 
peratures decreasing to 24-26°C along the northern 
transect. Surface temperatures along the 1996 transect 
were 22 to 25°C. Salinity generally decreased with 
depth in all 3 transects (Figs. 2 to 4), indicating the 
presence of the shallow seasonal salinity minimum 
previously reported in the central North Pacific during 
summer between 130" and 170°W (Reid 1973). The 
base of the euphotic zone as defined by the depth 
where irradiance decreased to 1 % I. was between 
100 and 120 m at all stations (data not shown). 

In both years the pycnocline was much shallower 
than the 1 % light level. In 1995, the seasonal pycno- 
cline was located between 50 and 60 m across most of 
the southern section (Fig. 2) and shoaled to 30-50 m in 
the northern section (Fig. 3). In 1996 the pycnocline 
was again located between 30 and 50 m to the east of 
135" W (Fig. 4).  A strong lateral gradient in salinity at 
130 to 135'W marked the transition from the gyre to 
the California Current (Fig. 4).  

Significant localized doming of isopycnals was ob- 
served in 1995. A pronounced feature was observed in 
the southern sectlon at  159" W, where the 25.5 iso- 
pycnal shoaled to <200 m (Fig. 2). Shoaling of the 25.5 
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Fig 2. Contours of physical, chemical and biological properties along the southern transect in 1995. 0,: density; [BSiOz]: biogenic 
slllca concentration; [LSi02]: lithogenic silica concentration; V,,: specific biogenic silica production rate; p: silica production rate. 
Sampling locations and depths for physical parameters are indicated by the vertical bars and by dots for all other parameters. 

Note change in contour interval denoted by dashed contours in the plots of nitrate and lithogenic silica concentrations 

isopycnal also occurred in the northern transect be- 
tween 163 and 168"W (Fig. 3) .  In 1996, the 25.5 iso- 
pycnal was consistently present in the upper 200 m 
between Hawaii and the California Current (Fig. 4 ) ,  
bringing higher nutrient water into the upper 200 m 
compared with the previous year 

Nutrient distributions 

Surface silicic acid concentrations were 0.9 to 1.3 pM 
along the southern 1995 transect at ca 25.5ON (Fig. 2) 
and were slightly higher (1.1 to 1.5 pM) along the 
northern 1995 transect at ca 27.7"N (Fig. 3). Surface 
silicic acid concentrations along 30 to 31°N in 1996 
were 2.0 to 3.0 pM (Fig. 4). Vennck (1979) also noted 
that pattern of increasing silicic acid concentration in 

surface waters with latitude in the central North Pacific. 
Silicic acid concentrations in subsurface waters (>80 m) 
also increased from the most southern to the most 
northern transect, paralleling the poleward shoaling of 
isopycnals (Figs. 2 to 4). 

Nitrate in the upper 60 to 80 m was severely 
depleted to between undetectable levels ( c 2  nM) and 
50 nM along all transects (Figs. 2 to 4). Nitrate con- 
centrations rose sharply below the 1 %  light depth to 
1-4 PM in 1995 and to 2-9 pM along the 1996 transect. 
Elevated nitrate and silicic acid concentrations were 
observed in the lower euphotic zone associated with 
the localized doming of isopycnals (Figs. 2 to 4). The 
ratio of [Si(OH),]:[N03-) below the euphotic zone (180 
to 200 m) was close to Redfield proportions (i.e. the 
mole ratio of silicic acid to nitrate was about 0.8; Brze- 
zinski 1985) along all transects. [Si(OH),]:[N03-] ratios 
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Fig. 3 Contours of physical., chemical, and b~ological properties along the northern transect in 1995 Sampling depths and 
locations indicated as in Fig. 2. Note change in contour interval denoted by dashed contours in the plots of nitrate and litho- 

genic silica concentrations 

increased dramatically in the euphotic zone to values 
exceeding 100 and occasionally >l000 (data not 
shown), indicating the preferential consumption of 
nitrate. 

Particulate silica and chlorophyll a concentrations 

Biogenjc sillca concentrations were generally 
<50 nmol Si 1-' along all 3 transects (Figs. 2 to 4). 
Higher concentrations occurred in subsurface maxima 
of 90 to 250 nmol Si 1-' that often coincided, with the 
deep chlorophyll maximum. The maximum in biogenic 
silica between 159 and 162" W on the southern 1995 
transect associated with the doming of isopycnals 
(Fig. 2) IS noteworthy. Microscopy and visual observa- 

tions by divers indicated the presence of a diatom 
bloom dominated by Mastogloia woodiana and Hemi- 
aulus hauckii. [The former is the same taxa reported 
as a bicapitate Nitzschia sp, by Fryxell et al. (1979)). 
Epifluorescence microscopy revealed that most H. 
hauckii cells contained Richelia sp. Profiles of biogenic 
silica concentration obtained on 2 consecutive days in 
this area showed significantly elevated concentrations 
compared to all other stations from both cruises 
(Fig. 5). The depth distributions of biogenic silica con- 
centration and the abundance of IV. woodiana and H. 
huackii show a tight correspondence, indicating that 
these 2 species dominated diatom biomass (Fig. 5).  The 
distributions of both biogenic silica and chlorophyll a 
were spatially more variable in 1996 than in 1995. 
Localized maxima In biogenic sllica concentration 



