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Turbidity as a control on phytoplankton biomass and productivity
in estuaries
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Abstract—-In many coastal plain estuaries light attenuation by suspended sediments confines the
photic zone to asmall fraction of the water column, such that light limitation isa major control on
phytoplankon production and turnover rate. For a variety of estuarine systems (e.g. San
Francisco Bay, Puget Sound, Delaware Bay, Hudson River plume), photic-zone productivity can
be estimated as a function of phytoplankton biomass times mean irradiance of the photic zone.
Net water column productivity also varies with light availability, and in San Francisco Bay net
productivity is zero (estimated respiratory loss of phytoplankton balances photosynthesis) when
the ratio of photic depth (Z,,) to mixed depth (Z,,,)s less than about 0.2. Thus whenever Z,:Z,,
< 0.2, the water column is a sink for phytoplankton production.

Much of the spatial and temporal variability of phytoplankton biomass or productivity in
estuaries is explained by variations in the ratio of photic depth to mixed depth. For example,
phytoplankton blooms often coincide with stratification events that reduce the depth of the
surface mixed layer (increase Z,:Z,,). Shallow estuarine embayments (high Z,:Z,,) are often
characterized by high phytoplankton biomass relative to adjacent channels (low Z,:Z,,). Many
estuaries have longitudinal gradients in productivity that mirror the distribution of suspended
sediments: productivity is low near the riverine source of sediments (low Z,:Z,,) and increases
toward the estuary mouth where turbidity decreases. Some of these generalizations arc qualita-
tive in nature, and detailed understanding of the interaction between turbidity and estuarine
phytoplankton dynamics requires improved understanding of vertical mixing rates and phyto-
plankton respiration.

INTRODUCTION

Estuaries are perceived as highly productive ecosystems because they are often nutrient-
rich and have multiple sources of organic carbon to sustain populations of heterotrophs.
including riverine and waste inputs and autochthonous primary production by vascular
plants, macroalgae, phytoplankton, and benthic microalgae. However, the perception of
high productivity should not necessarily extend to the open water column of estuaries
where annual phytoplankton production can be less than that of other marine environ-
ments. In their review, Boynton et al. (1982) calculated a mean annual phytoplankton
productivity of 190 g C m™ for 45 estuaries. Although this mean value is higher than
productivity of the open ocean, it may not exceed phytoplankton productivity in the
nearshore coastal ocean. In those few geographic areas where annual phytoplankton
production has been measured in an estuary and in the adjacent coastal zone, producti-
vity generally appears to be highest in the coastal ocean (e.g. Table 1).

Phytoplankton production can be very low in coastal plain and river-dominated
estuaries, environments with high turbidity caused by river inputs of suspended particu-
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Table 1. Annual phytoplankion production (g C m'™7) in five estuaries and in the adjacent coastal
ocean

Estuary Coastal ocean

Ems-Dollard (middle) = 100-140* North Sea coastal zone = 160-240°

Hudson River (lower) = 180 New York Bight = 370¢

Wassaw Sound = 90° Shelf waters off Georgia = 285°
Altmaha River plume = 600f

Fraser River = 1208 Strait of Georgia = 300"

Columbia River = 90' Columbia River plume =125

aCoLIN (1983), PGieskEs and KRAAY (1975), °CoLnN's (1983) estimate from data of MALONE
(1977), SMALONE (1976),  TURNER et al (1979). ‘reported in YODER et al (1983),'PARSONS et al
(1970), "STOCKNER €t ol (1979), 'SMALL and FREY (1984). 'ANDERSON (1972)

