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ABSTRACT: The surface distributions of dissolved silicic acid, chlorophyll and diatom abundance were
measured in the plume of the Mississippi River and adjacent waters during spring (late Apnl and early
May 1993) and summer (July 1992). In spring, the time of maximum river flow, there was an ~ n t e n s e
diatom bloom with a mean diatom abundance of 1.5 X 10' cells 1-', more than a n order of magnitude
higher than in summer Mixing curves of silicic acid concentration ([Si(OH),])versus salinity indicate
that biological uptake within the river plume removed >99% of the Si(OH), supplied by the river In
spring and 80 to 95% in summer. In spring [Si(OH),] was occasionally depleted to <0.2 pM-among
the lowest values ever reported from the ocean-with extensive depletion to <0.5 pM over the shelf.
In summer [Si(OH),]was less severely depleted; the lowest measured was 0.93 pM and all others were
22.4 pM. 3 0 ~kinetic
i
experiments were performed during both spring and summer to measure the
degree to which the rate of Si uptake by the natural diatom asse~nblageswas limited in sjtu by substrate
availability. In spring the dependence of the specific uptake rate (V) on extracellular [Si(OH),] conformed much more closely to the Michaelis-Menten saturation function than has been observed in past
studies. Strong dependence of V on [Si(OH),] was observed throughout the most Si(OH),-depleted
(<O.5 PM) region, where Vwas limited to 12 to 45% of the diatom assemblages' maximum uptake rate
(V,,,). Half-saturation concentrations for Si uptake (K,) averaged 0.85 pM (range = 0.48 to 1.71; n = 7)
in spring, with the lowest values equal to the lowest previously reported for natural diatom assemblages. There was only 1 station In summer where Vwas limited by [Si(OH),],and at that station K, was
5.3 pM-quite high in comparison with previous studies. At stations where Vwas limited by [Si(OH)4].
in both spring and summer, Chaetoceros spp. were numerically dominant; where there was no SI
limitation other diatoms, usually Skeletonema costaturn, dominated. The data thus indicate strong SI
limitation in spring, with diatom assemblages well adapted to low [Si(OH),],but little or no Si limitation
in summer. Historical data suggest that coastal Si(OH), depletion and Si limitation may be recent
phenomena in the northern Gulf of Mexico, resulting from increasing [NO,-] and decreasing [Si(OHk]
in the Mississippi River during the past 30 to 50 yr.
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INTRODUCTION
The lowest concentrations of most nutrients in the
ocean occur in offshore surface waters of tropical
regions and subtropical mid-ocean gyres, where biological uptake often depletes nitrate, amnlonium and
phosphate to c 2 0 nM !Pg Garsidc? 198.5, Rr7,exinski
1988, Karl et al. 1993). Silicic acid (Si(OH),),which is
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required in significant quantities only by diatoms, provides a clear exception to that general pattern;.concentrations are almost never <0.6 pM in the Atlantic, or
<1.0 PM in the Pacific (Bainbridge 1980, C r i g et al.
1981).Unlike the other major nutrients, Si(OH14shows
the most severe depletion in nearshore areas of high
productivity, generally associated with either the offshore edges or the late stages of coastal diatom blooms
(e.g.Friederich & Codispoti 1981, Brzezinski & Nelson
1989, Ragueneau 1994). Under those bloom-depleted
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conditions, rates of S1 uptake by natural diatom assemblages have been shown to become limited by Si(OH),
availability (e.g. Goering et al. 1973, Nelson et al. 1981,
Nelson & Brzezinskl 1990).
Because only the diatoms have a known growth
requirement for Si (e.g Guillard & Kilham 1978),
depletion of S i ( 0 H k in surface waters would not be expected a prior1 to limit primary productivity. Instead, it
should limit only diatom growth, resulting in floristic
changes (diminished relative abundance of diatoms and
correspondingly greater abundance of non-sil~ceous
autotrophs). It has been suggested, for example, that
coastal eutrophicatron resulting from increased N and P
runoff from the continents may result in Si limitation of
the diatoms and hence in blooms of other algae, including toxic species (Smayda 1989, 1990). There is now
clear evidence that nitrate concentrations ([NO,-]) in the
Rhine, Seine, Mississippi and several other major rivers
draining temperate regions in the northern hemisphere
have increased by factors of 2 to 3 during this century,
while shcic acid concentrations ([Si(OH4])
in these same
rivers have either remained constant or decreased (e.g.
van Bennekom & Salornons 1981, Meybeck 1982, Turner
& Rabalais 1991, Justic' et al. 1995).Similar phenomena
have been reported in smaller European rivers as well
(e.g. Ragueneau 1994). These observations have led to
speculation that increased N supply from rivers, and the
consequently decreased Si:N supply ratios from those
rivers, might result in Si limitation and floristic shifts
away from diatoms in the adjacent coastal ocean (e.g.
Smayda 1990), a phenomenon that has been documented in the North American Great Lakes (e.g.
Schelske et al. 1983).
In the northern Gulf of Mexico, nutrient concentrations and ratios in the plume of the Mississippi River
suggest that at present Si limitation is more likely than
either N or P limitation, especially in spring (Dortch &
Whitledge 1992, Smith & Hitchcock 1994, Dortch et
al. 1995). This region may provide a particularly clear
case in which development of Si limitation over historical time can be hypothesized. [NO3-] at the river
mouth has increased from -40 PM in 1960 to -100 pM
at present, while [Si(OH),] has decreased from -170 to
-120 pM since 1950 (Turner & Rabalais 1991). As a
consequence, the Si:N supply ratio from the river has
decreased from -4.0 to -1.2. The Si:N composition
ratio of most marine diatoms is -1.0 (e.g. Brzezinski
1985). Thus in the late 1950s and early 1960s the
Mississippi River was supplying Si in approximately a
4-fold excess over N in comparison with diatom requirements, and that excess is now almost gone. With
Si no longer being supplied by the river in large excess
over N, the potential for Si limitation of diatom growth
in the northern Gulf of Mexico has increased during
the past 30 to 50 yr iJustic' et al. 1995).

Limitation of dlatom metabolism and growth by Si
availability has been examined in 2 distinct contexts:
studies performed on diatom cultures have assessed the
conditions under which Si limits the rates of diatom
growth, and the effects of Si limitation on cell size,
chemical composition and the timing of events in the
cell cycle (e.g. Paasche 1973a, Olsen & Paasche 1986,
Brzezinski et al. 1990). In a different approach, Si uptake rates have been measured as a function of extracellular [Si(OH),],both in unialgal diatom cultures (e.g.
Paasche 1973b, Nelson et al. 1976) and in natural mixed
diatom assemblages (e.g.Goering et al. 1973, Nelson &
Brzezinslu 1990, Banahan & Goerlng 1994) to determine the concentration ranges that Impose substrate
limitation on the uptake rate. In those studies the specific rate of Si uptake (V; the uptake rate per unit of diatom silica present) has been shown to depend on the
extracellular [Si(OH),] in a manner that can be described by thc Michaelis-Menten saturation function:

where V,,
represents the maximum uptake rate
achievable in the absence of substrate limitation and
K, the [Si(OH),] at which V is limited to V,,,/2. Similarly, the specific cell-division rate (p; the exponential
rate of increase in cell abundance in the absence of
losses) appears to obey a mathematically similar saturation function, first derived to describe the substratelimited growth of bacteria (Monod 1942):

where p,,, represents the division rate when Si is not
limiting and Kd the extracellular [Si(OH),] at which p
is limited to p,,,/2. Culture studies of marine diatoms
have shown an important difference between the
kinetics of Si uptake and Si-limited growth: Kd, the
half-saturating [Si(OH),]for Si-limited growth, is generally 5 to 10 times lower than K,, the half-saturating
[Si(OH),]for Si uptake. Reported Kd values range from
0.04 to 1.0 pM (Guillard et al. 1973, Olsen & Paasche
1986) while K, values have ranged from ca 0.5 to
5.0 pM (numerous studies, summarized by Ragueneau
1994). This difference implies that many diatoms can
sustain maximum or near-maximum division rates at
extracellular [Si(OH),] that is moderately, or even
severely, limiting to uptake. In culture studies diatoms
accomplish thls by depositing thinner, or otherwise
reduced, frustules and this effect is readlly observable
morphologically (e.g. Harrison et al. 1976, Brzezinski
et al. 1990).This flexibility of cellular Si content means
that even direct experimental evidence of uptake-rate
limitation in a given habitat indicates only that limitation of diatom growth is a possibility in that system
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If the Si uptake rate is limited by the extracellular
[Si(OH),],then the division rate may or may not be Silimited; if the Si uptake rate is not Si-limited, then the
division rate cannot be. Direct information on the Silimited growth kinetics of individual diatom species
at sea would be of great value in evaluating the role of
Si limitation in controlling diatom growth, abundance
and species composition. However, no reliable method
has yet been developed to perform experimental
studies of Si-limited diatom growth within natural
mixed phytoplankton assemblages.
In this paper we report the almost complete (>99%)
non-conservative removal of Si(OH), in the coastal
plume of the Mississippi River under conditions of high
river flow in spring, significant but less complete (80
to 95%) removal during a period of low river flow in
summer, and the abundance and species composition
of diatoms under both flow regimes. We present kinetic data on the degree to which rates of Si uptake by
natural diatom assemblages are limited in situ by substrate availability under high and low river-flow conditions, and compare the kinetic parameters for Si
uptake in the Mississippi River plume with those
observed in other systems. Differences in phytoplankton composition, especially within the diatom assemblage, are associated with spatial and seasonal differences in Si availability and Si uptake kinetics.