BI-zezlnski et al.. Silica production in the central North Pacific 95 

p p  
p 

155 150 145 l40 135 130 

Degrees West Longitude 
155 150 145 140 135 130 

Degrees West Longitude 

Fig. 4. Contours of physical, chemical and biological properties along the 1996 transect. Sampling depths and locations indicated 
as in Fig. 2. Note change in contour interval denoted by dashed contours in the plot of nitrate concentrations 

were observed at several locations, but concentrations 
in those maxima were generally <l50 nmol S1 1-' 
(Fig. 4). 

Lithogenic silica concentrations were generally 
<20 nmol Si 1-' along the southern section in 1995 wlth 
unusually high concentrations (100 to 200 nmol Si 1-l) 

observed in the upper 20 m between 166 and 170" W 
(Fig. 2 ) .  Concentrations tended to be higher (25 to 
50 nmol Si I-') along the northern transect. A surface 
maximum of 304 nmol Si 1-' was observed at 172"W 
(Fig. 3). Additional maxima at the base of the euphotic 
zone were observed at l?OOW and again at 161°W 
with maximum concentrations of 606 and 618 nmol Si 
I-', respectively (Fig. 3).  Lithogenic silica concentra- 
tions were lower in 1996 with nearly all values being 
< l0  nmol Si 1-' (Fig. 4). 

Silica production rates 

Specific rates of biogenic silica production (V,) aver- 
aged 0.0075 h-' (range 0.00046 to 0.045 h-') in 1995 
and 0.014 h-' (range 0.0018 to 0.061 h-') in 1996. Val- 
ues of V,, tended to be lowest on the southern transect 
in 1995 and higher on both the northern 1995 and 1996 
transects (Figs. 2 to 4 ,  6) following the increase in sili- 
cic acid concentration with latitude described above. 
Maxima in V,, occurred both in the surface waters and 
within the nitracline. Those maxima were not always 
well correlated with elevated biogenic sllica concentra- 
tions, but were often observed in or above the high 
nutrient waters associated with the penetration of the 
25.5 isopycnal into the upper 200 m. Estimated dou- 
bling times for biogenic silica in those maxlma ranged 
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a [BSiO,] (nmol Si I") b Cell Abundance (cells I-') 
0 50M) 1 m  15000 20000 

Fig. 5. Siliceous biomass and cell abundance at 26°00'N, 
159" 00' W, where a diatom bloom dominated by Mastogloia ruood- 
iana and Hemiaulus hauckii was sampled on August 22 and 23, 
1995. (a) Biogenic silica concentrations, [BSi02], in the bloom (0) 
compared to [BSiOz] at all other stations occupied during 1995 (0) 

and 1996 ( D ) .  (b) Abundance of all dlatoms (0 ) .  H. hauckii (v), M. 
woodiana (0) and Rhizosolenia spp. (v) in the bloom. Profiles of cell 
abundance correspond to biogenic silica profile in (a) denoted by 

the solid line 

from about 12 to 24 h and were generally 
about 3 to 5 d,  elsewhere with an overall 
mean of 3 d. 

Silica production rates (p) average 0.25 * Surface [Sl(OH)J (PM) 

0.22 (SD) nmol Si I-' h-' in 1995 (range 0.019 
to 1.3) and 0.42 * 0.45 nmol Si l-' h-' in 1996 
(range 0.075 to 2.6) with an overall mean for 
both cruises of 0.30 nmol Si 1-' h-' (Figs. 2 to 4). 
In 1995 a maximum in p occurred on the south- 
ern transect associated with the Mastogloia/ Integrated [BSi02] (mmol m-*) 

Hemiaulus bloom near 1.59" W (Fig. 2). A band 
of elevated silica production rates was ob- $ 35 

3 
served between 162 and 170" W just above the 
nitracline along the northern tl-ansect in 1995 2 30 
coincident with the doming of isopycnals in 5 25 

Z Inlegrated [LSiO,] (mmol m'2) that region (Fig. 3). In 1996, silica production 
20 

rates were generally higher in the gyre that in ?? 
the California Current. Highest rates were ob- g 1s 

served between 145 and 155" W with a strong 
near-surface maximum of 2.6 nmol Si 1-' h-' 
at 144" W. Values of p declined to 0.1 -0.3 nmol 

Integrated p (rnmol m'2 d") 
Si I-' h-' in the California Current. 