late matter (SPM) and/or resuspension of bottom sediments. SPM concentrations in
these estuaries often exceed 50 mg 17'. such that light is attenuated rapidly in the water
column and phytoplankton photosynthesis is confined to a shallow photic zone. As a
consequence, phytoplankton dynamics (including productivity and spatial/temporal
changesin biomass) are largely controlled by light availability. This conclusion is consis-
tent with results from both theoretical studies and field investigations. For example,
Worsy’s (1983) model indicates that phytoplankton biomass is an inverse function of
SPM concentration, and that light limitation prevents phytoplankton blooms when SPM
concentration excceds 50 mg I-'. Pererson and Festa (1984) have used numerical simula-
tion experiments to explore the relations between SPM concentration and phytoplankton
biomass and productivity. They conclude that estuarine productivity becomes strongly
depressed as SPM concentration increases from 10to 100 mg 1!, In the past two decades
there have been numerous studies of individual estuaries supporting the conclusion that
light limitation is the major environmental control on primary production. Examples
include the Bristol Channel (JoinT and Pomroy, 1981), Ems-Dollard (CoLian, 1983},
Wadden Sea (Capte and HeGgeman, 1979), Delaware Bay (Pennock and SHARP, 1986),
upper Chesapeake Bay (Harping et al.. 1986), and the Hudson (MaLone, 1976) and
Columbia River (SvwaLL and Frey, 1984) estuaries.

The purpose of this paper is to review some concepts of how turbidity (SPM)
influences estuarine phytoplankton, using resultsfrom an ongoing study of San Francisco
Bay. Although there are direct interactions between phytoplankton and suspended
mineral particles (e.g. adhesion and aggregation; AvNimMeELECH €t al., 1982), | consider
here only the indirect effects of SPM through light attenuation. Most concepts that apply
to San Francisco Bay also apply to other turbid estuaries, and results from other studies
are used to demonstrate how light availability can regulate estuarine phytoplankton
dynamics.

SAN FRANCISCOBAY

San Francisco Bay as a representative estuary

San Francisco Bay has been the site of multidisciplinary research in the past decade,
much of which is summarized or referenced in Conomos (1979), CLoern and NicHOLS
(1985), and NicHoLs et a. (1986). This large estuary of the Sacramento and San Joaquin
rivers has a number of features that typify shallow and coastal plain estuaries, including:
(1) morphology characterized by a central channel of 10-20 m depth flanked by subtidal
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shoals <3 m deep; (2) suspended and consolidated sediments composed primarily of
lithogenous materials, mostly silt and clay (Conomos and Pererson, 1977); (3) large
seasonal variations in the riverine input of suspended sediments, with maxima during
winter storms; and (4) a large spatial gradient in turbidity with highest SPM concen-
trations in the upper estuary, and lowest SPM concentration at the estuary mouth.
Further, San Francisco Bay comprises two distinct estuaries. The northern reach
(including San Pablo and Suisun Bays, Fig. 1) is representative of partially mixed
estuaries with well-developed gravitational circulation (PETERSON et al., 1975) and a
turbidity maximum during summer (Conomos and PeTERsON, 1977). In contrast, the
South Bay (Fig. 1) is a lagoon-type estuary with no large, direct source of freshwater.
The South Bay is typically well mixed and has substantially lower SPM concentrations
than the upper estuary. Results presented here are from several related studies begun in
1980 and utilizing a network of sample sites (Fig. 1) representing (1) the river-ocean
gradients of SPM concentration and phytoplankton biomass, and (2) the transverse
gradients between the channel and shallows.
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Fig. 1. Map of San Francisco Bay showing sampling sites (large symbols) for biweekly

measurement of SPM, k., and chlorophyll @ during 1980. Small circles represent sites where k7

and chlorophyll ¢ were estimated from turbidity (nephelometry) and in vivo fluorescence.

