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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 (PETeErsoN 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 a during 1980. Small circles represent sites where k+

and chlorophyll a 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 /., 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
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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].




