Integrated silica concentrations and 
production rates 

Integrated biogenic silica concentrations 
ranged from 1.8 to 18.4 mm01 Si m-2 along all 
3 transects with an overall mean of 7.1 + 3.0 
m.mol Si m-' (SD). The highest values, 16.9 
and 18.4 mm01 Si m-2, were observed near 
26" N, 159" W, where the Mastogloia/Hemi- 
aulus bloom was encountered, but no clear 
spatial pattern was apparent across the entire 
study area (Fig. 6). Integrated lithogenic sil- 
ica concentrations ranged from 0.6 to 21 
mm01 Si m-' (mean = 3.7 mm01 Si m-2) with 

180 170 160 150 140 130 120 110 100 
Degrees West Longitude 

Fig. 6. Bubble plot of surface concentrations of silicic acid [Si(OH)41, 
integrated biogenic silica concentrations [BSiO,], lithogenic silica 
concentrations [LSi02],  silica product~on rates (p) and the average 
specific rate of silica production (Vb) between the surface and 0.1 % 
I,. Open and filled symbols correspond to stations occupied in 1995 
and 1996, respectively. Properties are proportional to the area of the 
c~rcle drawn as scaled by the labeled circle in the lower right hand 

side of each panel 
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the largest concentrations occurring to the west of 
Hawaii along the northern transect (Fig. 6). Exception- 
ally high values were observed at 170 and 161°W 
(Fig. 6) as a result of the strong subsurface maxima 
in lithogenic silica concentration at those locations 
(Fig. 3). 

Silica production rates obtained from the 12 h incu- 
bations were used to estimate daily integrated silica 
production rates. Extrapolation from 12 to 24 h is likely 
unbiased for average rates as studies examining diur- 
nal variations in silica production rates find no signifi- 
cant difference between average daytime and average 
nighttime rates, although variability between individ- 
ual dayhight comparisons can be high (e.g. Brzezinski 
& Nelson 1989, Nelson & Brzezinski 1997). Integrated 
silica production rates were 0.47 to 2.9 mm01 Si m-' d-' 
(mean 1.24 mm01 Si m-* d-'; SD = 0.7 1, n = 18) with the 
higher values generally associated with areas of more 
rapid specific production rates rather than with areas 
of high siliceous biomass (Fig. 6). The integrated silica 
production rate in the Mastogloia/Hemiaulus bloom, 
1.8 nmol Si m-2 d-', was the second highest for the 1995 
cruise and the fourth highest value overall (Fig. 6). 

SiiSstiiiie dependence of si!ica production 

Vb clearly increased in response to additions of silicic 
acid in 2 of the 3 experiments from 1995 and at all 
stations in 1996 (Fig. 7). The results at Stn 8 in 1995 were 
equivocal in that the kinetic curve is essentially flat when 
the one anomalously high rate at ca 5 pM [Si(OH),] is 
ignored (Fig. 7). Half-saturation constants obtained to 
the west of Hawaii during 1995 were between 0.55 and 
2.33 pM with values of V, between 0.008 and 0.01 h-' 
(Table 1). Both K, and V, values were generally greater 
in 1996 than in 1995 (Fig. 7) with K, values from 1.9 to 
56 pM and values of V, between 0.02 and 0.28 h-' 
(Table 1). At Stns 20, 24 and 28, where the calculated 
K, values were > l 5  PM, the relationship between V, 
and [Si(OH),] was nearly linear (Fig. 7), leading to a poor 

Fig 7 Results of kinetic experiments. Vb: Specific rates of bio- 
genic silica production. Symbols in upper panel denote ex- 
periments conducted during 1995 at Stn 8 (O), 17 ( A )  and 21 
(U). Symbols in lower panel denote experiments conducted in 
1996 at Stns 10 (O), 14 (0). 20 (A), 24 (0) and 28 (Q) .  Station 

locations are given in Table 1 and depicted in Fig. 1 

fit to the Michaelis-Menten hyperbola and large un- 
certainties in both K, and V, (Table 1). Despite the large 
error in the kinetic constants for those experiments, the 
qualitative result of strong m t a t i o n  of silica production 
by the ambient silicic acid concentration is robust. The 
MastogloialHemiaulus bloom at Stn 21 had the lowest 
K, value of all experiments (Table 1). 

The kinetic parameters predict that in situ silicic acid 
concentration restricted silica production rates to 
between 39 and 71 % (mean Vb/V,,, = 50%, SD = 18%, 
n = 3) of maximum potential rates in 1995 (Table 1). 
Stronger limitation occurred in 1996 with production 

Table 1. Kinetic constants for the concentration dependence of silica production rates on [Si(OH),]. Kinetic parameters were used 
to calculate the ratio of the in situ specific production rate to V,,,, V,/'/,,,, and the initial slope of the kinetics curves. 0.5 V,/K,. 

Uncertainty terms are standard errors 

Year Stn no. Latitude Longitude v, (h- ')  K, (PM) V 0.5 V,,, /Ks (X 1000) 

1995 8 28.00nN 172.47" W 0.0079 + 0 0027 2.33 + 1.97 0.40 1 7  
17 25.15" N 166.43' W 0.0101 + 0.0020 2.09 & 1.06 0.39 2 4 
21 25.99"N 159.00° W 0.0077 & 0 0007 0.55 + 0.26 0.71 7 0 
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limited to 2-48% (mean = 18%, SD = 19%, n = 5) of 
maximal potential rates (Table 1). The Mastogloia/ 
Hemiaulus bloom assemblage was the least substrate 
limited (Vb/Vm = 0.71) and best able to exploit low 
[Si(OH),] (i.e. the bloom assemblage had the kinetic 
curve with the steepest initial slope, 0.5Vn,/K, = 7.0 X 

10-3; Healey 1980), while those near or in the Cali- 
fornia Current (Stns 24 and 28) were among the most 
kinetically inefficient (K, > 15 pM, 0.5 V,,,/K, I 1.0 X 

10-3) and the most severely substrate limited (V,,/V,,, < 
0.10, Table 1). 