Squares represent sites where primary productivity was measured during 1980 and 1982 (all

methods are detailed in CLOERN et al., 1985). Solid line across the South Bay represents the
surface transect for continuous measurement of chlorophyll ¢ shown in Fig. 7.
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T'URBIDITY OF ESTUARIES

Turbidity of San Francisco Bay was mapped over an annual cycle by measuring the
downwelling light extinction coefficient £ and SPM concentration, at about 30fixed sites
(Fig. 1) twice monthly during 1980. Regression analysis showed alinear relation between
ks and SPM concentration (Fig. 2). The intercept of this regression (0.77 m™) repre-
sentsa mean value for the " background™ extinction coefficient due tolight attenuation by
water, dissolved constituents and the seston uncorrelated with SPM (e.g. phyto-
plankton). The slope of thisregression isameasure of the specific attenuation coefficient
(k;) of suspended sediments in San Francisco Bay. Although the magnitude of k; varies
among water bodies depending on the nature of their suspensoids (Kirk, 1985), the mean
value for San Francisco Bay (0.06 m? g™!) isidentical to that measured in the New Y ork
Bight with comparable methods (MacLong, 1976), and is similar to &, measured in the
Ems-Dollard Estuary (0.03m* g™'; Coru~. 1982) and in Delaware Bay (0 075 m* g';
Pennock, 1985).

Strong correlations between £ and SPM (e.g. Fig. 2) imply that light attenuation in
estuaries is primarily a function of suspended sediment concentration. This is an
important distinction between estuaries and the open ocean where SPM concentration is
low and 4+ is more strongly correlated with phytoplankton biomass (SmaiH and BAKER,
1978). Datain Fig. 2 demonstratethe turbidity range commonly observed in estuaries. In
San Francisco Bay, k; ranges between about 1 m™ in the outer estuary to >10 m™ in the
shallows of theinner estuary. Assuming that the photic depth (Z,) for algal photosynthe-
sisisthedepth of 1%surfaceirradiance(i.e. Z, = 4.61/kr), thisrange of krisequivalent
to photic depths between about 5 and <0.5 m. The photic depth of large rivers and river-
dominated estuariesis typically <5 m, and often <1 m during peaks in river discharge,
or in the estuarine turbidity maximum, or in shallow embayments where resuspension
increases the SPM concentration.

kT =0.77 + 0.06 X SPM

kr (mT)

L e ]
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SPM (mg L )

Fig. 2. Linear regression of extinction coefficient k£, against SPM concentration, for measure-

ments made throughout San Francisco Bay during 1980 (n = 417; ~* = 0.91). SPM concentration

was measured gravimetrically and &, was calculated from depth profiles of irradiance measured

with aLiCor 1928 quantum sensor [see HAGER and HARMON (1984) and CLOERN et al. (1985) for
detailed methods].
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Figure 3 summarizes the range of photic depths measured in a variety of estuaries, and
compares these with Z, for some fjords, neritic waters, and the open ocean. The contrast
in light penetration between estuaries and other marine systems is obvious, and the
extreme shallowness of the photic zone is another fundamental distinction that separates
estuaries from coastal and oceanic waters. As a consequence, phytoplankton popula-
tions in shallow, turbid estuaries reside in a very different environment than those in
deeper, clearer waters of the coastal and open ocean. This distinction has important
implications for primary productivity.
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Fig. 3. Photic depths (means shown as circles and ranges shown as horizontal lines) in a variety
of estuaries, compared to other marine waters. Photic depths were calculated as 4.61/k where k7
was either (1) measured directly, (2) estimated as 1.7/Secchi depth, or (3) estimated as
0.06 x SPM. where SPM was measured. Data are from the following: Ems-Dollard (Corun,
1982). San Francisco Bav (CLOERN et al., 1985), Seine (RoMaNa, 1979), Tay (SHOLKOVITZ,
1979), York (MEADE, 1972), Corpus Christi Bay (FLINT, 1984), Tamar (OwENs, [985). Pamiico
(KUENZLER et al., 1979), Columbia River (SMALL and FREY, 1984), Patuxent (S1ROSS and
STOTTLEMEYER, 1965), Wadden Sea (CapEE and HEGEMAN, 1979), Cochin Backwater (QASIM,
1979), Beaufort estuaries (THAYER, 1971), Chesapeake Bay (CHAMP et al., 1980), Narragansett
Bay (OvIATT et al., 1981), Long Island Sound and northwest Atlantic (reported by RYTHER and
YeNnTscH, 1957), Bristol Channel (JoINT and POMROY, 1981), Delaware Bay (PENNOCK, 1985),
Barataria Bay (SKLAR and TURNER, 1981), Port Hacking Estuary (Scort, 1978), Hudson River
and New York Bight (MALONE, 1980), Fraser River and Strait of Georgia (STOCKNER et al.,
1979), Howe Sound (STOCKNER et -al., 1977), Gulf of St. Lawrence (SEVIGNY ef al., 1979),
Korsfjorden (ERGAa and HEIMDAL, 1984), Puget Sound (WINTER et al., 1975), Celtic Sea
(PINGREE et al., 1976), North Pacific (OTOBE et al., 1977), Sargasso Sea (STEEMANN NIELSEN,
-1975).
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ESTUARINE PRIMARY PRODUCTIVITY