METHODS

We conducted experiments aboard the RV 'Pelican'
d.uring a period of low river discharge in summer (July
24 to 29) 1992 and a period of near-maximum discharge
in spring (April 24 to May 2) 1993. Station locations
from which each of several data sets were obtained are
shown in Figs. 1-3. This general study area was selected on the basis of historical hydrographic and biological data indicating the spatial extent of the Mississippi River plume (Dinnel & Wiseman 1986, Rabalais et
al. 1991). Most stations were sampled during the first
3 to 5 d of each cruise, occasionally with repeated
sampling during the same day. The ship then went on
to sample to the west of the area shown in Figs. 1-3,
after which more stations were taken in the study area.
If a station was occupied more than once during a 24 h
period, the values were averaged to produce Figs. 1-3,
but if the period between occupations of a station exceeded a day, the values from the earlier, more nearly
synoptic part of the cruise were used. Additional stations were occupied within the river itself in April 1993.
A: a! s:c:ior,s sza'.va:c! cf the river m m t h C S S ~ Swere
made to the bottom with a Seabird''" SBE9/11 CTD
mounted with a SeaTechTL1
Fluorometer and a rosette
sampler with 12, 10 1 Niskin bottles, and 1 to 5 sub-

surface depths sampled. Due to high turbidity and the
risk of hitting submerged objects in the river, CTDI
fluorometer/Niskin bottle casts were not made there
and only surface bucket samples were obtained. Near
the river the low-salinity plume is often a thin layer
overlying more saline shelf water, and is difficult to
sample with Niskin bottles on a CTD/rosette. Our observations confirmed this in both April and July, so
bucket samples were collected in preference to bottle
samples at all stations to obtain the most reliably undiluted surface water. At each station 10 to 15 1 of surface water was collected in a non-toxic polypropylene
bucket, poured into a spigoted 20 1 polypropylene carboy and all samples were drawn from the carboy, which
was agitated frequently. This sample-handling method
is necessary to obtain representative samples of suspended particulate matter, especially the larger particles (e.g.Calvert & McCartney 1979, Nelson et al. 1985).
At selected stations, including all at which Si uptake
kinetic experiments were performed, [Si(OH),] was
measured by a high-sensitivity manual method (Brzezinski & Nelson 1995). Samples were drawn from the
agitated carboy and gently syringe filtered through
0.6 pm pore diameter polycarbonate membrane filters
(NucleporeTh4)using plastic syringes. Then duplicate
10.0 m1 samples of the filtered surface water were analyzed by the method of Strickland & Parsons (1972),
using the reverse-order reagent addition method described by Brzezinski & Nelson (1989) to determine
blank absorbances. Absorbance was measured at
810 nm in 1 or 5 cm cells, depending on visual inspection of the amount of blue silicomolybdic acid complex
that had formed during the 2 h development time.
Standard-addition curves were run daily on board,
using filtered Sargasso Sea surface water (FSSW)
whose [Si(OH),] was 0.78 -+ 0.02 pM as determined
from the standard-addition curves and reverse-order
reagent blanks. For low-salinity samples (which were
also very high in [Si(OH),]) this analysis was performed on samples diluted 1:10 with FSSW and concentrations were calculated on the basis of 1 part ambient surface water and 9 parts FSSW at 0.78 PM. Using
this procedure, all samples analyzed had salinities
131.5 psu-high enough that no correction for salt
effects in the [Si(OH),]analysis is required. Minimum
detection limits of this analysls for undiluted samples
are 0.25 and 0.05 pM in 1 and 5 cm cells, respectively,
and analytical precision is k0.25 pM (1 cm cells),
*0.05 pM (5 cm cells) or *l %, whichever is greater. All
[S1(OH)4]
data used in calculating Si uptake rates from
"Si tracer kinetic experiments (described below) were
clhtair?ed hy thiq hic~h-zensitivitymanual analvsis.
Additional
data were obtained for water
collected on CTD casts at all stations outside the river,
and from surface samples within the river. [Si(OH),]was
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measured by automated colorimetric analysis of unfiltered, frozen samples on a Technicon AutoAnalyzer IITM
using Technicon's recommended method (Anonymous
19?7),which is based on the hand methods described by
Parsons et al. (1984). To accommodate the very high
(>I00 pM) [Si(OH)4]found within the river and in the
near-bottom waters over the shetf, a wide-range but lowsensitivity configuration of the AutoAnalyzer was used.
For [Si(OH)4]analysis the detection limit was approximately 1.O pM and the precision was 1.O pM or ? 1 YO,
whichever is greater. This method was used only for
surface [Si(OH)4]
mapping (Fig.3).
Chlorophyll a , corrected for phaeopigments, was
measured fluorometrically on shipboard after filtration
onto Whatman GF/FTMor Micro Filtration Systems
GF?sTMglass fiber filters (nominal pore size 0.7 pm)
and extraction with 40:60 DMS0:90% acetone, as
modified from Parsons et al. (19841,
At the stat~onsindicated in Flgs. 1-3 tracer kinetic
experiments were performed on surface water samples, using the stable isotope 30Si to measure the
uptake rate of Si by the natural in situ diatom assemblage as a function of [Si(OH).,] (e.g. Nelson & Brzezinski 1990, Nelson & Treguer 1992). Stations were
selected for kinetic experiments based on preliminary
results of the manual [Si(OH).,] analyses described
above. While the samples for [ S I ( O H ) ~analysis
]
were
being filtered and reagents added, a senes of nine 0.5 1
samples was drawn from the agitated carboy into
clear polycarbonate incubation bottles, Approximately
5 min after all reagents had been added to the samples
for [Si(OH)4]analysis, those samples were inspected
visually in comparison with standards to estimate
the concentration of blue reduced silicomolybdic acid
complex that had formed. If this rapid visual estimate
indicated that the surface [Si(OH)4]was 55 pM, a
tracer kinetic experiment was initiated, This procedure
permitted us to focus our kinetic studies on those surface waters where there was a reasonable chance that
Si uptake rates might be limited by substrate availability, while still beginning each experiment within
30 min of the time the original surface water sample
was collected. The [ S I ( O H ) ~
value
]
used in all rate calculations was determined spectrophotometrically after
the full 2 h color development time, as described above.
For each kinetic experiment we added 30Si-labeled
(95.20 atom % 30Si)at a senes of 8 concentrations ranging from 0.25 to 10.0 pM above ambient.
Samples were then incubated 3 to 4 h under natural
sunlight in a shipboard incubator maintained at seasurface temperature by a circulating water bath. After
incubation, samples were vacuum-filtered through
0.6 pm pore diameter Nuclepore filters. Filters were
folded in quarters, dried for 12 to 24 h at 60Â° and analyzed isotopically by conversion of all particulate Si to

-

BaSiF6, followed by solid-sample mass spectrometry
on a Nuclide Corp. 3-60 (3" radius, 60Â deflection)
magnetic sector mass spectrometer as described by
Nelson et al. (1991).An additional 0.5 1 surface sample
was collected at each station for analysis of biogenic
and lithogenic particulate Si02 by the sequentialdigestion method described by Brzezlnski & Nelson
(19891, The specific uptake rate of Si ( V ) measured
from 30Si enrichment of particulate S i 0 2 during the
incubation was corrected for the contr~butionof biologically lnactlve lithogenic material as described by
Brzezinski & hlelson (1989). This correction was considerable at most stations, as lithogenic material (suspended river mud) comprised 29 to 73Y0 of the total
particulate Si02 at the stations selected for kinetic
experiments.
In those exper~mentsshowing concentration-dependent Si uptake the kinetic parameters VmaSand K<
were calculated by direct non-linear regression of the
Michaelis-Menten hyperbola (Eq. 1) to the data by the
iterative procedure described by Wilkinson (1961).
This curve-fitting algorithm has 2 advantages over others using linear regression methods based on any of
several linear transformations of Eq. (1): It weights all
data points equally by fitting the Michaelis-Menten
function directly to the data, and it permits 95 YO confidence intervals to be calculated for both VrLaxand K3.
Samples for phytoplankton identification and counting were collected from the surface bucket sample at
approximately half the stations sampled for chlorophyll and nutrients (Figs. 1-31, Those stations include
all that were sampled for 30Siuptake experiments, the
station at the northern and southern end of each transect, and every alternate station along each transect
line. Samples were preserved in 0.5 YO glutaraldehyde
and refngerated for 1 to 24 h. They were then size
fractionated by filtration onto 0.2, 3, and 8 pm polycarbonate filters (PoreticsTbf),
with 0.03Y0 proflavine
hemisulfate used to stain the latter 2 fractions, and
the filters were mounted in immersion oil (Murphy &
Haugen 1985, Shapiro et a1. 1989). The 0.2 to 3 pm
fractions were counted immediately on shipboard; the
3 to 8 pm fractions were counted immediately if possible and, if not, refngerated and counted within days
of returning. The > 8 pm fractions were frozen and
counted later. All samples were counted using an
Olympus BH2-RFCA epifluorescence microscope with
blue and green excitation light and, as necessary,
transmitted light. The autotrophic cells were identified
to the nearest possible taxon. As described in detail by
Buck et al. (1992), epifluorescence microscopy is not
usually used for enumerating the entire size range of
phytoplankton, but large cells can usually be identified
to the genus, and often the specles level. Small forms
such as cyanobacteria and small autotrophic flagel-
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lates can be counted by this method, but not identified
to species. Diatom taxa are reported according to Hasle
& Syvertsen (1996).