DISCUSSION 

Nutrient concentrations 

Silicic acid concentrations in the surface waters of 
the central North Pacific are significantly greater than 
those present in the one other central gyre where silica 
cycling has been examined in detail, the Sargasso Sea. 
Surface silicic acid concentrations in the Sargasso Sea 
are between 0.7 and 0.9 pM under stratified conditions 
compared to the 0.9 to 3.0 pM concentrations in sur- 
face waters of the central North Pacific. The higher sili- 
cic acid concentrations in the surface waters of the cen- 
tral North Pacific are partly the result of the larger 
gradient in silicic acid concentration beneath the 
euphotic zone in the Pacific. The 18°C water mass 
between 200 and 400 m in the Sargasso Sea has a 
nearly uniform silicic acid concentration of 1.5 pM 
(Brzezinski & Nelson 1995) compared to the 0.60 to 
0.90 pM Si(OH), concentrations present at the base of 
the euphotic zone. In contrast, the 1 to 3 pM Si(OH), 
concentrations in the surface waters of the central 
North Pacific increase to 4 to 8 PM by 150 to 200 m 
(Figs. 2 to 4 ) .  The stronger 9radien.t~ in silicic acid con- 
centration below the euphotic zone in the central 
North Pacific means that similar rates of vertical mix- 
ing introduce more silicic acid into the surface waters 
there than in the Sargasso Sea. 

The high concentrations of silicic acid relative to 
those of nitrate in the surface waters of the central 
North Pacific are typical of mid-ocean gyres. That 
global trend is apparent in historical surveys from the 
GEOSECS program (e.g.  Bainbridge 1980, Craig et al. 
1981) that show silicic acid concentrations in the 
euphotic zone of most central oceans that are readily 
detectable by conventional automated nutrient analy- 
sis, i.e. >0.5 pM Si(OH),,, while nitrate is nearly always 
undetectable, i.e. <0.1 p M  NO3-. Only a few studies 
have measured the concentration of both nutrients 
using more modern methods that have sufficient 
accuracy and precision that allow a quantitative com- 
parison of their relative concentratlons in the surface 

Fig. 8. Frequency histogram of silicic acid concentrations at 
the HOT (wide white bars) and BATS (narrow black bars) 
sites off Hawaii and Bermuda, respectively. Data are all mea- 
surements in the upper 30 m from October 1988 to July 1996 
at each site portrayed in 0.25 pM increments. Labels on the 
ordinate denote the concentration at the upper extreme of 
each labeled bin. Data from BATS and HOT data archives 

waters above the nutricline. Brzezinski & Nelson 
(1995) reported that silicic acid concentrations at the 
BATS site are consistently between 0.60 and 0.90 pM 
in the upper 70 to 80 m during stratified periods, 
while nitrate is typically present at <30 nM (Lipschultz 
unpubl.). Blain et al. (1997) also found a relative abun- 
dance of silicic acid compared to nitrate in the surface 
waters of the western equatorial Pacific with [Si(OH),]: 
[NO3-] > 30 in surface waters. We observed silicic acid 
concentrations of 1.0 to 1.5 pM to the west of Hawaii 
and 2 to 3 pM to the east with corresponding nitrate 
concentrations in those same areas of 110 nM giving 
[Si(0H),]:[NO3-1 ratios of generally > l00  with some 
values > 1000 in surface waters. 

Surface silicic acid concentrations in mid-ocean 
gyres are rarely, if ever, depleted to the <30 nM con- 
centrations that are typical for inorganic nitrogen 
species. Several years of observati.ons at both the BATS 
and HOT sites reveal that silicic acid concentrations 
<0.25 pM account for only 1.2% of the observations 
made over several years (Fig. 8). Theoretically, silicic 
acid could be depleted to nanomolar levels much more 
often if the silica from diatoms growing on reduced or 
organic nitrogen sources is exported preferentially to 
particulate organic nitrogen (PON) via the silica pump 
(Dugdale et al. 1995). Comparison of total dissolved 
nitrogen concentrations [TDN] at the HOT and BATS 
sites ([TDN] generally 2 to 8 pM at both sites; data from 
BATS and HOT data archives) to those of silicic acid 
(Fig. 8) does reveal [Si(OH),]:[TDN] ratios < l ,  indicat- 
ing the preferential removal of dissolved Si from sur- 
face waters. (Note that monomeric silicic acid essen- 
tially comprises the total dissolved Si pool as the 
concentrations of polymeric and organic forms are 
insignificant in the sea.) The efficiency of the silica 
pump, however, is generally insufficient to diminish 
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silicic acid concentrations to 10 .5  pM in the Sargasso 
and to <1.0 pM in the North Pacific (Fig. 8). 