Most of the spatial and temporal variability of phytoplankton productivity within San
Francisco Bay is correlated with variations in biomass B (mg m™ of chlorophyll a) and an
index of light availability Z,1, ({, = surface irradiance in units of Ein m~ d~', where
1 Ein = 1 mole of photons). For South Bay and northern San Francisco Bay, daily
primary productivity in the photic zone (mg C m™? d™') can be estimated with linear
functions of BZ,I, (CoLE and CLOERN, 1984):

South Bay: P, = 94 + 0.88[BZ,ly). n = 29, * = 0.88 (1)
North Bay: P, = 63 + 0.67[BZ,ly], n = 53, r* = 0.72. (2)

Similar analysis of productivity measurements for other estuaries suggests that such
relations may apply universally (CoLe and CrLoerN, 1987). For example, in four
estuarine/coastal environments where methods were comparable (Puget Sound, New
York Bight, South and North San Francisco Bay), measures of daily productivity fit one
linear function:

P, =146 + 0.73[BZ,1y], n = 210, r* = 0.82. (3)
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Fig. 4. Longitudinal profiles of estimated annual primary productivity, mean extinction coeffi-
cient k7, and mean chlorophyll @ concentration in San Francisco Bay during 1980. Overlay map
shows the location of sampling stations. Daily productivity (P,) was estimated at each sampling
site in the channel using equations (1)-(2), surface B determined from in vivo fluorescence, Z,
from estimates of k- by nephelometry, and I, measured with LiCor 190S quantum sensors placed
in mid-South Bay and in San Pablo Bay throughout 1980. Interpolated values of B and Z, were
used between the biweekly sampling dates. For each site, daily P, estimates were then summed to

yield annual photic zone productivity.
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This relation implies that biomass-specific productivity in estuariesiscontrolled primarily
by light availability. Although it is premature to suggest that one empirical model
describes P, for al estuaries, we do know that biomass-specific productivity (P,/B) isa
linear function of light availability in a wide range of estuarine environments including
the Ems-Dollard (CoLian, 1983), western Wadden Sea (Capie and HeEGeEMaN, 1979),
Delaware Bay (Pennock and SHARP, 1986), Peconic Bay (Bruno et al., 1983), Great
South Bay (LiveLy et a/., 1983). and the lower Hudson River Estuary (Mavong, 1977).

Empirical functions such as equations (1)-(3) can be used to estimate primary
productivity whenever B, Z,, and I, are known. This approach was used to map
predicted annual production along the main axis of San Francisco Bay from the
Sacramento River to the estuary mouth at Golden Gate and into the South Bay (Fig. 4).
Estimated annual production ranged from about 80 g C m™ in Suisun Bay near the
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Sacramento River, to about 210 g C m™ in the lower South Bay (Fig. 4). Hence the
large-scale spatial variability in San Francisco Bay is characterized by increasing produc-
tivity away from the riverine source of suspended sediments. This distribution of annual
production differs from that of phytoplankton biomass, which is highest in the upper
estuary (kFig. 4). However, thespatial variability ot annual production isrelated to photic
depth, and generally mirrors the distribution of turbidity measured as k7. Mean values of
k7 decrease from the turbidity maximum in Suisun Bay toward the estuary mouth, and
are lower in South Bay than in the upper estuary (Fig. 4).