RESULTS
Phytoplankton and [Si(OH),] distributions
in the river plume

Figs. 1 & 2 show surface distributions of salinity,
chlorophyll a and the numerical abundance of diatoms
in spring (April/May 1993) and summer (July 1992),

Fig. 1. Surface distribut~onsof (a) salinity; ( b ) chlorophyll a ;
and (c) diatom abundance in the northern Gulf of Mexico,
Apnl 26 to May 1, 1993. 'OS1 uptake kinetics experiments
w e r e conducted at statlons designated by (+)

respectively. During both seasons there was a phytoplankton bloom evident in the low-salinity river plume,
with chl a reaching maximum concentrations of 76 p g
I-' in spring and 31 p g 1-' in summer. The spatial distribution of diatom abundance closely matched that of
chlorophyll in both spring and summer with abundances approximately a n order of magnitude higher in
spring (Table 1, Figs. l c & 2c). Despite the large variation for each cruise due to the strong lateral gradients
In diatom abundance (Figs. l c & 2c), the differences
between seasons was significant statistically (Table 1).
In both spring and summer there was a very strong
gradient of decreasing [Si(OH),] with distance from
the river mouth in the mid-salinity (20 to 25 psu) range
of the plume (Fig. 3). The lowest [Si(OH),] values,

Longitude ('W)
Fig. 2. As in Fig. 1, but for July 24 to 28, 1992
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of 1993, with one entire transect line
depleted to <0.2 pM (Fig. 3a) In contrast,
the lowest [Si(OH),] measured in the river
plume in summer 1992 was 0.93 PM,
with all other values >2.4 pM. The area of
<2 pM [Si(OH),] over the outer shelf in
summer
was high-salinity, low-chlorophyll
Spring
Summer
(April 24-May 2, 1993) (July 24-29, 1992)
Gulf of Mexico surface water intruding
onto the shelf (Figs. 1-3). Because our
2.04 X l.07
3.33 X loa
Total dutotrophs
Median
study was focused on the low-salinity
3.79 X 1Oa
(cells I-')
IQR
2.04 X 107
river plume, we did not perform high2.59 X 10'
5.00 X 108
\lean
4.12 X 10"
SD
1.67 X lo7
sensitivity [Si(OH),] analyses in the Gulf
n
40
36
of Mexico surface water over the outer
1.10 X lo7
2.49 X 105
Total diatoms
Median
shelf. Previous measurements indicate
1.88 X 10'
6.25 X 105
(cells l):'
IQR
that its surface [Si(OH)4]typically ranges
1.52 X 107
1.01 X 106
Mean
1.19 X 10'
2.03 X 106
SD
from 0.8 to 1.6 p M (Murrell & Dagg 1987,
n
40
36'
1988, Toon & Dagg 1989, 1990a, b)
Total cyanobacteria
Median
5.31 X 10"
3.28 X 108
Fig. 4 shows surface [Si(OH),]as a func(cells !-l?
!QR
6.13 X 10"
3.79 X 108
tion
of salinity in thc upper 5 m in spring
8.26 X 10"
4.97 X 108
Mean
1993. Comparison with a conservative
1.45 X 10'
4.11 X 108
SD
40
36'
n
mixing line (also shown in Fig. 4) indicates
Median
67.5
0.075
Diatoms/total
pronounced non-conservative removal of
IQR
35.2
0.011
autotrophs (X)
within the river plume. Surface
Mean
59.4
0.20
waters in which the lowest [Si(OH)4]
SD
25.0
0.36
n
40
36'
values (0.13 to 0.4 PM) were measured
Cyanobacteria/total
Median
22.2
99.57
would have [Si(OH),] levels of 20 to 50 pM
autotrophs (%)
IQR
30.9
0.78
on the basis of conservative mixing of
Mean
29.4
99.24
Mississippi River water and Gulf of
SD
23.8
0.80
n
40'
36
Mexico surface water. Thus Fig. 4 indicates that biological uptake had removed
>99 % of the Si(OH), supplied by the river
within ca 100 km of the river mouth. The river endmeasured with the high-sensitivity analysis in surface
member was not sampled in July 1992, but our spring
waters over the shelf, were much lower in spring than
value of 119 yM is very close to the historical average
in summer. Surface waters were depleted to 1 0 . 5 pM
[Si(OH)4]in the lower portions of the river since 1985
over a n extensive portion of the shelf in the spring
Table 1. Comparison between surface phytoplankton composition in spring
and summer. Spring and summer are significantly different (p 5 0.05) for all
variablies according to a non-parametnc Mann-Whitney test (Sokal & Rohlf
19691. Both median and interquartile range (IQR) and mean and standard
deviation (SD) are glven because some data are not normally distributed, as
indicated by ' after n

30

29

25

10

2

0

Longitude ('W)

Longitude ('W)

Fig. 3. Surface distribution of [Si(OH),J; (a) April 26 to May 1, 1993 and (b)July 24 to 28. 1992. The contours shown are based on a
low-sensitivity automated analysis with a detection limit of 1 pM (see 'Methods'). The [Sl(OH),Jmeasured by a high-sensitivity
man.ua1 analysis with d detection limlt of 0.05 pM is shown for each station ( + ) at which that analysis was used and
the surface [Si(OH),]was < 2 pM
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30Si kinetic experiments at 8 locations in
April and early May 1993; of those, 7
showed V to be dependent on [Si(OH),],
10003 -and in each of those experiments Eq. (1)
provides an excellent fit to the observed
z
2 7 5 --~
concentration dependence, with consido
erably less scatter than has been found in
I^
previous studies (Fig. 6). At the 2 other
sow -stations where we performed 30Sikinetic
CO
experiments in spring, ambient [Si(OH),]
was 1.24 and 5.35 PM and there was no
25.00 -detectable increase in V with increasing
[Si(OH),] (Table 2).
COO,
I
At the one July station for which 30S1
om
1000
20 W
3ooa
40 20
kinetic data provide evidence of uptakeSalinity (psu)
rate limitation (Fig. 7a, Table 2) the ambient [Si(OH)4]was 4.7 pM, more than 10
Fig. 4. [Si(OH),]- salinity mixing diagram for surface waters in the northern
Gulf of Mexico. April 24 - May 2, 1993. All [Si(OH),] data were obtained by
times higher than any ambient concenthe high-sensitivity manual analysis and only the upper 5 m are considered
tration that was shown to limit Si uptake
(n = 30). The line denotes conservative mixing between the Mississippi River
rates in spring 1993. However, there
(0 psu; 119 pM Si(OH),) and offshore Gulf of Mexico surface water (36.0 *
were several stations in July at which the
0.34 psu; 1.21 * 0.41 pM Si(OH),).The river end member was measured April
surface [Si(OH),] was between 0.9 and
26,1993. The offshore end member represents the mean and standard deviation for those stations with salinity 2 3 5 psu from 5 cruises (Murrell & Dagg
3.5 pM and no substrate limitation of Si
1987, 1988, Toon & Dagg 1989, 1990a, b) Both the analytical uncertainty and
uptake rates could be detected (e.g.
the end-member variability are less than the size of the data points shown
Fig. 7b). Table 2 summarizes the kinetic
data from both cruises. In spring K,
ranged from 0.48 to 1.7 PM and averaged
0.85 PM, which is low in comparison with most values
(e.g. Turner & Rabalais 1991). While we have not conobtained at other locations in the ocean (e.g. Goering
structed a mixing diagram for the summer condition
the [Si(OH),] values of 0.9 to 4.0 PM observed in the
et al. 1973, Azam & Chisholm 1976, Nelson & Treguer
mid-salinity region of the shelf appear to represent ca
1992). In contrast, the single K, value obtained in
80 to 95 % non-conservative removal of the river-borne
summer was 5.3 pM, one of the highest yet reported
from the ocean (ibid.).For each experiment that indiSi(OH), by diatoms.
cated limitation we have evaluated E q . (1) at the ambient [Si(OH),]to determine V/V,,, (Table 2). This calSi uptake kinetics
culation provides a measure of the degree to which V

g

Fig. 5 shows Vas a function of [Si(OH),] at Stn D4 on
May 1, 1993. The ambient [Si(OH),]at that station was
0.13 PM, the lowest observed at any station during
either cruise. The kinetic data show that V was quite
severely limited by the ambient [Sl(OH),],as indicated
by the almost linear increase in V with [S1(OH)4]at the
lowest 30S1additions. Fig 5 also shows the hyperbolic
function fitted to the data by nonlinear regression
using Eq. ( l ) ,and the V,,,,, and K, values obtained by
that curve fit. The Michaelis-Menten saturation function (Eq. 1) provides an excellent description of the
dependence of Von [Si(OH),] observed in that experiment. In fact, Fig. 5 shows much less experimental
scatter than has been seen in any previous kinetic
study of S: uptake by natu:a! dist3m ~ S S ~ F ~ ~Y!": ~ 10
O Cn
(-'S
Nelson & Brzezinski 1990, Nelson & Treguer 1992).
This greatly diminished experimental scatter was characteristic of the entire spring data set. We performed 9