Brzezinski & Nelson (1995) hypothesized that the 
persistence of 0.6 to 0.8 pM [Si(OH),] in the north- 
western Sargasso Sea was due to a threshold concen- 
tration of silicic acid that was required to support gross 
silica production rates that exceed losses due  to disso- 
lution. This argument is congruent with culture ex- 
periments that show threshold concentrations for net 
silica production by Si-limited diatoms of 0.5 to 1.5 ph4 
Si(OH), (Paasche 1973). However, ambient concentra- 
tions of silicic acid in the surface waters of the central 
North Pacific are often too high (>2.5 pM) for that 
same argument to apply to that region. A threshold 
concentration of silicic acid supporting zero net silica 
production of >2.5 FM has never been observed in 
culture, indicating that factors in addition to dissolu- 
tion must be considered. 

Grazing on diatoms would increase the threshold 
silicic acid concentration required to support net silica 
production. Grazing increases diatom mortality above 
that caused by the spontaneous dissolution of diatom 
frustules (Nelson et  al. 1976) raising the silicic acid 
concentration required to achieve positive net growth/ 
silica production according to the Monod growth 
kinetics of :he diatoms (Tilman 1982). The persicten!!y 
low concentrations of biogenic silica in the central 
North Paclfic suggest that diatom growth and mortality 
are generally in approximate balance. 

Siliceous biomass 

Biogenic silica concentrations in the central North 
Pacific are in the lower end of the range observed in 
more eutrophic waters, but are  higher on average than 
those observed in the Sargasso Sea during the same 
season. The average integrated biogenic silica concen- 
tration in the central North Pacific during July and 
August, 7.1 + 3.0 mm01 Si m-2, is 2.7 times higher than 
the 4 yr average for the stratified summer-autumn 
period in the Sargasso Sea (2.7 r 0.9 mm01 Si m-2; 
Brzezinski & Nelson 1995). This comparison is biased 
by an  apparent strong difference in the seasonal 
diatom dynamics between these basins. While we 
observed a significant bloom of diatoms during August 
(16.9 to 18.4 mm01 Si m-') in the central North Pacific, 
a mid-summer diatom bloom has never been re- 
ported in the Sargasso Sea despite extensive sampling 
(Brzezinski & Nelson 1995, Nelson & Brzezinski 1997). 
Rather, diatom blooms in the Sargasso occur annually 
during the late winter/spring with biomass levels simi- 
lar to those we observed in mid-summer in the central 
North Pacific (Brzezinski & Nelson 1995). Including 
these blooms increases the average integrated bio- 

genic silica concentration for the Sargasso Sea to 5.0 + 
8.2 mm01 Si m-*, which 1s close to that observed in the 
central North Pacific. There a re  no published data on 
the seasonality of biogenic silica concentrations in the 
surface waters of the central North Pacific. However, 
strong annual peaks in the abundance and export of 
diatoms at  the HOT site during mid-summer rather 
than during spring (Scharek e t  al. 1998) corroborate 
a strong seasonal difference in diatom dynamics be- 
tween these gyres. 

The low diatom biomass in the central North Pacific 
could result from the limitation of diatom productivity 
by a nutrient other than silicic acid. The waters of the 
Subarctic Pacific are  thought to be the source of the 
shallow salinity minimum in the central North Pacific 
(Reid 1973, Yuan & Taley 1992). The Subarctic Pacific 
waters to the north and the equatorial waters to the 
south are  sufficiently iron deficient to limit the growth 
of diatoms (Martin & Fitzwater 1988, Coale et  al. 
1996a, b ,  Gordon et al. 1997, Landry et  al. 1997). One 
piece of evidence against iron limitation of diatoms in 
the central North Pacific is the lack of elevated silica 
production rates where large amounts of lithogenic 
silica were present in the euphotic zone (Fig. 6). The 
source of that lithogenic silica is presumably eolian 
dust that ~+:ou!d release iron (Duce & Tindale 1991). 
The failure of dust inputs to stimulate silica production 
was also noted by Nelson & Brzezinski (1997) for the 
Sargasso Sea.  