Distributions shown in Fig. 4 indicate that San Francisco Bay is characterized by a
longitudinal gradient in primary productivity, that productivity (unlike biomass) in-
creases seaward, and that the overriding control on the distribution of annual production
is the longitudinal gradient of photic depth (i.e. k) which reflects the distribution of
river-derived suspended sediments. These features were observed over 20 years ago in
the Patuxent River Estuary (Stross and Stot1rLEMEYER, 1965), and recent investigations
have demonstrated similar spatial patterns in other estuaries. Figure 5 shows the large-
scale horizontal distribution of annual phytoplankton production in six estuaries. In all
cases, production is highest near the estuary mouth, lowest in the upper estuary (or in the
turbidity maximum), and mirrors the distribution of k7. This spatial pattern apparently
continues into the coastal zone, where productivity can increase further. For example,
annual production in the adjacent coastal ocean exceeds that of the Ems-Dollard,
Wassaw Sound, and Hudson, Fraser, and Columbia River estuaries (Table 1). Hence our
perception of estuaries as highly productive ecosystems should be qualified with the
observation that phytoplankton productivity can be higher in nearby coastal waterswhere
the photic zone is deeper and nutrient concentrations are still sufficient to sustain algal
growth.

SIGNIFICANCE OF THE PHOTIC DEPTH:MIXED DEPTH
Net water column productivity

Because the photic depth (Z,) can be a small fraction of the water column (or surface
mixed layer depth. Z,,) in estuaries, measures of photic zone productivity (P,) do not
necessarily reflect the importance of phytoplankton production as a food resource for
herbivores. Net production in the water column or mixed layer (P,) is a more useful
measure for understanding carbon or energy flow to grazers, and B, is less than P,
whenever Z, < Z,,. The difference between P, and B, is the respiratory loss of
assimilated carbon by phytoplankton in the aphotic zone, which can be substantial. The
measurement of phytoplankton respiration persists as a difficult problem, but from
laboratory studies of algal cultures we can infer bounds on this loss to illustrate the
distinction between net production in the photic zone (P,) and water column (P,,,).

Photosynthetic rate p (mg C m= d™') is described by several empirical functions of
irradiance I, including the formulation of PLat1 and Jasssy (1976):

pP= pma,\'[tanh(al) ~ "Pmax> (4)

where p.x ISmaximum gross photosynthetic rate, a defines photosynthetic efficiency at
low irradiance, and r isthe respiratory loss rate as afraction of p..... EQuation (4) can be
used to calculate relative productivity (p/pmax) at any depth z in the water column:

P’ = P/Pmax = tanh (al.) — r (5)
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p’ = tanhfal, exp(-kzz)] ~ 7. (6)

Integration of equation (6) over the mixed depth Z,,, yields a relative productivity in the
water column: .

Z'Yl
P = J [tanh{al, expi{-k;z}) — 7] dz. (7)

To illustrate the significance of respiratory losses when Z, < Z,,, equation (7) was
solved numerically using different values for k7 (i.e. Z,) and fixed values for a
(=0.1m?d Ein™?), 7, (= 40Einm=d™), and Z, (= 10 m) representing the San
Francisco Bay channel during summer. Relative productivity was then plotted against
theratio of photic depth to mixed depthin Fig. 6, comparing solutionsfor three values of
the specific phytoplankton respiration rate r. This figure shows that net water column
production decreases rapidly when Z,:Z,, <1, and it approaches zero as Z,:Z,
approachesa critical ratio of between 0.1 and 0.5 (depending on 7). Physiological studies
suggest that r can range between about 0.05 and 0.25 (e.g. VErITY, 1982), and that a
representative value may be around 0.1.