,,V,

= 0.0315 h-'

K, = 0.95 PM

Fig. 5 Speclfic uptake rate of Si(OH), ( V ) vs extracellular
[Si(OH),] in surface water at Stn D4, May 1, 1993. The
ambient [Si(OH)4]was 0.13 P M , the lowest measured during
this study The fitted curve represents Eq. ( l ) ,fitted to the data
by non-linear regression, and the k~neticparameters V,,,, and
K, were generated from that curve fit See text for details
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Fig. 6. V vs extracelluIar [ S I ( O H ) ~at] all stations indicating Si limitation in April and early May, 1993. All
curves were fitted to the data by non-linear regression
as in Fig. 5. The kinetic parameters V,, and K, for
each of these experiments are presented in Table 2.
(a) Stn E2, April 28; ( b ) Stn E4, Apnl 28; (c) Stn D2,
May 1; (d)Stn D4, May 1; (e)Stn D6, May 1, ( f ) Stn C3,
April 27; (g) Stn C6B, April 27

was limited in situ by the ambient [Si(OH),]. At the
lowest concentrations observed in spring (0.13 to
0.2 PM) V was apparently limited to ca 10 to 15% of
V,,, indicating reasonably severe substrate limitation
of Si uptake by diatoms under those conditions.

Phytoplankton abundance and composition
During both crulses, the phytoplankton on the
Louisiana shelf was composed almost entirely of

diatoms and small (1 to 2 pm) coccoid cyanobacteria
(Table 1). Diatom abundance (both relative and absolute) was significantly higher in spring (Figs. Ic & 2c,
Table l ) , when chlorophyll a was also significantly
higher (Figs. l b & 2b). In summer the cyanobacteria
were overwhelmingly dominant numerically (>99 %,
Table 1). Cyanobacteria should also dominate the autotrophic biomass, in spite of their very small size,
when they are 2 orders of magnitude more abundant
numerically than the sum of all other autotrophs
(Dortch 1994). Differences in species composition
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within the diatom assemblage are also
apparent (Fig. 8 ) . In spring there were
fewer dominant diatom taxa than in
the summer, Skeletonema costaturn and
Chaetoceros spp. were present at all
stations, but their relative abundances
changed systematically within the river
plume in a way that suggests a response
to Si limitation (see 'Discussion').
Using epifluorescence microscopy it is
possible to distinguish between dead and
living diatoms by the presence of chloroplasts and other cellular contents. The occurrence of significant numbers of empty
diatom frustules could bias the specific silicate uptake rates, which are normalized
to total biogenic silica (Brzezinski & Nelson 1989). Dead and living diatoms were
counted in 5 samples selected from each
cruise to represent populations experiencing different degrees of Si limitation or sufficiency. The percentage of living diatoms
was always >95 % a n d averaged 97.7 "/o.

DISCUSSION
Biological removal of Si(OH)4in the
Mississippi River plume
Uptake by diatoms over the Louisiana
shelf resulted in the non-conservative
removal of at least 80% of the Si(OH),
delivered to the ocean by the Mississippi
River in July 1992, and 99% of that delivered in April 1993 (Figs. 3 & 4). The
diatom bloom responsible for that removal
in both seasons was closely associated
spatially with the low-salinity river plume
0.030 r
0.025

-

0.020

-

Table 2. Summary of 30Si uptake kinetic results from surface waters in the
plume of the Mississippi River in spring 1993 and summer 1992. Italicized
entries indicate stations at which no Si limitation was observed (i.e. where
addition of Si resulted in no analytically detectable increase of V). nd: not
determined
Station
( & date)

[Si(OH),]
(PM)

V,,,,
(h-')

KS
(PM)

Vat ambient ISitOH),
I
-p-.-

v,.,,

Spring 1993
B4
1.24
00114a
nda
1.0
(24 Apr)
(t0 0021)
C3
0.41
0.0188~
0.4ab
0.36
(r 0.06)
( * 0 0005)
(27 A P ~ )
C6B
0.29
0.0155
0.69
0.30
(* 0.12)
(27 Apr)
(*0.0010)
E2A
0.40
0.0156
0.49
0.45
(* 0.06)
(28 APr)
(*0.0004)
E4
0.39
0.0155
0.50
0.44
(t 0.07)
(Z 0.0004)
(28 Apr)
D2
0.19
0.0337
1.71
0.10
(*0.29)
(* 0.0019)
(1 May)
D4
0.13
0.0315
0.95
0.12
(* 0.10)
(1 May)
(* 0.0009)
D6
0.19
0.0366
1.14
0.14
( 2 0.12)
(1 May)
(* 0.0011)
C68
5.35
0.0125
nd
1.0
(2 May)
(5 0.0032)
Summer 1992
nd
1.0
C6B
3.48
0 0298
(25 July)
[i 0 0042)
nd
1.0
C9
2.42
0.0304
(25 July)
[+ 0 0130)
D1
4.72
0.0327
5.29
0.47
( t 0 0090)
( * 3.79)
(26 July)
D2
0.93
0.0308
nd
1.0
(5 0 0099)
(26 July)
E2
1.24
0 031 1
nd
1.0
(i 0.0096)
(26 July)
"Where no S1 limitation was observed V,,,, represents the mean of the 8
measured V values, and no K, can be calculated. The (*)term represents t 2 SD in the measured V
bWhere Si limitation was evident V,, and K, were determined by iterative nonlinear regression of Eq. (1) to the data. The (+) term represents
the 95% confidence limit in V,,,, or K, determined by that regression

a
b

0.050

-,

,V

= 0.0327h-'

0.040

>

1
I-

0.030~

L

0.020

K, = 5.29pM
0.01 0

U
,,V

= 0.0298h-'

Fig. 7 V vs exrraceiiuiar iSi(OH],Jat 2 stat~onsIn July, 1992. ( a ) Stn 131, July 26 (the only July station showing Si limitation).
Curve fit and kinetic parameters V,, and K, obtained by nonlinear regression as in Fig. 5; ( b )Stn C6B, July 25 (1 of 4 indicating
no Si limitation) No hyperbolic curve can be fit, and no K, calculated, because Vis independent of [Si(OH),].The reported
represents the mean of the individual V values, each of w h ~ c his an estimate of V,,,,, when no substrate limitation is present

172

-i
-

Mar Ecol Prog Ser 136: 163-178, 1996

70

a

O S Lirnlred
~
n=7
o Si Sumcient n=8

60 --

.-9

3 so

f
40

: -l

5

30

;;

20 -

m

- .

-

r

L
.

9

d

10.I

0,

e

-

d.

J=

;"P

z5

VI

U

-6
-

=

-

I ,

8

m

m

X

0

-:d.
0

I

I

E

3

_,:.E _

g m?

_

5
=
U

E =

q e

;E

W

m

I,

m

1

: E
U

. ~ a g
5;
U'

a5
L

.-

L

z

f

G

70
JSi Limited n=l
3 S l Surficient n=IO

60 --

d.

L %

b

.-

e-

so --

-

JO --

C

i
U

=E

-

30 --

-

C

D

20 --

2
d

U

10.-

~~r

. -,
I

0,
a

:d.

4
m

C

V

'

a
m
,'F

sg
.c

'

m

, ,
a

-6E

-.-

g.?
P -

E m

;s
m

"'C

,$.g3

U""

a

oo
A

5

L

.E-

.3

c

=

;c
.-

U'

U'

2
m

C

$;

reached only when diatoms are relatively abundant, growing actively and taking up Si(OH),
at rates exceeding its supply rate. Thus the

that Si(0H)4
and Si limitation of diatom growth may characterize areas
of coastal eutrophication (e.g. Smayda 2990) is
highly consistent with global [Si(OH),]distributions.
Within the Mississippi River plu.me, Si(OH),
was depleted to much lower concentrations in
spring 1993 than in summer 1992 (Figs. 1-3).
Chlorophyll a concentrations and diatom abundances were also considerably higher in spring (Figs. 1
& 21, a period which coincides with the seasonal maximum in river discharge (Boyles & Humphries 1994).
Previous studies of nutrient concentrations in the
northern Gulf of Mexlco ha.ve not measured [Si(OH),]
with the analytical sensitivity required to identify
depletion to <0.5 ph?, and our 2 sets of observations
do not adequately constrain the seasonal cycle of
surface [Si(OH),] in the area. However, the data are
consistent with the hypothesis that the degree of
Si(OH), depletion over the Louisiana shelf oscillates
seasonally with the magnitude of the river nutrient
source, with the lowest [Si(OH),] occurring during
periods of high river discharge and high nutrient input
in spring.