Diatom doubling times 

Doubling times estimated from specific rates of sil- 
ica production suggest that the low diatom biomass of 
the central North Pacific is growing fairly rapidly. The 
calculated average doubling time of 3.0 d is in the 
lower end of the range observed in more eutrophic 
coastal waters (see summary by Brzezinski & Kosman 
1996). The average specific production rate observed 
in the central North Pacific (0.24 + 0.15 d-l) is 1.6 
times higher than that reported for the Sargasso Sea 
(0.15 + 0.15 d-l; Nelson & Brzezinski 1997). If left 
unchecked, the typical diatom biomass encountered 
in the central North Pacific (ca 50 nmol Si I-') would 
deplete the available silicic a c ~ d  (ca 2 to 3 pM) in 
ln(3.05/0.05)/0.24 = <20 d .  However, silicic acid de- 
pletion is rare in this system (Figs. 2 to 4, 8), suggest- 
ing that a large fraction of silica production is recy- 
cled in the surface waters. This is consistent with 
recent estimates that a n  average of 50 % of surface sil- 
ica production is recycled in the surface layer of the 
sea,  with the higher val.ues (>80%) being found in 
warm surface waters comparable to those of the cen- 
tral North Pacific (Nelson e t  al. 1995). 
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Average [Si(OH),] (PM) 

Fig. 9. Average specific rates of biogenic silica production (V,) 
between the surface and the 0.1 % light depth versus corre- 
sponding average silicic acid concentration over that same 
depth range. (0)  and (0) denote data from 1995 and 1996, 
respectively. The solid line is the result of a linear regression 
of the data. Dashed lines are the 95% confidence interval 

for the regression line 

Si iimiiaiion oi silica production 

Limitation of silica production by low silicic acid 
availability is both persistent and widespread in this 
region. Seven of the 8 kinetic experiments conducted 
in 2 different years at stations distributed over a broad 
area of the central North Pacific showed clear evidence 
of substrate limitation of silica production. Those 
results predict that variations in Vb in situ are driven 
by changes in ambient [Si(OH),]. The data support 
that prediction. Vb averaged 0.0075 c 0.0038 h-' in 
the western sector of the central North Pacific where 
surface silicic acid concentrations were 0.9 to 1.5 pM, 
increasing 2-fold to 0.014 k 0.0079 h-' in the eastern 
section, where surface silicic acid concentrations in- 
creased to 2.0-3.0 PM. Similarly, there is a statisti- 
cally significant positive correlation between V, and 
[Si(OH),] in the upper water column (Fig. 9, r = 0.79, 
t-test; p < 0.01). Interestingly, the regression line on 
Fig. 9 predicts that silica production i n  situ will cease 
at  a threshold silicic acid concentration 0.96 PM, which 
is close to the minimum silicic acid concentration typi- 
cally found in the surface waters (Figs. 2 to 4.  6, 8). 
Mortality from grazing and dissolution in the incuba- 
tion bottles could produce such a threshold, but the 
large error in the value of the intercept (Fig. 9) pre- 
cludes rigorous interpretation of its magnitude. 

The values of the kinetic parameters indicate a wide 
range in the ability of the resident diatoms to exploit 
the low concentrations of silicic acid found in the 
central North Pacific. The utility of kinetic parameters 
from natural diatom assemblages as indicators of the 
Si transport characteristics of the resident diatoms is 

compromised by the presence of multiple species and 
detrital biogenic silica, the cell-cycle dependence of 
Si transport (Brzezinski 1992), and the 1.ong duration 
(hours) of typical incubations (McCarthy 1981). These 
parameters are most useful as biogeochernical indica- 
tors of whether ambient silicic acid concentrations suf- 
fice to support the siliceous plankton's full capacity for 
producing biogenic silica. Half-saturation constants for 
Si uptake from the 1995 cruise are in the same range as 
the average value for cultured temperate diatoms 
species, ca 2.0 pM Si(OH), (see summary by Nelson & 
Treguer 1992). In contrast, the K, values observed in 
1996 (generally 7 to 56 PM) are among the highest 
values reported for either natural diatom assemblages 
or cultured species. The highest K, values (>l5  pM 
Si(OH),; Table 1) are suspect as the kinetic curves from 
which they were derived are nearly linear, producing 
poor fits to the hyperbolic Michaelis-Menton function. 
Nevertheless, it is clear from the raw data that the 
diatom assemblages at those locations were extremely 
inefficient at utilizing silicic acid as they did not exhibit 
saturation kinetics between 0 and 20 pM Si(OH),. 

Our observation of diatom assemblages with high K, 
for silicic acid in oligotrophic waters is not unique. 
Seven of the 9 kinetic curves obtained by Brzezinski 
& Nelson (1996) spanning several seasons in the Sar- 
gasso Sea were approximately linear over the 0 to 5 pM 
[Si(OH),] range used in their experiments. Our results 
show that this near linearity in kinetic curves can 
extend to much higher substrate concentrations 
[ca 20 pM Si(OH),]. The adaptive significance of such 
inefficient kinetics in an oligotrophic environment is 
unknown. Brzezinski & Nelson (1996) argued that 
extremely inefficient uptake kinetics induce Si limita- 
tion of growth rate and hypothesized that growth rate 
limitation by Si rather than N or P provided a competi- 
tive advantage in an environment subject to episodic 
mixing. Their idea was that the elemental and bio- 
chemical composition of Si-limited diatoms is more like 
that of nutrient-replete cells than that seen with either 
N or P limitation. Thus, Si-limited cells have more of 
their metabolic machinery intact to exploit episodic 
mixing events that suddenly increase nutrient avail- 
ability in the surface waters. 