The functions shown in Fig. 6 demonstrate a fundamental property of estuaries and
other turbid environments. Regardless of phytoplankton biomass, net water column
production is negative whenever the photic depth is less than about 20% of the mixed
depth (asin the ocean; SverpRruUP, 1953). Thissituation occurs, for example, in upper San
Francisco Bay during summer. The mean value of Z,:Z,, in the channel of Suisun Bay is
about 0.1 (Croekn ez al ., 1985), indicating that this part of the estuary isa net respiratory
sink for phytoplankton production. Hence the biomass maximum in San Francisco Bay
(Fig. 4) occurs in a region where net production may be less than zero. The distinction
between water column (or mixed layer) production and photic-zone production is
therefore critical in turbid estuaries. and measures confined to the photic zone (e.g.
Fig. 4) can grossly misrepresent the net production of organic matter that is available to
support populations of heterotrophs.
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Fig. 6. Relative primary productivity P;, (equation 7) vs the ratio o photic depth:mixed depth.
for three vaiues of the specific respiration rate r.



1376 J. E. CLOERN

Spatial distribution of phytoplankton biomass

Because light availability controls productivity it must also play a major role in
determining the population growth rate of estuarine phytoplankton, and we expect that
biomass should vary across spatial gradients in the ratio of photic depth to mixed depth.
For example, in well-mixed estuariestheratio Z,: Z,, follows contours of bathymetry and
highest phytoplankton biomass is expected to occur over subtidal shoals where Z,, is
small and light availability is maximal. To demonstrate this, phytoplankton biomass
(calculated chlorophyll a from in-vivo fluorescence) was measured continuously along
iransects between the deep channel and subtidal shoals of South San Francisco Bay
during March 1985, when the water column was well mixed. A representative profile is
given in Fg. 7 showing that biomass increased almost exponentially between the channel
and eastern shoals. Biomass waslow in the channel where calculated Z,,: Z,,, waslessthan
0.5, and it increased five-fold across the shoals where Z,:Z,,, approached 1.

Yhis horizontal distribution of biomassisconsistent with spatial patternsinferred from
point samples collected previously. During 1980, mean annual biomass in the shallow
embayments of San Francisco Bay was 2-3 times higher than in the nearby channei
(Croern et al.. 1985). During the 1980 summer bloom in Suisun Bay. high resolution
mapping by remote sensing showed that chlorophyll a concentration consistently
exceeded 60 mg m~ in the shoals, and was <30 mg m™> in the adjacent channel (CAI-IS
et al., 1985). Hence, in San Francisco Bay, the large-scale spatial variability of phyto-
praikion biomass IS characterized by large wansverse gradionts, and hi' ~ailability is
caused at least partly by horizontal gradients in light availability and phytoplankton
growth rate. Similar spatial patterns have been observed in other estuaries such as
Delaware Bay (Pennock, 1985), Chesapeake Bay (MaLonE et al., 1986), and the Hudson
Estuary (Sirois and Freperick. 1978). and are predicted trom Worsy’s (1083) model of
phytoplankton growth as a function of k7 and Z,,,.

Temporal variability of phytoplankton btormass

Much of the temporal variability of estuarine phytoplankton biomassisalso related to
variations in light availability. For example, Hircucock and Smaypa (1977) attribute
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Fig. 7. Profile of near-surface chlorophyll a, calculated Z,:Z,, (vertical bars), and bathymetry
along a transverse transect in mid-South San Francisco Bay (scc Fig. 1). 21 March 1985.
Chlorophyll a was estimated from in vivo fluorescence [see POWELL et al. (1986) for methods].

Water depth (Z,) was recorded at 11 positions along the transect with a fathometer. and photic
depth (Z,) was estimated at these sites from values of k7 derived from nephelometry.
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annual variations in the timing of the Narragansett Bay winter bloom to annual
variations in mean water column irradiance /; the winter bloom commences only when 7
exceeds about 40 langleys d! (19 W m™2). Seasonal variationsin SPM concentration can
also influence light penetration and phytoplankton dynamics. In San Francisco Bay,
bottom resuspension intensifies during mid-summer when wind speed and mean tidal
current speed are both rapid. As a consequence, SPM concentration increases, Z,
decreases, growth rates (P,,/B) are near zero, and phytoplankton biomass is low in the
upper estuary during mid-summer (CLoErN et al., 1985).