Fig. 8. Relative abundances of taxa accounting for at least 90% of the
diatoms, averaged for statlons showlng no substrate limitation of Si uptake rates (Si-sufficient]and for statlons at which Si uptake was l~mited
by [s~(oH),](~i-limited).
(a) ~ p n 26
l to May 1 . 1993; (b) July 24 to 28,
1992. Centrics > 8 pm include Thalassiosira spp., Cyclotella spp., Coscinodiscus spp. and other centric diatoms of similar appearance which
are not readily ~dentifiedby the methods used. Dactyl~oS~lerI
fragilissimus formerly Rhizosolenia Iragilissirna (Hasle & Syvertsen 1996)

(Figs. 2 & 3), and appears to have resulted from the
enhanced river inputs of Si(OH), and other nutrients.
In April 1993 [Si(OH),]was depleted to <0.5 pM over a
large portion of the Louisiana shelf, with surface water
in the core of this zone depleted to < 0 . 2 pM (Fig. 3a).
Silicic acid concentrations that low a r e rare anywhere
in the ocean. The global ocean data set of the Geochemical Ocean Section Study (GEOSECS) shows only
4 individual stations (in a total of >400) where surface
[Si(OH),] was depleted to 0.2 pM (Bainbridge 1980,
Craig et al. 1981, Spencer et al. 1982). Only a few other
studies have encountered similar Si(OH), depletion in
open-ocean waters (e.g. Marra et al. 1990, Nelson
& Brzezinski 1990).In the northern Gulf of Mexico this
severe depletion appears to be a seasonal phenome-

non associated with high river flow, as we observed no depletion of [Si(OH),] to <0.9 PM in
any part of the river plume in summer (Fig. 3b).
When observed, Si(OH)?depletion to <0.2 pM
has almost always been associated with high
primary productivity and diatom abundance.
Sites from which that degree of depletion has
been reported include: the coasts of Peru and
northwest Africa during seasonal upwelling
periods (Friederich & Codispoti 1979, 1981),the
centers of 2 Gulf Stream warm-core rings in
which the eddy circulation was generating
enhanced upward nutrient transport and productivity (Brzezinski & Nelson 1989, Nelson
et al. 19891, an ice-edge diatom bloom in the
Barents Sea north of Norway in mid summer
(Rey & Skjoldal 1987), the northern Sargasso
Sea during a brief wind-driven mixing event
in spnng (Marra et a1 1990,!, the Bay of Brest
during the summer maximum in primary productivity (Ragueneau 1994) and the eastern
Bering Sea during a spring phytoplankton
bloom (Banahan & Goering 1994). The notable
absence of temporally persistent Si(OH), depletion even to 0.5 pM in any of the oligotrophic
central-ocean gyres (e.g. Bainbridge 1980,
Craig et al. 1981, Brzezinski & Nelson 1995)
indicates that concentrations < 0 . 5 PM are

Nelson & Dortch: Silicon limitation

Analysis of scatter in 30Sikinetic data

Linear regression of [Si(OH),]/Vversus [Si(OH),],
based on the Woolf linear transformation of the
h4ichaelis-Menten equation ( e g Nelson et a1 1976)
yields a linear correlation coefficient (r2) of >O 99 for
each experimental result shown in Fig 6 That very
high degree ot statistical correlation is a very unusual
result for any biological field experiment, and reflects
both the lack of scatter In the data and the excellent fit
of Eq (1) to the results obtained The lack of scatter
evident in Figs 5 & 6 can be attributed to the fact that
conditions in the northern Gulf of Mexico in spring
1993 were nearly optimal for tracer kinetic studies of
Si uptake Phytoplankton biomass was high and dominated by diatoms, surface [Si(OH),] was very low
(resulting in stiong labelling of the dissolved Si(OH),
with 30S1,even at the lowest isotope additions) and the
diatoms were capable of growing quite rapidly, as indicated by relatively high V,,,, values Each of those
conditions increases the precision and sensitivity with
which V can be measured either by increasing the
amount of siliceous material available for mass spectrometry or by Increasing the 30S1 enr~chmentof the
particulate S10, per unit of S1 uptake The cumulative
effect is considerable We calculate, for example, that
undei the conditions we encountered in sprlng 1993

Fig 9 Dependence ot the specif~cgrowth rate ( p ) on extracellular [SI(OH),]determined in representative culture studies of
Si-lim~tedgrowth kinetics in diatoms Note factor-of-l0 difference In [Si(OH),]axis from Figs 5 & 6 In all cases Eq ( 2 )
was fitted to the data a n d the k i n e t ~ cconstants p,,,, and K,,
calculated by the o r ~ g ~ n aauthors
l
To permlt direct Intercompanson among species with different maxlmum growth
rates p is normallzed to p,,,, the onginal data points a r e omitted and only the fitted functions a r e shown The dashed lines
indicate the degree of S1 limitat~on calculated at 0 2 a n d
0 5 pM From the uppermost to lowermost curve ( I e from the
l
sources are
lowest to h ~ g h e s tKd) the species and o r ~ g i n adata
as follows Thalassloslra pseudonana (Olsen & Paasche 1986)
T nordenskloeldil [Paasche 1975) T oceanlca (Gulllard et a1
1973), Leptocyllndrus danlcus (Thomas & Dodson 1975)
Chaetoceros gracllis (2 curves Thomas & Dodson 1975)
T pseudonana (Paasche 1973a), T pseudonana (Gulllard et
a1 1973)
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the change in the 30S1 enrichment of the particulate
matter for any given change in V would be 10 to 50
times that obtained In previous studies in either Gulf
Stream warm-core ilngs (where diatoms were considerably less abundant, resulting In lower b i o g e n ~ csllica
concentrations and the necessity of addlng 2%1 carrier
to samples prior to mass spectrometry to assure a
strong signal, Nelson & Brzezinskl 1990) or the Ross
Sea, Antarctica (where the lowest ambient [Sl(OH),]
values were 6 to 8 pM, resulting in greatly dimin~shed
label strength at the lowest 30S1 additions Nelson &
Treguer 1992) In summer 1992 diatoms were typically
10 times less abundant than in spring 1993, and the
lowest [Si(OH),] values were conside~ably h ~ g h e r
(Figs l c , 2c & 3) The one 30S1kinetic experiment that
showed concentratlon dependence of uptake under
those conditions had scattei greater than that observed
in any of the spring experiments, and comparable to
that observed In previous studies (see Fig ? a ) It thus
appears that when conditions in a study area provide a
very h ~ g hsignal-to-noise ratio in "S1 tracer kinetic experiments the data obtained conform almost perfectly
to the Michael~s-Mentensaturation model

Kinetic evidence of Si limitation in the
Mississippi River plume

Seven of the nine 30S1kinetic experiments w e peiformed in spring i n d ~ c a t ethat the rate of S1 uptake by
natural d ~ a t o i nassemblages in the plume of the Mississippi River was limited by the extracellular [Si(OH),]
(Figs 5 & 6) The kinetic data show that in spnng the
ambient [Si(OH),]generally limited V to 1 5 0 % of V,,,,,,
within the river plume, a n d to < l 5 O/o of V,, within the
most Si(OH),-depleted (<O 2 FM) zone (Table 2) In
addition, the available kinetic data on S1 limitation of
diatom division rates (Fig 9) Indicate that almost every
diatom species that has been examlned to date would
be measurably g ~ o w t h - r a t elinl~tedat a [Si(OH),] of
0 5 pM and quite severely glowth-limited at 0 2 pM
Si(OH), was depleted to < 0 2 p M along one entile
transect line in the Mississipp~River plume during
spring 1993 and depletion to < 0 5 pM was quite extensive spatially (see Fig 3a) These spatial data, taken
together with '"S1 kinetic results showing that S1 uptake rates were severely l~mitedby substiate availability in the plume region, provide strong indirect evidence that diatom growth rates within the river plume
were limited by S1 d u n n g spring 1993
The k i n e t ~ cdata lndlcate that uptake-rate limitation
XMSS m ~ c less
h cevrn-on i n z l l m m p r t h a n In TprinrJ Only
1 July station showed V to be measurably dependent
on [Si(OH),] (Fig 6 Table 2), a n d at that station the
a m b ~ e n [Si(OH),]
t
was 4 7 pM, which is well above the
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range that has been shown to limit the division rates of
diatom species from any temperate or tropical habitat
(Fig. 9). Thus our data indicate that Si limitation of
diatom growth was rare or absent in July 1992.
The lowest K, values measured in spring 1993 were
ca 0.5 pM (Table 2). Those values are equal to the lowest that have been reported previously from natural
diatom assemblages anywhere in the ocean (data from
various sources, summarized by Ragueneau 1994).The
only previous study showing K, values as low as ca
0.5 pM for natural diatom assemblages was conducted
in 2 Gulf Stream warm-core rings in which surface
[Si(OH),] was also <0.2 pM, and had been depleted to
<0.5 pM for at least several days (Nelson & Brzezinski
1990). The low K, values obtained for diatoms in the
Mississippi River plume in spring may thus indicate
that the resident diatom species were well adapted to
low [Si(OH)4].
Data on Si uptake kinetics provide only indirect
information on the possibility that diatom growth rates
are limited by Si, because of flexibility in the cellular Si
content of many diatoms. As discussed earlier, uptakerate limitation is a necessary, but not sufficient condition for growth-rate limitation. The data from the Mississippi River plume show clearly that Si uptake rates
were strongly substrate-limited within the Si(OH),depleted region of the plume in spring, indicating that
diatom growth may have been limited by Si. By the
same reasoning, the near absence of uptake-rate
limitation over the Louisiana shelf in summer makes lt
almost certain that diatom growth within the river
plume was not limited by Si at that time. Culture data
on the kinetics of Si-limited growth of marine diatoms
indicate that K, values range from ca 0.04 to 1.0 pM
(Guillard et al. 1973, Olsen & Paasche 1986) with
values >0.2 pM reported only rarely (e.g. Paasche
1975). Thus, most diatoms whose Si-limited growth
kinetics have been examined to date would have been
detectably growth-rate limited throughout the region
depleted to c0.5 pM Si(OH), in spring, and quite
severely limited at the lowest concentrations (0.13 to
0.19 PM; see Fig. 9). In contrast, most diatoms whose
Si-limited growth kinetics have been examined would
experience little or no growth limitation at the >2.4 VIM
concentrations that were present almost everywhere
over the shelf in summer.
In both spring and summer there were stations at
which the surface [Si(OH),] was between 0.9 and
3.5 pM but 30Si kinetic experiments provided no evidence that Si uptake rates were limited by substrate
availability (Table 2, Fig. 7b). Those results indicate
either that the resident diatom assemblages at those
sites had very low K, values for Si uptake or that their
rates of growth (and hence silicification) were limited
by some other factor. Summer stations showing no Si