Diatom response to mesoscale processes 

Hayward (1987) argued that the diffusive flux of 
nutrients across the nutricline of the central North 
Pacific cannot account for the observed levels of new 
production and suggested that episodic mixing must 
fuel a significant fraction of phytoplankton growth. 
The association of the MastogloialHemiaulu~ bloom 
with the doming of isopycnals within the nutricline 
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supports that view. The 2 CTD casts made in the bloom 
on consecutive days both showed the same upward 
displacement of isopycnals compared to more western 
stations (Fig. 2). Isopycnal displacements of that mag- 
nitude could result from internal waves, but internal 
wave fields In the open sea are  isotropic and thus 
unlikely to preferentially persist in any one area long 
enough to cause the observed local increase in phyto- 
plankton biomass. We hypothesize that the shoaling of 
isopycnals was due to the presence of a cyclonic eddy. 
Such an  eddy could sustain a bloom by lifting denser 
nutrient-rich waters into the euphotic zone via the 
doming of isopycnals and by the upward flux of nutri- 
ents via isopycnal mixing along upward sloping den- 
sity surfaces (McGillicuddy & Robinson 1997). 

Observations by Scharek et al. (1998) suggest the 
bloom that we observed is not a unique event. They 
observed a diatom bloom also dominated by Masto- 
gloia woodiana and Hemiaulus hauckii the year 
prior to our observations in July 1994 at  Stn ALOHA 
(22" 22'N, 158"001 W) not far south of the bloom we 
observed in 1995 (26" 00' N, 158" 00' W) .  Sediment trap 
studies at  the HOT site show an annual pulse of POC 
export in summer in association with a large flux of 
diatoms ( R .  Scharek & D. Karl pers. comm.). If suffi- 
ciently frequent, such mld-summer b l o o ~ ~ l s  could be 
quantitatively important to regional silica and carbon 
cycling. 

The bloom assemblage had the lowest K, for silicic 
acid uptake and the kinetic curve with the steepest ini- 
tial slope (0.5 V,/K,; Table 1). This ability to efficiently 
exploit low silicic acid concentrations may have pro- 
vided Mastogloia woodiana and Hemiaulus liauckii 
with a competitive advantage over other diatoms. The 
growth of H. hauckii may have been further aided by 
the presence of the known N-fixing endosymbiont, 
Richelia sp. inside most H. hauckii cells. Several bio- 
geochemical indicators suggest that nitrogen fixation 
may have increased in the central North Pacific in 
recent years (Karl et al. 1997). It is interesting to spec- 
ulate that blooms of diatoms with N-fixing endosym- 
bionts have contributed to that trend. This hypothesis 
is supported by observations that Hemiaulus spp. often 
dominate summer diatom blooms in the central North 
Pacific (Venrick 1974, Villareal et al. 1996) with cell 
abundances of up to 6000 cells 1-' (Villareal et al. 1996) 
and by the direct experimental demonstration of 
nitrogen fixation by the Hemiaulus-Richelia symbiosis 
(Villareal 1991). 

Diatom primary productivity 

Our results imply that diatoms carry out a surpris- 
ingly large fraction of primary production in the central 

North Pacific. The average integrated primary produc- 
tion at the HOT site between October 1988 and 
November 1993 is 450 mg  C m-2 d-' = 37.5 mm01 C m-2 
d-' (Karl et  al. 1996). Values close to that long-term 
average were measured at the HOT site in August 
1995 (436 mg C m-2 d-l) and July 1996 (446 mg C m-2 
d-l, data from the HOT data archive). Using a diatom 
Si:C mole ratio of 0.13 (Brzezinski 1985) and our aver- 
age integrated silica production rate (1.24 mm01 Si 
m-2 d-I ) yields a n  estimated diatom carbon productiv- 

ity of 9.5 mm01 C m-2 d-' (= 114 m g  C me2 d-l). This is a 
conservative estimate as silicic acid limitation of silica 
production appears widespread in this region, which 
would lower Si:C mole ratios for the diatom assem- 
blages studied from the value for nutrient-replete cells 
used in this calculation. We estimate that diatoms 
account for 9.5/37.5 = 25% of total primary production 
during mid-summer in the central North Pacific. This 
value is close to the estimate by Nelson & Brzezinski 
(1997) that diatoms account for 13 to 26% of primary 
production in the Sargasso Sea and to the estimate by 
Blain et  al. (1997) that diatoms account for an  average 
of 34 9'0 of carbon fixation in the equatorial Pacific. The 
contribution of diatoms to primary production in the 
central North Pacific may be  less during other seasons 
as diatoms are  paradoxical!^ most ahundant during 
summer in this region (Scharek et  al. 1998). 

