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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
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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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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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Fig. 5. Horizontal distributions of annual primary productivity in six estuaries, showing spatial

gradients between the river and coastal ocean. Data are from CoLnN (1983), FLiNT (1984),

STOCKNER et al. (1977), PENNOCK and SHARP (1986). JoINT and PoMmRroY (1981). and FLEMER
(1970).
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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.

o
~

Relative Productivity P/,
(@)
o
o

o
NI

L
-0.24

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.
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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.