limitation at ambient [Si(OH),]between 0.9 and 3.5 pM
had ratios of [Si(OH),] to total inorganic N ([NO3-] +
[NO2-]+ [NH4+])consistently greater than the typical
diatom composition ratio 1.0, and in fact greater than
the present day river ratio of 1.2 (Dortch et al. 1995).
The data thus suggest that diatom assemblages are
often limited more strongly by N than by Si in summer.
In spring N limitation is far less likely than in summer,
but P limitation is somewhat more likely (Dortch &
Whitledge 1992). Our one spring station that showed
no kinetic response to added "Si at reasonably low
[Si(OH),](Stn B4; see Table 2) had a surface [HPO,']
of 0.1 PM, making P limitation a possible cause of that
result.

Changes in phytoplankton composition in relation to
Si availability and uptake kinetics
There is a seasonal shift in the phytoplankton composition over the Louisiana shelf, with diatoms dominant in spring and cyanobacteria in summer. This is a
dilemma, since spring is the period when our data
show Si uptake, and possibly diatom growth, to be
limited by low [Si(OH),] over much of the shelf.
Smayda (1989, 1990) hypothesized that in systems with
high N and P inputs and low Si inputs, blooms of nonsiliceous autotrophs would occur, resulting from Si
limitation of diatom growth. However, nutrient inputs
to the Mississippi River plume system are nearly balanced with diatom growth requirements (Justic' et al.
1995). That is, while the nutrient inputs from the river
have changed temporally, that change has been from a
large stoichiometric excess of Si over N (relative to
diatom requirements) to approximately the 1:l mole
ratio that is characteristic of nutrient-sufficient diatoms
(e.g. Brzezinski 1985). Thus Si limitation may not be
severe enough or temporally persistent enough in
spring to enable non-siliceous forms to become dominant. In summer, when cyanobacteria become overwheImingly dominant numerically, there is no evidence that this dominance occurs because diatom
growth is limited by Si. Quite the opposite in factboth the [Si(OH),] data and the 30Si kinetic results
clearly indicate Si sufficiency throughout the river
plume in summer.
These results would appear superficially to be contradictory to those obtained by Egge & Aksnes (1992)
in large enclosures of Norwegian coastal waters. They
found that diatoms were almost always dominant
( > ? O x of the total numerical abundance) when
[Si(OH),]exceeded 2 pM, and could be anywhere from
a trace component of the phytoplankton to > 90 % dominant when [Si(OH),] was <2 PM. Our data from the
Mississippi River plume show tha.t cyanobacteria are
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the numerically dominant autotrophic form in both
spring and summer, but that diatoms dominate the
autotrophic biomass in spring. Egge & Aksnes (1992)
reported no data on cyanobacteria, and their microscopic methods, based on gravitational sedimentation,
would not have yielded data on cyanobacterial abundance. Diatoms would have appeared to be dominant
numerically, as well as in biomass, in the Mississippi
River plume in spring had we analyzed our samples by
their methods. The diatom dominance we observed In
spring, d u n n g a time of very low surface [Si(OH),],
shows that diatoms can persist when [Si(OH),] is considerably < 2 pM; a point made by Egge & Aksnes
(1992) as well. In fact, very low (<0.2 pM) [Si(OH),]in
the ocean is almost always associated with high diatom
abundance (e.g.Rey & Skjoldal 1987, Brzezinski & Nelson 1989, Marra et al. 1990, this study), and appears to
be sustainable only when diatoms are growing actively
and taking up Si(OH), at high rates.
The species composition data a n d the 30Si kinetic
results combine to suggest that systematic changes
occur within the diatom assemblage in response to S1
limitation. To investigate that possibility we divided
the stations over the shelf at which high-sensitivity
[Si(OH),] analyses were performed into 2 groups for
each cruise: Si-limited stations, those where 30S1 kinetic data showed that V was <0.5 V,,, at the ambient
[Si(OH),](See Table 2), and Si-sufficient stations, those
at which [Si(OH),] was > 5 pM or where 30Si kinetlc
data showed that Vwas not limited by [Si(OH),].Intermediate cases (i.e.where 0.5 V,,, < V < V,,,) were not
observed (Table 2). For each station considered, the
percentage abundance of each major diatom taxon
(no. of individuals X 100 / total no, of diatoms) was
calculated, beginning with the most abundant and
working downward until > 9 0 % of the diatoms had
been included in the analysis. This procedure included
4 to 6 diatom taxa at each station. Although the same
taxa were present at all stations in spring, their relative
abundances at Si-limited stations were found to be
quite different from those at Si-sufficient stations
(Fig. 8 ) . In particular, Skeletonema costatum predominated at sites where there was no evidence of Si limitation and Chaetoceros spp. dominated where Si limltation was apparent in the kinetic results. At the
Si-limited stations in spring about half of the Chaetoceros spp. individuals were of the species C. soclalis
and the rest comprised a variable mixture of species.
The difference in diatom composition between stations
showing no Si limitation a n d stations at which Si limitation was apparent suggests successional emergence
cf genetica!!~ !e~.v-I(,species q~nrlerccnditicnr cf !OW
[Si(OH),]. No dominant taxa disappear entirely in
spring, so some degree of physiological adaptation to
low [Si(OH),]by individual species is also possible.

In summer the total number of diatoms was about a n
order of magnitude less than in spring, and the diatom
assemblage was more diverse. There was only one
summer station at which Si limitation was apparent in
the 30Si kinetic data. That station had a diatom species
composition broadly similar to that found at the Silimited stations in spring: Chaetoceros spp. predominated and Skeletonema costatum abundance was low.
However, unlike the Si-limited statlons in spring, C.
socialis was not observed in summer. Because there
was only one station providing evidence of Si limitation in summer, and that station had [Si(OH),]approximately a n order of magnitude higher than was found at
Si-limited stations in spring, the similarity in diatom
taxonomic composition between Si-limited stations in
spring and summer must be interpreted cautiously.
However, all data are at least consistent with a general
pattern in which Chaetoceros spp. predominate when
Si is limiting and S , costatum when it is not.
In several of the North American Great Lakes
Increasing Si limitation d u e to eutrophication has
resulted in a shift in the diatom species composition
(Stoermer et al. 1985a, b, 1990). However, there is no
a priori reason to expect a shift from Skeletonema
costatum to Chaetoceros spp. at low [Si(OH),].Neither
the Si content (Conley et al. 1989) nor the Si uptake
kinetics (Conway & Harrison 1977) of Chaetoceros spp.
in comparison with S. costatum indicate special adaptation to low [Si(OH),]. C. socialis blooms have also
been observed in severely Si-depleted water in the
Barents Sea (Rey & Skjoldal 1987) a n d the Bay of Brest,
France (Ragueneau et al. 1994). However the data are
insufficient to make generalizations over a wide range
of species and environmental conditions, a n d there a r e
no laboratory data on either the Si content or the Si
uptake kinetics of C. socialis. There is evidence that
several diatom genera other than Chaetoceros may be
adapted to low [Si(OH),]. For example, Rhizosolenia
spp. have been associated with low [Si(OH),] in the
Bay of Brest (Ragueneau et al. 1994) and on the
Louisiana shelf during other periods (Dortch et al.
1992);some Rhizosolenia species are very lightly silicified (Conley et al. 1989). Understanding the role of
Si availability on phytoplankton growth dynamics and
species composition in this region will require more
information about the responses of individual diatom
species to low [Si(OH),].

Historical perspective: is Si limitation in the
northern Gulf of Mexico a new phenomenon?