Coupling of N and Si cycles 

Silicic acid and nitrate concentrations covary in 
about a 1 : l  mole ratio in the nutricline for concentra- 
tions up  to about 15 pM corresponding to a depth of 

Fig. 10. Plot of nitrate versus silicic acid concentrations in the 
upper 4500 m at the US JGOFS HOT site The line drawn 
depicts a perfect 1:l relationship. Data from the HOT data 

archive 
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about 500 m (Fig. 10), suggesting that vertical mixing 
will supply about equal amounts of silicic acid and 
nitrate to the surface layer However, the concentration 
gradient of silicic acid through the nutricline is about 
7 %  less than that of nitrate because of the greater 
silicic acid concentrations (1 to 3 PM) in the surface 
waters compared to those of nitrate (<0.05 pM; Figs. 2 
to 4).  The resulting Si(OH),:N03- supply rate ratio of 
ca 0.9 is nearly the same as the Si:N mole ratio of 0.8 
in nutrient-replete diatoms (Brzezinski 1985). The im- 
plication is that the observed net consumption of the 
silicic acid supplied to surface waters requires that 
diatoms take up an  amount of nitrate equal to the total 
new production in the system. That is likely an  over- 
estimate, but the contribution of diatoms to new and 
export production is likely considerable. 

A significant amount of new production by diatoms 
may occur at the base of the euphotic zone. Maxima in 
Vb and p were observed within the nitracline along the 
northern transect at 166"W in 1995 (Fig. 3) and at 
ca 151" W in 1996 (Fig. 4 ) .  Subsurface maxima in V, at 
the base of the euphotic zone have also been reported 
i r i  iile Sargasso Sea (Brzezinski & Kosman 1996, Nel- 
son & Brzezinski 1997), suggesting that this may be a 
common feature of open ocean diatom dynamics. 

High levels of new production by diatoms do not 
necessarily mean that diatoms account for high levels 
of PON export from the euphotic zone. The ratio of 
biogenic silica to organic nitrogen in sinking rem- 
nants of diatoms is a function of the relative rates of 
biogenic sllica and diatom-derived PON turnover in 
the surface waters (Dugdale et al. 1995, Brzezinski et 
al. 1997). Both biogenic silica and particulate nitrogen 
are recycled extensively in the surface waters of mid- 
ocean gyres. Estimates from the Sargasso Sea indicate 
that 80% of the biogenlc silica produced in surface 
waters is recycled in the upper 150 m (Brzezinski & 

Nelson 1995) and E-ratios in the open sea are gener- 
ally 0.3 or less (Eppley 81 Peterson 1979). Measures of 
silica dissolution:production rate ratios are fairly spe- 
cific to diatoms, but quantifying the turnover of 
diatom-derived PON amidst the signal from the more 
abundant picoplankton is difficult. At one extreme, 
diatom new and export production can be severely 
decoupled w ~ t h  all organic matter being stripped from 
diatoms in the surface waters. The export of the 
resulting empty diatom frustules contributes nothing 
to the flux of organic material, even if diatoms con- 
sume most of the nitrate supply. The contribution of 
diatoms to the export of particulate organic matter is 
greatest when intact diatoms sink to depth (Michaels 
& Silver 1988). 

There is indirect evidence that a significant fraction 
of diatom new production in the open sea is exported 
as diatom PON. At the HOT site the export of POC and 

PON recorded in deep sediments traps often coincides 
with the export of biogenic silica from the surface 
waters (D. Karl pers. comm.), with a similar observa- 
tion reported from the equatorial Pacific upwelling 
zone (Honjo et al. 1995). A striking piece of direct evi- 
dence was reported by Smith et al. (1996) who found 
intact, pigment-containing diatoms forming a visible 
layer in the sea floor at  >4000 m beneath the equator- 
ial Pacific, indicating the rapid export of a diatom 
bloom. 

Role of mid-ocean gyres in global silica budget 

Mid-ocean gyres are severely undersampled rela- 
tive to silica production. The central North Pacific is 
only the second mid-ocean gyre where studies of sil- 
ica cycling have been conducted However, the pic- 
ture emerging from our study in the central North 
Pacific, and from others in the Sargasso Sea, is that 
silica production in central gyres is considerable in 
global terms. Absolute rates of production are low in  

these systems. Studies in the Sargasso Sea during 
non-bloom periods indicate average daily integrated 
silica production rates of 417 * 219 (SD) pm01 Si m-2 
d-' (Nelson & Brzezinski 1996) and 640 pm01 Si m-2 
d-l (Brzezinski & Kosman 1997). The average rate that 
we observed in the central North Pacific, 1240 & 710 
(SD) pm01 Si m-2 d-l, is 2 to 3 times higher. Even the 
higher rates in the Pacific are an  order of magnitude 
lower than those observed in more coastal waters 
where diatoms are typically more abundant (Nelson 
et al. 1995), but the vast size of mid-ocean gyres 
causes low rates to translate into globally significant 
amounts of silica production. At present, the uncer- 
tainty about the contribution of mid-ocean gyres to 
global product~on is large. Nelson et al. (1995) esti- 
mated that mid-ocean gyres account for 9 to 13% of 
global s~lica production using data from the Sargasso 
Sea gathered by Brzezinski & Nelson (1995) and 
Brzezinski & Kosman (1996). The present study sug- 
gests that the contribution of central oceans may be as 
much as 2 to 3 times higher, with up to 40% of global 
silica production occurling In these offshore waters. 
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