Another important mechanism of temporal variability in Z,:Z,, isthe establishment of
density stratification which reduces the mixed layer depth (Z,) and increases light
availability to phytoplankton retained above the pycnocline. Density stratification in
estuariesismaintained primarily by buoyancy input from freshwater inflow and is eroded
by tidal stirring. Hence stratification events can follow pulsed inputs of freshwater and
can respond to changesin tidal current speed (Haas, 1977: CLOERN , 1984). In South San
Francisco Bay, the spring phytoplankton bloom is usually associated with salinity
stratification. Two mechanisms may support the spring bloom during stratification
events: (1) reduced grazing losses to benthic suspension feeders (CLoern, 1982), and (2)
increased growth rates of phytoplankton in the surface layer as Z,, decreases. For
example, an extreme stratification event occurred in early April 1983 when phyto-
plankton biomass increased rapidly in the surface layer (big. 8). On 29 March 1983
(during a spring tide), the water column of lower South Bay was well mixed and
phytoplankton biomass was low. By 8 April 1983 (during a neap tide), a sharp pycnocline
had formed at about 6 m and phytoplankton biomass increased four-fold in the surface
layer. Similar phytoplankton blooms accompany stratification eventsin other estuarine
systems, including the York River (Haas et al., 1981), St. Lawrence River (SINCLAIR,
1978), Delaware Bay (Pexnock, 1985), the Strait of Georgia (STock~Er et al., 1979), the
Korsfjorden (Erea and HeimpaL, 1984), and Puget Sound (WiNter €t al., 1975).
Because estuarine phytoplankton are light-limited, temporal variability in vertical mixing
(i.e. Z,,) isa primary mechanism of temporal variability in biomass.
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Fig. 8. Salinity and chlorophyll a contours along the South San Francisco Bay channel on 29
March and 8 April 1983. Sample sites correspond to those shown in Fig. 1.
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CONCLUSIONS

Results from San Francisco Bay and other estuaries support the generalization that
light availability is the critical environmental control on estuarine phytoplankton dyna-
mics. Photic-zone productivity is strongly correlated with light availability, and in many
estuaries the spatial distribution of phytoplankton production mirrors the distribution of
suspended sediments, i.e. production is highest at the estuary mouth. The growth rate of
phytoplankton populationsispresumably also afunction of light availability, and much of
the spatial and temporal variability in biomass can be explained by variations in light
exposure. Large-scale horizontal variability of phytoplankton biomass follows distribu-
tions o the photic depin: mixed depthratio (Z,.Z,,), and phytoplankton blaams accur
when Z,:Z,, increases (e.g. through reduction of Z,, by salinity stratification).

Studies of estuarine productivity also suggest, but cannot yet confirm, two important
hypotheses. First, depth profilesof algal photosynthesisindicate that the water column of
turbid estuaries can be arespiratory sink (P, < 0), even when phytoplankton biomassis
biph. This ropclusion is based nupon assumptions concerning the rates of two processes:
vertical mixing (to define Z,,,), and phytoplankton dark respiration. Neither process has
been studied rigorously in estuaries, and our estimates of net water column production
will remain tenuous until simultaneous measures of vertical mixing and respiratory loss
are done across a spectrum of estuary types. Second, horizontal profiles suggest that
phytoplankton productivity in estuaries may be less than in the adjacent coastal ocean.
Our perception of estuaries as highly productive ecosystems should be placed in a
broader geographic context, and this requires measurement of production along the
continuum from riversinto the coastal ocean. Both hypothesesform a basisfor the future
research that is needed to better define the role of estuaries as sources of organic matter
for consumer organisms.

Acknowledgements—| thank my colleagues Jan Thompson, Brian Cole, Dave Peterson, and Fred Nichols for
their thoughtful comments and suggestions that contributed to the production of this paper.
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