Our observations of severe Si(OH), depletion and the
clear evidence of Si limitation in the Mississippi River
plume in spring are consistent with the hypothesis that
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these phenomena reflect coastal eutrophication caused
by increasing [NO3-]in the river Certainly the river
nutrient source has changed since 1950 in a direct~on
that makes coastal Si limitation more likely than it used
to be (Turner & Rabalais 1991).Th.e spatial distributions
of salinity, chlorophyll, [Si(OH),]and diatom abundance
in both spring and summer (Figs. 1-3) provide strong
indirect evidence that under present conditions the river
is the main nutrient source supporting phytoplankton
blooms over the Louisiana shelf during both seasons. In
addition, there is now evidence that the biogenic silica
content of surface sediments near the Mississippi River
delta has increased slnce 1960, and that Increase has
been interpreted as a signal of coastal eutrophication
(Turner & Rabalais 1994).We cannot say with certainty
whether or not the severe Si(OH),depletion and Si limitation we observed in surface waters in spring 1993 are
historically recent phenomena associated with the altered nutrient sources from the river. However, our data
Indicate the nutrient conditions under w h c h Si h t a t i o n
IS most likely: The available K, data show that V would
,
whenever [Si(OH)4]is <1.5 yM, even
be <75 % of ,,V
for the highest-affinity assemblages encountered in
spring (those for whlch I(, = 0.5 PM; see Table 2).The absence of detectable Si limitation at some moderately
Si(OH),-depleted stations suggests that, regardless of
absolute concentrations, Si limitation is quite unlikely
unless the ratio of [Si(OH),j to total inorganic N ([NO3-]
+ [NOz-]+ [NH,+])is < 1.O. Thus the waters most likely to
impose some degree of Si limitation on the diatoms are
those that simultaneously have a dissolved Si:N ratio
< 1.0 and a [Si(OH),] 11.5 PM. While those conditions
can, in principle, provide a method for investigating the
previous Si-limitation status of the system from historical
nutrient data, the scarcity of historical [S1(OH)4]data
based on methods with enough sensitivity to define the
< 1.5 yM range adequately may present a severe practical problem to that approach.
If the Si depletion and limitation we report here are
in fact conditions that have developed over the past
few decades, our results are only partially consistent
with the hypothesis that Increased N and P inputs have
led a diminished relative abundance of diatoms in
the phytoplankton by imposing Si limitation on the
diatoms. Present data are more consistent with the
hypothesis that the greatest floristic changes that have
occurred in response to increasing N supply and Si
limitation in the northern Gulf of Mexico have been
within the diatom community, favoring species with a
high affinity for Si(OH), (i.e. low K,) over those less
adapted to Si(OH),-depleted habitats. In other areas,
with an excess N input instead of the nearly balanced
Si and N inputs that characterize the Mississippi River
outlfow at present, non-siliceous phytoplankton could
still dominate if severe depletion of Si(OH)4occurs.

Acknowledgements. We are grateful to Drs N. N. Rabalais. R.
E. Turner, and W. J . Wiseman Jr for the opportunity to go on
crulses, anri for providing us with unpublished hydrograph~c,
nutrient, and chlorophyll data. Their valuable contributions
to our work were funded by the National Oceanic and Atmospheric Association (NOAA) through its Nutrient-Enhanced
Coastal Ocean Productivity (NECOP) program, grant No.
N.\9OAA-D-SG691 to the Louis~ana Sea Grant Program
(awards #MAR31A and MAR 92-02). We thank Julie Arrington, Ben Cole, Dana Milsted, Suzan Poole. Randy Robichaux
and Lorene Smith for technical assistance throughout this
study, and the crew of the R/V 'Pel~can'This study was supported by NOAA NECOP, grants NA26RC0274-01 to Oregon
State University and NA9OAA-D-SG691 to the Louisiana Sea
Grant College Program (awards #MAR02 and MAR92-02).
LITERATURE CITED
Anonymous (1977) Silicates in water and seawater, Technicon
AutoAnalyzer Industnal Methods Manual, Method 18672W/B. Technicon Industrial Systems, Tarrvtown, New
York
Azam F, Chisholm SW (1976) Silicic acid uptake and incorporation by natural, manne phytoplankton populations. Llmno1 Oceanogr 21:42?-433
Bainbridge AE (1980) GEOSECS Atlantic Expedition, Vol. 2.
Sections and Profiles. U.S. Government Printing Office.
Washington
Banahan S, Goering J J (1994) The kinetics of s~licica c ~ d
uptake in natural diatom populations of the Bering Sea
shelf. Eos 75:57
Boyles R Jr, Humphries Q (1994) Lower Mississ~ppiRiver
streamflow. In: Dowgiallo MJ (ed) Coastal oceanographic
effects of 1993 Mississippi River flooding. Special NOAA
Rept. NOAA Coastal Ocean Office/National Weather
Service, Silver Spring, p 28-29
Brzezinski MA (1985) The Si:C:N ratio of marine diatoms:
interspecific variability and the effect of some environmental variables. J Phi-col 21347-357
Brzezinski MA (1988) Vertical distribution of ammonium in
stratified waters. Limnol Oceanogr 33:1176-1182
Brzezinski MA, Nelson DM (1989) Seasonal changes in the
silicon cycle within a Gulf Stream warm-core ring. Deep
Sea Res 36:1009- 1030
Brzezinslu MA, Nelson DM (1995)The annual silica cycle in the
Sargasso Sea near Bermuda. Deep Sea Res 42:1215-1237
Brzezinski MA, Olson RJ. Chisholm SW (1990) Silicon availability and cell-cycle progression in marine diatoms. Mar
Ecol Prog Ser 67:83-96
Buck KR, Uttal-Cooke L, Pllskaln CH, Roelke DL, Villac MC,
Fryxell GA. Cifuientes L. Chavez FP (1992) Autecology of
the diatom Pseudonitzschia australis, a domolc acid producer, from Monterey Bay, California. Mar Ecol Prog Ser
84.293-302
Calvert SE, McCartney IMJ (1979) The effect of ~ncomplete
recovery of large particles from water samplers on the
chemical composition of oceanic particulate matter.
Limnol Oceanogr 24:523-536
Conley D J , k l h a m SS, Thenot E (1989) Differences in silica
content between marine and freshwater diatoms. Limnol
Oceanogr 34:205-212
Conway HL, Harrison PJ (1977) Marine diatoms grown in
chemostats under silicdte or ammonium limitation. IV.
Transient response of Chaetoceros debilis, Skeletonema
costaturn, and Thalassiosira gravida to a single addition of
limlting nutrient. Mar Biol43:33-43

Nelson & Dortch: Silicon limitation

Craig H, Broecker WS, Spencer D (1981) GEOSECS Pacific
expedition, Vol. 4, Sections and Profiles. U.S. Government
Printing Office, Washington
Dinnel SP, Wiseman WJ J r (1986) Freshwater on the
Louisiana and Texas shelf. Cont Shelf Res 6:765-784
Dortch Q (1994) Changes in phytoplankton number and species composition. In: Dowgiallo MJ (ed) Coastal oceanographic effects of 1993 Mississippi Rlver flooding. Special
NOAA Rept. NOAA Coastal Ocean Office/National
Weather Service, Silver Spring, p 46-49
Dortch Q, Milsted D, Rabalais NN, Lohrenz SE, Kedalje D,
Dagg MJ, Turner RE, Whitledge TE (1992) Role of silicate
availability In phytoplankton species composition and the
fate of carbon. Texas Sea Grant Technical Report No.
92-109, Galveston, p 76-83
Dortch Q, Nelson DM, Turner RE, Rabalais NN (1995) Silicate
limitation on the Louisiana continental shelf. Proceedings
of the NOAA Nutrient Enhanced Coastal Ocean Program
1994 Synthesis Workshop, Louisiana Sea Grant Technical
Report, Baton Rouge, p 34-39
Dortch Q, Whitledge TE (1992) Does nitrogen or silicon limit
phytoplankton production In the M~ssissippiRiver plume
and nearby regions? Cont Shelf Res 12:1293-1309
Egge JK, Aksnes DL (1992) Silicate as regulating nutrient in
phytoplankton con~petition.Mar Ecol Prog Ser 83:281-289
Friederich GE, Codispoti LA (1979) On some factors influencing dissolved silicon distribution over the northwest
African shelf. J Mar Res 3?:33?-353
Friederich GE, Codispoti LA (1981) The effects of mixing and
regeneration on the nutrient content of upwelling waters
off Peru. In: Richards FA (ed) Coastal upwelling. American
Geophysical Union, Washington, p 221-227
Garside C (1985) The vertical distribution of nitrate in open
ocean surface water. Deep Sea Res 32:723-732
Goering JJ, Nelson DM, Carter JA (1973) Silicic acid uptake
by natural populations of marine phytoplankton. Deep Sea
Res 20:777-789
Guillard RRL, K~lhamP (1978) The ecology of marine planktonic diatoms. In: Werner D (ed) The biology of diatoms.
Univ. of California Press, Berkeley, p 372-469
Guillard RRL, Kilham P, Jackson TA (1973) Kinetics of silicon
limited growth in the marine diatom Thalassiosira pseudonana Hasle and Heimdal (Cyclotella nand Hustedt).
J Phycol9:233-237
Harrison PJ, Conway HL, Dugdale RC (1976) Marine
diatoms grown in chemostats under silicate or ammonium limitation. 1. Cellular composition and steady-state
growth kinetics of Skeletonerna costaturn. Mar Biol 35:
177-186
Hasle GR, Syvertsen EE (1996) Marlne diatoms. In: Thomas
CR ( e d ) Identifying marine dlatoms and dinoflagellates.
Academic, New York, p 5-385
Justic' D, Rabalais NN, Turner RE, Dortch Q (1995) Changes
in nutrient structure of river-dominated coastal waters:
nutrient balance and its consequences. Estuar Coast Shelf
Sci 40:339-356
Karl DM, Tien G, Dore J, Winn CD (1993) Total dissolved
nitrogen and phosphorus concentrations at US-JGOFS
Station ALOHA: Redfield reconciliation. Mar Chem 41:
203-208
~MarraJ , Bidigare RR. Dickey TD (1990)Nutrients and mixing,
chlorophyll and phytoplankton growth. Deep Sea Res 37:
127-143
Meybeck P1 (1982) Carbon, nltrogen and phosphorus transport by world rivers. Am J Sci 282:401-450
Monod J (1942) Recherches sur la croissance des cultures
bacteriennes. Hermann, Paris

Murphy LS, Haugen EM (1985) The distribution and abundance of phototrophic ultraplankton in the North Atlantic.
Limnol Oceanogr 30:4?-58
Murrell M, Dagg M (1987) LASER Oceanography: Data
Report Number 1, R/V 'Pelican' Cruise, July 21- August 1,
1987, CTD and Hydrographic Data. Louisiana Universities
Marine Consortium Data Report No. 4, Chauvin
hilurrell M, Dagg M (1988) LASER Oceanography: Data
Report Number 2, R/V 'Pelican' Crulse, April 16-24, 1988,
CTD, Hydrographlc and Light Data. Louisiana Universities Mai-~neConsortium Data Report No. 5, Chauvin
Nelson DM, Ahern JA, Herlihy LJ (1991) Cycllng of biogenic
s~licawithin the upper water column of the Ross Sea. Mar
Chem 35:461-476
Nelson DM, Brzezinski MA (1990) Kinetics of silicic acid
uptake by natural diatom assemblages in two Gulf Stream
warm-core rings. Mar Ecol Prog Ser 62:283-292
Nelson DM, Ducklow HW, Hitchcock GL, Brzezinski MA,
Cowles TJ, Garside C, Gould RMI Jr. JoyceTM, Langdon
C, McCarthy J J , Yentsch CS (1985) Distribution and composition of biogenic particulate matter in a Gulf Stream
warm-core ring. Deep Sea Res 32:1347-1369
Nelson Dhl, Goering, J J , Boisseau DW (1981) Consumption
and regeneration of silicic acid in three coastal upwelling
systems. In: Richards FA (ed)Coastal upwelllng. American
Geophysical Union, Washington, p 242-256
Nelson DM, Goering JJ, Kilham SS, Gulllard RRL (1976)
Kinetics of silicic acid uptake and rates of silica dissolution
in the marine diatom Thalassiosira pseudonana. J Phycol
12:246-252
Nelson DM, McCarthy J J , Joyce TM, Ducklow HW (1989)
Enhanced near-surface nutrient availability and new production resulting from the frictional decay of a Gulf
Stream warm-core ring. Deep Sea Res 36:?05-714
Nelson DM, Treguer P (1992) Role of silicon as a limiting
nutrient to Antarctic diatoms: evidence from kinetic
studles in the Ross Sea ice-edge zone Mar Ecol Prog Ser
80:255-264
Olsen S. Paasche E (1986) Variable kinetlcs of silicon-limited
growth in Thalassiosira pseudonana (Bacillariophyceae)
in response to changed chemical composition of the growth
medium. Brit Phycol J 21:183-190
Paasche E (1973a) Silicon and the ecology of marine planktonic diatoms. I. Thalassiosira pseudonana (Cyclotella
nana) grown in a chemostat with sil~cateas the limiting
nutrient. Mar Biol 19:117-126
Paasche E (197313)Silicon and the ecology of marine plankton
diatoms. 11. Sihcate-uptake kinetics in five diatom species.
Mar Biol 19:262-269
Paasche E (1975) Growth of the plankton diatom Thalassiosira
nordenskioeldii Cleve at low silicate concentrations. J Exp
Mar B~olEcol 18:173-183
Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical
and biological methods for seawater analysis. Pergamon
Press, Oxford
Rabalais NN, Turner RE, Wiseman WJ Jr, Boesch DF (1991) A
brief summary of hypoxia on the northern Gulf of Mexico
continental shelf: 1985-1988. In: Tyson RV, Pearson TH
(eds) Modern and ancient continental shelf anoxia. Geological Society Special Publication, No. 58, London, p
35-47
Ragueneau 0 (1994) La dynamique du phytoplancton e n
ecosystemes cotiers macrotidaux: Couplage avec l'hydrodynamique et le cycle biogeochimique du silicium. PhD
dissertation, Univ, de Bretagne Occidentale, Brest
Ragueneau 0 , De Blas Varela E, Treguer P, Queguiner B, Del
Amo Y (1994) Phytoplankton dynamics in relation to the

178

Mar Ecol Prog Ser

biogeochemlcal cycle of silicon in a coastal ecosystem of
western Europe. Mar Ecol Prog Ser 106:157-172
Rev F, Skjoldal HR (1987) Consumption of silicic acid below
the euphotic zone by sedlmenting diatom blooms in the
Barents Sea. Mar Ecol Prog Ser 36307-312
Schelske CL, Stoermer EF, Conley DJ, Robbins JA, Glover
RM (1983) Early eutroph~catlonin the lower Great Lakes:
new evidence from biogenic silica in sediments Science
222:320-322
Shapiro LP, Haugen EM, Carpenter EJ (1989) Occurrence and
abundance of green-fluorescing dinoflagellates in the surface waters of the Northwest Atlantic and Northeast
Pacific Oceans. J Phycol25:189-191
Smayda TJ (1989) Primary production and the global epidemic of phytoplankton blooms in the sea: a linkage? In:
Cosper EM, Bricelj V M , Carpenter EJ (eds) Novel phytoplankton blooms Springer-Verlag, Berlin, p 449-483
Smayda TJ (1990) Novel and nuisance phytoplankton blooms
in the sea: evidence for a global epidemic. In. Granelli E ,
Sundstrom B, Edler R and Anderson DM (eds) Toxic
marine phytoplankton. Elsevier, New York, p 29-40
Smith SM, Hitchcock GL (1994) Nutrient enrichments and
phytoplankton growth in surface waters of the Louisiana
Bight. Estuaries 17:740-753
Sokal RR, Rohlf FJ (1969) Biometry. The principles and
practice of statistics in biological research. Freeman, San
Francisco
Spencer D, Broecker WS, Craig H, Weiss RF (1982) GEOSECS
Indian Ocean expedition, Vol. 6, Sections and profiles
U.S. Government Printing Office, Washington
Stoermer EF, Wolin JA, Schelske CL, Conley DJ (1985a) An
assessment of ecological changes during the recent history of Lake Ontario based on siliceous algal microfossils
preserved in the sediments. J Phycol21:257-276

Stoermer EF, Wolin JA, Schelske CL, Conley DJ (1985b) Postsettlement succession in the Bay of Quinte, Lake Ontario.
Can J Fish Aquat Sci 42:754-767
Stoermer EF, Wol~n JA, Schelske CL, Conley DJ (1990)
Siliceous microfossil succession in Lake ~Mlchigan.Limnol
Oceanogr 35:959-967
Strickland JDH, Parsons TR (1972) A practical handbook of seawater analysis, 2nd edn. Bull Fish Res Bd Can 167, p 65-70
Thomas WH. Dodson AN (1975) On s ~ h c l cacid limitation of
diatoms in near-surface waters of the eastern tropical
Pacific Ocean. Deep Sea Res 22:671-677
Toon R, Dagg M (1989) LASER Oceanography: Data Report
Number 3, R/V 'Pelican' Cruise, April 10-22, 1989, CTD
and Hydrographic Data. Louisiana Universities Marine
Consortium Data Report No. 10, Chauvin
Toon R, Dagg M (1990a) LASER Oceanography Data Report
Number 4, R N 'Pelican' Cruise, September 20-27, 1989,
CTD and Hydrographic Data, Louisiana Universities
Marine Consortium Data Report No I l , Chauvln
Toon R, Dagg M (1990b) LASER Oceanography: Data Report
Number 5, R/V 'Pelican' Cruise, April 23-29, 1990, CTD
and Hydrographic Data. Louisiana Universities Marine
Consortium Datd Report No. 12, Chauvin
Turner RE, Rabalais NN (1991) Changes in the Mississippi
River water quality this century-Implications for coastal
food webs. BioSclence 41:140-147
Turner RE, Rabalals NN (1994) Coastal eutrophication near
the Mississippi Rlver delta. Nature 368.619-621
van Bennekom AJ, Salomons W (1981) Pathways of nutrients
and organlc matter from land to ocean through rivers.
In: River inputs to ocean systems. UNIPUB, New York,
p 33-51
Wilkinson GN (1961) Statistical estimations in enzyme kinetics. Biochem J 890:1375-1387

This article was submitted to the editor

Manuscript first received: July 25, 1995
Revised version accepted: December 21, 1995

